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Abstract

Endomorphin 1 (EM-1) and endomorphin 2 (EM-2) were tested for their capacity to alter immune
function. Addition of either of these peptides to murine spleen cells in vitro inhibited antibody
formation to sheep red blood cells in a bi-phasic dose dependent manner. Maximal inhibition was
achieved at doses in the range of 10713 to 10715 M. Neither naloxone (general opioid receptor
antagonist) nor CTAP (selective mu opioid receptor antagonist) blocked the immunosuppressive
effect. To show that there was specificity to the immunosuppressive activity of the peptides,
affinity purified rabbit antibodies were raised against each of the synthetic EM peptides
haptenized to KLH and tested for capacity to inhibit immunosuppression. Antibody responses
were monitored by a standard solid phase antibody capture ELISA assay, and antibodies were
purified by immunochromatography using the synthetic peptides coupled to a Sepharose 6B resin.
Verification of the specificity of affinity-purified antisera was performed by immunodot-blot and
solid-phase RIA assays. The antisera specific for both EM-1 and EM-2 neutralized the
immunosuppressive effects of their respective peptides in a dose-related manner. Control normal
rabbit 1gG had no blocking activity on either EM-1 or EM-2. These studies show that the
endomorphins are immunomodulatory at ultra-low concentrations, but the data do not support a
mechanism involving the mu opioid receptor.
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Introduction

Endomorphin 1 (EM-1) and endomorphin 2 (EM-2) are two C-terminal amidated
tetrapeptides, first isolated from bovine brain (Zadina et al., 1997) and then from human
brain cortex (Hackler et al., 1997). Endomorphins (EMs) display the highest selectivity and
affinity for the mu-opioid receptor (MOR) in the brain (Zadina et al., 1997) and produce a
dose-dependent antinociception after i.c.v (Zadina et al., 1997) or i.t. injection in mice,
which is blocked by pretreatment with CTAP, naloxone, and/or funaltrexamine (B-FNA)
(Goldberg et al., 1998; Soignier et al., 2000; Huang et al., 2000; Przewlocka et al., 1999;
Przewlocki et al., 1999; Stone et al., 1997; Ohsawa et al., 2001). Based on the extensive data
showing the anatomical distribution of EM-like immunoreactivity, near the localization of
MORs in several areas of the rat brain (Martin-Schild et al., 1997; Pierce et al., 1998;
Schreff et al., 1998; Zadina, 2002), including primary afferents and their terminals in the
spinal cord dorsal horn (Pierce et al., 1998; Schreff et al., 1998), both peptides have been
implicated in the natural modulation of nociceptive transmission and pain (Zadina et al.,
1997; Przewlocka et al., 1999; Przewlocki et al., 1999). At the cellular level, EMs have been
found to activate G proteins (Alt et al., 1998; Sim et al., 1998; Harrison et al., 1998; Monory
et al., 2000), regulate different types of adenylyl cyclase isoenzymes (Nevo et al., 2000),
inhibit membrane-calcium currents (Mima et al., 1997; Higashida et al., 1998), activate
inward K+ currents (Gong et al., 1998), and modulate the differential expression of MOR
mMRNA and MOR function in SHSY-5Y cells (Yu et al., 2003). Moreover, these peptides
display many physiological activities normally attributed to opiate alkaloids, such as pain
modulation (Przewlocka et al., 1999; Przewlocki et al., 1999; Ohsawa et al., 2001; Zadina,
2002), feeding responses (Asakawa et al., 1998), oxygen consumption (Asakawa et al.,
2000), vasodepressor and cardiorespiratory regulation (Champion et al., 1997; Kwok and
Dun, 1998; Czapala et al., 2000), neuroendocrine modulation (Coventry et al., 2001; Doi et
al., 2001), learning and memory behavioral responses (Ukai et al., 2001), and immune
regulation (Azuma and Ohura, 2002b)

EMs have been shown to be present in cells and tissues of the immune system (Jessop et al.,
2000; Jessop et al., 2002; Mousa et al., 2002; Seale et al., 2004), and to alter a variety of
immune parameters (Azuma et al., 2000; Azuma et al., 2002; Azuma and Ohura, 2002a;
Azuma and Ohura, 2002b). We extend these studies by examining the effect of EM-1 and
EM-2 on the capacity of mouse spleen cells to mount an in vitro antibody response and
show that these opioid peptides are immunosuppressive at ultra-low doses in the femtomolar
range. Further, their immunosuppressive activity is not blocked by naloxone or CTAP,
indicating that the peptides are not acting via the mu opioid receptor.

