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Abstract
The endogenous neuropeptide opioid growth factor, chemically termed [Met5]-enkephalin,

has growth inhibitory and immunomodulatory properties. Opioid growth factor is distributed

widely throughout most tissues, is autocrine and paracrine produced, and interacts at the

nuclear-associated receptor, OGFr. Serum levels of opioid growth factor are decreased in

patients with multiple sclerosis and in animals with experimental autoimmune encephalo-

myelitis suggesting that the OGF-OGFr pathway becomes dysregulated in this disease. This

study begins to assess other cytokines that are altered following opioid growth factor or

low-dose naltrexone modulation of the OGF-OGFr axis in mice with experimental autoim-

mune encephalomyelitis using serum samples collected in mice treated for 10 or 20 days

and assayed by a multiplex cytokine assay for inflammatory markers. Cytokines of interest

were validated in mice at six days following immunization for experimental autoimmune

encephalomyelitis. In addition, selected cytokines were validated with serum from MS

patients treated with low-dose naltrexone alone or low-dose naltrexone in combination

with glatiramer acetate (CopaxoneVR ). Experimental autoimmune encephalomyelitis mice

had elevated levels of 7 of 10 cytokines. Treatment with opioid growth factor or low-dose

naltrexone resulted in elevated expression levels of the IL-6 cytokine, and significantly

reduced IL-10 values, relative to saline-treated experimental autoimmune encephalomyeli-

tis mice. TNF-c values were increased in experimental autoimmune encephalomyelitis mice relative to normal, but were not altered

by opioid growth factor or low-dose naltrexone. IFN-c levels were reduced in opioid growth factor- or low-dose naltrexone-treated

experimental autoimmune encephalomyelitis mice relative to saline-treated mice at 10 days, and elevated relative to normal

values at 20 days. Validation studies revealed that within six days of immunization, opioid growth factor or low-dose naltrexone

modulated IL-6 and IL-10 cytokine expression. Validation in human serum revealed markedly reduced IL-6 cytokine levels in MS

patients taking low-dose naltrexone relative to standard care. In summary, modulation of the OGF-OGFr pathway regulates some

inflammatory cytokines, and together with opioid growth factor serum levels, may begin to form a panel of valid biomarkers to

monitor progression of multiple sclerosis and response to therapy.

Keywords: IL-6, IL-10, IFN-c, cytokines, experimental autoimmune encephalomyelitis, opioid growth factor, low-dose naltrexone

Experimental Biology and Medicine 2018; 243: 361–369. DOI: 10.1177/1535370217749830

Introduction

The etiology and pathophysiology of multiple sclerosis
(MS) are unclear despite significant research efforts at

both the basic science and clinical levels. In the U.S.
alone, healthcare costs approximate $100,000 annually per
patient, with lifetime estimates per patient estimated at $4.1
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million because of the early onset of disease and associated
disability.1 Given that worldwide there are more than 2.5
million individuals have MS,2–4 the burden of MS places it
near the top of the list for most costly diseases in the US.4

Many of the FDA-approved disease-modifying therapies
(DMT) are expensive,1 have significant side effects, and
often require lengthy infusions or painful injections
making patients less compliant and seeking alternative
therapy. An increasing number of prospective and retro-
spective studies have shown that individuals with autoim-
mune disorders including fibromyalgia, rheumatoid
arthritis, or MS have benefitted from low-dose naltrexone
(LDN).5–9 LDN appears to reduce fatigue, lessen pain, and
confer a general feeling of well-being.10,11 The mechanisms
underlying these changes in patient symptoms are not well
understood. Preclinical investigations have shown that
modulation of the opioid growth factor (OGF) – OGF recep-
tor (OGFr) regulatory pathway effectively attenuates
behavior and neuropathology associated with the mouse
model of MS, experimental autoimmune encephalomyelitis
(EAE).12 Establishment of mouse models of chronic EAE
(CH-EAE) or relapsing-remitting EAE (RR-EAE) has
enabled the study of associated behavior, immunology,
spinal cord pathology, and endocrinology.6,13–17 Most
recently, it has been reported that serum levels of OGF
are reduced in mice with EAE,18 and restored in mice
receiving LDN treatment.19 In particular, enkephalins are
associated with inflammatory responses.20

