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Abstract

Inthis report, we show that affinity purified human anti-Delta Opioid Receptor (DOR) autoantibodies
from 1VIG are specific to DOR and possess agonistic properties displayed by their ability to
dramatically decrease forskolin stimulated cAMP accumulation. Anti-DOR autoantibody also caused
phosphorylation of the opioid receptor. Anti-DOR autoantibody treatment showed a significant
reduction in CXCR4 gene expression as well as surface protein expression. In contrast, anti-DOR
autoantibody treatment significantly upregulated CCR5 gene and protein expression. The presence
of anti-DOR autoantibodies in IVIG and their potent immunomodulatory activity is further evidence
to support the crosstalk between the neuroendocrine and immune system.
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1. Introduction

Endogenous opioid peptides and their receptors are involved in critical physiological functions
such as analgesia, regulation of the autonomic nervous system and neuroendocrine activities,
respiration and gastrointestinal motility (Mellon and Bayer, 1998, Tegeder and Geisslinger,
2004). The endogenous biological activities of the opioid neuropeptides endorphins,
enkephalins and dynorphin is mediated by three classes of opioid receptors named u MOR, &
DOR and x KOR opioid receptors that belong to the seven transmembrane G-protein coupled
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receptor (GPCR) superfamily (McCarthy et al., 2001, Sharp et al., 1998c, Williams et al.,
2001). In addition to their role in the modulation of the pain networks, opioids also influence
certain parameters of both the innate and adaptive immune system (House et al., 1996, Roy et
al., 2006, Vallejo et al., 2004). Apart from cells of the central and peripheral nervous system,
immune cells, particularly under stressful conditions, produce endogenous opioids such as
enkaphalins locally at the site of inflammation (Bidlack, 2000, Mellon and Bayer, 1998,
Shahabi et al., 2003). The opioids elicit analgesia by acting on the peripheral sensory nerve
terminals, and also exert a range of immunomodulatory effects on T cell responses (Shahabi
etal., 2003, Shahabi et al., 2006). Numerous studies have demonstrated the presence of opioid
receptors on peripheral blood lymphocytes (Shahabi et al., 2000, Sharp et al., 2001, Sharp et
al., 1998h, Shen et al., 2005). The distribution of the opioid receptors on various types of cells
such as monocytes, macrophages and lymphocytes differ, and their expression can be
modulated by factors such as the cytokine microenvironment, and the stage and state of cell
differentiation and activation (Peterson et al., 1998, Sharp et al., 1998c, Shen et al., 2005).
Various groups have shown that activation of the T cell through the TCR significantly
upregulates both the percentage of T cells that express DOR as well as the number of DORs
expressed by each T cell (Miller, 1996, Nguyen and Miller, 2002, Shahabi et al., 2000). DOR
agonists exert a range of immunomodulatory effects on T cell responses that include, but are
not limited to, T cell proliferation, cytokine production, chemotaxis, thymic T cell selection,
opioid mediated modulation of the release of chemokines and expression and/or functionality
of chemokine receptors on leukocytes (Benard et al., 2008, Happel et al., 2008, Jaume et al.,
2007, Hebert, 2008, Finley et al., 2008b, House et al., 1996).

Apart from the expression of the opioid receptors on immune cells, another piece of evidence
that supports the bidirectional network of communication between the opiate and immune
system is the discovery that 1gG autoantibodies directed against the human MOR are commonly
present in the serum of healthy individuals (Mace et al., 1999a, Mace et al., 2002). These
autoantibodies display an agonistic activity, demonstrated by the inhibition of forskolin
stimulated cAMP accumulation. The autoantibodies bind to the first and third extracellular
loops known to be involved in ligand binding and activation of the GPCR (Mace et al.,
1999b, Mace et al., 2002, Dietrich et al., 1998, Mace et al., 2001). The earlier dogma of horror
autotoxicus, according to which all autoantibodies were considered to contribute to
autoimmune disease, has been replaced by the knowledge that the presence of a low level of
circulating serum autoantibodies is, in fact, a hallmark of a healthy immune system (Quintana
and Cohen, 2004, Shoenfeld and Toubi, 2005). While the exact function of this subset of
antibodies remains to be clearly elucidated, it is believed that autoantibodies contribute to the
maintenance of immune homeostasis.

In this paper, we used the peptide approach to affinity purify anti-DOR loop 1 and anti-DOR
loop 3 antibodies from intravenous immunoglobulin (IVIG), a therapeutic blood product that
contains purified IgG isolated from the plasma of thousands of healthy donors. Affinity purified
anti-DOR autoantibodies specifically bind to DOR and activate the downstream signaling
pathway. More interestingly, the anti-DOR autoantibodies possess diverse immunomodulatory
or regulatory functions as seen by the modulation of chemokine receptor expression on the
surface of immune cells. We also confirm the presence of autoantibodies against MOR, and
demonstrate the presence of antibodies to DOR external loops 1 and 3 in healthy individuals,
systemic lupus erythematosus (SLE) and HIV patient sera.