Materials and Methods

Animals
New Zealand White male 2.5 kg rabbits were purchased from Harlan S.A., Mexico.

Six week-old, specific pathogen-free C3HeB/FeJ female mice were purchased from Jackson
Laboratories (Bar Harbor, Maine).

Source of reagents

The Peptide Chemical Synthesis Program of the National Institute of Mental Health
(Bethesda, MD) generously donated the synthetic EM-1 and EM-2 for immunization and
antibody production. Peptide was synthesized on 2-chlorotrityl resin (AnaSpec, San Jose,
CA) using standard Fmoc solid phase procedures (Hockfield et al., 1993). Purity was
achieved with reverse-phase, high performance liquid chromatography (HPLC) and fast
atom bombardment mass spectroscopy (FAB) was used to determine structural homogeneity
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and peptide purity. EM-1 and EM-2 used for in vitro assays of antibody production were
obtained from Research Biochemicals International, Natick, MA. Naloxone was obtained
from Endo Pharmaceuticals, Chadds Ford, PA. CTAP (D-Phe-Cys-Tyr-D-Trp-Arg-Thr-Pen-
Thr-NH,) was obtained from Multiple Peptide Systems, San Diego, CA. Normal rabbit
serum was purchased from BD Biosciences, Franklin Lakes, NJ.

Production of rabbit polyclonal antibodies to EMs

For immunization, either EM-1 or EM-2 were coupled to the carrier protein, keyhole limpet
hemocyanin (KLH, Sigma Chemical Co., St. Louis, MO) using a standard covalent coupling
procedure with glutaraldehyde (Harlow et al., 1988). In brief, 5 mg of peptide was dissolved
in 1 ml of phosphate-buffered saline (PBS), pH 7.2. The peptide fragment was covalently
conjugated to 50 mg of the carrier protein using a final concentration of 0.2%
glutaraldehyde. After 1 hr incubation at room temperature, the cross-linking reaction was
terminated by adding to the conjugate solution a final concentration of 0.1 M glycine. The
conjugate was dialyzed for 48 hr against PBS to remove the unreacted aldehydes, diluted
with PBS to the equivalent of 1 mg/ml of conjugate, frozen and stored at —20° C until use.
Antisera to the conjugated peptides were raised in New Zealand White male rabbits.
Animals were initially immunized with a subcutaneous injection of 2 ml of a 1:1 emulsion
of 1 mg/ml PBS solution of conjugate with Complete Freund’s Adjuvant (CFA; Sigma).
Twelve sequential boosts were carried out at one-month intervals using 1 ml of a 1:1
emulsion of 0.5 mg/ml conjugate in PBS in IFA. Rabbits were usually bled 2 weeks after
each boost. The collected blood was centrifuged at 3000 rpm at 4° C and sera stored at —20°
C until use.

Immunopurification of anti-EM polyclonal antibodies

Antigen affinity-purified antisera (A-APA) for EM-1 and EM-2 were prepared according to
a standard chromatographic protocol described by Harlow and Lane (1988) using the
peptides as antigens coupled to epoxy-activated Sepharose 6B resin (Amersham Pharmacia
Biotech, NJ). Covalent coupling of peptides to resin was carried out according to a standard
protocol described by the resin’s manufacturer. In brief, 5 mg of peptide was dissolved in 10
ml of a solution of 0.1 M sodium carbonate (pH 11), and incubated for 24 hr at 4° C with 5
ml of drained resin. After coupling, the peptide-resin conjugate was washed on a sintered
funnel with 300 ml of 0.1 M Tris-HCI, pH 8. The remaining reactive epoxy-groups were
blocked by a 24 hr incubation at room temperature of the peptide-resin fraction in a solution
of 0.1 M triethanolamine, pH 8, and then washed 3X with PBS, pH 7.4. For affinity
purification, fractions of 5 ml of whole, reactive antisera were diluted with 45 ml of 10 mM
Tris-HCI, pH 7.5, and incubated for 24 hr at 4° C with 5 ml of drained peptide-resin solid
phase. Specific antibodies were recovered from the column solid phase by elution with 5 gel
volumes of a solution of 3 M potassium thiocyanate (KSCN) in 50 mM Tris-HCI, pH 8. The
eluents were extensively dialysed against PBS/0.1% sodium azide, and stabilized with the
addition of 4 mg/ml bovine serum albumin (BSA) and 50% glycerol. Aliquots of purified
antibodies were stored at —20° C until use. The recovery of specific antibodies after
immunopurification was verified by a standard antibody capture ELISA. C-14 antibody was
raised using EM-1 as the antigen, while C-16 antibody was raised using EM-2 as antigen.