LDN therapy, shown to reverse the progression of RR-
EAE,17,18 works mechanistically by elevating enkephalins
that can subsequently interact with OGFr,12 the specific
receptor related to growth inhibition by OGF.21 OGF and
LDN have also been shown to inhibit proliferation of acti-
vated Tand B cells in vitro.22,23 OGF inhibits cell replication
of T and B cells, stimulated in culture, isolated in vivo, or
identified in mice with the chronic progressive form of
autoimmune encephalomyelitis (EAE).22–25

Studies on enkephalins, including OGF, have reported
that enkephalins suppress immune responses in clinical
studies.5,8,20 Preclinical studies using mouse models of
Ch-EAE or RR-EAE have reported that daily therapeutic
regimens of direct injections with OGF, or biofeedback
stimulation of OGF release following LDN resulted in
attenuation of EAE disease, mitigated neuropathology,
and restored levels of circulating enkephalins.13–17 Direct
injections of OGF beginning either at the time of disease
induction13,14 or given following established disease15

reversed the course of Ch-EAE. In mice with RR-EAE,
OGF treatment reduced the number of relapses and pro-
longed the period of remissions in RR-EAE.16,17 A recent
study demonstrated positive correlation between serum
enkephalin levels and open field activity and sensitivity.18

As enkephalin levels increased, the mice had increased
activity and restored sensitivity. Importantly, there was a
strong correlation between serum enkephalin levels and
clinical behavioral scores, such that as serum levels
decreased, behavior became more disrupted, indicating
progression of disease.18 LDN treatment of mice with RR-
EAE resulted in the stabilization, if not reversal, of behav-
ioral scores17,18 suggesting that the biofeedback mechanism

resulting in elevated OGF levels was sufficient to inhibit the
inflammatory cell replication22–25 associated with the auto-
immune response. In another report measuring serum
OGF, it was shown that OGF levels declined in mice
within a few days of MOG35–55 immunization prior to the
appearance of clinical disease.19 Following LDN treatment,
serum OGF levels returned to baseline, and tactile and heat
sensitivity was restored in the EAE mice.19 In humans with
MS, serum [Met5]-enkephalin levels were reported to be
lower relative to non-MS patients; MS patients prescribed
LDN had more normal levels.19 LDN therapy had no effect
on serum [Met5]-enkephalin or b-endorphin in normal
mice. Thus, [Met5]-enkephalin (i.e. OGF) may be a reason-
able candidate biomarker for MS, and may signal new
pathways for treatment of autoimmune disorders.

Although OGF and LDN can directly inhibit immune
system proliferation of T and B cells, little is known about
the interactions of OGF and LDN with other cytokine reg-
ulatory pathways. A number of preclinical and clinical
investigations and reviews have reported changes in gene
and protein expression of inflammatory cytokines in rat or
mouse models of EAE,26–28 as well as in patients with
MS.29,30 In particular, cytokines regulating the balance of
Th1, Th2, and Th17 cytokine expression, as well as IFNc,
are implicated as being major factors in pro-inflammatory
events and flares.27–29 Parkitny and Younger9 have recently
shown that LDN therapy for fibromyalgia reduces expres-
sion levels of several pro-inflammatory cytokines including
IL-2, IL-4, IL-5, IL-6, IL-12p70, TFN-a, and granulocyte-
colony stimulating factor (GC-SF).

In this study, we continue our investigation for potential
biomarkers, and begin to identify immune regulatory fac-
tors that are responsive to modulation of the OGF-OGFr
axis by LDN or OGF. Several cohorts of mice were immu-
nized in separate experiments to induce EAE and treated
with either OGF or LDN. Whole trunk blood was collected
at various times following inoculation of MOG35–55 and
serum assayed using a 10-cytokine multiplex assay plat-
form. Selected cytokines that were altered by short-term
OGF or LDN therapy were then validated with ELISA
kits using serum from humans with MS and prescribed
LDN, and EAE mice treated with OGF or LDN. In general,
modulation of the OGF-OGFr pathway altered the protein
expression of IL-6, IL-10, TNF-a, and IFN-c cytokines.

