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ABSTRACT 

 

Natural autoantibodies are defined as self-reactive antibodies present in healthy 

individuals in the absence of purposeful immunization or any known antigenic 

stimulation. While most NAAbs are of the IgM isotype, T cell dependent isotypes such as 

IgG and IgA NAAbs have been reported. Natural antibodies are conserved through 

evolution; they have been detected in sharks and humans, the phylogenetic limits of 

vertebrates capable of producing antibodies. The phylogenetic conservation of NAAbs 

suggests that they play an important, but overlooked, role in the maintenance of 

physiological homeostasis of the immune system. 

My project involved the characterization of two NAAbs. The first part of my dissertation 

elucidates the production and functional characterization of an anti-T Cell Receptor 

NAAb, OR3. OR3 is an IgM heterohybridoma made from the peripheral blood B cells of 

a patient with Rheumatoid Arthritis. The results show that OR3 specifically binds to the 

Complementarity Determining Region 1segment of TCRVβ regions, is specific for a 

subset of T cells and blocks the antigen activation of these T cells. Importantly, OR3 does 

not induce apoptosis or necrosis of T cells. My results support our hypothesis that anti-

TCR NAAbs are immunomodulatory and indicate that autoantibodies present in humans 

may have significant functional activity in the regulation of T cell responses. 

The second part of the dissertation describes the phenomenon of NAAbs to human delta 

opioid receptor. I affinity purified IgG antibodies to human DOR from intravenous 
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immunoglobulin, a therapeutic blood product that contains purified IgG isolated from the 

plasma of thousands of healthy donors. The anti-DOR NAAbs bind to DOR protein, and 

initiate an activating signaling cascade, in a manner similar to a receptor specific agonist. 

Interestingly, there is a significant difference in the agonistic activity of the 

autoantibodies compared to the synthetic DOR agonist DPDPE. Unlike DPDPE, these 

autoantibodies display significant immunomodulatory activity as evinced by changes in 

CCR5 and CXCR4 chemokine receptor expression. The presence of functional 

autoantibodies in IVIG shows that they are a part of the normal healthy immune 

repertoire in humans. This work also presents data supporting the interconnecting 

network between the neuroendocrine and immune systems. 
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CHAPTER 1 

INTRODUCTION TO NATURAL AUTOANTIBODIES 

 

1.1  Natural Autoantibodies 

The discovery of the presence of natural autoantibodies (NAAbs) in the sera of healthy 

individuals was a seminal finding that challenged the notion of all autoantibodies (AAb) 

being pathogenic and contributing to autoimmune disease (1, 2). NAAbs are defined as 

self-reactive antibodies (Ab) present in healthy individuals in the absence of purposeful 

immunization or any other known antigenic stimulation (3-5). It was initially assumed 

that all NAAbs were of the IgM isotype, but this was soon realized to be an 

oversimplification as T cell dependent isotypes IgG and IgA NAAbs were also 

discovered (6-8). NAAbs are an essential component of the vertebrate immune system 

and have been found to be present in species as phylogentically distinct as sharks and 

humans. The presence of NAAbs in sharks is of particular importance as they are the 

most primitive vertebrates that possess all the molecules required for a combinatorial 

immune response. Sharks are incapable of mounting a classical adaptive immune 

response, and instead upregulate the production NAAbs, suggesting that NAAbs may 

play a role in innate immunity in this ancient species (9-11).  

Historically, NAAbs were thought to be predominantly of the IgM isotype produced by 

CD5+ B cells (12, 13). However, the presence of high amounts of T cell dependent IgG 
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NAAbs in serum clearly shows that B1 cells cannot be considered as the source of all 

NAAbs (14). Variable (V) region sequencing of NAAbs show that most NAAb 

sequences are germline indicating that they do not undergo any or very little somatic 

hypermutation or affinity maturation. This is a critical departure from disease associated 

pathogenic autoantibodies that show extensive somatic hypermutation and affinity 

maturation as a result of antigen driven clonal expansion of autoreactive B cells (8, 15).  

 

1.2 IgM NAAbs 

CD5+ B cells represent a unique subset of lymphocytes, called B1 lymphocytes, that 

differ functionally and phenotypically from the more ubiquitous, conventional B2 cells 

(16). B1 cells arise earlier in individuals, represent the majority of neonatal B cells and 

marginal zone B cells, and are considered to be responsible for the production of the 

majority of natural IgM antibodies (4, 16). Natural IgM antibodies have been showed to 

be involved in the early recognition of pathogens such as bacteria. Functions that have 

been ascribed to natural antibodies include scavenging metabolic waste, removal of 

senescent cells, clearance of soluble immune complexes, and maintenance of immune 

homeostasis (17). IgM natural antibodies also seem to play a role in the surveillance, 

recognition and removal of precancerous and cancerous lesions (18). Among natural 

antibodies, tumor specific NAAbs are the most well characterized. These are pentameric 

IgMs, produced by CD5+ B cells, contain unmutated sesquence coded by specific germ-

line families, and interestingly display lambda chains as opposed to the more common 
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kappa light chains (18-20). They mostly recognize carbohydrate epitopes and induce 

apoptosis in malignant cells. Non-classical apoptotic mechanisms are triggered by 

binding to cell surface receptors and induction of stress, excessive internalization and 

accumulation of LDLs, cross-linking modified anti-complement receptors, and blocking 

of growth-factor receptors (21-24). The repertoire of natural autoantibodies differ from 

individual to individual but are fairly stable with aging, and may contribute to 

maintenance of immune memory that is not mediated by classical immune reactions (25).  

 

1.3 IgG NAAbs 

The discovery of the presence of NAAbs of the IgG isotype initially was met with 

skepticism, as the IgG isotype in itself indicated a selection mechanism and therefore 

could not be considered “natural”. This skepticism has since given way, largely due to the 

“magical” properties of Intravenous Immuneglobulin (IVIg). IVIg is made up of IgG 

purfied from the pooled plasma of more than 3000 healthy blood donors (26, 27). It is 

believed that the beneficial effects of IVIg are elicited via a complex interaction of 

multiple factors some of which include the Fc-receptor mediated effects, regulation of the 

idiotypic networks, modulation of dendritic cell maturation and function, induction of 

granulocyte cell death via ligation of siglecs, and modulation of T and B cells as well as 

the complement system. (28-36). The ability of IVIg to react with idiotypes of pathogenic 

autoantibodies and neutralize these circulating antibodies is one of the very well 

characterized pathways via which IVIg is known to exert its beneficial effect on 
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autoantibody mediated autoimmune diseases (35, 37, 38). While IgM NAAbs are present 

in newborn humans as well as newborn, germ-free and antigen-free mice, IgG NAAbs 

seem to require an activated immune system (39).  

 

1.4 Binding characteristics of NAAbs 

Most NAAbs bind with relatively low to moderate affinity, though there are exceptions to 

this rule. One of the characteristic features of NAAbs is polyreactivity, which means that 

they bind to several unrelated antigens, that are usually large with repeating motifs, with 

moderate affinity (4, 40). However, due to the pentameric structure of the IgM molecule, 

the low affinity binding of a decavalent structure results in a high avidity interaction. 

Polyreactive NAAbs exhibit average binding avidities ranging from 10-6 to 5 X 10-7 M 

while monoreactive NAAbs posses binding affinities in the range between 10-8 to 5 X 10-

11 M (41-43). Apart from polyreactivity, NAAbs also exhibit a phenomenon called 

epitope promiscuity. Epitope promiscuity refers to the antibody recognizing a limited set 

of distinct epitopes that compete for the same binding site with varying affinities (11, 44). 

Unlike polyreactivity, epitope promiscuity is seen in both IgM and IgGs. It is possible 

that the low to moderate affinity binding of NAAbs to self-antigens prevents them from 

reacting vigorously and setting of a chain of inflammatory downstream effects (9, 12).  

The argument against natural autoantibodies being a part of a healthy immune repertoire 

takes root from the supposition that the immune system evolved in effect to distinguish 

self from non-self and thereby eliminate pathogens. However, the undisputable existence 
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and requirement of autoantibodies hints at a very different role for the immune system, 

one that involves the maintenance of cellular and molecular homeostasis, and in effect 

physiological homeostatsis (3, 4, 45). One of the long standing unsolved issues in the 

field of NAAbs is trying to understand the relationship between physiological and 

pathogenic AAbs: is there a direct correlation between these subsets, a breakdown of 

tolerance that causes the same physiological AAbs to become pathological or are these 

two independent processes? 

 

1.5 Theories on the origin of NAAbs 

1.51 Idiotoypic Network Theory 

There are many inflammatory autoimmune diseases whose pathology is mainly 

perpetrated by autoantibodies, such as Myasthenia Gravis, Goodpastures syndrome, 

Graves disease, amongst many others (46). While the exact cause for the presence, or 

more importantly the activation of such pathogenic autoantibodies is not clearly 

understood, one long-standing theory for the presence of self-reactive antibodies is the 

idiotypic network, originally proposed by Jerne. The main idea behind this theory is that 

antigen stimulation generates antibodies whose unique structure in the antigen binding 

site, called idiotype generates a second wave of antibody production, termed the 

antiidiotypic antibody. The antiidiotypic antibodies share structural similarities with the 

original antigenic epitope, which then stimulates another wave of anti-antiidiotypic 

antibodies. The cascade continues with the production of a chain of immunomodulatory 
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antibodies that recognize self and can either stimulate or suppress the immune system 

(47, 48). According to this theory, more than 60% of all autoantibodies present in 

individuals are bound with antiidiotypic antibodies and are in reserve, regardless of their 

specificities. The dissociation rate of these bound complexes depends of the availability 

of free epitopes in circulation (6, 27, 45, 49, 50). However, it must be noted that unlike 

the idiotypic network model that focuses on the CDR3 region formed by the 

recombination of the V, D, J gene segments generating highly diverse but yet unique 

signatures for the TCR, the CDR1 epitope investigated this dissertation is defined by 

germline Vβ sequence. 

1.52 Theory of Autoantigen Complementarity 

Another recent theory named the theory of autoantigen complementarity, has been 

proposed to explain the occurrence of autoantibodies that initiate autoimmune disease 

(51). According to this theory, peptides complementary to autoantigen initiate an immune 

response and elicit the production of antibodies. The peptides are products of 

transcription of antisense DNA or exogenous foreign bacterial peptides that are 

complementary to the autoantigen. These antibodies in turn evoke an antiidiotypic 

response, which are now specific to autoantigen. The complementary peptides that 

initiate the cascade could be the translated products of anti-sense endogenous DNA, or 

exogenous/ foreign peptides that whose sequence is similar to antisense DNA (50, 52).  

There are many factors that contribute to the dysregulation of the idiotypic network such 

as infections causing epitope and autoantibody spread, antigenic mimicry, break down of 
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tolerance due to other predisposing factors such as genetics, hormones among others that 

ultimately can lead to autoimmune diseases (53). 

 

1.6 Organization of the dissertation 

My dissertation project involved the production, purification and functional 

characterization of two NAAbs.  

In chapter 2, I describe the background, related work and relevance of anti-T cell receptor 

(TCR) AAbs. Chapter 3 is a detailed description of the materials and methods I employed 

for the production, purification and elucidation of function of OR3. Chapter 4 is a 

description of the results of my research with OR3 and chapter 5 is a discussion of my 

results and statement of significance.  

The second section of my dissertation chapter begins with chapter six, describing the 

background work and relation of opioid receptors with the immune system. Chapter 7 

describes the materials and methods implemented in this research project. The derivation 

of anti-DOR NAAbs and their functional activity is described in the results chapter 8 

while chapter 9 is a discussion on the significance of this work.  

Finally, in chapter 10, I discuss my conclusions on the research work I have conducted 

during my Ph.D. with a focus on their significant contributions to basic immunology and 

future directions for this research. 
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CHAPTER 2 

CHARACTERIZATION OF OR3: A HUMAN MONOCLONAL ANTI-TCR AAb  

 

2.1 Background and Related Work  

The interaction between the TCR and MHC:peptide complex is a critical point in the 

activation of the effector functions of T cells and subsequently, the regulation of the 

adaptive immune response (54). The disruption of this complex via an anti-TCR antibody 

can lead to a global dampening of the immune response, the goal of treatments for 

autoimmune diseases. Previous work from our lab has shown the presence of NAAbs to 

shared epitopes of the TCR Vβ Complementarity Determing Region 1 (CDR1) domain in 

sharks, mouse and humans. The amounts and isotypes varied with physiological factors 

such as aging, retroviral infections and autoimmune diseases, especially Rheumatoid 

Arthritis (RA) and Systemic Lupus Erythematosus (SLE). Below I briefly describe 

significant contributions to the research on anti-TCR Abs from other labs as well as 

previous work from our lab that leads up to the hypothesis of my anti-TCR NAAb 

project.  
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2.2 Anti-TCR Vβ5.1 Abs in Myasthenia Gravis 

In patients with the autoimmune disease, early onset Myasthenia Gravis (EOMG), there 

is a dominant T cell population expressing the Vβ5.1 TCR gene that have been identified 

to be responsible for the production of the pathogenic anti-acetylcholine receptor (AChR) 

antibodies leading to AChR loss and defective neuromuscular transmission (55-57). 

These pathogenic T cells are expanded in the thymus and are preferentially located in the 

germinal centres of HLA-DR3+ MG patients (58, 59). In fact, in such patients symptoms 

generally improve after thymectomy (60). Interestingly, in HLA-DR3+ MG patients, high 

levels of anti-Vβ5.1 IgG autoantibodies against the CDR2 region have been found in the 

absence of vaccination with the TCR peptides. These anti-TCR NAAbs were found to 

bind to intact TCR and inhibit both proliferation and cytokine secretion on antigen 

stimulation of the pathogenic T cells (61). This finding suggests that NAAbs may be 

involved in the functional regulation of T cells that may be boosted with TCR peptide 

vaccination or generation of anti-TCR monoclonals to dampen the pathogenic T cell 

population, for the treatment of MG (62, 63). They also found that levels of IgM 

antibodies against this CDR2 peptide was similar in healthy as well as individuals with 

EOMG, however the difference/increase in anti-TCR IgG in patients with autoimmune 

disease is consistent with the view that these antibodies are actively produced during the 

course of the disease (61). Whether the change in the isotype of the anti-TCR AAb is 

required for the protective effect remains to be elucidated. 
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2.3 Anti-TCR Abs in Multiple Sclerosis 

Experimental Autoimmune Encephalomyelitis, a murine model for Multiple Sclerosis 

(MS), is caused due to the destruction of myelin producing cells by autoreactive CD4+ T 

helper cells, in which Myelin Oligodendrocyte Glycoprotein (MOG) has been identified 

as the autoantigen (64-66). Two independent research groups have shown that treatment 

with TCR specific mAb to either the Vα (54) or Vβ (67) regions induced tolerance and 

either reduced severity or remission of EAE. MOG specific autoreactive and pathogenic 

T cells when treated with a mAb directed against Vα3.2 displayed hypoproliferative 

properties and were rendered anergic (54). Importantly, prolonged in vitro treatment of 

these T cells followed by adoptive transfer into EAE mice resulted in reduced severity of 

disease as compared to transfer of untreated CD4+ T cells into mice (54). The 

manipulation of surface TCR expression and induction of anergy by treatment with anti-

TCR mAb may be an effective strategy in treatment of autoimmune disease such as MS 

(54, 67). 