Specificity of A-APA for EM-1 and EM-2 by dot blots

Dot blot assays were initially used to screen A-APA C-14 and C-16 specificities to EM-1
and EM-2, respectively. Competitive peptide antigens such as Substance P, Met-enkephalin,
Leu-enkephalin, and Tyr-W-MIF-1 were also tested as potential cross-reactive antigens.
Tyr-W-MIF-1 is an opioid peptide extracted from bovine hypothalamus and human cortex
(Hackler et al., 1993; Hackler et al., 1994). Synthetic peptides of EM-1 and EM-2 were used
as homologous antigens to evaluate the cross-reactivity of both A-APA C-14 and C-16
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antisera. The immunodot-bloting followed the procedures of Martin-Schild (Martin-Schild
et al., 1997), as adapted from Loi (Loi et al., 1997). Briefly, 0.22 . pore size PVDF
Immunolon membranes (Millipore, Billerica, MA) were soaked in 100% methanol, dried out
at room temperature, and washed in 10 mM PBS for 15 minutes. Peptides were initially
diluted in 50% methanol (Mallinckrodt Baker, Phillipsburg, NJ) to obtain stock dilutions
ranging from 2 x 1072 to 2 x 10~/ M. 1.0 pl of these dilutions (2 x 1079 to 2 x 10714 M)
were spotted on the membranes, which were then incubated 2 hours in a blocking solution of
3% teleostan gelatin (Sigma) in 10 mM PBS containing 0.05% Tween-20 (Sigma) (PBS-
Tween). Membranes were then incubated overnight, with mild agitation, in solutions of
C-14 (2.5 mg/ml) or C-16 (2.4 mg/ml) antibody in the blocking solution. Afterwards,
membranes were washed 5X in PBS-Tween, 10 minutes per wash, in order to remove
excessive non-bound primary antibody. Membranes were then incubated 2 hours in a 1:2000
dilution of Biotinylated goat anti-rabbit antibody (Jackson Immunoresearch, West Grove,
PA) in PBS-Tween. Membranes were washed 5X in PBS-Tween, 10 minutes per wash, then
incubated 1 hr in avidin-biotin complex solution (Vector Labs, Burlingame, CA) in PBS-
Tween. After washing as done previously, membranes were developed by incubation in a
solution of 0.03% DAB (Sigma) with 0.0003% H,O,.

radioimmunoassay (RIA) for EM1 and 2

A solid-phase radioimmunoassay (RIA) for EM-1 and EM-2, sensitive in the fmol range,
was adapted from standard procedures previously described by Hockfield et al. (1993).
Briefly, synthetic EM-1 or EM-2 were iodinated using the chloramine-T method and
purified by HPLC using Hypersil wide-pore 5-um, C-8/2 x 150 mm columns. The solid
phase of the assay was prepared by adding a 100 of pl solution containing 500 ng of Protein-
A (SIGMA)/0.1 M NaHCOg3, pH 9, to Immunolon Il-removable wells (VWR), followed by
washing with RIA buffer (0.15 M Ky;HPOy, 0.2% Tween-20, 0.1% gelatin, pH 7.5). Treated
wells were incubated for 2 h with 50-pl of a solution of RIA buffer containing a 1:30
dilution of C-14 A-APA, or a 1:20 dilution of C-16 A-APA. (These dilutions were
determined previously to provide approximately 20-30 % binding). After removing the
antibody solution and washing with RIA buffer, 50 pl of RIA buffer containing competitive
peptides (0.1 fmol-0.5 nmol/well, in quadruplicate), plus radiolabeled EM-1 and EM-2 as
peptide tracers, were incubated with adsorbed antibody for 2 h at room temperature. Typical
standard displacement curves used approximately 5000 c.p.m. of [12°1]-EM-1 or [125]]-
EM-2 as tracer plus non-labeled EM-1, EM-2, or structurally related peptides to EMs in
competitive RIAs. Treated wells were washed-out and counted for 4 min in a ten-channel
gamma counter ISO DATA 500 (Hewlett-Packard).