Materials and methods

Induction of EAE and treatment

To induce Ch-EAE, six-to seven-week-old female C57BL/6J
mice (stock 000664) from Jackson Laboratory, Bar Harbor,
ME were acclimated for one week prior to being inoculated
with an emulsion of 400 lg myelin oligodendrocyte glyco-
protein 35–55 (MOG35–55) dissolved in 0.2 ml sterile
phosphate-buffered saline. Incomplete Freund’s adjuvant
(Sigma-Aldrich, St. Louis, MO) was supplemented with
750 lg mycobacterium tuberculosis (H37RA, Difco
Laboratories, Detroit, MI), and adjuvant was mixed with
saline containing MOG35–55. Mice were sedated by 3% iso-
flurane (Vedco, Inc., St. Joseph, MO) for the multiple
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subcutaneous injections into the flank. A second injection of
MOG emulsion was injected into the contralateral flank
seven days later. To enhance responsiveness, mice received
an intraperitoneal injection of 500 ng pertussis toxin (List
Biological Laboratories, Campbell, CA) on days 0 and 2.
Some mice received injections of pertussis and Complete
Freund’s adjuvant, but not MOG (PTXþCFA group;
n¼ 10), and other mice received only saline injections and
were considered “normal” (n¼ 8). All animal procedures
were conducted in accordance with the National Institute
of Health guidelines on animal care and approved by the
Penn State Hershey Institutional Animal Care and Use
Committee. All mice were housed in standard laboratory
animal facilities maintained at 21� 0.5�C with a relative
humidity of 50� 10%, with a complete exchange of air
15–18 times per hour, and a 12-h light-dark cycle with no
twilight. Food and water were available ad libitum.

MOG35–55 immunized mice were randomly assigned to
three groups and injected daily (i.p. 0.1 ml) with 0.1 mg/kg
naltrexone (Ch-EAEþLDN; n¼ 16), 10 mg/kg OGF (Ch-
EAEþOGF; n¼ 16), or sterile saline (n¼ 16). Both OGF
(chemically termed [Met5]-enkephalin) and naltrexone
were purchased from Sigma-Aldrich, St. Louis, MO at �
95% purity. All injections were initiated at 0800 h. Mice
used in the Multiplex assay were euthanized after 10 or
20 days of treatment corresponding to disease onset and
peak disease, respectively.

Clinical disease severity

In order to assess the EAE disease severity at 10 and 20 days
post immunization, behavioral observations were complet-
ed. Symptoms such as: wobbly gait, tail drag, limb deficits,
and righting reflex were scored on a 10-point scale.15

Clinical behavioral scores were noted only at the time of
blood collection.

Serum collection and cytokine multiplex assay

On specified days at, 1600 h, mice were humanely eutha-
nized using CO2 asphyxiation; this time was selected to
maximize the effect of LDN and the circadian rhythm of
cytokines. Mice were exsanguinated through terminal car-
diac puncture and whole trunk blood collected, centrifuged
at 14,000 r/min at 4�C, and stored at �80�C until assayed.
Blood samples from two mice of the same treatment were
pooled to order to obtain sufficient serum.

Serum samples were analyzed in duplicate using a
Multiplex assay from Meso Scale Diagnostics (Rockville,
MD). The V-Plex Mouse Inflammatory Panel 1 assay kit
tested for measurable levels of the following analytes: IL-
1b, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p70, TNFa, IFNc, and
CXCL-1.

Cytokine validation

Data from the Cytokine V-Plex assay were validated in sep-
arate experiments using human and mouse blood
samples.31

Human blood samples. Human blood samples from vol-
unteering patients enrolled at the Neurology Clinic were
obtained through the Institute for Personalized Medicine,
Penn State University College of Medicine, Hershey, PA.
Specimens were de-identified and assigned sample ID
numbers by the coordinator. The consent form used by
the Institute for Personalized Medicine for collection of
blood from MS patients for research purposes provided
medical information on gender, age, and name and length
of treatment and disease. Four cohorts of blood samples
were assayed including those from MS patients receiving
glatiramer acetate (CopaxoneVR ) and LDN, CopaxoneVR

alone, LDN alone, or patients who were considered con-
trols and did not present with autoimmune disorders (non-
MS Controls).

EAE mice. Validation of cytokines on day 6 required sep-
arate experimental paradigms. Adult female mice were
immunized as described, and injected with OGF or LDN
beginning at the time of immunization. On day 6 of treat-
ment, mice were euthanized at 1600 h and blood collected.
Day 6 was selected as a validation time point because it
represented changes in cytokines that occurred prior to
any behavioral changes, as well as a timepoint prior to
the second immunization occurring on day 7. Day 6 was
intentionally selected to provide a broad perspective (days
6, 10, and 20) on cytokine responses to MOG35–55 immuni-
zation, as well as any changes in cytokines in response to
OGF or LDN therapy. Serum was frozen and tested using
ELISA technology specified in the next paragraph. Serum
samples from mice treated only with pertussis and
Complete Freund’s adjuvant (PTXþCFA), as well as
normal non-immunized mice were included.

