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Abstract

The current status of therapeutic vaccines for autoimmune diseases is reviewed with rheumatoid 

arthritis as the focus. Therapeutic vaccines for autoimmune diseases must regulate or subdue 

responses to common self-antigens. Ideally, such a vaccine would initiate an antigen-specific 

modulation of the T-cell immune response that drives the inflammatory disease. Appropriate 

animal models and types of T helper cells and signature cytokine responses that drive autoimmune 

disease are also discussed. Interpretation of these animal models must be done cautiously because 

the means of initiation, autoantigens, and even the signature cytokine and T helper cell (Th1 or 
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Th17) responses that are involved in the disease may differ significantly from those in humans. 

We describe ligand epitope antigen presentation system vaccine modulation of T-cell autoimmune 

responses as a strategy for the design of therapeutic vaccines for rheumatoid arthritis, which may 

also be effective in other autoimmune conditions.
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Chronic autoimmune diseases, including rheumatoid arthritis (RA), systemic lupus 

erythematosus, multiple sclerosis (MS), Type I diabetes and psoriasis, among others, affect 

large numbers of individuals, account for major expenses for therapy and hospitalizations, 

for lost time from work, and significantly compromise the quality of life. Currently, there is 

no cure for these diseases and only treatments are available. To date, treatments for 

autoimmune diseases have been directed at alleviating the symptoms (e.g., NSAIDs), or 

non-specific elimination of activated immune cells (by corticosteroids), or the inflammatory 

immune response driving the disease (disease-modifying anti-rheumatic drugs [DMARDs], 

including biologics). Biologics target the cytokines or cell surface receptors that are 

responsible for maintaining the autoimmune and inflammatory disease processes. Although 

somewhat more selective, this is also an ablative therapy that leaves the patient deficient in 

certain types of immune protection. These therapies are very expensive and must be 

administered by specialists on a regular schedule. Furthermore, the ineffectiveness of current 

treatments for 30–50% of RA patients [1–5] demonstrates the need for new approaches to 

therapy.

An alternate approach to therapy, which we discuss in this review, is to actively modulate 

the ongoing aberrant immune response with a vaccine, so that the immune response no 

longer promotes disease. The Institutes of Medicine published a major report on ‘vaccines 

for the 21st century’ [6] in which they identified, based on economic and health care 

analysis, the three most frequent autoimmune diseases (RA, MS and systemic lupus 

erythematosus) to be targeted for vaccine development. However, even after 15 years, there 

are no vaccines to prevent or provide therapy for autoimmune conditions in the marketplace 

or even late stage clinical studies. It is, therefore, time to take a careful reexamination of the 

disease process and how a vaccine could work to treat an autoimmune disease, using RA as 

the example.

This review will provide an overview of the immune responses that mediate autoimmune 

diseases, different types of treatments and the vaccine approaches that can modulate T-cell 

function to provide beneficial effects in autoimmune diseases such as RA.

Autoimmune diseases

Nature of autoimmune responses

Chronic autoimmune diseases result from tissue damaging inflammation that is initiated and 

reinforced by improperly regulated immune responses to self-antigens (Figure 1). Responses 
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to antigens, including self-proteins, arise from the genetically random generation of the 

antigen-binding region of T-cell receptors and B-cell receptors, that is, immunoglobulins, 

during the development of T cells and B cells. Normally, the immune system is tolerant of 

self-antigens. The main mechanism of T cell tolerance is negative selection of high-affinity 

self-reactive clones of T cells in the thymus. Treg cells that also develop in the thymus 

maintain tolerance to self-antigens in the periphery. Peripheral T-cell tolerance is also 

maintained by clonal deletion and anergy [7–10] and reviewed in [11]. During B-cell 

development, antibodies that bind self-antigen are altered by receptor editing, where B cells 

undergo a second immunoglobulin gene recombination or, if this is not successful, default to 

clonal deletion in the bone marrow. In the periphery, self-reactive B cells are either anergic 

or the immunoglobulin gene somatically mutates away from self-reactivity [12,13].