 

2.4 Anti- TCR Vβ8.1 NAAbs 

Previously in our lab we tested individual sera from patients with autoimmune diseases 

RA and SLE and found elevated levels of polyclonal and monoclonal IgM and IgG 

antibodies directed against the CDR1 and Framework Region 3 (FR3) region of 

TCRVβ8.1 (68, 69). The reasons for choosing this particular V gene family are more 

historical than of physiological relevance as Jurkat, a human leukemic T cell line was the 
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first to be sequenced for the TCR V region (70, 71). Using this information we 

synthesized a set of sequential overlapping peptides (16mers) of the variable region of 

Vβ8.1. Healthy individuals and those with osteoarthritis were found to have low levels of 

IgM and IgG against the same epitopes. Interestingly, we found that IgM antibodies 

against the CDR1 peptide was elevated in both RA and SLE patients while levels of IgM 

antibodies against the FR3 region was significantly elevated only in RA patients. In 

contrast, AAbs to CDR1 and FR3 peptides of the IgG isotype was found to be elevated in 

patients with SLE (69, 72-75). The predominance of IgG isotype of NAAbs in SLE 

patients correlates well with the disease being a systemic autoimmune disease 

characterized by the overproduction of AAbs to ubiquitous self antigens. However, of 

particular interest was our finding that these anti-TCR NAAbs were a part of the healthy 

immune repertoire, albeit at lower concentrations. The CDR3 region of the TCR is 

formed by the joining of V, D and J genomic segments, a process that generates extensive 

diversity. In contrast to antibodies, the CDR1 and CDR2 regions of the TCR do not 

undergo somatic mutation and are identical in T cells that express the same V region 

genes, and therefore are public idiotopes (44). The initial finding of elevated anti-TCR 

AAbs in RA patients prompted the question as to their contribution to the disease. Were 

they products of pathogenic autoreactive B cells that contributed to the sustenance of the 

autoreactive T cell population? Or, were these antibodies produced by B cells trying to 

modulate or down-regulate the autoreactive T cell clones.  

The putative mode of binding of OR3 to TCRVβ protein is highlighted in Fig. 2.41. The 

presence of IgM AAbs to the TCR in both healthy and individuals with autoimmune 
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disease, as well as the steric hindrance potential of the anti-TCR AAb binding to the 

CDR1 region of the TCR lead us to hypothesize that  

1) OR3 is involved in the regulation of T cells, i.e. the AAb must bind to T cells and 

have a functional consequence. 

2) OR3 is involved in the downmodulation of autoimmune disease. 

3) OR3 is a natural IgM autoantibody, i.e. the V region sequence of this antibody 

should be essentially germline. 

 

 

OR3

 

Fig. 2.41 Putative mode of binding of OR3 to TCRVβ protein.   
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In order to characterize the properties and functions of these autoantibodies, we derived 

anti-TCR Vβ hybridomas from the peripheral blood B cells of patients with RA and SLE. 

Research on T cell receptor V usage in RA patients has not shown any appreciable 

skewing towards any families, so we could not make any conclusion on the elevated 

levels of these anti-TCR Vβ antibodies without functional data. Specifically, the first part 

of my dissertation involves the elucidation of the functional properties of OR3, a 

monoclonal anti-TCR IgM hybridoma derived from the B cells of a patient with RA.  

The predominant mouse model that I used to study the functional properties of OR3 is the 

DO11.0 transgenic mouse. The DO11.0 mice express a rearranged murine Vβ8.1 TCR 

that recognizes a chicken egg ovalbumin peptide (OVAp, 323-339) in the context of a 

class I MHC molecule I-Ad. My hypothesis was that the binding of OR3 to murine Vβ8.1 

TCR would prevent the DO11.10 T cells from recognizing the OVAp and thereby 

prevent their subsequent antigen induced activation, stimulation of effector function and 

proliferation. I also sequenced the V regions of OR3 in order to look for somatic 

hypermutation, the absence of which would indicate that OR3 indeed is a NAAb. 
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CHAPTER 3 

MATERIALS AND METHODS – OR3 

 

3.1 Generation of the hybridoma 

Leukocytes were isolated from anticoagulated blood by density gradient centrifugation 

using Histopaque (Sigma, St. Louis, MO) and were >95% viable. B cells were purified 

by negative selection using human B Cell Isolation Kit II (Miltenyi Biotec). B cells were 

then activated and expanded in a “CD40L” system (76). The CD40L-CD40 interaction at 

the immune synapse is a critical stimulatory signal provided by the T cells to the B cells 

for induction of B cell proliferation and differentiation in vivo. Stimulation by CD40 

ligand in the presence of cytokines is sufficient to induce in vitro B cell proliferation and 

differentiation.  

In our system, engagement and crosslinking of CD40 on B cells is mediated by mouse 

fibroblast (L cells) which have been transfected with and express mouse gp39. Mouse 

gp39 stimulates CD40 bearing human B cells as efficiently as does human gp39. 

Approximately 105 B cells were incubated with 4 X104 irradiated L cells (6000 rad) in 1 

ml of Iscove’s Modified Dulbecco’s Media containing 10% human serum albumin, 500 

μg/ml bovine transferrin and bovine insulin, and 10 ng/ml each of IL-4 and IL-10 in 24-

well culture plates. The cultures were incubated 5–7 days and fed every 2–3 days. 

Activated B cells were recovered from the cultures and fused (107) with the P3x63-
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AG8.653 mouse myeloma fusion partner using PEG 4000 (Merck) at a 1:1 ratio 

following the procedure described by Lane et. al. (77).  

The fused cells were plated in 96-well flat-bottom culture trays at 20,000 B cells per well. 

The medium contained 10% Hybridoma Cloning Factor (Origen®) with no feeder layer. 

Culture supernatants were assayed at approximately 14 days by ELISA. Initially, the 

supernatants were tested for binding to peptides β3 (CDR1) and β8 (FR3) the scTCR 

protein. Hybridomas were selected from cultures that were positive to β3 and scTCR, but 

negative for β8. Clones selected for further study were purified by at least three rounds of 

limiting dilution. 

 

3.2 Production and purification of OR3 

The CELLMAX Artificial Capillary Module (Cellco Inc.) was utilized to produce large 

quantities of OR3. Cultures were allowed to grow in T150 flasks (BD Biosciences) and 

approximately 3-7 x 107 cells were inoculated in the cartridge. 30mL supernatant harvests 

were conducted biweekly. The supernatant was run through a ImmunoPure Immobilized 

Protein L column that binds exclusively to kappa light chains (Pierce). Eluate fractions 

that contained high protein content were pooled. The resulting purified protein was run 

through a desalting column (D-Salt Polyacrylamide Desalting columns, Thermo Fisher 

Scientific, Rockford, IL, USA) and run on a reducing 10% SDS-PAGE gel to confirm 

purity. 
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3.3 Mice 

DO11.10 transgenic mice and BALB/c mice were purchased from The Jackson 

Laboratory. OT-1 mice were a gift from Dr. Janko Nikolich-Zugich, Department of 

Immunobiology, University of Arizona. DO11.10 Rag1-/- mice were a gift from Dr. 

Ramireddy Bommireddy, Department of Immunobiology, University of Arizona. All 

mice studies were conducted in accordance with Institutional Animal Care and Use 

Committee guidelines at the University of Arizona. 

 

3.4 Cell lines  

The Jurkat (ATCC, TIB-152) and Molt-4 (ATCC, CRL-1582) cell lines, two human T 

cell leukemia cell lines, were maintained in Iscove’s Modified Dulbecco’s Medium 

containing 10% FBS, 100 U/ml penicillin and 100 μg/ml streptomycin. SW-480 (ATCC, 

CCL-228) is a colon carcinoma cell line maintained in conditions described above. 

 

3.5 Peptides 

Ova peptide 323-339 (OVAp, ISQAVHAAHAEINEAGR) was purchased from Abgent. 

Ova peptide 257-264 (SIINFEKL) was a gift from Dr.Janko Nikolich-Zugich, 

Department of Immunobiology, University of Arizona. The TCR Vβ8.1 overlapping 

peptides set (44) and human CDR1 homologues (44) were purchased from Mimotopes, 

San Diego, CA. 
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3.6 Antibodies  

Fluorescently labeled anti-DO11.10 TCR (KJ1-26), anti-CD4 (RM4-5), anti-CD8 (53-

6.7), anti-CD3 (145-2C11), anti-IL-10 (JES5-16E3), anti-CD25 (PC61.5), anti-IFN-γ 

(XMG1.2), were purchased from eBioscience. Alexa-Flour 488 labeled goat anti-human 

IgM was purchased from Invitrogen. 

 

3.7 Characterization of OR3 binding activity by ELISA 

The OR3 culture supernatant was used to test binding reactivity to a) 16-mer peptides 

corresponding to residues 23-38 of the CDR1 segment of the various human Vβ families, 

and b) 16mer overlapping peptides of the entire TCRVβ8.1 (Fig.4.21). All peptides were 

coated at 10 μg/ml, except pβ3, residues 23-38 of the TCRVβ8.1 CDR1 region, that was 

coated at 5 μg/ml. The supernatant was applied in serial twofold dilutions. The developed 

plates were read at 450 nm and absorbance values corresponding to a 1:64 dilution are 

shown. OR3 binding to whole proteins was tested using recombinant a scTCR construct 

(78) expressing TCRVβ8.1 (10 μg/ml), bovine insulin (Sigma, 10 μg/ml) and chicken 

ovalbumin protein (Sigma, 10 μg/ml). 
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3.8 OR3 binding to T cells by flow cytometry  

Splenocytes and cell lines were labeled with 1 μg OR3 per 106 cells followed by Alexa 

Flour 488 labeled goat anti-human IgM secondary antibody (Invitrogen). Secondary 

antibody alone was used as the negative control. The splenocytes were gated on the 

lymphocyte population by forward and side scatter and OR3 binding to CD3+ CD4+ 

(DO11.10) and CD8+ (OT-1) cells are shown as a histogram. Cells were run on a LSRII 

flow cytometer (BD). 

 

3.9 In vitro stimulation assay  

Splenocytes from DO11.10 were plated at 5x105 cells/well in 1ml of IMDM with 10% 

FBS at 37ºC for 72 hours. They were stimulated with 100 nM ova peptide (323-339) as 

the positive control. OR3 alone (25 μg), and 5, 25, and 50 μg of OR3 antibody along with 

the peptide antigen was used to look at a dose dependent inhibition of response. 

Unstimulated cells as well as cells treated with isotype control antibody (50 μg), were 

used as negative controls. The cell culture supernatant was collected and assayed for 

cytokines using murine cytokine DuoSet ELISA systems (R&D systems).  An initial 

experiment to determine the optimal dose of ova peptide stimulation was performed as 

described above. Ova peptide was used from 1 nM to 1 mM concentration to stimulate 

the DO11.10 splenocytes, following which 100 nM ova peptide concentration was 

considered to be an optimal dose. In the superantigen experiment, BALB/c splenocytes 
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were stimulated in similar conditions with 1 μg of  Staphylococcus Enterotoxin B (SEB, 

Sigma). 

 

3.10 Intracellular cytokine staining (ICCS) 

DO11.10 and OT-1splenocytes were treated with 100 nM ova peptide (323-339) and 1 μg 

SIINFEKL peptide respectively, for 48 hrs with and without OR3 (25 μg), and then 

stained intracellularly for cytokines. Brefeldin A was added to the last 4 hrs of the assay. 

 

3.11 CFSE proliferation assay 

Mice splenocytes were labeled with 5μM CFSE (Invitrogen) for 10 mins at room 

temperature. CFSE was quenched by the addition of 5 volumes ice cold media (20% FBS 

IMDM) and the cells were washed twice with media, and incubated with antigen (ova 

peptide or SEB) in the presence and absence of OR3 (25 μg). Proliferation of CD3+ 

CD4+ cells on day 5 is shown. Data is representative of at least 3 independent 

experiments. CD25 expression on CD4+ T cells at day 5 was analysed as a marker of T 

cell activation. 
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3.12 Apoptosis Assay 

Splenocytes from DO11.10 were plated at 5x105 cells/well in 1ml of IMDM with 10% 

FBS at 37ºC for various time points starting from 6 hours to 5 days.  They were 

stimulated with 100 nM ova peptide (323-339) as the positive control. Other culture 

conditions included unstimulated, OR3 alone (25 μg), and 25 μg of OR3 antibody along 

with peptide. Detection of apoptosis was carried out using an Annexin–V Apoptosis 

Detection Kit (eBioscience). Cells were washed and resusupended in 200 μl of Annexin 

V binding buffer and treated with 5 μl of Annexin V antibody for 10 mins in the dark at 

room temperature. Cells were washed again and stained with 5 μl PI prior to flow 

cytometry to look at the various stages of apoptosis and necrosis induction. Cells were 

gated on the CD4+ and KJ1-26+ populations.  

 

3.13 Western Blot 

Approximately 20 μg of whole protein (as determined by BCA assay) prepared from cell 

lysates of Jurkat, Molt-4 and SW-480 (a colon carcinoma cell line) was loaded per well 

and run on a 10% SDS-PAGE gel and electrobotted on Immobilon-PVDF membrane 

(Millipore). The membrane was blocked with 0.5% gelatin, 0.1% Tween, PBS and 

probed with 1 μg OR3 in 10 mls and HRP conjugated rabbit anti-human IgM (Dako, 

1:2000 dilution). Commercially available TCR-β G-11 antibody (Santa Cruz 

Biotechnology) specific to the TCR β chain of Molt-4 cells was used as a positive 
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control. The SuperSignal West Dura chemiluminescent kit (Pierce) was used to detect 

reactive bands. 