2. Materials and Methods

2.1. ELISA

SLE patient serum and healthy individual serum samples were provided by Dr. Miranda
Adelman, Arizona Arthritis Center, University of Arizona. HIV patient serum was provided
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by Dr. Nafees Ahmad, Department of Immunobiology, University of Arizona. Peripheral blood
samples were obtained from volunteers in accordance to protocols approved by the Internal
Review Board (IRB) at the University of Arizona. We tested the serum of 4 healthy individuals,
7 SLE patients and 13 HIV patients. ELISA plates were coated with peptides corresponding
to DOR loopl, DOR loop3 (10 pug/ml), MOR loopl and MOR loop 3 (5 pg/ml) in carbonate
buffer, overnight at 37°C. Sequences; DOR Loop 1- AKYLMETWPFGELLCK, DOR Loop
3- WTLVDIDRRDPLVVAA, MOR Loop 1-VNYLMGTWPFGTILCK, MOR Loop3-
IKALVTIPETTFQTYVS. Peptides were obtained from Chemicon, USA. Serum was added in
2-fold dilution. Following primary incubation, plates were washed and then treated with HRP
conjugated rabbit anti-human IgG (DAKO). Following the final washing step, plates were
developed with TMB ELISA substrate (Pierce) and the reaction stopped after 5 min with the
addition of 1N HCI. Absorbance was read at 450 nm.

2.2. Purification of anti-DOR loop 1 and 3 autoantibodies

A sepharose affinity column (NHS-activated Sepharose™ 4 Fast Flow, Amersham
Biosciences, Uppsala, Sweden) coupled with peptides corresponding to the amino acid
sequences of extracellular loops 1 and 3 of the human delta opioid receptor was made. 1gG
obtained from normal donors was used as the source for human 1gG (Sandoglobulin™, Sandoz
Pharmaceuticals Corporation). The lyophilized 1gG was reconstituted with PBS and run over
the column. Following this, the column was washed with 10 volumes of pre-elution buffer
(0.5X TBS) to remove unbound antibody. The anti-DOR antibody was eluted with 100 mM
glycine (pH 2.7) and eluted fractions were neutralized with 2M Tris. Several rounds of
purification were performed and eluted fractions pooled. The antibodies were dialyzed against
PBS overnight at 4°C and further run through a desalting column (D-Salt Polyacrylamide
Desalting columns, Thermo Fisher Scientific, Rockford, IL, USA).

2.3. Cell lines

The following reagent was obtained through the AIDS Research and Reference Reagent
Program, Division of AIDS, NIAID, NIH: 174xCEM from Dr. Peter Cresswell. CEMx174 is
a CD4+ cell line that is a fusion product of human B cell line 721.174 and human T cell line
CEM (Salter et al., 1985). The hybrid cell line is positive for all three subtypes of opioid
receptors and expresses chemokine receptors CXCR4 and CCR5 (Miyagi et al., 2000, Suzuki
etal., 2002). The cell line was maintained in Iscove’s Modified Dulbecco’s Medium containing
10% FBS, 100 U/ml penicillin and 100 pg/ml streptomycin.

The CHO cell line stably transfected with human DOR (CHO DOR cells) was a gift from Dr.
Henry Yamamura (University of Arizona). The cell line was maintained in Ham’s F-12 media
supplemented with 10% FBS, 100 U/ml penicillin, 100 pg/ml streptomycin and 500 pg/ml
G418.

2.4. Binding assays

2.4.1 Flow cytometry—CEMx174 cells (1x10%) were labeled with affinity purified anti-
DOR loop 1 and 3 antibodies at 4°C for 45 min. The cells were then washed (1% BSA, 0.1%
sodium azide in PBS) and a secondary antibody, goat anti-human 1gG-PE (Southern Biotech,
USA) was added to the cells for one hour at 4°C. The cells were washed and then fixed using
4% paraformaldehyde (Cytofix, BD Biosciences). Secondary antibody alone labeled cells were
used a control. The cells were analyzed in a LSR Il cytometer (BD Biosciences).

2.4.2 Western Blot—CHO cells and CHO DOR cells were lysed using lysis buffer (300 mM
NacCl, 50 mM Tris, 0.5% Triton-X-100, pH 7.4) containing 1% protease inhibitor cocktail and
0.1% phosphatase inhibitor cocktails | and 11 (Sigma). Cell lysate was boiled for 5 min with
reducing sample buffer. Approximately 20 pg of whole protein per well (as determined by

J Neuroimmunol. Author manuscript; available in PMC 2010 December 10.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ranganathan et al.

Page 4

BCA assay) was run on a 10% denaturing SDS-PAGE gel. The proteins were transferred to a
PVDF membrane (Millipore). The membrane was incubated with affinity purified primary
anti-DOR antibody (1pg/ml) or unpurified IVIG (1pg/ml) for one hour and then incubated with
the secondary antibody, HRP conjugated rabbit anti-human IgG (1 in 4000 dilution, Pierce).
Beta-actin (1in 1000 dilution, Cell Signaling Technology®) and a HRP conjugated goat anti-
rabbit secondary antibody (1:2500, Pierce) was used as a loading control. The SuperSignal
West Dura chemiluminescent kit (Pierce) was used to detect reactive bands.