Autoimmune diseases are caused due to an aberrant immune response that overrides the 

normal mechanisms of immune tolerance and occur more frequently in those with a genetic 

predisposition as evidenced by correlations with MHC type and other RA susceptibility 

genes. The triggers for initiating the override of tolerance are not fully known, but may 

include chemical modification of proteins (e.g., citrullination, glycosylation or 

carbamylation), exposure of the immune system to microbial antigens that appear similar to 

host proteins (i.e., molecular mimicry) (e.g., M protein of Streptococcus pyogenes and 

rheumatic fever self-antigen), or inducers of cytokine storm that overrides the Treg cell 

control of self-reactive responses, such as virus infection or superantigens. Generally, a 

combination of several of these factors is required for disease development.

Although antibodies may be the earliest indicators of an autoimmune disease, CD4+ T 

helper (Th) cells are ultimately responsible for helping B-cell antibody production and 

maintaining disease chronicity. These Th cells are induced by different triggers and the 

subsequent response largely depends upon the cytokine repertoire that they produce. As 

shown in Figure 1, several T-cell types can be involved, including Th1, Th2 and Th17 [14], 

Treg [15–17], perhaps even follicular T helper cells [18]. Th2 responses mediated by the 

cytokines IL-4, IL-5, IL-10 and IL-13 may promote the initial antibody response. During an 

acute inflammation and in the presence of antigen, dendritic cells (DCs) can direct Th17 

differentiation by the production of TGF-β and IL-6, whereas IL-23 is important in 

maintaining the Th17 phenotype. The Th17 response is characterized by the production of 

IL-17 and TNF-α which activate epithelial/synovial cells and trigger the recruitment of 

neutrophils into an inflammatory site. Neutrophils play a prominent role in RA by releasing 

degradative enzymes (including various matrix metalloproteinases), reactive oxygen species, 

chemokines and cytokines, as demonstrated in animal models [19]. DCs producing IL-12 

promote a Th1 response characterized by the production of IFN-γ, IL-2, TNF-β and TNF-α, 

which activate inflammatory responses in macrophages including production of cytokines 

IL-1, TNF-α and IL-6, as well as reactive oxygen species and matrix-degrading enzymes 

(for more details, see legend to Figure 1). Treg cells produce TGF-β, IL-10 and IL-35 [20], 

which suppress the activation of T cells, macrophages and DCs. Treg cells can be converted 

to Th17 cells in the presence of IL-6 and other cytokines [21].

The chronic maintenance of the autoimmune response requires a self-sustaining cycle of cell 

activation which is fed by the tissue damage caused by inflammation. According to 
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Holmdahl et al., the process of an autoimmune disease can be divided into three stages: 

innate/adaptive/inductive immune stage involving environmental factors, T- and B-cell 

responses and antibody production; the tissue inflammatory stage characterized by acute 

inflammation; and the chronic clinical phase where widespread tissue inflammation with 

destruction and remodeling are dominant. Therapy is normally initiated at the third stage 

[22], but should be initiated earlier as irreversible damage to joints, tissue, neurons, etc. 

often occurs during this chronic clinical phase. Macrophages and DCs phagocytose tissue 

debris and the proteins are processed into peptides that bind to MHC class II molecules. 

Whether a peptide can bind and which peptides can bind are determined by the structure of 

the MHC class II molecules (i.e., genetic predisposition). These antigen presenting cells 

(APCs) then activate CD4+ T cells via engagement of the T-cell receptors and co-

stimulatory molecules. The APCs (particularly macrophages) and T cells produce cytokines 

that can promote activation and recruitment of other cells to the site of inflammation and 

induce tissue damage. The repertoire of cytokines produced by these cells determines the 

nature of the subsequent response. The activation signals override regulatory cytokines 

(TGF-β, IL-35 and IL-10) and antagonists, for example, IL-1 receptor antagonist produced 

by Treg cells and other cells. Ultimately, the tissue damage contributes to the cycle of 

activation resulting in further tissue destruction and chronic disease.

The cells and cytokines that are involved in the RA disease process and that offer potential 

targets and markers of disease and therapy are reviewed by Burmester et al. [23]. The 

importance of CD4+CD25+Foxp3+ Treg cells is demonstrated in experimental animals by 

the development of autoimmunity in the absence of Treg cells, which can be reversed by 

adoptive transfer of such cells [24]. Antigen-specific Treg cells elicit cytokines (IL-10 and 

TGF-β) that suppress the activation of lymphocytes and inflammatory cells [15,23]. The 

mechanisms by which Treg cells are impaired or deficient and how to correct the regulatory 

defect should be considered in design of therapeutic vaccines for RA [25].