 

3.14 V region sequence analysis 

mRNA was isolated from OR3 hybridoma using Micro-Fast Track mRNA Isolation Kit 

(Invitrogen,San Diego, CA). cDNA synthesis and PCR amplification was carried out 

using SuperScript III One-Step RT-PCR System with Platinum Taq High Fidelity 

(Invitrogen). Isolated cDNA was amplified with a set of immunoglobulin V-region 

primers (Novagen IG-Prime Kit ). PCR was performed using a MiniCycler (MJ Research, 

Inc.) under the following conditions: reverse transcription reaction at 55°C for 30 min, 

94°C for 2 min (denature) followed by 45 cycles of 94°C for 15 s (denature), 60°C for 30 

s (anneal), and 68°C for 1 min, and 68°C for 5 min at the end of 45 cycles. PCR products 

were run on a 1% agarose gel to confirm size and gel purified using QIAquick Gel 

Extraction Kit. Products were then ligated overnight into pCR® Vector 4.1 from 

Invitrogen TOPO TA Cloning® Kit. Plasmids were isolated using Qiagen Miniprep kit 

(Qiagen) and sent for sequencing to the sequencing facility at the University of Arizona. 

V region sequences were analysed and assignment of the expressed V-regions to the 

parental germline gene was accomplished by searching the IMGT/V-QUEST directory. 
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3.15 Listeria monocytogenes (L.m.) infection  

DO11.10 transgenic (donor, Thy1.2) as well as BALB/c (recipient, Thy1.1) congenic 

mice were purchased from The Jackson Laboratory. 2 X 106 splenocytes from DO11.10 

mice were i.v. injected into 16 BALB/c tail veins on Day -1. On Day 0, 12 mice received 

2000 CFU recombinant L.monocytogenes expressing whole ovalbumin protein (L.m.-

ova) i.v. injections. On days 1 and 5, two control group mice (OR3 only) as well as 6 Lm-

ova infected mice (L.m.-ova+OR3) received i.p. injection of 500 μg OR3. Naïve mice 

was another control group (2 mice) that were not infected with L.m.-ova nor received 

OR3 injections. On day 8, the mice were sacrificed and spleens harvested to set up a 6 

hour ex-vivo stimulation assay. Two million splenocytes from each mouse were 

stimulated with the following peptides independently; 1 μg ova (323-339), 1 μg LLO91-99 

peptide and 1 μg LLO189-200 peptide. Brefeldin A was added to the assay at the beginning. 

At the end of 6 hours, the cells were stained for intracellular cytokines IL-4, IL-10 and 

IFN-γ along with the relevant surface markers Thy1.1, KJ1-26, CD4, CD8, CD62L and 

CD44. 

 

3.16 In vivo OR3 treatment 

DO11.10 transgenic mice were purchased from The Jackson Laboratory. On days 1 and 

5, two control group mice received PBS i.p (200 μl) injections while the OR3 group (4 

mice) received i.p. injection of 250 μg OR3. On day 8, the mice were sacrificed, spleens 
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harvested and cells stained with mAbs for murine CD3, CD4, CD8 and DO11.10 TCR to 

analyse changes in cell numbers. 

 

3.17 Statistical Analysis 

Results are expressed as mean ± S.D., statistical significance was calculated using 

Students’ t test. Differences were considered significant at p<0.05. 
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CHAPTER 4 

RESULTS 

OR3 IS AN IMMUNOMODULATORY ANTI-Vβ8.1 TCR IgM NAAb 

4.1 Generation of the hybridoma 

Hybridomas were generated from peripheral blood B cells of a patient with rheumatoid 

arthritis using procedures we have described previously (44, 79, 80). Briefly, human B 

cells purified from peirpheral blood lymphocytes (PBLs) were activated by cross-linking 

with CD40L and then fused with P3x63-AG8 mouse myeloma cells. A schematic 

outlining this procedure is shown in Fig 4.11.  

 

Figure 4.11 Generation of the hybridoma. 
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OR3 was initially selected in ELISA for its ability to bind to a 16 amino acid peptide 

corresponding to residues 23-38 of the CDR1 segment of the human Vβ8.1. Positive 

clones were additionally screened for binding to recombinant single chain Jurkat Vβ8.1 

TCR (scTCR) construct in ELISA, as well as surface TCR by flow cytometry. OR3 

purified from hybridoma culture supernatants was run on a denaturing SDS-PAGE gel to 

confirm purity of the preparations used for further studies. Fig. 4.12 shows the heavy and 

light chain of purified antibody with no contaminants. 

Fig 4.12 SDS PAGE gel of OR3 
Reducing SDS PAGE gel of OR3 
supernatant purified over 
Protein L column.  

Two bands corresponding to the 
heavy and light chains of 
purified OR3 are clearly seen 
with no other contaminants 

 

 

 

4.2 Specificity of OR3 binding 

4.21 OR3 binding in ELISA 

Epitope specificity of OR3 was determined in ELISA using sequential overlapping 

peptides (16mers) of the variable region of Vβ8.1. The order and sequence of the 

peptides (pβ1-pβ11) are shown in Fig 4.21. OR3 shows specific binding to peptide pβ3 
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while showing little or no binding to the rest of the peptides (Fig. 4.22). The CDR1 

sequence of the TCR is nestled within the pβ3 peptide. OR3 binding to the adjacent pβ4 

peptide is probably a reflection of the overlapping sequence.  

 

 

Fig.4.21 Sequence of the pβ1-pβ11. Sequence of the 11 (pβ1-pβ11) synthetic 16-mer peptides 
with five residue overlaps corresponding to human Vβ8.1. 

 

 

Fig.4.22 OR3 binding in ELISA. OR3 shows specific binding to peptide pβ3 while showing little 
or no binding to the rest of the peptides. pβ3 peptide corresponds to the CDR1 peptide of Vβ8.1.  

 

In order to characterize the CDR1 spectratype binding profile (44), OR3 culture 

supernatant was used in ELISA to test binding reactivity to 16mer peptides corresponding 

to residues 23-38 of the CDR1 segments of 22 different human Vβ families. OR3 shows 
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very high specificity to Vβ8.1 (absorbance =1.7), its cognate antigen while demonstrating 

appreciable cross-reactivity to other CDR1 homologues, particularly for Vβ7.1 

(absorbance to Vβ7.1= 2.25, Vβ4.1= 0.71, Vβ6.1= 0.75, Vβ10.1= 0.65, Vβ19.1= 0.5, 

Vβ21.1= 0.55). There was moderate to no binding to the rest of the human Vβ CDR1 

homologues (Fig. 4.23). These results show that OR3 is most likely specific to the linear 

CDR1 epitope, however there is limited cross-reactivity between other CDR1 

homologues. The sequences of the CDR1 peptides of the different human Vβ family 

homologues is listed in Fig 4.25.  

Sequence examination does not reveal any obvious amino acid motifs that could guide 

OR3 binding, and it is tempting to speculate that perhaps some amino acids in the CDR1 

play interfering rather that contributing roles. Mutational analysis would be required to 

experimentally address this conundrum. It must be noted that while testing for biological 

activity of OR3 against a TCR bearing a different TCR Vβ, in this case murine TCR 

Vβ5, OR3 showed no binding or functional activity thereby proving the specific activity 

of OR3. These results are illustrated in figures 4.65 and 4.67. 
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Human Vβ CDR1 family homologues

Fig 4.23 CDR1 spectratype analysis. Plates were coated with 16mer peptides corresponding to 
residues 23-38 of the CDR1 segments of the various human Vβ families. OR3 shows specificity to 
Vβ8.1 with a little cross-reactivity across families. 

 

OR3 shows highest binding activity to two Vβ CDR1 peptides corresponding to human 

TCR Vβ7.1 and Vβ8.1. Fig 4.24 shows the sequences of these two peptides. Since 

ELISA was performed with 16mer peptides that probably do not form secondary 

structures, the sequence similarity highlighted in the shaded boxes can explain the high 

level of binding of OR3 to the CDR1 peptides.  

 

Fig 4.24 TCR Vβ7.1 and Vβ8.1CDR1 peptide sequence. Similar and identical amino acid 
residues are shaded. 

 

 



  46

 

Fig 4.25. CDR1 (β3) homologues. CDR1 sequence of human Vβ family homologues are listed. 
aClassification for the Vβ nomenclature is referenced from Arden et. al (81). Shaded letters 
designate amino acids that share sequence homology with the Vβ8.1 peptide. 

 

The specificity of OR3 binding was further confirmed a using recombinant Jurkat scTCR 

construct that expresses Vβ8.1 (78). As predicted, OR3 shows strong binding to the TCR 

protein and low-level binding to the negative controls, bovine insulin and ovalbumin 

(Fig. 4.26).  
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Fig. 4.26 OR3 binds to TCR protein in ELISA. OR3 binds with high specificity to a scTCR 
construct, with background binding to negative control proteins, bovine insulin and ovalbumin. 

 

4.22 OR3 binding to surface TCR in flow cytometry 

The above results show that OR3 binds well to Vβ8.1 CDR1 peptide as well as TCR 

protein in ELISA. However, the proof of specificity is in showing that it can bind to 

native TCRs as they are expressed on the surface of T cells. I used two T cell lines with 

different surface TCR expression profiles. Jurkat, a human T cell leukaemia cell line 

known to express surface Vβ8.1 TCR (82), was the positive control. Molt-4, which lacks 

surface expression of the α/β TCR heterodimer but retains intracellular β chain 

expression (83-85), was used as a negative control. As can be seen in Fig. 4.27, OR3 

binds only to Jurkat cells. This result strongly demonstrates that OR3 binds specifically to 

native TCR.  
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Fig. 4.27 OR3 binding to Jurkat cells. Jurkat and Molt-4 cells (1X106) were incubated with 1 μg 
OR3 followed by secondary Alexa Flour 488 labeled goat anti-human IgM. Green histogram 
indicates background binding of the secondary antibody. Red histogram indicates OR3 binding to 
Molt-4, while blue open histogram indicates OR3 binding to Jurkat. 

 

In order to demonstrate that the binding of OR3 was a specific interaction of the V region 

of the antibody and not a non-specific and/or Fc mediated binding, I used a Kappa 

isotype control antibody. This antibody was generated in an identical fashion to OR3, 

however was selected for negative/no binding to peptide β3 in ELISA. Similar to OR3, 

this antibody is also an IgM with a kappa light chain. As seen in fig 4.28, the Kappa 

isotype does not bind to Jurkat cells, while OR3 does. 
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Fig.4.28 Kappa isotype does not bind to Jurkat TCR. Jurkat cells. (1X106) were incubated with 
100 μl OR3 or kappa supernatant followed by secondary Alexa Flour 488 labeled goat anti-
human IgM. Blue histogram indicates kappa isotype binding to Jurkat while red   histogram 
indicates OR3 binding to Jurkat. 

 

4.23 OR3 binding in Western blot 

To prove that the positive binding seen in flow cytometry reflected OR3 binding 

specifically to the Vβ chain of TCR, I performed a western blot binding assay with cell 

lysates of Jurkat, Molt-4 and SW-480 cell lines. Western blots showed a single band 

corresponding to TCR β chains in both Jurkat and Molt-4 cell lysates (Fig. 4.29 A). The 

positive reaction with Molt-4 cell lysate is consistent with intracellular β chain 

production in these cells. The colon carcinoma cell line SW-480 was used as a negative 

control. These results conclusively prove the specificity of OR3 to TCR Vβ.  
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Fig. 4.29 OR3 binds to TCR β chains in western blot. Lanes 2 and 3 correspond to protein from 
the cell lysate of Jurkat, lane 4 to Molt-4 and lane 5 to SW-480. The ~45kDa band corresponds to 
TCR β chain. Commercially available TCR-β G-11 antibody specific to the TCR β chain of Molt-
4 cells was used as a positive control. The colon carcinoma cell line SW-480 was used as a 
negative control. 

 

4.3 OR3 is a Natural Autoantibody 

As mentioned earlier, one of the distinguishing features of NAAbs is their essentially 

germline conservation of sequence in the V region. In order for us to unequivocally 

classify OR3 as a natural autoantibody, the V region needed to be sequenced and 

compared to genbank to look for mutations. Somatic hypermutation involves the 

generation of point mutations in the rearranged V region of an antibody which will create  

additional diversity.  From that newly generated and diversified repertoire, already 

specific to the relevant Ag, cells with the highest affinity for Ag will be selected. It is 

well known that the mutations that lead to affinity maturation tend to cluster in the Ag-

bnding CDR regions of the antibody.  
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RNA was isolated from OR3 hybridoma, and reverse transcribed to cDNA for 

sequencing the VH and VL regions. We used the IMGT/V-QUEST database to analyse 

the sequences. The VH gene and allele for OR3 was found to be IGHV4-34*01. The J 

gene belonged to the IGHJ4*02 family, and the D gene to IGHD3-16*02 family. There 

were no mutations in the VH gene and the N region diversity and size of the CDR3 

region sequence, the region responsible for generating antigen specificity, was standard. 

There was a single mutation in the D region, a G to A transition, resulting in a valine to 

isoleucine amino acid substitution, both hydrophobic amino acids. A single mutation 

however, is not sufficient to generate an antibody with higher affinity to its antigen. Also 

there are no mutations in the CDR1 and CDR2 antigen contacting loops of the heavy and 

light chains. The VH sequence comparison of OR3 with genomic sequences is illustrated 

in Fig.4.31. There was no mutation in the VL gene, which was found to belong to the 

IGKV3-15*01 gene and allele, and the J gene belonged to the IGKJ5*01 family. The VL 

sequence comparison of OR3 with genomic sequences is illustrated in Fig.4.32.  

The sequence analysis of the OR3 V region showed that the antibody was germline with 

no mutations, allowing us to classify it as a NAAb.  

Our lab has generated mAbs against the TCR Vβ8.1 CDR1 domain previously (79). 

Sequence analysis of the V regions of these mAbs showed that 5 of 7 clones expressed 

the IGHV3 gene, and only 2 of the clones, OR2 and OR4, expressed the IGHV4 gene. Of 

these monoclonals, only 3 expressed kappa light chains, which were all IGKV3. In 

comparison, OR3 was found to express a different heavy chain gene IGHV4, but the 
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kappa light chain gene family was similar to the others, IGKV3. As with OR3, these 

monoclonals also did not show any somatic hypermuatation.  