2.5. Inhibition of forskolin stimulated cAMP accumulation

DOR transfected CHO cells were plated at 1x10° in a 24 well plate in Hams F-12 media
containing 10%FBS, 100 U/ml penicillin, 100 pg/ml streptomycin and 500 pg/ml G418. The
supernatant was removed 24 hours later, and serum-free media was added 6 hours prior to
assay. Cells were incubated for 20 min with 100 mM of phosphodiesterase inhibitor (3-
isobutyl-1-methylxanthine, Sigma). In the last 10 min of the assay, 20 uM forskolin (Sigma)
was added to indicated wells, in the presence or absence of 10 uM [D-Pen2, D-Pen5] enkephalin
(DPDPE, Sigma) or 50 pg of anti-DOR autoantibody. The supernatant was removed, cells
lysed and cAMP (pmol.min~1.mg 1 of protein) measured using the CatchPoint CAMP Assay
kit (Molecular Devices) as per manufacturer’s instructions.

2.6. Desensitization assay

CEMx174 (1x108) cells were treated with 10 uM DPDPE, or 50pg affinity purified anti-DOR
Ab, or left untreated for 10 and 30 minutes at 37°C in serum free media. After treatment cells
were lysed, protein concentration determined and approximately 10ug of total protein was
resolved by 10% denaturing SDS PAGE gels. The protein was transferred to PVDF
membranes. Phosphorylation of serine 363 of the 5-opioid receptor was measured by Western
blots using a rabbit primary antibody specific for phospho-S363 of the 6-opioid receptor
(1:1000, Cell Signaling Technology®) and a HRP conjugated goat anti-rabbit secondary
antibody (1:1000, Pierce). Bands were detected using SuperSignal West Dura
chemiluminescent kit (Pierce).

2.7. Real-time PCR

CEMx174 cells (1x 108) were incubated for 24 hours with either 10 uM DPDPE, 100 pg anti-
DOR Ab, or left untreated. Total RNA was extracted using TRIzol (Invitrogen) from the
CEMx174 cells. cDNA synthesis was performed using gScript™ cDNA synthesis kit (Quanta
Biosciences) as per manufacturer’s instructions. Primers specific for human CCR5, CXCR4,
Tata binding protein were purchased from Applied Biosystems. Real-time PCR was performed
using PerfeCTa QPCR SuperMix (Quanta Biosciences) according to the manufacturer’s
instructions. A Bio-Rad iCycler was used for performing the real-time PCR.

2.8. PBMC isolation

Human PBMCs were isolated from whole blood obtained from two healthy donors. Whole
blood was diluted 1 in 2 with PBS and then layered on Histopaque (Sigma —Aldrich) and
centrifuged at 400 x g for 30 minutes at 25°C. The buffy coat was carefully isolated and washed
3X in 4 volumes of PBS (10% FBS) by centrifuging at 400 x g for 15 minutes. Cells were
counted and resuspended at 10° per ml of IMDM, 10% FBS, 100 U/ml penicillin and 100 pg/
ml streptomycin.

2.9. Flow cytometry analysis

CEMx174 cells and human PBMCs were treated with 10uM DPDPE, 100 ug anti-DOR
antibody or left untreated. Forty-eight hours after treatment, cells were analyzed by flow
cytometry for surface expression of chemokine receptors using anti-CXCR4-PECy7, anti-
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CCRT7-PECy7 (eBiosciences) and anti-CCR5-FITC (R&D Systems). Cells were gated on the
lymphocyte population using forward and side scatter. Paired t test of the mean fluorescence
intensities was used to determine p values.

3. Results

3.1. Affinity purification of anti-DOR autoantibodies

Following reports of the presence of anti-MOR antibodies in the serum of healthy individuals
(Mace et al., 1999b, Mace et al., 1999a, Mace et al., 2002), we focused upon autoantibody
activity to DOR, a receptor shown to be expressed on peripheral blood cells, including T and
B lymphocytes (Miller, 1996, Nguyen and Miller, 2002, Sharp, 2004, Sharp et al., 2001, Shen
et al., 2005). Various groups have shown that the first and the third extracellular loops of the
opioid receptors are critical for ligand binding specificity and functional activation of the
receptor (Dietrich et al., 1998, Fadhil et al., 2004, Li et al., 1996, Mace et al., 1999b, Varga et
al., 1996, Varga et al., 2004). Therefore, to characterize autoantibody activity to DOR, we
prepared a sepharose affinity column coupled with peptides corresponding to the first and third
extracellular loops of DOR. We ran IVIG over the affinity column and bound antibodies were
eluted, dialyzed and desalted before use.