Antigens & epitopes

The specificity of the autoimmune response largely determines which tissues and organs 

will be attacked and, hence, the type of resulting disease. For example, in RA, the affected 

tissue and the resultant disease involve articular cartilage, synovium and bone in the joints. 

As for RA, more than one self-antigen may be responsible for triggering and/or maintaining 

the autoimmunity, and self-antigens may differ in different individuals. Depending upon the 

antigen and how the autoimmune response was initiated, the type of inflammatory response 

may also be different. Furthermore, chronic autoimmunity involves continuous acquisition 

of new self-recognition targets, a process referred to as epitope spreading [26,27].

Arthritogenic epitopes including neoepitopes created by post-translational 
modification—For autoimmune diseases, the disease-related antigen may consist of quite 

large, polymeric, often insoluble proteins or complexes, or chemically or enzymatically 

modified proteins. Single epitopes for T cells may be as small as eight amino acids, based on 

their ability to bind to both MHC and the T-cell receptors [28]. Some proteins can also be 

chemically or enzymatically modified in situ, a process called post-translational 

modification (PTM) [29], including citrullination (conversion of an arginine to a citrulline 
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residue in the protein), carbamylation of lysine residues to form homocitrulline (both of 

which may elicit anti-citrulline protein antibodies (ACPA) in RA patients and 

galactosylation of serine and threonine residues [30,31]. PTM of arginine is the result of the 

catalytic activity of endogenous enzymes called peptidylarginine deiminases [32,33] of 

which there are several isoforms and certain peptidylarginine deiminase isoforms are 

associated with RA. PTM of lysine is due to the activity of myeloperoxidase found in 

neutrophils [34]. Peptidylarginine deiminase, myeloperoxidase and other enzymes mediating 

PTM are involved in neoepitope formation and subsequent epitope spreading in RA [35–39].

The self-proteins implicated in RA include type II collagen, the proteoglycans (PG) 

aggrecan, vimentin, fibrinogen and filaggrin, which are abundant in the joints, as well as 

joint-unrelated proteins such as self-IgG (a target of rheumatoid factor [RF]). Likewise, 

while the prime proteins for other autoimmune conditions may be specific to the target 

organ, other molecules (e.g., DNA) can trigger autoreactive responses.

Arthritogenic immunodominant epitopes have been identified within collagen type II [40,41] 

and PG [42,43], especially the first globular (G1) domain of PG [38,44,45]. They have been 

defined as arthritogenic epitopes in animal models of RA and in the human disease, as 

evidenced by the specific cellular and humoral responses elicited by them [22,46,47].

Animal models of autoimmune diseases

Although it is possible to analyze the maintenance phase of an autoimmune disease in 

humans who already have the disease, it is usually not possible to ascertain the patient’s past 

history and determine the origin and causes of the disease as is possible in animals. Animal 

models allow establishment of a disease which generates a similar phenotype (e.g., 

symptoms, histopathology, serology, etc.) as the human disease. The mechanism of 

initiation, antigen, time course and the nature of the CD4+ T-cell response driving the 

autoimmune inflammation can be determined in animal models. Even so, the model may not 

fully represent what occurs in humans. Besides RA, animal models exist for other 

autoimmune diseases (not discussed in this review).

Animal models of arthritis—There are several excellent recent reviews on animal 

models for arthritis [10,19,23,48,49]. Inflammatory/autoimmune arthritis can be induced in 

defined strains of inbred mice which are genetically homogenous with very well-defined and 

controlled means of disease induction. It is also possible to dissect the nature of the 

autoimmune response using purpose bred mice with defined genetic deficiencies, or those 

that overexpress cytokines or cytokine receptors, or express the relevant human protein(s), 

to study their role in the disease process. The so-called humanized mouse can express 

human cell surface molecules including MHC antigens and toll-like receptors (TLR). 