 

 

Fig.4.31 OR3 VH sequence. Alignment of VH region sequences of OR3 with genomic sequence. 
There are no mutations in the VH region except for a single substitution mutation in the D region.  

 

 

Fig.4.32 OR3 VL sequence. Alignment of VL region sequences of OR3 with genomic sequence. 
There are no mutations in the VL region. Dots indicate identical nucleotides, stars indicate 
deletions, additions are shown as nucleotides. 

 

4.4 DO11.10 transgenic mice as a model for testing OR3 function 

Having shown that OR3 binds specifically to TCRs, I wanted to characterize the 

functional consequence of the AAb-TCR interaction. We predicted that OR3 binding to 

TCR would block antigen recognition and thus inhibit activation of T cells. The DO11.10 

T cell hybridoma is a murine transgenic T cell line that expresses TCR Vβ8.1. We were 

fortunate in that OR3 strongly cross-reacted with this TCR (Fig.4.41 A), allowing us to 
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utilize not only the T cell line but also the DO11.10 transgenic mice as a model to test 

functionality. Greater than 90% of the CD4+ T cells in DO11.10 transgenic mice express 

a rearranged TCR that recognizes an chicken egg ovalbumin peptide (OVA peptide, 

OVAp, 323-339) presented in the context of MHC II molecule, I-Ad (86). OR3 binds to 

100% of the CD4+ T cells in these mice (Fig 4.41 B).  

A 

    

B 
OR3 Binding to DO11.10 CD4+ T cells  

Fig.4.41 OR3 binding to DO11.10 T cells.  

A. OR3 binds to mouse DO11.10 T cell hybridoma. DO11.10 cells (1X106) were incubated with 
1 μg and 5 μg OR3 followed by secondary Alexa Flour 488 labeled goat anti-human IgM. 
Red histogram indicates background binding of the secondary antibody. Green and blue 
histograms indicate 1 and 5 μg OR3 binding, respectively to cells.  

B. DO11.10 splenocytes were labeled with 1μg OR3 followed by secondary Alexa Flour 488 
labeled goat anti-human IgM. Binding to CD3+ CD4+ cells is shown. Red histogram 
indicates background binding of the secondary antibody. Blue histogram indicates OR3 
binding to DO11.10 T cells. 

 

Comparison of the human Vβ8.1 and murine DO11.10 Vβ8.1 CDR1sequence (Fig 4.42) 

reveal that most of the similarity between these two structures are in the β sheet of the 

TCR that is generally not accessible for contact. The conserved histidine alone in the 
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CDR1 loop between the human and murine CDR1 sequence cannot explain the cross-

reactivity of OR3. However, it must be kept in mind that antibodies recognize structure 

rather than sequence while binding to proteins. Analysis of 3D structure of the CDR1 

domains might give us more information that might explain OR3’s binding cross-

reactivity.  
CDR1 loop

 

Fig 4.42 Human and murine DO11.10 Vβ8.1 CDR1 sequence. Shaded areas represent identity 
while boxed resides reflect amino acid similarity. 

 

4.5 Resolving a Paradox 

After establishing that OR3 does indeed bind to DO11.10 T cells, I performed in vitro 

stimulation assays to test if OR3 could prevent OVAp stimulated cytokine secretion. I 

incubated splenocytes from naive DO11.10 mice with 100 nM OVAp in the presence and 

absence of OR3 and assayed supernatant for secreted cytokines. OVAp stimulation 

resulted in IL-2, IFN-γ and IL-10 production. OR3 inhibited IL-2 and IFN-γ secretion by 

ova stimulated splenocytes. Paradoxically, OR3 seemed to initiate IL-10 production by 

DO11.10 splenocytes independently, that synergized with the antigen stimulation. 

However, when a new batch of OR3 was prepared and used to test for function, the IL-10 

results were not reproducible. OR3 bound to T cells, blocked antigen stimulation, and 

inhibited secretion of all three cytokines IL-2, IFN-γ and IL-10 by DO11.10 cells. All the 

results described here onwards reflect the activity of the new batch of OR3. 
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4.6 OR3 specifically blocks antigen induced cytokine secretion by Vβ8.1 TCRs. 

4.61 Detection of cytokines in cell culture supernatants 

To investigate the ability of OR3 to block cytokine secretion by antigen stimulated T 

cells, I incubated splenocytes from naive DO11.10 mice with 100 nM OVAp in the 

presence and absence of OR3 (5 μg-50 μg). The supernatants were assayed for secreted 

cytokines. OVAp stimulates the splenocytes to secrete a slew of cytokines including IFN-

γ, IL-2, IL-4, IL-6 and IL-10. As a negative control, I incubated splenocyte cultures with 

a kappa isotype control antibody, which did not stimulate the cells to secrete any 

cytokines. The amount of cytokines measured in the supernatants of unstimulated, OR3 

alone treated as well as kappa isotype control treated cultures were comparable. OR3 

inhibited the OVAp antigen stimulated production of all the cytokines in a dose-

dependent manner (Fig 3.61). Twenty-five μg of OR3 was found to be the optimal dose 

of antibody to dramatically decrease the production of cytokines, resulting in a 14-fold 

reduction in the production of IFN-γ (p<0.05), 2.5 fold decrease of IL-2 (p<0.05), 5 fold 

reduction in IL-10 (p<0.05), 19 fold reduction in IL-4 (p<0.05), and 1.5 fold reduction in 

IL-6 (p<0.05). Importantly, culture supernatants of cells that were stimulated with ova 

peptide in the presence of the kappa isotype contol antibody showed no inhibition of 

cytokine secretion. This shows that the inhibition of cytokine secretion is via interaction 

of OR3 antibody with the antigen binding region of TCR and not a non-specific IgM 

interaction. It must be noted that 5 μg OR3 significantly inhibited the production of all 
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cytokines measured except IL-2, which required a slightly higher dose of 25 μg. 

Therefore for all further experiments, 25 μg of OR3 was used to test for function.  

 

Fig.4.61 In vitro stimulation assay of DO11.10 splenocytes. 

OR3 specifically blocks antigen induced cytokine secretion by Vβ8.1 TCRs.  

Detection of murine cytokines in cell supernatants. DO11.10 splenocytes were isolated and 
cultured for 72 hrs under the various conditions, and supernatants assayed for indicated 
cytokines. Each point represents the mean +S.D. of duplicate wells. One representative 
experiment of five independent experiments is shown. * p<0.05 compared to ova treated 
splenocytes.  
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While testing the binding specificity of OR3 to DO11.10 cells, I noticed that OR3 bound 

to a substantial number of B cells. In order to rule out that the blocking activity of OR3 

was through non-specific binding to B cells that are potent antigen presenting cells, I 

performed the in vitro stimulation assays with DO11.10 splenocytes on a RAG 1-/- 

background. These mice have no B cells and in addition have no endogenously 

rearranging β chains of the TCR. I collected supernatants after a 72 hr culture period and 

tested them for cytokines IFN-γ and IL-2. The suppression of cytokine secretion by ova 

peptide stimulated splenocytes on addition of OR3 antibody was comparable to the wild-

type DO11.10 results.  

 
A  B

 

Fig. 4.62 In vitro stimulation assay of DO11.10 RAG K.O. splenocytes 

OR3 blocks antigen induced cytokine secretion by Vβ8.1 TCRs in the absence of B cells. 

DO11.10 RAG KO splenocytes were isolated and cultured for 72 hrs under the various 
conditions, and supernatants assayed for indicated cytokines. Each point represents the mean 
+S.D. of duplicate wells. One representative experiment of three independent experiments is 
shown. * p<0.01 compared to ova treated splenocytes. 
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 4.62 Intracellular cytokine staining (ICCS) 

To confirm that the inhibition of cytokine production shown above resulted from 

blocking of the antigen specific T cells, I set up a similar in vitro assay where cells were 

stimulated with the OVAp antigen in the presence and absence of OR3 (25 μg) for 48 

hours and then stained for intracellular production of cytokines IFN-γ and IL-10. KJ1-26 

is a mouse mAb that is specific for the DO11.10 T cell hybridoma, and is a specific 

marker for ova (323-339) peptide clonotypic TCR. Unstimulated and OR3 (25 μg) treated 

splenocytes show no secretion of IFN- γ by KJ1-26 clonotypic T cells (Fig 4.63, A and B 

respectively). Around 50% of total KJ1-26+ T cells secrete IFN-γ when stimulated with 

100 nM ova peptide (Fig 4.63 C), which was significantly reduced or even ablated in the 

presence of 25 μg OR3, (11.3±0.88% to 0.118±0.052% KJ1-26+ IFN-γ+ Τ cells , 

p<0.001 Fig 4.63 D).  

Similarly, OVAp stimulated IL-10 secretion by KJ1-26+ T cells (Fig. 4.64 C) was 

ablated by the addition of OR3 antibody (10.8±1.56% to 0.011±0.006% KJ1-26+ IL-10+ 

T cells Fig. 4.64 D, p<0.001). Around 50% of cells produce cytokines on stimulation 

with ova peptide. 
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A B 

C D 

Fig.4.63 IFN-γ ICCS in DO11.10 splenocytes. 

OR3 inhibits IFN-γ production by ova peptide specific KJ1-26+ T cells.  

Naïve DO11.10 splenocytes were treated with 100 nM OVAp for 48 hrs with and without 
OR3 (25 μg), and then stained intracellularly for cytokines. Brefeldin A was added to the 
last 4 hrs of the assay. CD 4+ T cells do not produce IFN-γ when left unstimulated or treated 
with OR3 alone (A and B respectively). C, Ova peptide alone stimulates IFN- γ secretion. The 
addition of OR3 abrogates IFN- γ secretion by ova stimulated KJ1-26+ T cells, D. 11.3±0.88% to 
0.118±0.052% KJ1-26+ IFN-γ+ Τ cells , p<0.001 One representative experiment of six is shown, 
p<0.001 when compared to ova treated splenocytes. 
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A B 

C D 

 

Fig.4.64 IL-10 ICCS in DO11.10 splenocytes 

OR3 inhibits IL-10 production by ova peptide specific KJ1-26+ T cells.  

Naïve DO11.10 splenocytes were treated with 100 nM ova peptide (323-339) for 48 hrs with and 
without OR3 (25 μg), and then stained intracellularly for cytokines. Brefeldin A was added to the 
last 4 hrs of the assay. CD 4+ T cells do not produce IL-10 when left unstimulated or treated with 
OR3 alone (A and B respectively). Ova peptide alone stimulates IL-10 secretion, C. The addition 
of OR3 abrogates IL-10 secretion by ova stimulated KJ1-26+ T cells, D. 10.8±1.56% to 
0.011±0.006% KJ1-26+ IL-10+T cells. One representative experiment of three is shown, 
p<0.001 as compared to ova treated splenocytes. 
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To ensure that the inhibitory effect of OR3 is through specific interaction with the TCR, 

Dr. Nikolich-Zugich suggested that I perform the in vitro stimulation assays with 

transgenic mouse splenocytes that expressed a different Vβ. The prediction was that OR3 

would not bind to these T cells, and therefore should not inhibit antigen induced cytokine 

activation of T cells. To test this hypothesis, I used transgenic OT-1 mice that express a 

rearranged TCR in which the Vβ5 CD8+ T cells recognize a different ova peptide 

(SIINFEKL, 257-264) in the context of a class I MHC molecule, H-2Kb (87). OR3 binds 

to less than 10% of the Vβ5+ CD8+ T cells of these mice (Fig.4.65).  

 

Fig.4.65 OR3 does not bind to OT-1 T cells. OT-1 splenocytes were labeled with 1 μg OR3 
followed by secondary Alexa Flour 488 labeled goat anti-human IgM. Binding to CD8+ cells is 
shown. Red histogram indicates background binding of the secondary antibody. OR3 binds to less 
than 10% of the OT-1 T cells, blue histogram.  

 

Sequence comparison of the murine OT1 Vβ5 and DO11.10 Vβ8.1 CDR1 regions (Fig 

4.66) do not reveal any outstanding similarities in the CDR1 loop except a histidine 

residue. This suggests that the structure of the CDR1 loops must be distinct such that 



  62

OR3 specifically binds to the DO11.10 TCR and not the OT-1 TCR. The residues WYRQ 

are in the β sheet of the TCR that are usually buried and not accessible on the surface to 

make contact.  

 
CDR1 loop

 

Fig 4.66 Murine DO11.10 and OT-1 CDR1 sequence. Shaded areas represent identity.  

 

Naïve OT-1 splenocytes were treated with 1 μg SIINFEKL peptide for 48 hrs and stained 

intracellularly for IFN-γ. CD8+ T cells do not produce IFN-γ when left unstimulated or 

treated with OR3 alone (Fig. 4.67, A and B respectively). The Vβ5+ CD8+ T cells 

secrete IFN-γ in response to stimulation with the SIINFEKL peptide (Fig. 4.67 C). As 

expected, OR3 (25 μg) did not inhibit IFN- γ production by SIINFEKL peptide 

stimulated OT-1 T cells (9.31±5.21% to 10.47±2.29% CD8+ IFN-γ+ T cells, p=0.8, Fig. 

4.67, D). This result confirms that the inhibitory activity of OR3 is via specific 

interaction with the Vβ8.1 TCR. 
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A B 

A B 

C D 

 
Fig.4.67 IFN-γ ICCS in OT-1 splenocytes. 
OR3 does not inhibit cytokine secretion by Vβ5+ T cells.  
 
Naïve OT-1 splenocytes were treated with 1 μg SIINFEKL peptide for 48 hrs and stained 
intracellularly for IFN-γ. Brefeldin A was added in the last 4 hours of the assay. CD8+ T cells do 
not produce IFN-γ when left unstimulated or treated with OR3 alone (A and B respectively). 
SIINFEKL peptide alone stimulates IFN-γ secretion, C. The addition of OR3 has no effect on 
SIINFEKL peptide stimulated Vβ5+ CD8+ OT-1 T cells, D. 9.31±5.21% to 10.47±2.29% CD8+ 
IFN-γ+ T cells, p=0.8 compared to SIINFEKL treated splenocytes. One representative 
experiment of four is shown.  
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4.7 OR3 blocks antigen induced activation and proliferation of Vβ8.1+ T cells 

DO 11.10 splenocytes were stimulated with 100 nM OVAp in the presence and absence 

of OR3 (25 μg) for 5 days. I looked at the expression of CD25 as a marker for activation, 

and CFSE dilution as a measure of proliferation. My prediction of the outcome of the 

experiment was that OR3 would bind to the DO11.10 T cells preventing the recognition 

of ova peptide antigen and subsequent activation. Antigen activation by ova peptide 

treatment induced high levels of CD25 expression in CD4+ T cells (MFI = 7138) that 

was almost completely inhibited (MFI= 140, p<0.005, Fig. 4.71) by OR3. In addition, 

OR3 inhibited antigen-induced proliferation of CD4+ T cells by approximately 10-fold 

(46.66±10.17% to 3.39±1.67%, p=0.0019, Fig. 4.72, B and C respectively). 