ELISA assays. Serum levels of IL-6, IL-10, and INF-cwere
assayed using ELISA kits (MyBiosource, San Diego, CA).
Human interleukin 6 (IL-6) (kit MBS261259) and human
interleukin 10 (IL-10) (kit MBS039075) were assayed in
duplicate; sensitivity of both kits was 1 pg/ml. Mouse
serum levels inflammatory cytokines INF-c and IL-10
were measured using ELISA kit IL-6 (cat # ELISA kit IL-
10 (cat # MBS268184) which had mouse sensitivity of 5 pg/
ml and no stated cross-reactivity or mouse INF-c ELISA kit
(cat # MBS252163) with sensitivity of 1 pg/ml and detec-
tion range of 15.6–1000 pg/ml, and no stated cross-
reactivity. Mouse serum levels for IL-6 were evaluated
with the human IL-6 kit. Colorimetric output from the
ELISA was read on a Biotek Epoch Plate Reader at 450
nm. Standard curve and concentration data were produced
with Gen5 Microplate Reader and Software (Biotek).

Statistical analysis

Mouse blood samples were assayed in duplicate. Data from
duplicates were averaged and converted to pg/ml based on
the manufacturer’s kit; two or three independent samples
were assayed. Baseline (normal) values are presented in
Table 1 (means� standard error of the mean). In Figure 1,
values from EAE mice are graphed as the percentage of
mean normal values; in Figures 2 and 4, actual cytokine
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levels are presented (means� standard error of the mean).
Human blood samples presented in Figure 3 were assayed
individually and graphed as individual data points.
Multiplex and ELISA data were analyzed using ANOVA
with Newman–Kuels posttests. All data were analyzed
using GraphPad Prism software Version 5.0 (La Jolla, CA,
USA). P values less than 0.05 were considered statistically
significant.

Results

Multiplex cytokine arrays

Sixty-six C57Bl/6 mice were used in both the multiplex and
validation studies, of which 48 were immunized with
MOG35–55. No mouse died from EAE disease. For the mul-
tiplex cytokine assay, EAE mice were euthanized at 10 and
20 days of treatment and blood collected. Blood from five
mice inoculated with only pertussis and CFA (CFAþPTX
group) also was collected on day 10. Of the 10 cytokines
evaluated, nine were elevated in mice immunized with
MOG35–55 relative to normal, non-immunized mice; cyto-
kine IL-12p70 was below detectable levels for all groups; 7
of 10 cytokines were elevated in mice with EAE receiving
saline for 10 days, whereas after 20 days of disease, only 5
cytokines in the Ch-EAEþ Saline mice were elevated over
normal levels (Table 1). In mice from the CFAþPTX group,
serum levels of IL-1b, IL-2, IL-5, and CXCL-1 were elevated
from those recorded in normal mice. At 10 days following
immunization and treatment, no changes in the expression
levels of IL-2, IL4, IL-5, and CXCL-1 were noted between
mice in the Normal group or those immunized with
MOG35–55 (Table 1, Figure 1). At 20 days of OGF treatment,
serum levels of IL-1b, IL-2, IL-5, and CXCL-1 were signifi-
cantly elevated relative to those recorded in Ch-
EAEþ Saline mice. IL-1b, IL-5, and CXCL-1 were also sig-
nificantly elevated in Ch-EAEþOGF-treated mice relative
to EAEþLDN animals (Figure 1). Comparison of cytokine
expression at the two time points indicated that cytokines

IL-4, IL-5, IL-6, IL-10, IFN-c, and TNF-a had greater expres-
sion on day 10 of disease relative to day 20 (Table 1).