Secondary in vitro antibody response

14 days prior to harvest of spleens, mice were primed with an intraperitoneal (ip) injection
of 0.2 ml of a 10% (v/v) suspension of sheep red blood cells (SRBC) (Rockland,
Gilbertsville, PA) in PBS. Immune function was assessed using an in vitro plaque-forming
cell (PFC) assay, which measures the capacity of spleen cells to mount a secondary antibody
response to sheep red blood cells (SRBCs) according to the method of Mishell and Dutton
(Mishell and Dutton, 1967). Mice were sacrificed and their spleens aseptically removed. A
single cell suspension of spleen cells was obtained by pushing the spleen through nylon
mesh bags in RPMI supplemented with 5% fetal bovine serum (FBS). Red blood cells were
lysed by hypotonic shock with sterile water. Cells were washed twice and resuspended in
tissue culture medium consisting of RPMI supplemented with 10% FBS, 2mM L-glutamine,
50 pg/ml gentamicin, 1 mM nonessential amino acids, 1 mM sodium pyruvate, 10 pg/ml of
adenosine, uridine, cytosine, and guanosine, and 0.05 mM of 2-mercaptoethanol. The cells
were counted and resuspended to 1.0 x 107 cells/ml and dispensed into flat-bottom 24-well
tissue culture plates (Corning Costar). Cultures were treated with dilutions of polyclonal
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anti-EM-1 or anti-EM-2 for 2 hours, after which EM-1 or EM-2 was added at concentrations
ranging from 107 M to 10721 M. Each condition was done in triplicate. For untreated spleen
cells, at least nine replicate wells were used to establish the normal, baseline response level.
In experiments using the inhibitors, naloxone or CTAP, they were added at 107 M 2 hr
before the EM-1 or EM-2. Cultures were incubated for 5 days. On day 5, cells were
harvested, washed in RPMI, and the number of direct PFCs (cells producing IgM antibodies
against SRBCs) quantitated using the Cunningham modification of the Jerne hemolytic
plaque assay (Cunningham and Szenberg, 1968). Results are expressed as a Suppression
Index, where untreated spleen cells are given a value of 1.00 (100%), and responses of
cultures receiving treatment with EMs are calculated as:

_mean#PFC/well of treated cultures
~ mean#PFC untreated cultures

SI

The dependent variable, Suppression Index, was treated as a continuous variable for all
analyses. The null hypothesis was that there would be no difference between group or dose.
As the data were significantly non-normal using the Shapiro-Wilk test, a ‘normalized-rank’
transformation was applied to the suppression index in order to apply ANOVA methods.
The rank-transformed data was analyzed using a two factor ANOVA followed by multiple
comparisons to detect significant differences between means (groups and doses). Multiple
pair-wise comparisons (groups and doses) were based on the least significant difference
method) using type | error of 0.05 for statistical significance.

Effect of EM-1 and EM-2 on secondary PFC responses

Figure 1 shows the effect of EM-1 and EM-2 on the secondary PFC response of mouse
spleen cells. Each EM was titrated over a wide range of doses. As compared to the PFC
response of untreated cells, there is a biphasic response to both EMs, with maximal
immunosuppression of approximately 50% of control seen at a concentration range of 10713
to 1071° M.

Mu opioid receptor antagonists do not block immunosuppression by EM-1 or EM-2

To determine if the activity of the endomorphin peptides on mouse spleen cells was via the
mu opioid receptor, experiments were repeated with pretreatment of the cells for 2 hrs with
1076 M naloxone or 10~ M CTAP before addition of EM-1 or EM-2. Naloxone, at this
concentration, should block mu, kappa, and delta opioid receptors. CTAP is a selective
antagonist at the mu receptor. As shown in Fig. 2, neither opioid receptor antagonist blocked
the immunosuppressive activity of either endomorphin.

Neutralization of immunosuppression by EM-specific polyclonal antibodies

To prove specificity of the agonist effects of the EMs, the blocking capacity of anti-EM
antibodies was tested. Spleen cells were pretreated with either C-14 or C-16 antibody,
ranging in concentration from 10 to 0.078 pg/ml, for 2 hours prior to addition of the
corresponding EM. As a control, normal rabbit IgG was added to separate wells at
concentrations from 10 to 1.25 pg/ml, for 2 hours, before addition of either EM. EM-1 or
EM-2 was then added to the respective wells at a final concentration of 1071 M. As a
positive control, wells were treated with 10715 M EM-1 or EM-2 only. Figure 3 shows that
both anti-EM antibodies completely blocked the immunosuppressive effect of their
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respective EMs at a concentration of 10 pg/ml, and partially blocked at 5 pg/ml. Upon
titration, both antibodies exhibited a loss of neutralization when concentrations decreased to
2.5 pg/ml. Normal rabbit serum showed no effect on the immunosuppressive capacity of
either EM.