 

Fig 4.71 OR3 inhibits antigen activation of KJ1-26+ T cells.  

Naïve DO11.10 splenocytes were treated with OVAp in the presence and absence of OR3 (25 μg) 
for 5 days. CD25 expression on CD4+T cells is shown. Red histogram represents CD25 
expression of ova stimulated cells. Grey histogram represents CD25 expression of unstimulated 
cells. Blue histogram represents CD25 expression of cells stimulated with ova in the presence of 
OR3. OR3 significantly inhibits CD25 expression of OVAp treated T cells, p<0.005 compared to 
OVAp alone treated cells.  
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A. Unstimulated/ OR3 alone 

C.     OVAp + OR3B.    OVAp 

Fig.4.72 OR3 prevents antigen induced proliferation of DO11.10 CD4+ T cells.  

DO11.10 splenocytes were labeled with 5 μM CFSE and incubated with 100 nM ova in the 
presence and absence of OR3 (25 μg) for 5 days. A, Unstimulated and OR3 alone treated cells do 
not proliferate, black and grey histograms respectively.  
B, OVAp treated CD4+ T cells undergo expansion, which is significantly inhibited in the 
presence of OR3, C. 46.66±10.17% to 3.39±1.67% CD4+ T cells, p=0.0019. Data is 
representative of at least 3 independent experiments. 
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4.8 OR3 does not initiate apoptosis 

The data we have presented so far supports the theory of OR3 binding and blocking a 

specific subset of T cells, preventing antigen recognition and subsequent stimulation. 

However, the inhibition of activation could have also resulted from induction of cell 

death by OR3 binding to TCR. Therefore, we performed experiments to test the 

possibility that OR3 can induce apoptosis. DO11.10 splenocytes were left unstimulated, 

treated with OR3 alone, ova peptide with and without OR3 (25 μg), and stained with 

Annexin V and PI at various time points from 6 hr to 5 days. Unstimulated cells and OR3 

alone treated cells exhibit a very high but similar degree of apoptosis, presumably due to 

absence of exogenous cytokines during the in vitro culture. Approximately 95% of the 

KJI-26+ T cells were undergoing apoptosis on day 5 (Fig. 4.81, A and B). On the other 

hand, ova peptide stimulated cells show high degree of proliferation, and therefore much 

lower apoptosis (C, 40%). However, in cells treated with ova and OR3, OR3 binds to the 

T cells, prevents antigen stimulation thereby reverting most of the cells to an 

unstimulated state, leading to higher degree of apoptosis (Fig. 4.81D, 82.5%, p< 0.01). At 

no point when OR3 was added to the cultures was the degree of apoptosis higher than 

observed in the unstimulated cells. The results clearly show that OR3 does not induce 

apoptosis.  
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A B 

C D 

 
Fig.4.81 OR3 does not induce apoptosis.  
DO11.10 splenocytes were cultured in indicated conditions for various time points (6 hrs to 5 
days). Annexin-V and PI staining on CD4+ KJ1-26+ cells at day 5 is shown. Unstimulated cells 
show high degree of apoptosis, probably due to cytokine withdrawal and OR3 alone treated cells 
show a similar degree of apoptosis compared to unstimulated cells (A and B respectively). Ova 
peptide stimulated cells undergo proliferation and therefore show a lesser degree of apoptosis, C. 
Ova+OR3 treated cells show a higher percentage of cells undergoing apoptosis rather than the 
peptide stimulated cells, D. However, it is important to note that this is not higher than the 
unstimulated cells alone.  
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We also injected mice i.p. with OR3 (250 μg each on alternate days, day 1 and 3) and 

examined the spleens for changes in T cell numbers on day 8. There was no difference in 

the percentage of KJ1-26+ CD3+ T cell numbers between control PBS injected and OR3 

injected mice, 88.34±0.87 vs. 89.42±1.2, p=0.6.  

 

 

Fig. 4.82 OR3 does not deplete Vβ8.1 T cells. 

On days 1 and 5, two control group mice received PBS i.p (200 μl) injections while the OR3 
group (4 mice) received i.p. injection of 250 μg OR3. On day 8, the mice were sacrificed, spleens 
harvested and cells stained with mAbs for murine CD3, CD4, CD8 and DO11.10 TCR to analyse 
changes in cell numbers. There was no difference in the percentage of KJ1-26+ CD3+ T cell 
numbers between control PBS injected and OR3 injected mice, 88.34±0.87 vs. 89.42±1.2, p=0.6.  
 

These results conclusively show that OR3 inhibits activation of T cells by blocking 

antigen recognition via TCR and not by non–specific mechanisms, as demonstrated by 

specific inhibition of Vβ8.1+ (DO11.10) T cells in both wild type and Rag 1 knock out 

mice, and no inhibition of ova peptide stimulated Vβ5+ (OT-1) T cells. 

 



  69

4.9 Testing for in vivo activity of OR3 

The above experiments clearly show that OR3 has potent immunosuppressive properties 

in vitro. However, we needed an in vivo model to test the efficacy of OR3. So, in 

collaboration with Dr.Smithey in the Nikolich-Zugich lab, I set up an in vivo Listeria 

infection experiment in BALB/c mice that received adoptively transferred DO11.10 cells. 

Listeria monocytogenes is an intracellular bacterial pathogen that is routinely used to 

study cell mediated immunity (88). Systemic infection via i.v. injection stimulates an 

adaptive response mediated mainly by CD8+ cells that secrete IFN-γ and lyse infected 

cells, a response that peaks at around 8 days post infection. CD8+ T cells are critical for 

clearing this pathogen and for providing immunity. Listeriolysin (LLO) is a critical 

virulence factor that mediates bacterial escape from phagosomes before they are 

degraded (88-90). We used a recombinant L. monocytogenes bacteria expressing whole 

ovalbumin protein (L.m.-ova) to study the in vivo function of OR3. Two million 

splenocytes from Thy1.2 DO11.0 mice were adoptively transferred to congenic BALB/c 

mice (Thy1.1 background). Twenty-four hours later, the BALB/c mice were infected with 

2000 CFU of L.m.-ova bacteria (Day 0). One group of L.m.-ova infected mice received 

500 μg OR3 injection i.p. on days 1 and 5 post-infection. Control groups included mice 

that were not infected with Lm-ova infection nor given OR3 (naïve) and mice that only 

received two OR3 injections alone (OR3 only). On Day 8, spleens were harvested and ex-

vivo stimulated with multiple antigenic peptides for 6 hours in the presence of Brefeldin 

A to allow intracellular accumulation of effector cytokines. In BALB/c mice, LLO91-99 

peptide is a well-known strong L. monocytogenes-MHC class I restricted epitope. 
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LLO189-200 peptide is a MHC-II restricted epitope that stimulates endogenous BALB/c 

CD4+ responses. We expected the ovalbumin to be presented such that the DO11.10 

specific ova peptide (323-339) would be correctly presented on BALB/c MHC class II, I-

Ad molecules, thus enabling us to specifically measure the response of the adoptively 

transferred Thy1.2+ DO11.10 CD4+ T cells. We stained intracellularly for cytokines 

IFN-γ, IL-10 and IL-4.  

Endogenous BALB/c CD4+ T cells have a very low response to stimulation with ova 

(323-339) peptide. Therefore, cytokine response to stimulation with the ova peptide is 

only from the KJ1-26+ Thy1.2+ adoptively transferred DO11.10 CD4+ cells. Since we 

know that OR3 binds to DO11.10 T cells, we expected that in the mice that were infected 

with L.m.-ova, we would see cytokine secretion by the adoptively transferred cells. This 

response should be inhibited in mice that received the OR3 injection along with the 

infection. However, in this experiment we saw no detectable IFN-γ response to the ova 

323-339 peptide in the splenocytes cultures. One reason to account for this is that we 

detected very few Thy1.2+ T cells by flow cytometry. So, we concluded that the number 

of transferred cells was too low to mount a physiological response to the ova peptide, and 

because of that we could not determine the effect of OR3 on the DO11.10 population.  

On a positive note, the L.m.-ova infection effectively stimulated the endogenous BALB/c 

CD8+ T cells to respond to the LLO91-99 peptide secreting mostly IFN-γ. There was no 

inhibition of this IFN-γ secretion in mice that received OR3 injection in addition to the 
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Lm-ova infection (Fig.4.91, upper left panel), further demonstrating the specificity of 

OR3. 

Interestingly, there seemed to be a higher amount of IL-4 secretion by CD8+ cells in mice 

that received the OR3 injection and L.m.-ova infection as against the mice that were 

infected with L.m.-ova or control groups. However, it must be noted that in there was no 

measurable increase in IL-4 secretion by the CD8+ T cells in the L.m.-ova infected mice 

as compared to the naïve or OR3 only mice. These results show that OR3 has no 

inhibitory effect on CD8+ T cells in BALB/c mice that react to the LLO91-99 peptide 

(Fig.4.91, upper right panel)  

Since the LLO189-200 peptide did not effectively stimulate the BALB/c CD4+ cells, no 

conclusions can be made about the effect of OR3 on endogenous BALB/c CD4+ T cell 

response (Fig. 4.91, lower left and right panels).  

These results, while incomplete, show that OR3 does not indiscriminately bind to T cells 

affecting their function. The CD8+ BALB/c mice were able to effectively produce IFN-γ 

against the dominant MHC-I restricted epitope in mice that received the OR3 injections. 

However, the experiment must be repeated in order to draw conclusions about the in vivo 

activity of OR3. 
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Fig.4.91 In vivo activity of OR3. 

OR3 does not inhibit endogenous BALB/c response to L.m.-ova infection. 

2 X 106 splenocytes from DO11.10 mice were i.v. injected into BALB/c mice. Different treatment 
groups include naïve (no treatment), OR3 alone, L.m.-ova infected mice as well as mice that 
received Lm-ova infection and OR3 injections. Eight days post-infection the mice were sacrificed 
and spleens harvested to set up a 6 hour ex-vivo stimulation assay. Two million splenocytes from 
each mice were stimulated with the following peptides independently; 1 μg ova (323-339), 1 μg 
LLO91-99 peptide and 1 μg LLO189-200 peptide. Brefeldin A was added to the assay at the 
beginning. At the end of 6 hours, the cells were stained for intracellular cytokines IL-4, and IFN-γ 
along with the relevant surface markers Thy1.1, KJ1-26, CD4, CD8, CD62L and CD44. 

 

 

 



  73

4.10 OR3 reduces SEB induced T cell proliferation and cytokine secretion in vitro. 

Based on the fact that OR3 binds very well to murine Vβ8.1 T cells, we were curious to 

see if OR3 could inhibit T cell response to a bacterial superantigen, Staphylococcus 

Enterotoxin B (SEB). Superantigens (SAgs) activate T and B cells, but are unique in that 

they do not require cellular uptake, processing and presentation in the context of an MHC 

molecule in order to stimulate T cells (Janeway). Bacterial SAgs such as SEB, bind 

mainly to the Vβ CDR2 loop and to a lesser extent CDR1 loop and another loop called 

the hypervariable loop 4 on the TCR and to the α chain of MHC II molecule (91, 92). 

This binding allows crosslinking of the TCR and MHC molecules independent of the 

traditional antigen binding and recognition pockets of MHC and TCR. The SAgs 

modulate T cell response through pronounced cytokine secretion, especially IFN-γ, 

polyclonal expansion, deletion and tolerance (93-96). SEB is known to bind and stimulate 

murine Vβ8 bearing T cells which constitute around 30% of the CD4+ T cell population 

in BALB/c mice (97-99). Our idea was to test the hypothesis that OR3 binding to the 

dilution 

as taken as a measure of proliferation and cell culture supernatants were collected at 

ay 3 to measure cytokine production in ELISA. Negative controls included unstimulated 

cells as well as cells stimulate only with OR3. SEB treatment resulted in the production 

Vβ8.1 CDR1 would sterically hinder the crosslinking of the TCR and MHC class II 

molecule by SEB, thereby preventing SAg stimulation of T cells. 

I isolated splenocytes from BALB/c mice, stained them with CFSE and stimulated them 

with 1 μg of SEB alone or in the presence or OR3 (100 μg) for 72 hours. CFSE 

w

d
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of 1984±174.24 pg of IFN-γ  and 287.48±11.68 pg of TNF- α, (Fig 4.101 A and B 

 

wells. One representative experiment of three independent experiments is shown. OR3 reduced 

Unstimulated cells as well as cells incubated with OR3 alone did not undergo any 

respectively). OR3 significantly reduced the production of cytokines IFN-

γ (1517.42±9.17) and TNF-α (246.36±13) in SEB treated splenocytes (Fig. 4.101, 

p<0.001). 

 

Fig. 4.101 SEB ELISA 

OR3 reduces SEB stimulated cytokine secretion by BALB/c splenocytes.  

BALB/c splenocytes were isolated and cultured for 72 hrs under the various conditions, and 
supernatants assayed for indicated cytokines. Each point represents the mean +S.D. of duplicate 

IFN-γ and TNF-α secretion, p<0.001 compared to SEB alone treated splenocytes. 

 

A  B

significant proliferation (Fig. 4.102, A and B). SEB stimulation alone stimulated the 

proliferation of 30.35±0.77% BALB/c T cells that was reduced to 17.95±0.636% 

(p<0.01, C and D respectively) in cultures that were incubated with OR3 in addition to 

SEB. Proliferation of only 30% of BALB/c T cells was expected, since only 30% of the T 

cells express Vβ8. 
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Fig. 4.102 OR3 reduces SEB stimulated BALB/c CD4+ T cell proliferation 

OR3 reduces SEB induced proliferation of BALB/c T cells. CFSE stained BALB/c splenocytes 

Unstimulated cells as well as cells incubated with OR3 alone did not undergo any significant 

30.35±0.77% BALB/c T cells that was reduced to 17.95±0.636% (p<0.01) in cultures that were 
incubated with OR3 in addition to SEB (C and D).  