With regard to cytokines that were modulated after
10 days of OGF or LDN treatment (Figure 2), expression
levels of IL-6, IL-10, TNF-a, and IFN-c were elevated rela-
tive to Normal values in all EAE mice regardless of treat-
ment, except for IFN-c values in LDN treated mice. IL-6
cytokine expression was elevated in EAE mice more than
45-fold (529 pg/ml for Ch-EAEþ Saline) relative to that in
control, non-immunized mice (11 pg/ml). Treatment with
LDN or OGF for 10 days increased IL-6 cytokine levels an
additional 30% and 62%, respectively. IL-10 cytokine values
in the EAE mice were significantly elevated up to 120%
(Ch-EAEþ Saline) from normal values at day 10.
However, OGF and LDN treatment reduced IL-10 cytokine
expression relative to the Ch-EAEþ Saline mice (Figure 2).
With regard to TNF-a expression, all mice immunized with
MOG35–55 had cytokine levels that were more than 4.7-fold
greater than those for normal mice (7 pg/ml). LDN and
OGF treatment for 10 days reduced TNF-a expression by
approximately 40% relative to Ch-EAEþ Saline values
(Figure 2). IFN-c expression was significantly increased in
Ch-EAE mice receiving saline after 10 days; however, OGF
or LDN treatment significantly reduced IFN-c levels rela-
tive to values recorded for Ch-EAEþ Saline mice.

At approximately 20 days post immunization, a time
equivalent to peak EAE clinical disease, mice in each
group were euthanized and serum collected for assay by
the Multiplex kit. Behavioral scores for these mice on day
20 indicated that all Ch-EAE mice had some behavioral
expression of disease. Profiles for most cytokines at 20
days were different from the patterns reported at 10 days
(Figures 1 and 2). EAE mice had substantially elevated
levels of IL-6 after 20 days of disease, and OGF- and
LDN-treatments increased levels 6-fold and 2-fold more
than those recorded in serum from Ch-EAEþ Saline mice
(Figure 2). IL-10 levels at 20 days were elevated above
normal levels and comparable among all Ch-EAE mice
(saline, OGF, or LDN treated). TNF-a values were elevated
among all three groups of EAE mice, but were less than
those recorded on day 10 (Figure 2). IFN-c expression
ranged from approximately 6 pg/ml for mice receiving
saline-treatment to 9 pg/ml for mice receiving LDN-
treatment and 23 pg/ml for mice receiving OGF; normal
mice had a mean of 1 pg/ml IFN-c (Figure 2).

Cytokine validation: Humans and Ch-EAE mice

MS patient demographics. Serum from 14 MS patients
and 8 non-MS control subjects was used in the validation
assays. Six MS patients were prescribed only CopaxoneVR ;
this cohort consisted of five females, four of whom had
relapsing-remitting MS (RR-MS). The control population
consisted of seven females and one male; these volunteers
presented to the clinic with migraines or non-autoimmune-
related disorders. The range of ages for all subjects in the
study was 36–89 years for females and 37–73 years for
males. Five MS patients received CopaxoneVR and LDN;
this cohort consisted of two females with RR-MS and
three males, one who was diagnosed with primary

Table 1. Cytokine expression levels in mice with EAE.

Chemokine/

cytokine Normal

EAE1 saline

10 days

EAE1 saline

20 days

pg/ml pg/ml pg/ml

IL-1b 1.4� 0.13 4.4� 0.16 3.9� 0.46

IL-2 0.9� 0.05 2.1� 0.35 2.5� 0.43

IL-4 0.4� 0.09 0.6� 0.09 0.17� 0.07

IL-5 8.7� 0.55 24.1� 1.73 7.2� 2.18

IL-6 11.25� 1.5 529� 31.1 111.3� 26.95

IL-10 20.0� 2.24 44.2� 1.4 30.0� 4.4

Il-12p70 na 35.0� 0.0 na

CXCL-1/KC-GRO 106.0� 12.37 96.3 �6.38 78.45� 18.12

IFN-c 1.04� 0.22 54.96� 4.1 5.7� 0.35

TNF-a 6.94� 0.42 59.01 �2.74 24.1� 1.23

Note: Values represent means�SEM for measurements from two to six wells of

pooled serum (n> 3 mice per group) from mice with established EAE for either

10 or 20 days.

EAE: experimental autoimmune encephalomyelitis; Na: insufficient data.

See figures 1-3 for statistical differences between Normal and Saline-treated

mice with EAE, as well as changes following therapy with OGF or LDN.
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progressive MS and two with RR-MS. The cohort of
patients on LDN alone was small and consisted of two
males and one female, all with RR-MS. At the time of
blood collection for the 7 patients in the MSþCopaxone
group, the length of MS diagnosis was approximately 14
years with 6 years of treatment. Patients in the
CopaxoneþLDN treatment group had MS for approxi-
mately 13 years and were treated with Copaxone for 5.5
years and LDN for 5.4 years. MS patients receiving only
LDN had MS for 10 years and were being treated with
LDN only for 5.5 years; no information was provided on
previous treatments.