Characterization of specificity of EM antibodies

Immunodot-blot assays were initially carried out in order to determine potential cross-
reactivity of both C-14 and C-16 A-APA antisera to other structurally related endogenous
peptides. Figure 4 shows blots of EM-1, EM-2, Substance P, Met-enkephalin, Leu-
enkephalin, and Tyr-W-MIF-1, each run at concentrations from 2 x 1072 M to 2 x 10714 M,
blotted against C-14 antibody (Panel A) at 2.5 pg/ml, or C-16 antibody (Panel B) at 2.4 ng/
ml. No cross-reactivity was observed by either antiserum to any of the peptides tested in the
assay except EM-1 and EM-2. Interestingly, both antibodies reacted with EM-1 and EM-2, a
result that is compatible with the very high (approx. 75%) structural homology shared by
both peptides. To further verify and assess the specificity of both C-14 and C-16 A-APA
antisera, sensitive and specific solid-phase RIAs to EM-1 and EM-2 were developed using
as labeled tracers either [12°1]-EM-1 or [12°1]-EM-2. A representative RIA showing typical
displacement curves by synthetic [12°1]-EM-1 using the C-14-A-APA is shown in Fig. 5A.
This purified EM-1 antiserum was capable of detecting EM-1 in a concentration range of 42
+ 5 fmol/well at the ICgq value. Moreover, the smallest measurable displacement detected of
synthetic EM-1 at IC5q was as low as 17 + 5 fmol/well in the EM-1 assay and 170 * 10
fmol at ICgg. The cross-reactivity for EM-2 at the 1Cgq was 10 *+ 3 % E-2. In addition, no
significant cross-reactivity against Substance P, Tyr-W-MIF-1, Met-enkephalin, or Leu-
enkephalin was observed using 0.1-500 fmol of competitive peptides. Fig. 5B shows a
typical displacement curve of synthetic [12°1]-EM-2 using the C-16 A-APA. This purified
EM-2 antisera was capable of detecting EM-2 in a concentration range of 44.8 £ 1.2 fmol/
well at the 1C5q value and the smallest measurable displacement detected of synthetic EM-2
at 1C»p was as low as 10.4 + 1.5 fmol/well and 220 £ 10 fmol at the 1Cgg in this assay. The
cross-reactivity for EM-1 at the 1Cgq was >90 %. This assay showed no significant cross-
reactivity for Dynorphin A 1_17, Tyr-W-MIF-1, Met-enkephalin, Leu-enkephalin and
Substance P within a range of 0.1 fmol-0.5 nmol of competitive peptides.

Cross-neutralizing capacity of anti-EM antibodies

To determine if there was any cross-neutralizing ability between the two antibodies in regard
to the EMs, an experiment was carried out in which 10 pg/ml of C-14, C-16 or normal IgG,
were added to cultures 2 hrs before treatment using EM-1 or EM-2 (10~1° M) (Fig. 6).
While normal IgG had no effect on immunosuppresion by either EM, C-14 antibody blocked
only the EM-1 immunosuppression, not the EM-2 immunosuppression. However, the C-16
antibody blocked the immunosuppressive effects of both EMs.

Discussion

These results show that the related tetrapeptides, EM-1 and EM-2, inhibit spleen cell
antibody formation in a biphasic dose dependent manner, when added to in vitro culture
systems at concentrations in the femtomolar range. The immunosuppressive activity was not
inhibited by naloxone or CTAP, opioid receptor antagonists. The specificity of the activities
of these peptides was demonstrated by their inhibition using specific affinity-purified rabbit
antisera raised against either EM-1 or EM-2 peptides haptenized to KLH as immunogenic
carrier protein. These studies also validate the specificity of the antisera.