A B 

D C 

were treated with 1 μg of SEB alone or in the presence or OR3 (100 μg) for 72 hours. 

proliferation (A and B respectively). SEB stimulation alone stimulated the proliferation of 
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Unlike the complete abrogation of OVAp stimulated proliferation of DO11.10 T cells, 

OR3 reduced SAg stimulated proliferation of BALB/c CD4+ T cells by roughly 50% 

(30.35±0.77% to 17.95±0.636%, p<0.01). It must be kept in mind that in BALB/c mice, 

SAg SEB stimulates all T cells of the Vβ8 family that includes Vβ8.1/8.2/8.3 and to a 

lesser extent Vβ3+ T cells. However, we have shown that OR3 is specific to the murine 

Vβ8.1+ T cells. These T cells (Vβ8.2/8.3 as well as Vβ3) that are not bound by OR3 

likely account for the residual activation and proliferation that cannot be inhibited by 

OR3 following SEB treatment of BALB/c splenocytes.  

The ability of OR3 to reduce a SEB stimulated response is very exciting to us for two 

reasons, a) because this gives us a model to test OR3 function in vivo and b) because a 

reduction in superantigen response that is known to stimulate only a subset of T cells 

expressing a particular Vβ gene is proof of specific activity of this antibody. 
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CHAPTER 5 

DISCUSSION – OR3  

immunotherapies and biological 

nd elevated 

vels of these anti-CDR1 AAbs in the serum of mice that developed collagen induced 

arthritis (102), a mouse model of human RA (data not shown). RA is a chronic 

inflammatory systemic autoimmune disease of unknown origin that predominantly 

involves synovial tissue. It affects 0.5%–1.0% of the global population, with females 

affected more frequently than males. In RA, CD4+ T cells, B cells and macrophages 

infiltrate the synovium and are known to form discrete germinal centers (103, 104). The 

discovery of the rheumatoid factor (RF), as well as the fact that a majority of patients 

with RA are positive for RF led to the logical conclusion that RA is an self-reactive 

autoantibody driven disease (105). However, the infiltration of T cells in the synovial 

Autoimmune diseases represent a major cause of morbidity after cancer and heart 

disease, in developed nations. Most conventional strategies for treatment are palliative 

and anti-inflammatory. Immunosuppressive treatments are non-specific mostly, in part 

because of limited knowledge on the antigenic trigger. For these reasons, there has been a 

lot of attention devoted to developing specific targeted 

agents for treatment (100). To this cause, the success of anti-TNFα therapy in the 

treatment of RA has been of paramount importance (101). 

Our discovery of elevated levels of anti-TCR Vβ IgM autoantibodies in patients with RA 

raised questions about their role in the disease. Interestingly, we also fou

le
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tissue of RA patients as well as the strong disease correlation of HLA-DR with this 

disease was a breakthrough in understanding the involvement of T cells in the aetiology 

and pathogenesis of RA (106-109) scenario with B cell and T 

cell autoreactivity in the pathogenesis of RA, we felt compelled to investigate the role of 

d a NAAb with no somatic 

gene family with a relatively high level of diversity after VH3. The VK3 is a highly 

IgG in the absence of the IgM isotype was more strongly associated with severe SLE, 

VH4-34 and/or the loss of VH4-34 IgM encoded antibodies may have an influence on the 

restriction in the Ig V region usage, according to their specificities. However, the pool of 

clear correlation to be drawn about the gene usage of disease specific autoantibodies 

. Given the chicken and egg 

anti-TCR Vβ AAbs in RA. Were these the products of natural unmutated B cell clones or 

somatically mutated autoreactive clones? To answer these questions, we derived 

monoclonal antibodies against specific Vβ epitopes from the peripheral blood B cells of 

patients with RA, to elucidate the functional properties of these autoantibodies. 

Since OR3 is an IgM isotype antibody, I hypothesized that it would be a NAAb. Analysis 

of the OR3 V region sequence show that it is indee

hypermutation in the VH and VL genes. The VH gene and allele for OR3 was found to be 

IGHV4-34*01 and the VL IGKV3-15*01 gene and allele. The VH4 is the second largest 

conserved and large family. In some patients with SLE, it has been found that VH4-34 

nephritis and CNS lupus. These antibodies were found to bind preferentially to 

autologous naïve B cells in vivo and in vitro. This data suggests that isotype switching of 

progression of SLE (110-112). Autoantibodies exhibit do exhibit different degrees of 

patients whose IgV region usage has been analysed is too small and too divergent for any 
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(113-116). Our finding that the mAb OR3 expresses V regions of germline origin is 

consistent with the hypothesis that OR3 is a natural AAb and reacts to public idiotopes. 

The CDR1 region is a public epitope; it does not undergo mutations since it makes 

contact with the α1 helix of MHC, required for the stabilization of the interaction 

between TCR and MHC:peptide complex. 

The binding specificity of OR3 to peptide epitopes was shown using ELISA and 

confirmed in flow cytometry to be specific to the TCR Vβ chain. OR3 bound to all of the 

DO 11.10 T cells while showing very little binding to the Vβ5+ OT-1 transgenic mice T 

On confirming the specificity of OR3 binding, we wanted to confirm if OR3 could signal 

through the TCR independently. We used Jurkat cells to test phosphorylation states of 

Zap-70, LCK and ERK, all critical molecules involved in signaling through the TCR. 

OR3 did not initiate signaling through the TCR (data not shown). This led us to 

hypothesise that OR3 binds to the TCR and in effect blocks the TCR from recognizing 

antigens and getting activated.  

cells. These results provide evidence for the feasibility of using a linear peptide epitope 

and the technique of peptide epitope mapping for the selection of mAbs that show 

defined specificity. 

Using the DO11.10 transgenic mouse model I showed that OR3 effectively binds specific 

Vβ8.1 TCRs and blocks further activation of the T cells in vitro. DO11.10 mice when 

treated with ova get activated, proliferate and secrete a slew of cytokines including both 

pro-inflammatory cytokines such as IFN-γ, IL-6 albeit at much lower concentrations, as 
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well as regulatory cytokine IL-10. The addition of OR3 almost completely abrogated 

activation (as measured by CD25 expression), proliferation (as measured by CFSE 

dilution) as well as production of all cytokines. Using the DO11.10 RAG k.o. model as 

well as the kappa isotype control antibody, we show that the inhibitory effects of OR3 are 

through specific interaction through the TCR. The activity profile of OR3 suggest that it 

is an immunomodulatory molecule rather than an anti-inflammatory one, especially since 

we confirmed that it does not induce the production of IL-10 independently or 

synergistically with antigen. These results clearly indicate that the OR3 IgM antibody 

molecule binds and blocks the Vβ8.1 TCR from recognizing its cognate peptide and 

receiving the necessary stimulatory signals for activation and cytokine production.  

n studies showing the induction of apoptosis via TCR-Ab interaction 

(117), we wanted to explore the possibility of the mechanism of OR3 inhibition being via 

induction of apoptosis. However, OR3 does not induce apoptosis as measured by 

Annexin-V and PI staining. 

to stimulate Vβ8+ T cells in BALB/c mice (118). I am 

currently pursuing experiments in BALB/c mice to test for OR3 function in vivo. 

Since there have bee

The ability of OR3 to reduce SEB stimulated response in BALB/c mice as measured by 

reduction in cytokine secretion and proliferation is further proof of OR3 specificity and 

function as this SAg is known 

T cell targeted immunotherapies have been used with varying degrees of success to treat 

transplants and autoimmune diseases (119-123). Antibodies directed against the CD3 

molecule were initially used for suppression of the immune system in transplant patients. 
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OKT3, the first mAb specific for human CD3 has undesirable side-effects due to its FcR 

binding activity. Even though it is successful in inhibiting an alloresponse, OKT3 is 

mitogenic and triggers the release of cytokines on in vivo administration, producing flu 

like symptoms (124, 125). Non FcR binding CD3-specific antibodies that induce deletion 

of T cells leading to homeostatic reconstitution, have also been used in clinical trials to 

treat autoimmune diseases such as Type I Diabetes (126-128). However, these antibodies 

perpetrate a global immunosuppression rather than a targeted depletion or 

downmodulation of pathogenic T cells. Other research groups have shown the feasibility 

of using anti-TCR specific antibodies in dampening autoreactivity as discussed earlier. 

All of this work points to the feasibility and efficacy of using T cell directed 

immunotherapies in clinical use. However one of the main drawbacks seems to be the 

lack of antibodies that do not have adverse side effects via non-specific interactions or 

specific immune responses against the non-human antibodies.  

udies, OR3 is a completely human antibody, and we predict 

that therapeutic administration should have minimal complications, especially when 

compared to mouse mAbs or humanized mAbs. OR3 binds the antigen binding region of 

TCR and is specific for the CDR1 domain of TCRVβ8.1. The CDR1 region does not 

undergo mutations as it makes contact with the a1 helix of MHC required for the 

stabilization of the interaction between TCR and MHC:peptide complex. Thus, we 

Unlike Abs used in other st

consider that OR3 reacts with a TCR public idiotype. Importantly, OR3 reacts with only a 

subset of T cells, blocking their activation without depleting them. While most studies on 

TCR Vβ usage in RA has been inconclusive, the possibility of the use of a subset specific 
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anti-TCR Ab in the suppression of an autoreactive population, especially in early stages 

of disease as well as in juvenile RA cannot be overlooked. The limited cross-reactive 

binding profile of OR3 is a positive feature that may allow its use to block pathogenic T 

cells in human autoimmune diseases without causing general immune suppression.  

The sequence analysis of OR3 revealed that it is indeed a NAAb with potent specific T 

cell blocking properties. These results lead us to speculate that the elevated NAAbs to 

βTCR V  epitopes are a part of a normal regulatory process involved in the modulation 

and downregulation of pathogenic T cells in autoimmune disease such as RA. 



  83

CHAPTER 6 

ANTI-DOR AAbs 

 

130). The 

endogenous biological activities of the opioid neuropeptides, endorphins, enkephalins 

and dynorphin are mediated by three classes of opioid receptors named μ (MOR), δ 

(DOR) and κ (KOR) opioid receptors that belong to the seven transmembrane G-protein 

coupled receptor (GPCR) superfamily (131-133). In the remaining part of this section I 

shall describe the effects of opioids and opioid receptors on the immune system and the 

seminal findings by Mace et al. that was the inspiration for my work on NAAbs to human 

DOR. 

 

6.2 Opioids and the Immune system 

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 (134-136). 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 

6.1 Background and Related Work  

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 (129, 
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of inflammation (129, 137, 138). The opioids elicit analgesia by acting on the peripheral 

sensory nerve terminals, and also exert a range of immunomodulatory effects on T cell 

responses (138, 139). Numerous studies have

receptors on peripheral blood leukocytes (140-143). The distribution of the opioid 

uch as monocytes, macrophages and lymphocytes 

ine receptors on leukocytes (134, 147-151). The endogenous KOR selective 

peptide dynorphin has been shown to increase macrophage superoxide production, 

modulate macrophage oxidative burst, enhance macrophage tumoricidal activity and 

1 from bone marrow macrophages. Studies suggest 

 demonstrated the presence of opioid 

receptors on various types of cells s

differ, and their expression can be modulated by factors such as the cytokine 

microenvironment, and the stage and state of cell differentiation and activation (132, 143, 

144).  

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 (140, 145, 146). 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 

chemok

increase the level of production of IL-

that KORs on T cells and macrophages are involved in maintenance of immune 

homeostasis (137, 152, 153). Met–enkephalin, a DOR agonist, has been shown to 

stimulate chemotaxis in human peripheral blood mononuclear cells (PBMCs). In vitro 



  85

exposure to DOR agonists generally resulted in the stimulation of NK cell cytolytic 

activity, but had little effect on the B cell proliferation (134, 136).  

Morphine has been shown to inhibit NK cell cytolytic activity and mitogen stimulated 

proliferation. Morphine treatment of PBMCs decreases IL-2 and IFNγ, and increases IL-4 

and IL-5 as a function of concentration. It has also been shown that in-vitro morphine 

treatment promotes Th2 differentiation of CD4+ cells through a MOR dependent 

mechanism (129, 154-156).  

 

served as the inspiration for my second project. This was the discovery that IgG 

6.3 NAAbs to opioid receptors 

For centuries, opioid ligands targeting the MOR have been used for pain management. 

However, adverse side effects, immunosuppressive properties, and development of 

analgesic tolerance associated with long-term treatment with morphine have sparked an 

interest in the research of the role of DOR in pain management. In collaboration with the 

Yamamura and Hruby labs at the Department of Pharmacology, we initiated a research 

project looking at the presence of opioid receptors on immune cells and potential 

immunomodulatory properties of these receptors. Our preliminary hypothesis was that 

DOR ligands will be potent analgesics that have fewer immunosuppressive properties 

than MOR ligands. This finding would then allow us to explore the use of DOR ligands 

as a potential analgesics in place of the traditional MOR opioids.  

During the initial phase of this research, I came across an important communication that 
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autoantibodies directed against the human MOR are commonly present in the serum of 

healthy individuals (157, 158). These autoantibodies display an agonistic activity, 

autoantibodies bind to the first and third extracellular loops known to be involved in 

ligand binding and activation of the GPCR (158-161). Apart from the expression of the 

opioid receptors on immune cells and the effect of opioid ligands on the immune system, 

this discovery served as another piece of evidence that supports the bidirectional network 

of communication between the opiate and immune system. 

The earlier dogma of horror autotoxicus, according to which all autoantibodies were 

immune disease, has been replaced by the knowledge that 

The authors of the paper on anti-MOR IgG NAAbs used peptides corresponding to the 

extracellular loops 1 and 3 of human MOR as the selecting antigen for the affinity 

purification of these agonistic antibodies (159). Since our lab has expertise in deriving 

mAbs to peptide epitopes, and given the precedent set by Mace et al., I also used the 

peptide approach to affinity purify anti-DOR loop 1 and anti-DOR loop 3 antibodies. I 

used intravenous immuneglobulin (IVIG), a therapeutic blood product that contains 

demonstrated by the inhibition of forskolin stimulated cAMP accumulation. The 

considered to contribute to auto

the presence of a low level of circulating serum autoantibodies is, in fact, a hallmark of a 

healthy immune system (6, 17). 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.  
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purified IgG isolated from the plasma of thousands of healthy donors as the starting 

material.  