ELISA cytokine validation. IL-6 and Il-10 cytokines were
validated using ELISA kits with specificity for either
mouse or human. IL-6 and IL-10 were selected for validation
to represent pro-inflammatory and anti-inflammatory
markers, respectively, in mice with Ch-EAE (Figure 3) and
MS subjects (Figure 4). MOG35–55-injected mice were eutha-
nized after six days of treatment and thus had received only
one MOG immunization and had no clinical behavioral
signs of EAE. IL-6 cytokine levels were not detectable in
mice in the CFAþPTX, Ch-EAEþ Saline, or Ch-
EAEþOGF groups, and were markedly reduced from
normal mice (54 pg/ml) in mice immunized with MOG

Figure 1. Multiplex cytokine assay of serum frommice immunized with MOG35–55 and treated with saline, LDN, or OGF for either 10 or 20 days beginning at the time of

immunization. Values represent the mean percent of normal mice (� SEM). Whole body blood was pooled for three mice in each group at each time point and assayed

in duplicate. Values were analyzed by ANOVA; significantly different from saline treatment of the corresponding age at P< 0.01 (**), P< 0.001 (***) and from the LDN

treated mice at the corresponding age at P< 0.01 (þþ) or P< 0.001 (þþþ). (A color version of this figure is available in the online journal.)
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Figure 2. Multiplex cytokine assay of four cytokines that were substantially altered in serum from mice immunized with MOG35–55 and treated with saline, LDN, or

OGF. Values represent the mean (� SEM) serum levels (pg/ml) for normal mice, and mice immunized with Complete Freund’s Adjuvant (CFA) only, or immunized with

MOG35–55 and CFA and treated with saline, LDN, or OGF for 10 or 20 days beginning at the time of immunization. Whole body blood was pooled for three mice in each

group at each time point and assayed in duplicate. Values were analyzed by ANOVA. Significantly different from normal mice at P< 0.05 (*), P< 0.01 (**), P< 0.001 (***);

significantly different from saline-treated EAE mice at P< 0.05 (þ), P< 0.01 (þþ) or P< 0.001 (þþþ); and significantly different from LDN-treated EAE mice at P< 0.05

(#), P< 0.01 (##), and P< 0.001 (###). (A color version of this figure is available in the online journal.)

Figure 3. Cytokine validation using ELISA kits of IL-6 and IL-10 expression in serum frommice immunized with MOG35–55 and treated with saline, LDN, or OGF. Values

represent the mean (� SEM) serum levels (pg/ml) for normal mice, mice immunized with Complete Freund’s Adjuvant (CFA) only, or immunized with MOG35–55 and CFA

and treated with saline, LDN, or OGF for six days beginning at the time of immunization. Whole body blood was pooled for three mice in each group at each time point

and assayed in duplicate. Values were analyzed by ANOVA. Significantly different from normal mice at P< 0.01 (**) or P< 0.001 (***); significantly different from saline-

treated EAE mice at P< 0.01 (þþ) or P< 0.001 (þþþ); and significantly different from LDN-treated EAE mice at P< 0.001 (###). (A color version of this figure is

available in the online journal.)
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and treated with LDN (8 pg/ml) (Figure 3). Validation of IL-
10 cytokine levels in mice six days after immunization
revealed a 2-fold elevation in mice immunized with
MOG35–55 and receiving saline relative to normal mice (110
pg/ml), and more than 4-fold greater than CFAþPTX mice.
IL-10 values in immunized mice receiving OGF or LDN
were significantly reduced from Normal levels, as well as
those in the Ch-EAEþ Saline groups, with values in these
treated groups ranging from 1 to 10 pg/ml (Figure 3).

Analysis of human blood samples revealed that mean
levels of serum IL-10 values for non-MS controls and all
MS patients on LDN alone and/or CopaxoneVR alone
were comparable, due in part to sample variability.
Subjects receiving both LDN and CopaxoneVR had a broad
range of values that resulted in mean IL-10 cytokine levels
that were significantly different from MS subjects receiving
LDN only. IL-6 cytokines were significantly elevated in MS
patients receiving only CopaxoneVR treatment in compari-
son to values from patients receiving LDN alone or LDN in
combination with CopaxoneVR (Figure 4).