Animal models allow evaluation of treatments with a variety of therapeutic agents before 

introduction of these agents in human clinical trials. Ultimately, however, a rodent (mouse 

or rat) is not a human and the inbred nature of research animals can be a disadvantage 

because it makes it difficult to translate findings to the genetically much more heterogeneous 

human population. Also, many models only possess some of the traits of human disease, are 

often manipulated for accelerated disease progression and are examined for only the early or 
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initial disease process phases as opposed to what normally happens in humans, and may 

therefore not be as reflective of the human condition as desired.

For each of the autoimmune models of arthritis, it is important to keep in mind how the 

model is initiated (antigen, adjuvants, how many applications, route of administration), the 

time course of disease progression, effector phase symptomatology, key markers of the 

disease process and the nature of the dominant immune response. RF and ACPA [50] are the 

key elements present in human RA, but are detectable only in a few of the models. Table 1 

presents some of the key features for induction of arthritis in the different mouse models, 

including antigens, adjuvants, methods of immunization, time course of the disease, 

cytokines that exacerbate or ameliorate arthritis, as well as other key factors and features of 

each model.

Arthritis models induced in rodents are usually defined by the inducing agent(s), and 

include: type II collagen-induced arthritis (CIA), PG-induced arthritis (PGIA), pristine-

induced arthritis, adjuvant arthritis and anti-collagen antibody–induced arthritis [47,51]. 

There are a number of other arthritis models (e.g., antigen-induced arthritis or spontaneous 

arthritis models in genetically manipulated animals such as K/BxN, SKG or TNF-α 

transgenic mice), which develop some form of joint inflammation, but the discussion of 

these models is beyond the scope of this review.

CIA is induced most often with bovine type II collagen in young male DBA/1 mice [52] 

which are MHC class II Aq-expressing mice. CIA can be induced in C57BL/6 mice [53], 

which express the b haplotype of MHC class II using chick type II collagen and a different 

immunization protocol [54], but the T-cell response in these models may not be initiated 

against collagen. For the CIA model, some disease markers, such as ACPA, are detected at 

low levels, but ACPA levels may increase with more aggressive immunization resulting in 

more severe disease [32,33,55]. Arthritis induced with cartilage PG [56,57] or with the 

recombinant N-terminal G1 domain of PG (GIA) [58] in aging BALB/c females more 

closely resembles human RA than the arthritis induced in other animal models. Similarities 

with RA include high susceptibility of older female mice to PGIA or GIA, the recessive 

mode of disease inheritance and the presence of genetic susceptibility loci that are also 

found in RA patients [58,59]. As in humans, mice with PGIA or GIA also produce both RF 

and ACPA, and exhibit spondylitis not usually seen in most other rodent models (Table 1) 

[58].

In each of these animal models, one of the most important questions to be answered is which 

Th cytokine repertoire drives the disease, Th1 or Th17. The cytokine signature is a key 

determining factor for developing immunomodulatory therapies for RA or other 

autoimmune diseases, as discussed in [60]. Determination of the Th cytokine repertoire may 

be complicated because different inducers and mechanisms of induction elicit different 

responses, and different strains of mice and even mice of the same strain from different 

vendors may exhibit different responses [61]. In addition, more recent literature suggests 

that the Th phenotype is plastic and Treg cells can convert to Th17 cells [21] and in man, 

Th17 cells can convert to Th1 cells, as seen at inflammatory sites such as in the synovial 

fluid of patients with juvenile idiopathic arthritis [62].
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The importance of the route of immunization used for disease induction is clearly illustrated 

in the PGIA model. Although disease severity (arthritic index and histopathology), the 

presence of spondylitis, and even serum factors such as RF and anti-PG antibodies are 

similar, the dominant cytokines indicative of a Th1 or Th17 response differ depending on 

the route of immunization (intraperitoneal vs intradermal) used for arthritis induction [63]. 

The potential for Th1 or Th17 signature phenotypes in the same animal model has also been 

noted for animal models of MS [64] and uveitis [65]. It is also likely for humans that the 

anatomical location and type of insult (mechanical injury, viral infection or environmental 

factors such as smoke or exposure to chemicals) may influence the dominant or signature 

disease-driving cytokine profile.