Immunoreactive material to both EM-1 and EM-2 has been demonstrated to be present in
normal rat and human spleens (Jessop et al., 2000), in rat popliteal lymph nodes (Mousa et
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al., 2002), and in human peripheral blood leukocytes (Jessop et al., 2002) as assessed by
radioimmunoassay (RIA) or immunohistochemical analysis. There is evidence that
inflammation increases immunoreactive-like material to EM-1 and EM-2 in synovial tissue
from rats with adjuvant arthritis (Jessop et al., 2002) and in draining popliteal lymph nodes
of animals given Freund’s complete adjuvant. Immunoreactivity has been localized to
macrophages and B cells in rat spleen (Seale et al., 2004), both of which are cells involved
in mounting an ex vivo response to sheep red blood cells in the assay used in the present
studies. There are a limited number of other reports in the literature documenting functional
effects of EM-1 and EM-2 on the immune system. Ohura’s group has shown that both
tetrapeptides suppress LPS induced cytokine production (IL-12 and I1L-10) in @ human
macrophage cell line (THP-1) (Azuma and Ohura, 2002b) and in rat primary peritoneal
macrophages (Azuma and Ohura, 2002a). Further, they both also decreased phagocytosis,
chemotaxis, and hydrogen peroxide production by THP-1 cells, and EM-2 had similar
effects in the rat peritoneal macrophages. In rat cells, EM-2 also inhibited TNF-a, but
potentiated IL-p secretion and Mac-1 expression (Azuma and Ohura, 2002a). Rat
neutrophils were also shown to respond to EM-1 and EM-2 with reduced superoxide anion
production following PMA stimulation, but with increased production when added to
unstimulated cells (Azuma et al., 2000). Their adhesion to fibronectin was inhibited by EMs
(Azuma et al., 2002). In contrast, to the immunosuppressive activities, they did not affect
phagocytosis by neutrophils, and potentiated chemotaxis (Azuma et al., 2002). Another
group has shown that EM-1 inhibits IL-8 production by the Caco-2 intestinal cell line
stimulated with IL-1B(Neudeck and Loeb, 2002). Peterson et al (Peterson et al., 1999)
reported that EM-1, but not EM-2, increased HIV replication in human microglia in vitro.
Interestingly, Carrigan et al found that EM-1 was analgesic in rats, but had no
immunmodulatory activity (Lynn and Herkenham, 1994). The paradigm used in these
studies is different from the one used in the data presented here, as the peptides were
injected ICV, rather than being added to cells of the immune system in vitro. In contrast,
based on the studies using adjuvant arthritis, where EMs were up-regulated in the peripheral
immune system, Jessop (Jessop, 2006) has proposed that the EMs could be used as anti-
inflammatory agents in vivo.

One aspect of the data in the present study is unusual, namely that the activity of both EMs
was observed at ultra-low concentrations in the femtomolar range. Azuma et al (Azuma et
al., 2000) reported that EM-1 and EM-2 depressed superoxide anion production in rat
neutrophils at doses ranging from 1076 to 10718 M, with maximal activity at 1078 M. Jessop
cited unpublished data supporting efficacy of doses of EM-1 as low as 100 fmol injected in
vivo into the ankle joint, in a rat model of adjuvant arthritis (Jessop, 2006). There are several
reports in the literature on activity of ultra-low doses of opioids, including EMs, on
microglia. Peterson et al (Peterson et al., 1999) found that EM-1 potentiated HIV replication
in human microglial cells in culture at doses ranging from 10710 to 10716 M. The dose
response curve was biphasic, and similar in shape to that observed in the present studies,
although the maximal effect was at 10710 M. Similar effects were observed in a mixed glial/
neuronal cell cultures infected with HIV, although the active doses of EM-1 were not as
extensive, 10710 to 10714 M (Peterson et al., 1999). Other work from this group showed that
morphine inhibited phagocytosis of Cryptococcus neoformans, a yeast, by swine microglia,
at doses as low as 10718 M. The dose response was not biphasic in these experiments.
Additionally, Peterson’s group showed that U50, 488, a kappa agonist, inhibited HIV
replication in human microglia in culture at 10712 M (Chao et al., 1996), and morphine, at
the same concentration, augmented HIV replication (Peterson et al., 1994). A recent report
by Qian et al (Qian et al., 2007), demonstrated that morphine inhibited neuron-glial culture
production of LPS-stimulated toxicity and of drug-induced dopaminerigic neurotoxicity at
doses as low as 10714 M. Observations of activity at femtomolar concentrations of other

Brain Behav Immun. Author manuscript; available in PMC 2014 February 17.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Anton et al.

Page 8

opioid peptides, including dynorphin, on microglia, have also been made by Hong’s group
(Liu et al., 2001).