3.2. Affinity purified anti-DOR autoantibodies show specificity in binding to DOR

We used three cell lines to characterize the binding specificity and signaling pathway activated
by the affinity purified anti-DOR antibody, CHO cell line, DOR transfected CHO (DOR CHO,
expressing only DOR) cell line and the human lymphocyte cell line CEMx174 (expressing all
three subtypes of opioid receptors). DOR CHO and CEMx174 cell lines have previously been
shown to express opioid receptors (Miyagi et al., 2000, Navratilova et al., 2005, Suzuki et al.,
2002). In western blots, a band corresponding to ~50kDa was detected in the DOR CHO cell
lysate using the affinity purified anti-DOR antibodies, whereas no band was detected in the
untransfected CHO cell line (Fig. 1A). We detected no bands when the lysates were incubated
with unpurified IVIG at the same concentration of the affinity purified anti-DOR antibodies,
confirming the specificity of binding of the affinity purified anti-DOR antibodies (Fig 1B).
Using flow cytometry, we also showed that the affinity purified anti-DOR Ab binds to
CEMx174 cells (Fig. 1C).

3.3. Anti-DOR autoantibodies function as DOR agonists

Ligands that bind specifically to the opioid receptor and initiate signaling are referred to as
agonists, whereas antagonists are ligands that bind to the cognate receptors with great affinity
but do not elicit biological activity, effectively dampening an agonist mediated response. Upon
agonist binding to the opioid receptor, the receptor associated G; proteins inhibit adenylyl
cyclase activity resulting in a decrease of cellular cAMP (Hebert, 2008, Mace et al., 1999a,
Sharp, 2006, Sharp et al., 1998b). In order to characterize the agonistic properties of the anti-
DOR autoantibodies, we tested for the ability of the antibody to inhibit forskolin stimulated
CAMP accumulation in DOR transfected CHO cells, expressing only DOR. Basal cCAMP levels
in untreated cells were used as a reference point. As shown in Fig. 2, anti-DOR autoantibodies
dramatically reduced forskolin stimulated cAMP accumulation. In the absence of forskolin
treatment, DPDPE alone reduced cAMP levels to 13.7+8.9% (p<0.05), whereas anti-DOR
autoantibody treatment reduced cAMP levels to 31.5+23.3% (p=0.15). Forskolin treatment
alone stimulated cAMP levels to 354.5+4.9% compared to untreated cells. Anti-DOR
autoantibody addition to forskolin stimulated cells reduced cAMP levels to 114+4.24%
(p<0.05) where as the addition of DPDPE reduced cAMP levels to 100% (p<0.01). These
results show that anti-DOR autoantibodies are specific, potent agonists, displaying activity
comparable to DPDPE, a DOR specific synthetic agonist.
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There are various levels of regulation controlling the agonist stimulated GPCR response. One
of the most tightly controlled events is the extremely rapid process of desensitization that occurs
following the activation of the receptor inactivation signaling pathway. Desensitization usually
involves the phosphorylation of a Serine/Threonine residue in an intracellular loop, or at the
carboxy-terminal of the receptor. This process may be followed by the recruitment of arrestins
and sequestration and internalization of the receptor into clathrin coated vesicles. The serine
residue at position 363 is one of the primary phosporylation sites involved in agonist mediated
desensitization of DOR (Navratilova et al., 2005, Varga et al., 2004, Varga et al., 2002, Steele
etal., 2002). As shown in Fig. 3, the affinity purified anti-DOR binds specifically to DOR and
induces phosphorylation of the Ser 363 residue in a manner comparable to DPDPE, further
demonstrating the agonistic activity of the anti-DOR autoantibodies.

The above results demonstrate the feasibility of using peptides corresponding to extracellular
loops 1 and 3 to isolate DOR specific antibodies that function as agonists.