Current therapies for RA

DMARDs are divided into the categories of small synthetic molecules (drugs) and biologics 

(also referred to as disease-modifying immunotherapies) [66,67]. The synthetic drugs 

include immunosuppressants such as methotrexate, leflunomide, tofacitinib and 

glucocorticoids such as prednisone. Although these function by inhibiting a diverse array of 

biological pathways, their main effect is on lymphocytes and cytokines. The biologics 

include cytokine inhibitors and receptor antagonists such as infliximab, etanercept, anakinra, 

abatacept, tocilizumab and rituximab. The biologics can be monoclonal antibodies against a 

cytokine, against a cytokine receptor or can be a recombinant soluble cytokine receptor that 

competes with the cell surface receptor. Biologics neutralize the effects of pro-inflammatory 

cytokines, such as TNF-α (infliximab, etanercept, adalimumab, golimumab, certolizumab 

pegol), IL-1β (anakinra), or IL-6 (tocilizumab), and some of them, such as abatacept and 

rituximab, target cell surface molecules on T and B cells, respectively. It should be noted 

that a significant proportion of RA patients do not respond to these treatments [1–5].

Although NSAIDs and corticosteroids are still used for treating the symptoms of RA [68], 

current recommendations for intervention involve early and aggressive treatment in order to 

suppress disease for as long as possible [69,70]. In addition, corticosteroids and NSAIDs 

cannot delay clinical disease progression and there are complications associated with long-

term use or high dosages.

Some of the negative aspects of DMARDs/biologics and pathway inhibitors (e.g., kinase 

inhibitors such as tofacitinib) are that they are expensive, difficult to administer, ablate 

protective immune responses and have significant contraindications. These treatments 

incapacitate critical immune functions (e.g., TNF-α responses) that are important for 

controlling infection or cancer [71].

In contrast to DMARDs, immunomodulatory vaccine treatments would be preferable since 

they should be less expensive per dose, more stable, have less rigid storage requirements 

(regarding temperature, sensitivity to light, relative humidity and storage time) and may be 

easier to administer. Vaccines can also be much more disease specific since they can be 

designed to target the antigen involved in the induction process as well as those that 

maintain the disease. In order to be therapeutic, the vaccine must be able to activate the 

appropriate T cells to modulate the production of cytokines responsible for maintaining the 
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autoimmune disease [60]. By altering the ongoing autoimmune response, the vaccine should 

be able to break the cycle of immune activation.

Types of vaccines

Immunization may be passive, if a preformed antibody is administered, or active if an 

antigen is administered to elicit an immune response by the individual. Most vaccines have 

been developed to prevent microbial disease as a prophylactic treatment and often act via 

induction of antibodies. These vaccines contain non-self (foreign) antigens. Vaccines for 

autoimmune diseases, like anti-tumor vaccines, would target the immune cells involved in 

processing or recognizing self-antigens, but would need to reinforce tolerance or modulate 

the autoimmune responses to self-antigens or modified self-antigens rather than promote 

attack responses.

Classical antibody eliciting vaccines

Most anti-viral and anti-bacterial vaccines other than those containing live agents (including 

attenuated agents) consist of inactivated microbes or a bolus of purified native or 

recombinant proteins derived from the microbes. These vaccines initiate a Th2 helper T-cell 

response which is dominated by IL-4, IL-5, IL-10 and IL-13 cytokines. Most of these 

vaccines are formulated with alum as adjuvant.

Although antibody neutralization of small molecule mediators, such as angiotensin or 

nicotine, to treat hypertension or to prevent smoking, may be effective as therapeutic 

vaccines, vaccines eliciting antibodies to autoantigens involved in autoimmune disease are 

likely to exacerbate the condition rather than be helpful. Antibodies against self-antigens can 

initiate complement activation and hypersensitivity reactions which cause inflammation and 

tissue damage, potentially leading to chronic autoimmune responses.

In order to counteract an autoimmune response, it is more likely that a therapeutic vaccine 

will need to activate only T-cell–mediated immunity and direct that response to suppress the 

ongoing inflammation. There are relatively few vaccine approaches that activate only T-cell 

responses.