The question arises as to the mechanism of action of the EMs at these ultra-low
concentrations. In most published studies of EM activity, mu opioid receptor antagonists
blocked their effects. For example, Azuma et al found that B-funaltrexamine (B-FNA) was
able to block the effects of EM-1 and EM-2 on rat neutrophil respiratory burst (Azuma et al.,
2000), and on superoxide production (Azuma et al., 2002). Neudeck and Loeb also were
able to block the effect of EM-1 on Caco-1 cells secretion of IL-8 with §-FNA (Neudeck and
Loeb, 2002). Yet, there are a number of reports where questions have been raised as whether
the activities of opioids at very low concentrations are mediated by classical opioid
receptors. Peterson’s group found that the potentiating effect of EM-1 on HIV replication in
glial/neuronal cell cultures, exhibiting a bell-shaped dose response curve, could be blocked
by B-FNA. However, other opioids, including morphine and DAMGO, over a wide range of
doses, had no effect on viral replication (Peterson et al., 1999). These, and other
observations, led these investigators to conclude that the EMs might be acting by an
‘atypical ji-opioid receptor”. Hong’s group has presented extensive evidence for a
“conventional opioid receptor-unrelated mechanism” by which dynorphin and morphine, at
concentrations at 10714 to 10715 M, inhibit glia-mediated neurotoxicity (Liu et al., 2001;
Qian et al., 2007). They conclude that inhibition of the enzyme, NADPH oxidase, is the
mechanism of action (Qian et al., 2007). We tested the capacity of naloxone and of CTAP,
at 1076 M, to inhibit the immunosuppressive activity of EM-1 and of EM-2 across the full
range of their dose response curves, and found no effect by either antagonist. Each
experiment was repeated three times, validating the lack of effect. The capacity of the
antagonists to block immunosuppression was tested by adding them to the cultures for two
hours before adding the endomorphins. A two hour pretreatment with naloxone at 1075 M
has been shown by us previously to effectively block in vitro immunosuppression mediated
by morphine, and a two hr pretreatment with nor-BNI at 1076 M blocked
immunosuppression mediated by the kappa agonist, U50, 488H (Eisenstein et al., 1995). The
current results, where naloxone and CTAP failed to block suppression by the endomorphins,
support a nonopioid receptor dependent mechanism for the immunosuppressive activity of
EM-1 and EM-2. The inhibition of the immunosuppression by the antibodies used in the
present studies, does indicate that the effects of the endomorphins on immune function is
real, as it can be blocked by specific antibodies, and not by normal rabbit immunoglobulin.
These studies also validate the efficacy of the antibodies, showing that they have
neutralizing capacity against these neuropeptides. The mechanism by which the
endomorphins are acting in the in vitro assay of antibody formation used in the present
studies is not known. As mentioned above, Hong’s group provides evidence that the effect
of opioids at ultra-low concentrations on microglia may be by inhibition of the enzyme,
NADPH oxidase (Qian et al., 2007). There is actually considerable evidence in the literature
for the existence of a nonclassical opioid receptor on cells of the immune system that binds
B-endorphin. The first report of such a site on cultured human lymphocytes was in 1979
(Hazum et al., 1979). This publication and reports by others, using a human glioblastoma
cell line and murine bone marrow macrophages, in addition to human lymphocytes, suggests
that this site binds the C-terminal, rather than the N-terminal, end of the peptide (Westphal
and Li, 1984; Borboni et al., 1989; Gelfand et al., 1995). Sharp’s group identified a
naloxone-resistant binding site for B-endorphin on the human macrophage cell line, U937,
on murine peritoneal macrophages, and most importantly, on murine splenocytes (Shahabi et
al., 1990b; Woods et al., 1997; Shahabi et al., 1990a). Roy has also postulated a nonopioid
morphine binding site on immune cells based on modulation of certain immune functions by
this opioid that were still observed using cells from mu opioid receptor knock-out mice (Roy
et al., 1998). Whether the endomorphins can bind to the B-endorphin site, or whether there
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are other receptors for opioid peptides on leukocytes, is not known at this time, but would
certainly be of interest.

The present report adds another functional activity of endomorphins on the immune system,
namely inhibition of in vitro antibody formation by mouse spleen cells. Since murine
splenocyte cultures contain B-cells, T-cells, and macrophages, all of which are needed to
make a plaque-forming cell response, identification of the cell type whose function is down-
regulated by the endomorphins remains to be identified. These studies add to the growing
literature showing a robust neuroimmune connection mediated by cytokines and
neuropeptides.
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Figure 1.