3.4. Immunomodulation by anti-DOR autoantibodies

Opioid receptors and chemokine receptors are both members of the seven transmembrane
GPCR superfamily, and there are a number of reports that detail the influence of opioids on
chemokine receptor expression (Finley et al., 2008b, Hebert, 2008, Hereld and Jin, 2008, Pello
etal., 2008, Finley et al., 2008a). The opioid mediated modulation of chemokine receptors
CCR5 and CXCR4 has interested researchers because of their critical role in promoting HIV
infection and progression of disease (Chen et al., 2004, Miyagi et al., 2000, Sharp et al.,
1998a, Steele et al., 2003, Szabo et al., 2003, Vallejo et al., 2004, Finley et al., 2008a). A
substantial percentage of HIV-1 infected individuals include intravenous drug abuses that
abuse opioids (Vallejoetal., 2004). For example, MOR is known to heterodimerize with CCR5,
and the binding of a ligand to its cognate receptor results in heterologous desensitization of the
other receptor (Chen et al., 2004, Suzuki et al., 2002, Szabo et al., 2003). DOR is known to
heterodimerize with the chemokine receptor CXCR4, however, the addition of the opioid
ligand has been shown not to desensitize the chemokine receptor (Chen et al., 2004, Rogers et
al., 2000). Interestingly, the addition of ligands to both of the receptors not only stabilizes the
heterodimer but also causes them to become silent complexes that do not signal (Steele et al.,
2002, Finley et al., 2008a, Grimm et al., 1998). The opioid receptor heterodimerization with
chemokine receptors causes subtle changes in their expression that varies according to the
different heterodimer formations. Using human PBMC:s, it has been shown that DAMGO, a
MOR specific agonist can increase the expression of chemokine receptors CCR5 and CXCR4
at the protein and mRNA level (Happel et al., 2008, Miyagi et al., 2000). Based on these reports
that detailed the association of chemokine receptors CCR5 and CXCR4 with the opioid
receptors, we decided to investigate whether the autoantibodies to the opioid receptor could
modulate certain parameters of the immune system in a way that the exogenous, synthetic
ligands do. In particular, to investigate the immunomodulatory properties of the anti-DOR
autoantibodies, we looked at the ability of the autoantibodies to influence CXCR4 and CCR5
chemokine receptor expression, we incubated CEMx174 cells, or human PBMCs, with 10uM
DPDPE or 100 pg affinity purified anti-DOR autoantibody. Real-time PCR of the CEMx174
cell line after 24 hours shows that anti-DOR autoantibody treatment decreased CXCR4 gene
expression by approximately two-fold compared to the untreated controls (Fig. 4A, 0.42+0.05
vs. 1£0.02, p<0.05). In contrast, anti-DOR autoantibody treatment had a converse effect on
CCR5 gene expression. While the synthetic DOR agonist DPDPE had no effect on CCR5 gene
expression, the anti-DOR antibody treatment produced a three-fold increase in CCR5 gene
expression (Fig. 4B, 3.24+0.53 vs. 1.025+0.29, p< 0.01). We confirmed that the anti-opioid
receptor antibody treatment also modulated protein expression by analyzing CXCR4 and CCR5
surface protein expression at 48 hours post treatment using flow cytometry analysis. DPDPE
did not cause any changes in surface receptor expression (data not shown). Consistent with
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results of the real-time PCR assay, anti-DOR autoantibody treatment caused a decrease in
CXCR4 expression (Fig. 4C) and an increase in CCR5 expression (Fig. 4D).

The same experiment was performed using PBMCs isolated from healthy donors and the
surface expression of three chemokine receptors (CXCR4, CCR5 and CCR7) was analyzed 48
hours after treatment. The PBMCs treated with anti-DOR autoantibody showed a significant
decrease in CXCR4 expression as compared to untreated cells (Fig. 5A, p<0.05). We could
detect no difference in CXCR4 expression between the DPDPE treated and untreated PBMCs
(data not shown). On the other hand, there was a significant increase in the expression of CCR5
in PBMC:s treated with anti-DOR autoantibody as compared to untreated cells (Fig. 5B,
p<0.05). Again, we saw no difference in expression of CCR5 between the DPDPE treated and
untreated PBMCs (data not shown). In order to investigate the specificity of the anti-DOR
autoantibody mediated modulation of chemokine receptor expression, we looked at another
chemokine receptor CCR7, a receptor critical for the homing of immune cells into the draining
lymph node. We could not detect any changes in CCR7 expression between untreated, DPDPE
treated or anti-DOR autoantibody treated cells (data not shown).

3.5. Anti-DOR autoantibodies are present in the sera of healthy individuals, SLE and HIV

patients

Since our peptide approach was successful in isolating antibodies against DOR that show
specific binding to the receptor as well as agonistic activity, we set out to characterize
autoantibody activity to opioid receptors in the serum of healthy individuals, as well as
individuals with SLE and HIV. We used peptides corresponding to the loop 1 and loop 3 regions
of both DOR and MOR as antigens. Using ELISA, we demonstrate the presence of
autoantibodies to DOR in the sera of healthy individuals and SLE and HIV patients. We also
confirmed the presence of autoantibodies to MOR in normal sera, and extend the findings to
SLE and HIV patients. We tested the serum of 4 healthy individuals, 7 SLE patients and 13
HIV patients. Autoantibody binding to DOR loop peptides 1 and 3 is higher in healthy donors
as compared to SLE sera (Fig. 6A). In healthy individuals, the mean absorbance against DOR
loop 1 was 0.36 +0.04 whereas it was 0.22 + 0.05 in SLE serum (p<0.001). The mean
absorbance in healthy serum was 0.15 + 0.07 against DOR loop 3 as compared to 0.04 + 0.01
in SLE sera (p<0.05). The trend was reversed in autoantibody binding to the MOR loop peptides
1 and 3 (Fig. 6B), where we saw higher binding in SLE serum as compared to healthy
individuals. However, the difference was not significant. We also compared the binding of
autoantibodies to these peptides between healthy and HIV patient serum. Here we saw
significantly higher binding to DOR loop 1 peptide in healthy serum compared to HIV serum
(Fig. 6C, 0.47 £ 0.16 vs. 0.19 + 0.05, p<0.001). We observed the same trend in autoantibody
binding to DOR loop 3 peptide. Healthy serum showed a mean absorbance of 0.47+ 0.12
compared to 0.19 = 0.06 in HIV (p<0.001, Fig. 6C). There was no significant difference in
autoantibody binding to the MOR loop 1 and 3 peptides between healthy and HIV patient sera
(Fig. 6D).