Discussion

The use of multiplex technologies to profile cytokines before
and after therapy is an effective means of determining effica-
cy and changes in relative disease states. Validation of the
multi-analyte profile with specific ELISA immunoassays of
patient and animal serum samples added confirmation of
changes in select cytokines related to modulation of the
OGF-OGFr pathway. The results of our ELISA assays corre-
sponded to those indicated by the multiplex technology, and
support evidence published on correlation between multi-
plex cytokine kits and ELISA measurements.31

This multiplex assay included pro- and anti-inflammatory
cytokines related to early stage inflammatory response. IL-
1b, IL-4, and IL-5 are pro-inflammatory cytokines that were
elevated within 10 days of MOG35–55 immunization, but not
consistently responsive within that time frame to OGF or
LDN. These cytokines stimulate B-cell proliferation, Th-2 dif-
ferentiation, and eosinophil maturation by prolonging sur-
vival and delaying apoptosis. IL-2 was significantly
increased only in Ch-EAEþOGF mice after 20 days and is
related to cell-mediated immunity and auto-infections. This
interleukin discriminates between foreign antigens and auto-

immunity, and acts by promoting regulatory Tcells, effector T
cells, and memory Tcells. Another cytokine that was activat-
ed only by OGF after 20 days of treatment was CXCL-1 or
KC/GRO. CXCL-1 neutrophils and may be neuroprotective.
Thus, OGF treatment for 20 days stimulated expression of 4
cytokines (IL-1b, IL-2, IL5, and CXCL-1) that are presumably
involved in B cell production, Th-2 differentiation, and tran-
sitions from Th1 to Th2, a mechanistic pathway suggested to
be neuroprotective. IL-12p70, a pro-inflammatory marker,
was undetectable in most samples. This cytokine family is
produced by dendritic cells, macrophages and monocytes,
and induces differentiation of CD4þ T cells to Th1 cells.

The four cytokines that were altered following OGF or
LDN treatment of mice with EAE were TNF-a, IFN-c, IL-6,
and IL-10, and represented both pro-inflammatory (e.g. IFN-
c) and anti-inflammatory markers (e.g. IL-10). The IL-6 cyto-
kine has both pro-inflammatory and anti-inflammatory
properties with the latter often labeled as myokines.32 In
our study, IL-6 levels were significantly elevated in all
groups of mice receiving MOG35–55 immunization.
Moreover, both OGF and LDN treatment increased IL-6
levels after 10 and 20 days of treatment, as well as after 6
days of treatment with OGF. These data suggest that IL-6, a
pro-inflammatory marker is very responsive to OGF and
LDN therapy, and thus may be involved in other mechanis-
tic pathways associated with the OGF-OGFr axis. While the
specific pathways targeted in EAE orMS need to be clarified,
IL-6 is known to stimulate the production of B cells, antag-
onize production of regulatory T-cells and ultimately sup-
press inflammation.33 Thus, despite being pro-inflammatory,
the accentuated response of IL-6 following OGF and LDN
therapy may suggest the stimulation of a neuroprotective
pathway. Interestingly, levels of IL-6 were undetectable
within only six days of disease in most Ch-EAE mice.
Whether the inability to measure IL-6 in mice receiving
LDN is biologically relevant or related to sampling error is
unknown, but validates pursuit of IL-6 as another marker
related to modulation of the OGF-OGFr axis.

IL-10, an anti-inflammatory cytokine that downregu-
lates Th1 expression was elevated in all EAE mice, regard-
less of treatment, at 10 and 20 days.30,34 OGF and LDN
treatment appeared to downregulate IL-10 expression at
10 days, but had little effect following 20 days of treatment.
The downregulation was also recorded in EAE mice

Figure 4. Cytokine validation using ELISA kits of IL-6 and Il-10 in human serum. Serum samples from volunteer MS patients were obtained through the Institute of

Personalized Medicine. MS patients were prescribed CopaxoneVR , CopaxoneVR þ LDN, or LDN only; non-MS neurology patients were considered controls. Serum was

assayed in duplicate and individual data points are expressed on the scattergrams. Significantly different from normal samples at P< 0.05 (*) or P< 0.001 (***);

significantly different from expression levels in MSþCopaxoneVR patients at P< 0.001 (þþþ); and significantly different from MSþ LDN at P< 0.05 (#) or P< 0.001

(###). (A color version of this figure is available in the online journal.)