Vaccines that induce T-cell–mediated immunity

Classically, vaccines consisting of attenuated viruses or bacteria elicit T-cell–mediated 

immune responses in addition to antibody. These vaccines initiate an innate response which 

transitions into the antigen-specific immune response. Similar responses are achieved to 

hybrid virus or bacteria vaccines which incorporate a gene for the desired antigen. Th1 and 

Th17 cell-mediated responses to protein vaccines can be obtained in addition to antibody by 

using adjuvants that mimic the innate response, such as TLR agonists. DNA and RNA 

vaccines generally stimulate cell-mediated responses without detectable antibody 

production. After priming with the genomic vaccine, antibody production can be promoted 

by boosting with the protein antigen [72,73]. Cell-mediated immune responses can also be 

obtained with peptide vaccines, as discussed subsequently.
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Unlike infection-preventing or anti-tumor vaccines which have goals of eliminating a target 

infectious agent or tumor cell, a therapeutic vaccine for an autoimmune disease should elicit 

T-cell–mediated immunity that counteracts the inflammatory events associated with the 

autoimmune response. Like anti-tumor vaccines [74,75], therapeutic vaccines for 

autoimmune diseases would also augment responses to a self-antigen; but unlike anti-tumor 

vaccines, the therapeutic vaccine for an auto-immune response should activate or enhance 

immunomodulatory T cells (e.g., Treg) or generate antagonistic cytokines to block the 

inflammatory Th1 or Th17 responses involved in the disease [25,76,77]. This can be 

achieved by a direct effect on APCs or T cells, but may also occur by a bystander 

mechanism [78–80].

Composition of vaccines

A therapeutic vaccine will consist of the antigenic epitope, protein or its gene that initiates 

or drives the autoimmune response. The epitope or protein will usually be mixed with an 

adjuvant that activates APCs (especially DCs) or can induce Treg cells or will interact 

directly with the patient’s autoreactive T cells. Classical adjuvants include alum, 

monophosphoryl lipid A (MPL) QS21, incomplete Freund’s adjuvant, MF59 and ISA51, 

which enhance antigen uptake and the activation of APCs. Indeed, even cytokines are being 

used as adjuvants. As for anti-tumor vaccines, vaccines for autoimmune diseases may 

require the use of special adjuvants that direct the response of CD4+ Th cells and their 

cytokine repertoires to elicit modulatory or suppressive rather than inflammatory responses 

[81,82]. As with any drug, the more complex the formulation or means of delivery, the more 

difficult will be the approval and implementation of the therapeutic vaccine.

Vaccine immunogens

The immunogens for therapeutic vaccines consist of peptides, glycoproteins or lipoproteins. 

In order to elicit a specific response, a peptide representing an epitope of a disease-related 

autoantigen can be used and conjugated to an ‘immune activator’ compound or incorporated 

into a larger structure, such as a nanoparticle. Various peptide formats and adjuvant 

formulations have been developed to enhance immunogenicity, but relatively few promote a 

tolerizing or suppressive effect. In some cases, immunization with a vaccine containing one 

antigenic epitope will result in immune responses to related epitopes in the process of 

epitope spreading [26,27] leading to the desired response to an unknown autoimmune 

disease-driving epitope [26,27]. Alternatively, the vaccine may consist of DNA or RNA 

sequences encoding the immunogenic protein [72,73]. The DNA or RNA construct can also 

incorporate genes for cytokines to modulate the subsequent inflammatory response. 

Although genomic vaccines elicit primarily T-cell responses, DNA and RNA can also elicit 

responses such as IFN-α and anti-nucleic acid antibodies, which could potentially worsen 

the autoimmune condition. Most nucleic acid vaccine development is directed at infectious 

diseases or tumors in which cytotoxic reactions are the desired response rather than 

immunomodulation.
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Conjugate vaccines

Peptide conjugate vaccines allow immunization with peptide epitopes of defined antigens. 

The antigenic peptides are generally attached to a carrier molecule, a large protein or a 

special peptide that can enhance its uptake by APCs, promote the activation of APCs and 

affect the nature of the subsequent immune response.

Large conjugates—Large conjugates are formed by attachment of the antigenic peptide 

or protein to a carrier protein, such as keyhole limpet hemocyanin (KLH). These conjugates 

generally elicit antibody responses. TNF-α–KLH conjugates have been proposed for 

treatment of RA [83] to elicit production of antibodies against TNF-α. The problem with 

KLH conjugates is that KLH itself is very immunogenic and can cause severe 

hypersensitivity reactions. Somewhat smaller conjugates are made using cholera toxin or 

diphtheria toxin [84] to generate antibody responses. MHC molecules have also been used 

as carriers for peptide epitopes [85].