4. Discussion

We affinity purified anti-DOR autoantibodies from IVIG that bind specifically to DOR. The
antibodies display agonistic activity as seen by their ability to inhibit forskolin stimulated
cAMP accumulation, as well as receptor desensitization via phosphorylation of DOR. The
antibodies also elicit immunomodulatory effects as seen by the changes in expression of
chemokine receptors CXCR4 and CCR5. We also report the presence of anti-delta opioid
receptor antibodies in the sera of healthy individuals, SLE and HIV patients.

Opioid receptors belong to the seven transmembrane G,j-protein coupled receptor superfamily.
The binding of opioid agonists to the receptor results in inhibition of adenylate cyclase activity,
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inhibition of calcium channels and an array of diverse downstream signaling events (Sharp,
2006, Tegeder and Geisslinger, 2004). Dietrich et al. showed that IVIG contains a fraction of
autoantibodies to the mu opioid receptor that behave as agonists by binding to the first and
third extracellular loops of the receptor (Mace et al., 1999b, Mace et al., 1999a, Mace et al.,
2002, Mace et al., 2001, Dietrich et al., 1998).

Here, we show that anti-DOR autoantibodies in IVIG, that have been affinity purified against
the extracellular loop 1 and 3 peptides, bind with a high degree of specificity to the DOR
protein. The anti-DOR autoantibodies effectively engage the opioid receptor and display potent
agonistic properties. This is demonstrated by the inhibition of cAMP accumulation in cells
treated with anti-DOR autoantibody, as well as the characteristic phosphorylation of DOR at
Ser 363, an important step in agonist mediated desensitization and down-regulation of the
receptor.

We set out to investigate the immunomodulatory properties of affinity purified anti-DOR
autoantibodies that would further support the cross-talk between two seemingly disparate
systems; the neuroendocrine and immune system (Bidlack, 2000, Mellon and Bayer, 1998,
Roy et al., 2006, Sharp, 2006). The opioid modulation of chemokine receptors, especially
CCRS5 and CXCR4 has garnered interest in researchers because of their central role in
promoting HIV-1 infection and progression of disease. Many research groups have shown that
signaling through the MOR has profound effects on chemokine CCL2, CCL5 and CXCL10
expression, chemokine receptor CCR5, CXCR4 expression as well as susceptibility to HIV-1
infection (Chen et al., 2004, Miyagi et al., 2000, Sharp et al., 1998a, Steele et al., 2003, Szabo
etal., 2003, Vallejo et al., 2004, Finley et al., 2008a). Our data shows that while both DPDPE
and the anti-DOR autoantibody bind to the receptor, they elicit very different modulatory
responses with respect to changes in chemokine receptor expression. In CEMx174 cells as well
as PBMCs treated with anti-DOR autoantibody, there was a downregulation of CXCR4 gene
expression and surface protein expression. In contrast, DPDPE, a DOR specific synthetic
agonist, does not cause changes in CXCR4 expression. DPDPE is a small molecule agonist
that has been conclusively shown not to induce CXCR4 desensitization and internalization
(Pello et al., 2008). It has been proposed that CXCR4 and DOR form silent non-functional
heterodimers that are stabilized by the addition of both the ligands, but the addition of only
one ligand at a time, i.e. either the chemokine or opioid ligand, disrupts the heterodimers and
promotes homodimer formation (Hereld and Jin, 2008, Pello et al., 2008). However, it may be,
that unlike DPDPE, anti-DOR autoantibodies binding to the opioid receptor causes a
conformational change to the opioid-chemokine heterodimer resulting in receptor
internalization. In contrast to the results with CXCR4, in cells treated with anti-DOR
autoantibodies, there was a significant increase in CCR5 expression, both at the gene
expression and protein expression level, as seen inthe RT-PCR and FACS analysis. This result
was unlike DPDPE treatment that did not result in modulating CCR5 expression. The
differences in the patterns of chemokine receptor expression modulation seen as a result of
anti-DOR autoantibody, or DPDPE, binding to the opioid receptor may be due to the
differences in binding patterns of the agonists and/or the strength of signaling. It would be
interesting to see if the changes in chemokine receptor expression caused by the anti-DOR
autoantibody treatment result in tangible downstream effects such as changes in cell migration
pathways and susceptibility to HIV-1 infection. While the exact mechanism by which anti-
DOR autoantibodies modulate the expression of chemokine receptors CCR5 and CXCR4
remains unclear, a growing body of evidence indicates that factors such as cytokine
microenvironment and heterodimeric desensitization may play a role (Finley et al., 2008b,
Grimm et al., 1998, Happel et al., 2008). Modulation of chemokine receptor expression on T
cells has important implications in the alteration of T cell migration patterns between the
peripheral inflamed tissues and draining lymph nodes, thereby modulating immune response
(Hebert, 2008, Steele et al., 2002, Suzuki et al., 2002, Finley et al., 2008a). The ability of anti-
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DOR antibodies to alter chemokine expression patterns may well influence these parameters
of the immune system. While looking at the levels of anti-DOR autoantibodies in the serum
of healthy individuals as compared to those with disease, we found that autoantibody levels to
DOR are higher in healthy individuals as compared to patients with HIV and SLE. Since we
are looking at 1gG levels, the contribution of T cells must be taken into account. HIV infection
leads to reduced T cell numbers, which could be one of the reasons we see lower levels in HIV
patients. However, this does not explain the phenomena in SLE patients, where the immune
system is conversely in a hyper-reactive state. It must also be noted that the trend with respect
to anti-MOR autoantibodies was reversed in SLE patients where we see higher binding activity
than seen in healthy individuals. It is possible that agonistic anti-MOR antibodies serve to
stimulate the Th2/humoral arm of the immune system, in a manner similar to synthetic MOR
agonists (Greeneltch et al., 2005, Roy et al., 2004), whereas anti-DOR autoantibodies may
function to stimulate the cell-mediated/Th1 arm. In SLE patients therefore, elevated levels of
anti-MOR Abs might exacerbate disease, while upregulating the anti-DOR autoantibodies
might help deviate to a Th1-type immune response. The difference in the levels of these
antibodies between healthy individuals and those with diseases such as HIV and SLE is indirect
evidence for an active role of the immune system in the selection and maintenance of these
antibodies.