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 

Affinity purified anti-DOR autoantibodies specifically bind to DOR and activate the 

DOR external loops 1 and 3 in healthy individuals, systemic lupus erythematosus (SLE) 

and HIV patient sera. 
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CHAPTER 7 

SLE patient serum and healthy individual serum samples were provided by Dr. Miranda 

provided by Dr. Nafees Ahmad, Department of Immunobiology, University of Arizona. 

Umbilical cord blood serum was provided by Dr. David Harris, Department of 

mmunobiology, 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 

loop1, DOR loop3 (10 μg/ml), MOR loop1 and MOR loop 3 (5 μg/ml) in carbonate 

buffer, overnight at 37°C. Sequences; DOR Loop 1- AKYLMETWPFGELLCK, DOR 

Loop 3- WTLVDIDRRDPLVVAA, MOR Loop 1-VNYLMGTWPFGTILCK, MOR 

Loop3-IKALVTIPETTFQTVS. 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 HCl. Absorbance was read at 450 nm.  

MATERIALS AND METHODS – ANTI DOR AAbs 

 

7.1 ELISA  

Adelman, Arizona Arthritis Center, University of Arizona. HIV patient serum was 

I
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7.2 Purification of anti-DOR loop 1 and 3 autoantibodies 

A sepharose affinity column (NHS-activated SepharoseTM 4 Fast Flow, Amersham 

Biosciences, Uppsala, S ino acid 

sequences of extracellular loops 1 and 3 of the human delta opioid receptor was made. 

IgG obtained from normal donors was used as the source for human IgG 

linTM, Sandoz Pharmaceuticals Corporation). The lyophilized IgG was 

 

 FBS, 

weden) coupled with peptides corresponding to the am

(Sandoglobu

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).  

7.3 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 (162). The hybrid cell line is positive for all three subtypes of 

opioid receptors and expresses chemokine receptors CXCR4 and CCR5 (163, 164). The 

cell line was maintained in Iscove’s Modified Dulbecco’s Medium containing 10%
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100 U/ml penicillin and 100 μg/ml streptomycin. The CHO cell line stably transfected 

 

. The cells were analyzed in a LSR II cytometer 

(BD Biosciences). 

7.42 Western Blot: CEMx174, and CHO DOR cells were lysed using lysis buffer (300 

mM NaCl, 50 mM Tris, 0.5% Triton-X-100, pH 7.4) containing 1% protease inhibitor 

cocktail and 0.1% phosphatase inhibitor cocktails I and II (Sigma). Cell lysate was boiled 

for 5 min with reducing sample buffer. Approximately 20 μg of whole protein per well 

(as determined by 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 (1μg/ml) for one hour, and 

then incubated with the secondary antibody, HRP conjugated rabbit anti-human IgG (1 in 

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 μg/ml streptomycin and 500 μg/ml G418. 

7.4 Binding assays 

7.41 Flow cytometry: CEMx174 cells (1X106) 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 IgG-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
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4000 dilution, Pierce). The SuperSignal West Dura chemiluminescent kit (Pierce) was 

used to detect reactive bands. 

 

7.5 Inhibition of forskolin stimulated cAMP accumulation  

OR transfected CHO cells were plated at 1X105 in a 24 well plate in Hams F-12 media 

, 100 U/ml penicillin, 100 μg/ml streptomycin and 500 μg/ml G418. 

int cAMP Assay kit (Molecular Devices) as per manufacturer’s 

7.6 Desensitization assay  

CEMx174 (1X10 ) cells were treated with 10 μM DPDPE, or 50 μg 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 10 μg of 

total protein was resolved by 10% denaturing SDS PAGE gels. The protein was 

D

containing 10%FBS

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 �M 

forskolin (Sigma) was added to indicated wells, in the presence or absence of 10 μM [D-

Pen2, D-Pen5] enkephalin (DPDPE, Sigma) or 50 μg of anti-DOR autoantibody. The 

supernatant was removed, cells lysed and cAMP (pmol.min-1.mg-1 of protein) measured 

using the CatchPo

instructions. 

 

6
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transferred to PVDF membranes. Phosphorylation of serine 363 of the δ-opioid receptor 

was measured by Western blots using a rabbit primary antibody specific for phospho-

δ-opioid receptor (1:1000, Cell Signaling Technology®) and a HRP 

conjugated goat anti-rabbit secondary antibody (1:1000, Pierce). Bands were detected 

 

he manufacturer’s instructions. A Bio-Rad iCycler was used for performing 

the real-time PCR. 

 

isolated and washed 3X in 4 volumes of PBS (10% FBS) by centrifuging at 400 X g for 

S363 of the 

using SuperSignal West Dura chemiluminescent kit (Pierce). 

7.7 Real-time PCR 

CEMx174 cells (1X 106) were incubated for 24 hours with either 10 μM DPDPE, 100 μg 

anti-DOR Ab, or left untreated. Total RNA was extracted using TRIzol (Invitrogen) from 

the CEMX174 cells. cDNA synthesis was performed using qScript™ cDNA synthesis kit 

(Quanta Biosciences) as per manufacturer’s instructions. Primers specific for human 

CCR5, CXCR4, and Tata binding protein were purchased from Applied Biosystems. 

Real-time PCR was performed using PerfeCTa QPCR SuperMix (Quanta Biosciences) 

according to t

7.8 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 
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15 minutes. Cells were counted and resuspended at 105 per ml of IMDM, 10% FBS, 100 

U/ml penicillin and 100 μg/ml streptomycin.  

7.9 Flow cytometry analysis 

 

CEMx174 cells and human PBMCs were treated with 10 μM DPDPE, 100 μg anti-DOR 

antibody or left untreated. Forty-eight hours after treatment, cells were analyzed by flow 

e expression of chemokine receptors using anti-CXCR4-PECy7, anti-

 

5. While comparing the presence of anti-opioid receptor antibodies in 

the serum of healthy individuals and patients with HIV and SLE, statistical significance 

was determined with a one-way analysis of variance, Bonferroni’s post-test was used to 

e indicated pairwise comparisons. 

cytometry for surfac

CCR7-PECy7 (eBiosciences) and anti-CCR5-FITC (R&D Systems). Cells were gated on 

the lymphocyte population using forward and side scatter. Student’s t test of the mean 

fluorescence intensities was used to determine p values.  

7.10 Statistical Analysis 

Students’s t-test was performed to determine p values. Differences were considered 

significant at p<0.0

obtain p-values for th
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CHAPTER 8 

RESULTS –ANTI-DOR AAbs 

 

8.1 Affinity purification of anti-DOR AAbs 

Following reports of the presence of anti-MOR antibodies in the serum of healthy 

individuals (157-159), we focused upon autoantibody activity to DOR, a receptor shown 

to be expressed on peripheral blood cells, including T and B lymphocytes (141, 143, 145, 

146, 165). 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 (159, 160, 166-169). Therefore, to characterize autoantibody activity to 

OR, I prepared a sepharose affinity column coupled with peptides corresponding to the 

r loops of DOR. I ran IVIG over the affinity column and bound 

8.2 Affinity purified anti-DOR AAbs show specificity in binding to DOR 

I used two cell lines to characterize the binding specificity and signaling pathway 

activated by the affinity purified anti-DOR antibody, DOR transfected CHO (DOR CHO, 

expressing only DOR) cell line and the human lymphocyte cell line CEMx174 

(expressing all three subtypes of opioid receptors). Both these cell lines have previously 

been shown to express opioid receptors (163, 164, 170). In western blots, a band 

D

first and third extracellula

antibodies were eluted, dialyzed and desalted before use.  
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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. 8.21 A). I detected no bands  incubated with 

unpurified IVIG at the same concentration of the affinity purified anti-DOR antibodies, 

 affinity purified anti-DOR antibodies (Fig 

 

 when the lysates were

confirming the specificity of binding of the

8.21 B). Using flow cytometry, I also showed that the affinity purified anti-DOR Ab 

binds to CEMx174 cells (Fig. 8.21 C). 

Fig. 8.21 Binding of affinity purified anti-DOR Abs to DOR.  

A, Western blot. Lanes corresponding to CHO and CHO DOR lysates are labeled accordingly. 
Affinity purified anti-DOR Abs were used as primary antibody followed by a HRP conjugated 
rabbit anti-human IgG secondary Ab. The ~50kDa band corresponds to DOR. 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 Ab, followed by a HRP conjugated rabbit anti-human IgG 
secondary Ab. No bands were detected (B). Beta-actin was used as loading control.  

C, Flow cytometry analysis of DOR Ab binding to CEMx174 cell line. CEMx174 cells (1X106) 
were incubated with primary anti-DOR Ab followed by secondary PE labeled goat anti-human 
IgG. Solid grey histogram indicates background binding of the secondary antibody. 
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8.3 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. The opioid receptors are classical inhibitory GPCR; upon agonist binding, the 

opioid receptor couples to the heterotrimeric pertussis toxin sensitive inhibitory G protein 

(Gi/o). The α subunit binds GTP and dissociates from Gβγ. Gai-GTP is responsible for the 

well characterized inhibition of adenylyl cyclase resulting in a reduction of intracellular 

cAMP levels and decrease of protein kinase A activity (142, 150, 157, 171). The Gβγ 

mediate the GPCR coupled kinases (GRK) binding and phosphorylation of Ser/Thr 

residues of the activated receptor (172, 173). The Gβγ subunits also activate specific 

isoforms of PI3K, which eventually leads to the activation of the Raf/MEK/ERK –Ras 

pathways. Fig. 8.3 outlines the signaling pathways activated by agonist binding to a 

classical inhibitory GPCR.  
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Fig.8.3 DOR Signaling. Schematic outlining signaling pathways activated on agonist binding to 
DOR. Structure of DOR with the position of extracellular loops with respect to ligand binding is 
magnified. 
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8.31 Anti-DOR AAbs inhibit forskolin stimulated cAMP accumulation 

On establishing the binding specificity of the anti-DOR AAbs, I wanted to determine 

whether these AAbs would behave as agonists or antagonists. The inhibition of adenylyl 

cyclase activity as measured by a decrease in intracellular cAMP accumulation is the 

gold standard to determine agonistic activity of ligands. Forskolin is a plant extract that is 

routinely used to raise intracellular cAMP accumulation via stimulation of the adenylyl 

cyclase enzyme. 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 cAMP levels in 

untreated cells were used as a reference point. As shown in Fig. 8.31, 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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Fig. 8.31 cAMP Assay 

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 μM Forskolin (FSK) was added in the last 10 min, with or 
without 10 μM DPDPE or 50 μg anti-DOR autoantibody. The reaction was carried out at 37°C 

untreated control and represent mean ±SD of at least four independent experiments. *p<0.05 

8.32 Anti-DOR AAbs cause phosphorylation of Ser363 

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 occu
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and stopped 10 min after the addition of forskolin. Results are expressed as a percentage of the 

compared to FSK treated cells. Statistical significance was calculated using Student’s t-test. 

 

rs 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 

llowed by the recruitment of arrestins and sequestration and internalization of the fo
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receptor into clathrin coated vesicles. The serine residue at position 363 is one of the 

primary phosphorylation sites involved in agonist-mediated desensitization of DOR (169, 

170, 174, 175). As shown in Fig. 8.32, 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. 

 

duce phosphorylation of DOR at Ser 
0 μg anti-DOR Ab for 10 and 30 

DOR autoantibodies cause significant phosphorylation of the receptor at 10 min and 30 min. 

min.  

Fig.8.32 Desensitization Assay. Anti-DOR autoantibodies in
363. CEMx174 cells were incubated with 10 μM DPDPE or 10
min. Western blot analysis was performed using an anti-phospho Ser 363 DOR antibody. Anti-

DPDPE causes phosphorylation of DOR as early as 10 min that decreases significantly by 30 

 

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. 
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8.4  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 (150, 151, 176-178). 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 (136, 163, 178-182).  

A substantial percentage of HIV-1 infected individuals include intravenous drug abusers 

that abuse opioids (136). 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 (164, 179, 182). 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 (179, 183). 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 (175, 178, 184). The opioid receptor 

the protein and mRNA level (148, 163).  

Based on these reports that detailed the association of chemokine receptors CCR5 and 

ntibodies 

 a 

heterodimerization with chemokine receptors causes subtle changes in their expression 

that varies according to the different heterodimer formations. Using human PBMCs, it 

has been shown that DAMGO, a MOR specific agonist can increase the expression of 

chemokine receptors CCR5 and CXCR4 at 

CXCR4 with the opioid receptors, we decided to investigate whether the autoa

to the delta opioid receptor could modulate certain parameters of the immune system in



  102

way that the exogenous, synthetic ligands do. In particular, to investigate the 

Real-time PCR of the CEMx174 cell line after 24 hours shows that anti-DOR 

 

 

 

immunomodulatory properties of the anti-DOR autoantibodies, I looked at the ability of 

the autoantibodies to influence CXCR4 and CCR5 chemokine receptor expression by 

incubating CEMx174 cells, or human PBMCs, with 10 μM DPDPE or 100 μg affinity 

purified anti-DOR autoantibody.  

autoantibody treatment decreased CXCR4 gene expression by approximately two-fold 

compared to the untreated controls (Fig. 8.41A, 0.42±0.05 vs. 1±0.02, p<0.01). 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. 8.41B, 3.24±0.53 vs. 1.025±0.29, p=0.01).  
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Fig.8.41. Real-time PCR analysis of chemokine receptor expression. Immunomodulation of 
chemokine receptor expression by anti-DOR autoantibodies. CEMx174 cells (1X106) were 
incubated for 24 hours with 10 μM DPDPE or 100 μg 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. There was a significant reduction in CXCR4 gene 

contrast, anti-DOR antibody treatment significantly upregulated CCR5

A  B

expression by anti-DOR antibody treated cells as compared to untreated cells (A, p<0.01). In 
 expression (B, p<0.01). 

Students’s t-test was performed to determine p values. Data is representative of three independent 
experiments.  