Small-sized conjugates—Small-sized peptide conjugates include single-chain synthetic 

long peptides (SLPs), pan DR epitope (PADRE), invariant chain peptide (Ii-Key), TLR and 

the ligand epitope antigen presentation system (L.E.A.P.S.) platforms. These conjugates can 

consist of a small disease-associated antigenic peptide (as small as 8–9 amino acids, 

representing a single T-cell epitope) or multiple or even overlapping epitopes (SLP) attached 

to a peptide that promotes immunogenicity and perhaps cell binding. Peptides can be readily 

synthesized under Good Manufacturing Practices conditions and mixtures of peptide 

conjugates can be administered [86] to ensure that the appropriate response is elicited in 

individuals with different MHC backgrounds and different compositions of the self-epitope 

repertoire.

Synthetic long peptide: SLPs contain 20–50 amino acid residues consisting of overlapping, 

nested or adjacent epitopes derived from the native protein. SLPs have been developed for 

influenza [87] and for therapeutic treatment of HPV-containing cervical carcinomas. The 

longer peptides (23–45) of SLPs elicited much more potent T-cell responses in preclinical 

immunology and tumor therapy experiments than that elicited by short major MHC class I-

binding peptides (as paraphrased from [88]). Other SLPs incorporating TLR ligands with the 

antigenic peptide are reviewed in [89,90].

pan DR epitope: PADRE was developed and studied mainly by Epimmune Corp. The 

PADRE is derived from a peptide from tetanus toxoid that binds to several of the most 

common types of human MHC class II molecules (HLA-DR). Conjugation of this PADRE 

peptide to the antigenic peptide promotes association with the HLA-DR molecule on APCs 

and activation of CD4+ T cells, and was studied in a rat adjuvant arthritis model using the 

cytokine B-cell activating factor as antigen [91]. Baleeiro et al. developed a PADRE-based 

vaccine that is particle bound and interacts with and activates DCs, whereas the soluble form 

does not activate DCs [92].

Ii-Key: Ii-Key utilizes a peptide from the invariant chain of the human MHC class II 

protein. The invariant chain binds tightly to the antigen-binding cleft of MHC class II in 
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APCs. Conjugation of the Ii-Key peptide to an antigenic epitope facilitates the binding of the 

antigen to the MHC class II molecule and presentation to CD4+ T cells [93].

Toll-like receptor: TLR agonists made from flagellin [94] or other molecules (lipid A, β-

defensins or chemokines) can be added to antigens to facilitate binding to DCs and other 

APCs, and at the same time, activate the APCs through the TLR. These TLR agonists can be 

either large or small, and may contain either complete or only part of the agonist [95]. 

Although flagellin has been used for influenza vaccines, it is unlikely to be used in RA 

vaccines as it can exacerbate disease in mice with CIA [96]. Likewise, other TLR agonists 

such as lipid A may also induce TNF-α and/or IL-17 production [Evans J, Pers. Comm.].

The L.E.A.P.S: The L.E.A.P.S.™ (henceforth referred to as LEAPS) technology creates a 

heteroconjugate in which an immune cell binding ligand (ICBL) is attached to the antigenic 

peptide. The two most common ICBLs are the J peptide, a sequence from β-2-microglobulin 

and derG (or G), a sequence from the β chain of MHC class II. The ICBLs convert small 

peptides into immunogens, and the J-ICBL directs the immune response toward a Th1 

response while the derG ICBL directs the immune response to a Th2 response [97,98]. The 

immunogenic peptides can be larger than the minimal MHC epitopes and even reach the size 

of an SLP (15–35, usually 20–30, residues) (as discussed earlier in the section ‘Synthetic 

long peptide’).

Altered peptide ligand: Altered peptide ligand vaccines utilize peptides in which one or 

more of the amino acid residues of an antigen are substituted with another amino acid 

residue to alter the immunogenicity, modify the isoelectric charge, stabilize the peptide or 

otherwise reduce the possibility of an adverse reaction to the peptide. Ultimately, the altered 

peptide must serve the original purpose of evoking the desired immunomodulatory response 

[99,100].