IVIG is used regularly as a therapeutic blood product for the treatment of immunodeficiencies
as well as autoimmune diseases (Hartung, 2008, Kazatchkine and Kaveri, 2001, Vani et al.,
2008). To a large extent the mechanisms by which IVIG acts is unknown, though it is accepted
that the beneficial effects are elicited via a complex interaction of multiple factors some of
which include the Fc-receptor mediated effects, regulation of the idiotypic networks, and
modulation of dendritic cell maturation and function, induction of granulocyte cell death via
ligation of siglecs, modulation of T and B cells as well as the complement system. (Arumugam
etal., 2007, Blank et al., 2007, Dussault et al., 2008, Ephrem et al., 2008, Kessel et al., 2007,
Samuelsson et al., 2001, Shoenfeld et al., 2002, Seite et al., 2008, von Gunten and Simon,
2008). IVIG has also been shown to contain antibodies to functional receptors on immune cells
such as the human TCR, cytokines and cytokine receptors, CD4, CD5, HLA class | molecules,
RGD adhesion motifs, CCR5, CD40 and Fas (Aukrust et al., 1994, Hurez et al., 1994,
Marchalonis et al., 1992, Negi et al., 2007, Prasad et al., 1998, Svenson et al., 1998, Vassilev
etal., 1993, Vassilev et al., 1999, Kaveri et al., 1996). Among the many pathways activated
by the antibodies in IVIG, the induction of apoptosis in human lymphocytes and monocytes,
and the modulation of apoptosis through CD95 is determined in part, by the concurrent presence
of agonistic and antagonistic anti-Fas antibodies in IVIG, as well as the concentration of the
antibodies (Prasad et al., 1998, Viard et al., 1998, Reipert et al., 2008). Natural antibodies
against CCR5, a coreceptor for HIV-1 infection, present in IVIG, mucosa and breast milk have
been shown to successfully block HIV-1 infection, and transport across the human epithelial
cells, setting the stage to exploit the anti-CCR5 antibodies as a natural, passive component of
the combinatorial therapeutic regimen required to fight HIV-1 infection (Eslahpazir et al.,
2008, Bouhlal et al., 2005, Bomsel et al., 2007, Bouhlal et al., 2001).

Our results show that anti-DOR antibodies are a component of IVIG, and the ability to modulate
chemokine receptor expression may be one of the pieces of the puzzle in the mechanism by
which IVIG exerts its diverse effects.

In summary, our data supports the presence of a dynamic, bi-directional communication
network between the neuroendocrine and immune systems. Apart from the immunomodulatory
role of the anti-DOR autoantibodies, it will be interesting to see if they have an anti-nociceptive
role in the peripheral sensory system, further cementing their role in bridging these two
systems.
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FIGURE 1.

Binding of affinity purified anti-DOR antibodies to DOR. A, B, Western blot. Lanes 1 and 2
correspond to protein from the cell lysate of CHO and CHO DOR respectively. Affinity purified
anti-DOR Abs were used as primary antibody followed by a HRP conjugated rabbit anti-human
IgG secondary antibody. The ~50kDa band corresponds to DOR monomer (A). We confirmed
that the 50kDa band corresponded to DOR using a specific anti-DOR Ab (Abcam), results not
shown. Unpurified IVIG was used as primary antibody, followed by a HRP conjugated rabbit
anti-human IgG secondary antibody. No bands were detected (B). Beta-actin was used as
loading control. C, Flow cytometry analysis of DOR antibody binding to CEMx174 cell line.
CEMx174 cells (1x106) were incubated with primary anti-DOR autoantibody followed by
secondary PE labeled goat anti-human 1gG. Solid grey histogram indicates background binding
of the secondary antibody.
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FIGURE 2.