Ludwig et al. LDN and OGF alter inflammatory cytokines 367
...............................................................................................................................................................



receiving LDN or OGF at six days of age in comparison to
the both normal levels and those stimulated by EAE in the
Ch-EAEþ Saline mice. The interactions between the OGF-
OGFr pathway and the mechanistic activity of this cytokine
warrant further investigation.

In the case of IFN-c and TNF-a, OGF and LDN reduced
the expression of both cytokines implying that OGF and
LDN treatment may reduce macrophage activation at
least early (i.e. 10 days) in the EAE process relative to
saline-treated EAE mice. IFN-c promotes a biofeedback
loop between Th1 cell production and IFN-c secretion lead-
ing to increased natural killer cell activity and activated
nitric oxide synthase.35,36 The relationship between Th1
and Th2 differentiation is well known as a pathway rele-
vant to MS progression. This pathway now appears to be
modified by modulation of the OGF-OGFr axis. Both IFN-c
and TNF-a are cytokines related to the acute phases of sys-
temic inflammation, and the onset of autoimmune diseases
such as IBD, fibromyalgia, and MS.35–37

Thesemultiplex data represent very short-term periods of
modulation by OGF or LDN, but are also data from one (6
days), two (10 days) and three weeks (20 days) post-
immunization. Collectively, treatment with OGF or LDN
appeared to have an impact on some cytokines within one
or two weeks of exposure. Twenty days post immunization
may represent a period late in the autoimmune process that
cannot be further manipulated by OGF or LDN treatment.

Assays on human serum revealed that IL-10 cytokine
levels were unchanged in humans with MS, regardless of
treatment, in comparison to normals. IL-6 cytokine values
were elevated in MS patients on CopaxoneVR , but reduced
in MS patients on LDN. Endogenous stimulation of OGF by
the LDN therapy resulting in reduction of IL-6 cytokines
warrants additional research given our knowledge that
OGF levels are reduced, possibly leading to IL-6 expres-
sion, in MS humans and animals with EAE.18,19 However,
the study is far from being conclusive as the sample size is
extremely low and blood samples were stored for various
periods of time. Moreover, the variation in length of disease
and length of treatment, as well as the lack of substantial
patients in any one cohort was a contributing factor to the
variable outcomes, but will always be a concern.
Nonetheless, the preliminary data suggest that LDN, and
by default the OGF, may be effective at providing some
form of therapeutic modulation of cytokines.

The changes in cytokine expression levels recorded in
animal EAE models are not unexpected as earlier reports
on gene expression of relevant cytokines in both human
and animal models of EAE are shown changes in
pro-inflammatory genes such as IL-6, IL-17A, and IFN-c as
disease progresses.37–41 Several studies looking at dietary
treatments reported that decreased IL-6 was related to
improved disease following increased intake of vitamin D;
unfortunately, there was no correlation with improved EDSS
(Expanded Disability Status Scale).40 In a relapsing-remitting
model of EAE, it was reported that resveratrol increased
IL-10 and IL-17 producing T cells migrating to the CNS,
and suppressed IL-6 pro-inflammatory macrophage expres-
sion.28 In a review on several autoimmune disorders includ-
ing MS, rheumatoid arthritis, and lupus, Ireland noted that

IL-6 and IL-10play roles innearly all inflammatorydisorders,
discussing the fact that MS patients secrete higher levels of
IL-6, and lower levels of IL-10 than normal subjects, presum-
ably reflecting B cell activity.29 In this report, CopaxoneVR

therapy attenuated B cell responses, modifying B cell cyto-
kine production and leading to reduced T cell inflammatory
responses. Arellano et al.26 report that IFN-c may be protec-
tive in EAE bymodulating effector Tcell responses, aswell as
being pro-inflammatory; the positive effects of IFN-c are
stage-specific.

In summary, these experiments correlate well with litera-
ture on fluctuations in cytokines in patients with MS, and also
support the measurement of these cytokines by multiplex
assays and ELISAs. Whether IL-6 and IL-10 are appropriate
markers to monitor progression ofMS still needs to be studied
with long-term human and mouse studies. Nonetheless, these
experiments demonstrated that at least four cytokines – IL-6,
IL-10, TNF-a, and IFN-c, may be useful markers to monitor
EAE and MS. In concert with our data that OGF levels are
specific indicators of disease progression and response to ther-
apy in mice with EAE18 and humans with MS,19 a panel of
biomarkers is beginning to emerge that will be helpful for the
diagnosis of disease, and management of MS.
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