EM-1 and EM-2 are immunosuppressive. Dose response curves of EM-1 (A) and EM-2 (W¥)
in a secondary PFC assay. Data are the pooled results from 12 experiments. *Significantly
different from control (1.0) by 95% confidence limit.

Brain Behav Immun. Author manuscript; available in PMC 2014 February 17.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Anton et al. Page 14

1.1
1.0
0.91
0.8
0.74
0.6

—A- Endomorphin 1 -¥ Endomorphin 2

-/\- Endomorphin 1

+ Naloxone -/ Endomorphin 2

+ Naloxone

0.51
0.44

0.44

Mean Suppression Index + SE
Mean Suppression Index + SE

2 2
3 T T T T T T T T 9

Log4o Molarity Log4o Molarity
1.1

1.0

—&-Endomorphin 1 -¥- Endomorphin 2

0.91

-O-Endomorphin 1

+CTAP <+ Endomorphin 2

0.8 +CTAP

0.7
0.6
0.5

Mean Suppression Index + SE
Mean Suppression Index * SE

0.44

2
3 T T T T T T T -9

21 49 A7 45 -3 41 9 7 21 19 47 45 43 -1 9 7
Log4o Molarity Log4o Molarity

Figure 2.

Naloxone does not block the immunosuppressive effects of endomorphins. Panel A: Dose
response curves of endomorphin 1 alone (A) or with 2 hr pretreatment with 106 M
naloxone (2). Panel B: Dose response curves of endomorphin 2 alone (W) or with 2 hr
pretreatment with 10~ M naloxone (v). Panel C: Dose response curves of endomorphin 1
alone (A) or with 2 hr pretreatment with 107 M CTAP (O). Panel D: Dose response curves
of endomorphin 2 alone (¥) or with 2 hr pretreatment with 108 M CTAP (O).
*Significantly different from control (1.0) by 95% confidence limit. Data are from 3
experiments.
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Figure 3.

Secondary plaque-forming cell (PFC) assay showing immunosuppression produced by 10715
M EM-1 (m) or EM-2 (@), and the neutralization of immunosuppression by pretreatment
with C-14 (anti-EM-1) (A) or C-16 (anti-EM-2) ('¥) affinity-purified antibodies.
Pretreatment with normal rabbit 19gG (A .¥v) had no effect on immunosuppression of either
EM. Data are pooled from 2 experiments. * p< 0.05 for C-14 or C-16 antibody treatment vs.
normal rabbit IgG.
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Figure 4.

Immunodot-blot assay for specificity of anti-EM antibodies. Panel A: Dot-blots obtained
using antiserum C-14 (anti-E1) at 2.5 mg/ml. Panel B: Dot-blots obtained using antiserum
C-16 (anti-E2) at 2.4 mg/ml. Antibodies used in both panels were blotted onto indicated
concentrations of EM-1, EM-2, substance P, met-enkephalin, leu-enkephalin, and Tyr-W-
MIF-1 (T-MIF-1), a mammalian opiate peptide.
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Figure5.

Representative displacement curves for EM-1 and EM-2 in a solid-phase RIA using the

affinity-purified antiserum C-14 for EM-1 (A), and C-16 for EM-2 (B). In panel A, the mean
+ SEM for I1Cyg, IC5q and I1Cgq values for the assay were 17 = 3 fmol, 42 + 5 fmol and 170
r E-1. The cross-reactivity at the ICgq was 10 + 3 % for E-2. In panel B, the mean

10 fmol fo

+ SEM for I1Cyg, ICsq and 1Cgq values for the assay were 10.4 £ 1.5 fmol, 44.8 £ 1.2 fmol

and 220 +

10 fmol for EM-2. The cross-reactivity at the 1C5q was >90% for EM-1. No

significant cross-reactivity for substance P, Tyr-W-MIF-1, Met-enkephalin and Leu-

enkephalin was observed using a range of 0.1-1000 fmol of competitive peptides in either

assay.
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Figure6.

Cross-reactivity of anti-EM antibodies. Normal rabbit I1gG, C-14 (anti-EM-1) and C-16
(anti-EM-2) Abs (10 pg/ml) were used to neutralize EM-1 or EM-2 at 10715 M. Data are
from a single secondary PFC assay. *Significantly different from control (1.0) by 95%
confidence limit.
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