Inhibition of forskolin stimulated cAMP accumulation by anti-DOR autoantibodies. CHO
DOR cells were pretreated with the phosphodiesterase inhibitor 3-isobutyl-1-methylxanthine
for 20 min and 20 uM forskolin was added in the last 10 min, with or without 10 pM DPDPE
or 50 pg anti-DOR autoantibody. The reaction was carried out at 37°C and stopped 10 min
after the addition of forskolin. Protein concentrations per well were determined using the BCA
assay, and CAMP measured as described in the Materials and Methods section. Results are
expressed as a percentage of the untreated control and represent mean £SD of at least four
independent experiments. In the absence of forskolin treatment, DPDPE alone reduced cAMP
levelsto 13.7+£8.9% (p<0.05), whereas anti-DOR autoantibody treatment reduced cAMP levels
to 31.5+23.3% (p=0.15). Forskolin alone stimulated intracellular cAMP levels to 354.5+4.9%
compared to untreated cells. The addition of anti-DOR autoantibody to stimulated cells reduced
CAMP levels to 114+4.24% (p<0.05) while DPDPE reduced the levels to 100% (p<0.01).
Statistical significance was calculated using paired t-test.
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FIGURE 3.

Anti-DOR autoantibodies induce phosphorylation of DOR at Ser 363. CEMx174 cells were
incubated with 10 uM DPDPE or 100ug anti-DOR Ab for 10 And 30 min in serum-free media.
Cells were lysed and 10 ng of total protein was run on 10% denaturing SDS-PAGE gels and
transferred to a PVDF membrane. Western blot analysis was performed using an anti-phospho
Ser 363 DOR antibody. Anti-DOR autoantibodies cause significant phosphorylation of the
receptor at 10 min and 30 min. DPDPE causes phosphorylation of DOR as early as 10 min that
decreases significantly by 30 min.
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FIGURE 4.

Immunomodulation of chemokine receptor expression by anti-DOR autoantibodies. A, B,
Real-time PCR analysis. CEMx174 cells (1x10%) were incubated for 24 hours with 10 uM
DPDPE or 100 ug anti-DOR autoantibodies. Total RNA was extracted from the cells and real-
time PCR was performed using human specific primers for CXCR4, CCR5 and TATA box
binding protein. Values were normalized against TATA box binding protein. There was a
significant reduction in CXCR4 gene expression by anti-DOR antibody treated cells as
compared to untreated cells (A, p<0.05). In contrast, anti-DOR antibody treatment significantly
upregulated CCR5 expression (B, p<0.01). Paired t-test was performed to determine p values.
Data is representative of three independent experiments. C, D, Flow cytometry analysis.
CEMx174 cells were plated at 1x10° cells/well. The cells were treated with 10 M DPDPE or
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100 png anti-DOR autoantibody. After 48 hours, cells were analyzed by flow cytometry for
surface expression of chemokine receptors. Treated and untreated cells are shown in black and
grey histograms, respectively. Treatment with anti-DOR Ab reduced surface CXCR4
expression (C), while increasing CCR5 expression (D). There was no change in the expression
of chemokine receptors after DPDPE treatment (data not shown).
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FIGURE 5.

Anti-DOR autoantibody modulates expression of CCR5 and CXCR4 on human PBMCs.
PBMCs were plated at 1x10° cells/well. The cells were treated with 10 uM DPDPE, 100 pg
anti-DOR antibody or left untreated. After 48 hours cells were analyzed by flow cytometry for
surface expression of chemokine receptors. Solid grey histograms represent untreated cells,
while open black histograms reflect cells treated with anti-DOR autoantibody. A, Treatment
with anti-DOR autoantibody reduced surface CXCR4 expression (p<0.05). B, Treatment with
anti-DOR autoantibody increased CCR5 expression (p<0.05). There was no change in
expression of chemokine receptors after DPDPE treatment (results not shown). Left and right
panels of the figure reflect results of two healthy donors. Statistical significance of the mean
fluorescence intensity values was determined by using the paired t-test.
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Autoantibodies to DOR loops 1 and 3 are present in the sera of healthy individuals, SLE and
HIV patients. Plates were coated with peptides corresponding to DOR and MOR loop 1 (L1)
and 3 (L3) peptides. We tested the serum of 4 healthy individuals (N), 7 SLE patients and 13
HIV patients. Values reflect mean absorbance at 450nm =+ s.d. of serum samples diluted 1 in

400. SLE serum samples show significantly lower binding to DOR loops 1 and 3 than normal
sera (A, p<0.05). The converse is seen in binding to MOR loops, where SLE sera show higher
binding than normal sera (B). HIV sera show significantly lower binding to DOR loops 1 and
3 than normal sera (C, p<0.001). The trend is reversed in binding to MOR loops 1 and 3 (D).
Statistical significance was determined with a one-way analysis of variance, Bonferroni’s post-
test was used to obtain p-values for the indicated pairwise comparisons.
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