 

We confirmed that the anti-opioid receptor antibody treatment also modulated protein 

xpression by analyzing CXCR4 and CCR5 surface protein expression at 48 hours post 

eatment using flow cytometry analysis. DPDPE did not cause any changes in surface 

receptor expression (data not shown). Consistent with results of the real-time PCR assay, 

anti-DOR autoantibody treatment caused a decrease in CXCR4 expression (Fig. 8.42A) 

nd an increase in CCR5 expression (Fig. 8.42B). 

e

tr

a
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spectively. Treatment with anti-DOR Ab reduced surface CXCR4 expression (A), 
while increasing CCR5 expression (B). There was no change in the expression of chemokine 
eceptors after DPDPE treatment (data not shown). 

e 

as 

 

. 

 in CXCR4 expression between the 

t shown). On the other hand, there was a 

 

Fig.8.42 CEMx174 flow cytometry analysis.  

Immunomodulation of chemokine receptor expression by anti-DOR autoantibodies. 

CEMx174 cells were plated at 1X105 cells/well. The cells were treated with 10 μM DPDPE or 
100 μg 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, re

r

 

The same experiment was performed using PBMCs isolated from healthy donors and th

surface expression of three chemokine receptors (CXCR4, CCR5 and CCR7) w

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

8.43 A, p<0.05). We could detect no difference

DPDPE treated and untreated PBMCs (data no
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significant increase in the expression of CCR5 in PBMCs treated with anti-DOR 

autoantibody as compared to untreated cells (Fig. 8.43 B, 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 nodes. We could not detect any changes in CCR7 expression between untreated, 

DPDPE treated or anti-DOR autoantibody treated cells (data not shown).  
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Fig.8.43 Anti-DOR AAb modulates expression of CCR5 and CXCR4 on human PBMCs. 
BMCs were plated at 1X105 cells/well. The cells were treated with 10 μM DPDPE, 100 μg 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 

lack 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 
hemokine 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 Student’s t-test. 

 

P

b

c

 



  107

8.5 Anti-DOR AAbs 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 extended 

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. 8.51 A). 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. 8.51 B), where we saw 

higher binding in SLE serum as compared to healthy individuals. However, the difference 

was not significant.  
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d a mean absorbance of 0.47± 0.12 compared to 0.19 ± 0.06 in HIV 

<0.001, Fig. 8.52 A). There was no significant difference in autoantibody binding to 

the MOR loop 1 and 3 peptides between healthy and HIV patient sera (Fig. 8.52 B).  

 

Fig.8.51 Autoantibodies to DOR loops 1 and 3 are present in the sera of healthy individuals 
and SLE 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), and 7 SLE 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). 
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. 

 

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. 8.52 A, 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 showe

(p
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odies to DOR loops 1 and 3 are present in the sera of healthy individuals 

 

Fig. 8.52 Autoantib
and HIV patients.  

We tested the serum of 4 healthy individuals (N) and 13 HIV patients. Values reflect mean 
absorbance at 450nm ± s.d. of serum samples diluted 1 in 400.HIV sera show significantly lower 
binding to DOR loops 1 and 3 than normal sera (A, p<0.001). The trend is reversed in binding to 
MOR loops 1 and 3 (B). 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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CHAPTER 9 

DISCUSSION – ANTI-DOR AAbs 

 

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 

odies also elicit immunomodulatory effects as seen by the changes in 

pioid receptors belong to the seven transmembrane G�i-protein coupled receptor 

superfamily. The binding of opioid agonists to the receptor results in inhibition of 

adenylate cyclase activity, inhibition of calcium channels and an array of diverse 

downstream signaling events (130, 171). 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 (157-161).  

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 

of DOR. The antib

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. 

O
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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 recep

e set out to investigate the immunomodulatory properties of affinity purified anti-DOR 

systems; the neuroendocrine and immune system (129, 135, 137, 171). The opioid 

of disease. Many research groups have shown that signaling through the MOR has 

receptor CCR5, CXCR4 expression. While DOR is also known to heterodimerize with 

chemokine receptors such as CCR5 and CXCR4, there are subtle differences in the 

 responses with 

tor.  

W

autoantibodies that would further support the cross-talk between two seemingly disparate 

modulation of chemokine receptors, especially CCR5 and CXCR4 has garnered interest 

in researchers because of their central role in promoting HIV-1 infection and progression 

profound effects on chemokine CCL2, CCL5 and CXCL10 expression and chemokine 

regulation of their expression. Interestingly, CCR5 is known to undergo heterologous 

desensitization with the active signaling event of opioid receptors, whereas to date this 

has not been to shown to occur in the case of CXCR4. Treatment of activated PBMCs 

with SNC-80, a DOR agonist, reduced HIV p-24 antigen production in a dose-dependent 

manner (136, 163, 178-182). Our data shows that while both DPDPE and the anti-DOR 

autoantibody bind to the receptor, they elicit very different modulatory

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, 
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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 (177). It has been proposed that CXCR4 and 

presenting cells to secondary lymphoid organs. This is one of the initial steps required for 

ptor specificity, followed by 

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 (176, 177). 

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, there was a significant increase in CCR5 

expression in cells treated with anti-DOR autoantibodies, both at the gene expression and 

protein expression level as seen in the 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 compared to DPDPE binding to the opioid receptor, may be 

due to the differences in binding patterns of the agonists and/or the strength of signaling.  

The chemokine network is critical for the recruitment of naïve T and B cells and antigen 

the selection of effector cells with the optimal antigen rece

their egress to peripheral sites of inflammation and mounting an effective immune 

response. At the end of the immune response a small pool of antigen specific memory T 
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cells are left behind, that respond rapidly to previously encountered antigens (185-187). 

CXCR4, a receptor for CXCL-12, has been shown to be critical for the CCR7-

independent homing of central memory T cells as well as CCR7-dependent naïve B and T 

cell migration to secondary lymphoid organs (188, 189). CCR5, receptor for multiple 

inflammatory cytokines including CCL3, CCL4, CCL5, CCL8 and CCL16, is 

upregulated on CD8+ T and CD4+ Th1 cells that have encountered antigen in the lymph 

nodes, enabling their trafficking into peripheral inflamed tissues and mount an immune 

response against intracellular pathogens such as viruses (186, 190). Modulation of 

chemokine receptor expression on T cells has important implications in the alteration of 

smaller differences in chemokine receptor CXCR4, CCR5 and CCR7 expression 

T cell migration patterns between the peripheral inflamed tissues and draining lymph 

nodes, thereby modulating immune response (150, 164, 175, 178). It would be interesting 

to see if the changes in chemokine receptor expression caused by the anti-DOR 

autoantibody treatment could influence cellular migration patterns and thereby responses 

to infections, especially susceptibility to HIV-1 infection.  

While the fold-change of CXCR4 and CCR5 chemokine receptor expression induced by 

treatment with anti-DOR AAb as measured by mRNA levels (real-time PCR) and protein 

expression (flow cytometry) was small (threefold), it must be noted that this was a 

consistent change with potent physiological relevance. DAMGO, a MOR agonist has 

been shown to increase CCR5 and CXCR4 expression by three- to fiveold in CD3+ 

lymphocytes and CD14+ monocytes at the transcript and protein level, thereby increasing 

their susceptibility to HIV-1 infection (181, 183). Also, it has been shown that even 
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associated with aging have significant functional consequences with respect to 

chemotactic responses. It was suggested that such changes in chemokine receptor 

expression may contribute to the different clinical outcomes of diseases in the elderly 

(191, 192). 

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 

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 IgG levels, the contribution of T cells must be taken into account. HIV 

infection leads to reduced T cell numbers, which could 

desensitization may play a role (148, 151, 184).  

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 (154, 193), 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 
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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.  

utoantibody reactivity between healthy 

indication of these Abs not being natural. Rather, the infant immune system at this stage 

There have been few studies looking at a correlation between the levels of opioid 

receptors in inflammatory conditions. Low levels of DOR and KOR mRNA and protein 

in the synovial fibroblasts have been reported in rheumatoid arthritis and osteoarthritis 

patients (143). The difference in the levels of a

individuals and SLE patients along with the immune function associated with the 

stimulation of these receptors, suggest a correlation between inflammation and opioid 

receptor activation. We also looked for the presence of anti-DOR IgG autoantibodies in 

cord blood to see how early in the serum these Abs can be detected. Cord blood serum 

was provided by the Harris Lab. I analyzed 12 cord blood serums in ELISA for the 

presence of anti-DOR loop 1 and anti DOR loop 3 antibodies and could not find any 

detectable levels of these Abs in cord blood serum. However, this cannot be taken as an 

is underdeveloped and most of the IgG Abs will in fact be maternal in origin. It will be 

interesting to test for the presence of anti-opioid Abs in children, and if possible look for 

differences in vaccinated versus non-vaccinated children as a means of evaluating the 

necessity of exogenous stimulation for the development of IgG NAAbs.  
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IVIG is used regularly as a therapeutic blood product for the treatment of 

immunodeficiencies as well as autoimmune diseases (26, 37, 194). 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 

antibodies as a natural, passive component of the combinatorial therapeutic regimen 

 

of particular importance in the treatment of patients with autoimmune diseases. It has 

been shown that IVIG can expand an existing population of Tregs which provides critical 

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. (28-36). 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 I molecules, RGD 

adhesion motifs, CCR5, CD40 and Fas (69, 195-202). 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 (198, 203, 204). 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, transmission across breast milk and 

transport across the human epithelial cells, setting the stage to exploit the anti-CCR5 

required to fight HIV-1 infection. There have also been reports linking the beneficial 

effect of IVIG with the restoration of T regulatory cell population and function, which is
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protection in EAE, an animal model for multiple sclerosis. The addition of IVIG was 

shown to increase the intracellular expression of IL-10, TGF-β and Foxp3, factors that 

play an important role in the suppressive activity associated with Tregs (31, 32). 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. 

st

The most efficient anti-nociceptive agents for clinical treatment of severe pain are opiate 

alkaloids that preferentially interact with the MOR. In addition to the CNS pain 

transmission pathway, MOR are also found on sensory neurons in peripheral organs 

leading to these medications having adverse side effects, such as constipation and 

reduction of respiration (205). They also cause significant suppression of the immune 

system. Opioid ligands specific for the DOR cause less side effects and, thus, it has been 

proposed that drugs based on DOR specific ligands should be more efficacious (206). 

However, it has been difficult to differentiate between the physiological effects of MOR 

vs. DOR-selective ligands, due to the assumption that these receptors are generally 

expressed on the same nerve cells. It has now been conclusively demonstrated that the 

MOR and DOR are expressed on different types of sensory neuron cells (205, 207). The 

MOR are expressed by heat-sensitive unmyelinated receptors in the skin, while the DOR 

are on mechanosensitive myelinated receptors. The incorrect model of the cellular 

distribution of the MOR and DOR was based on results using monoclonal antibodies that 

proved not to be specific for the DOR (205). The sequences of the 1  extracellular loop 

(loop 1) are highly similar between the DOR and the MOR, while the third extracellular 
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loops (loop 3) sequences are highly divergent. The extracellular loops, particularly the 

first and third, play critical roles for ligand binding specificity and potency (166-168, 

206, 208, 209). Using the linear peptides used to affinity purify the anti-DOR Abs, it is 

possible to generate mAbs specific for either loop 1 or loop 3 regions of the human DOR. 

These antibodies provide analytical reagents crucial for specifically imaging and 

differentiating the cellular and tissue distribution of DOR proteins, as well as be 

invaluable tools for investigating the specific roles of the extracellular loops of these 

opioid receptors in ligand binding and in the initiation of individual cellular signaling 

pathways. Results generated using these reagents are expected to provide novel insights 

for the development of improved analgesic drugs with limited side effects. 

In summary, my data supports the presence of a dynamic, bi-directional communication 

network between the neuroendocrine and immune systems.  
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CHAPTER 10 

CONCLUSIONS 

 

In my first project I show that OR3, an anti-TCR IgM monoclonal NAAb is specific to a 

n recognition site as shown 

with the transgenic mouse model DO11.10. Significantly, OR3 also reduces Vβ8 T cell 

responses to SEB, a bacterial SAg. Again, I propose that OR3 inhibits via steric 

hindrance, not allowing the SAg to crosslink MHC and TCR. These experiments 

conclusively demonstrate the specificity of OR3 to its target T cells, and show that OR3 

has strong immunomodulatory properties. One of the future directions of this research 

will be to use this mNAAb in an autoimmune mouse model such as RA where it can be 

tested to see whether the suppression of a subset of T cells involved in the 

immunopathology of the disease can alleviate symptoms.  

The goal of my dissertation is to characterize natural autoantibodies in humans, with an 

emphasis on demonstrating their immunomodulatory properties. I examined NAAbs to 

two functionally distinct receptor molecules, the TCR and DOR, with respect to their 

binding characteristics, activating/blocking properties and functional consequences of 

this binding. 

subset of T cells expressing Vβ8.1 TCR. The interaction of this TCR with OR3, results in 

inhibition of T cell response via blocking of the TCR antige
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My second project was the purification of natural IgG antibodies against the human DOR 

extracellular loops 1 and 3. These antibodies are specific to hDOR and on binding 

activate a signaling pathway. I show the pr dies in healthy 

individuals as well as in sera of patients with SLE and HIV. Most interestingly, the anti-

 most interesting aspect of this study is the consequences of anti-DOR 

antibody-receptor conformations and activation of distinct cellular pathways. This 

possibility is indicated by the different modulation patterns of chemokine receptor 

expression induced by the Abs compared to traditional small ligands. The antibodies may 

also modulate the response to analgesic drugs via blocking their interaction with the 

receptor, or behave as allosteric agents or induce desensitization of the receptor. That 

being said, the antibodies themselves may function as analgesic molecules which would 

have large implication in the field of pharmacology.  

c potential. I have also shown 

esence of these antibo

DOR autoantibodies possess immunomodulatory functions as seen by the modulation of 

chemokine receptor expression on the surface of immune cells. 

These results pave the way to generate mAbs against the DOR extracellular loops 1 and 

3, which will be useful in specific imaging and tissue distribution of the DOR and MOR 

proteins. The

NAAb binding to human DORs. The antibodies are much larger molecules than the 

traditional small opioid ligands, and this difference in size in itself might lead to different 

My work also shows that the repertoire of human B cell autoantibodies can be 

successfully harnessed to produce mAAbs with therapeuti
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in my research the feasibility of using peptides as selecting agents for the generation of 

mAbs that have defined specificity to target proteins and display function. 
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APPENDIX A: ANIMAL SUBJECTS APPROVAL 

 



  123

APPENDIX B: HUMAN SUBJECTS APPROVAL  
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