Examples of vaccines proposed for the treatment of RA

Therapeutic vaccines have been developed for RA and tested in various animal models or in 

clinical trials (Table 2). A vaccine that can control the self-directed T cells which are 

promoting the autoimmune response would get to the root of the problem. This vaccine 

would elicit an antigen-specific modulating response. While several technologies, as 

discussed in the section ‘Composition of vaccines’, have the potential to modulate T-cell 

activity, other than the LEAPS technology, they do not define the direction of the 

subsequent antigen-specific response toward Th1, Th2, Th17 or Treg cells. The LEAPS 

technology can direct the nature of the subsequent antigen-specific T-cell response toward 

Th1, Th2 or perhaps Treg cells, depending upon whether the J or derG ICBL is attached to 

the antigenic peptide.

The subsequent discussion of different vaccine approaches will describe their testing in 

animal models. As indicated above, it is difficult to compare the results between different 

studies and different labs because of the many variables that can affect the nature of the 

immune response driving the autoimmune disease in animal (mouse) models. These 

variables include the mouse strain (even the source of the mouse), the antigen used to induce 
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the disease and the route/method of delivery of the antigen. Earlier studies did not correctly 

distinguish the Th1 and Th17 responses or the IL-12 and IL-23 cytokines that induce these 

responses. In addition, the Th17 response may only be a bystander to the Th1-associated 

cytokines driving the disease, as in the PGIA model [101], or may be the driving force 

behind the disease, as described in the CIA model in both DBA/1 and C57BL/6 mice [102].

Many of the vaccines developed for RA focus on blocking TNF-α action. Chackerian et al. 

[103] developed a virus-like particle (on an HPV backbone) of TNF-α conjugates, and 

others attached TNF-α to KLH and tested the immunogenicity of these vaccines in normal 

mice [83].

Kochetkova et al. [104] used a vaccine composed of a Salmonella vector expressing 

colonization factor antigen delivered orally 7 days before disease induction, which protected 

DBA/1 mice from CIA. Likewise, Luross et al. [105] reported that a heat-labile enterotoxin 

B–containing vaccine prevented arthritis in the DBA/1 CIA model.

Antigen-specific T-cell modulating vaccines have been developed using the LEAPS 

technology. A LEAPS vaccine [106] was shown to prevent and treat autoimmune disease in 

the CIA model and induce a reduction in the Th17 response that drives inflammation in 

CIA. Other antigen-specific arthritis vaccines include the CTA1R7K-COL-DD fusion 

protein vaccine composed of cholera toxin, the type II collagen peptide CII259-274 and 

Staphylococcus protein A [84], or a gal-CII259-273 peptide complexed with MHC class II 

[85], all of which were tested in the DBA/1 CIA model and showed initial indications of 

therapeutic efficacy. Adoptive transfer of DCs incubated (pulsed) with collagen peptides 

[107] caused a delay in the onset of arthritis and reduced disease severity in the CIA model. 

Preliminary studies have been conducted and a preliminary report presented [108] for the 

efficacy of a LEAPS vaccine in the PGIA model [Zimmerman DH, Kurko J, Mikecz K, 

Glant TT, Unpublished data].

The most advanced peptide (with regard to clinical progression) which has been tested in 

human Phase I and II studies is the dnaJP1 peptide. Daily oral administration of the dnaJP1 

peptide was safe and well tolerated and in the Phase II report on 160 patients, there was a 

significant reduction in T cells producing TNF-α and an increase in T cells producing IL-10 

[109,110].

Factors to be considered for arthritis vaccines using LEAPS as an example

As previously mentioned, the LEAPS technology has been used to develop prophylactic and 

therapeutic vaccines which were tested in mouse models. LEAPS vaccines appear to interact 

with and activate DCs or T cells depending upon the ICBL that is attached to the antigen. 

The J-ICBL interacts with human monocytes and mouse bone marrow DC precursors to 

promote their maturation into DCs that promote T-cell responses with the Th1 phenotype. 

The G (and a more stable version of G called derG) ICBLs interact with CD4 molecules on 

T cells and promote Th2 responses [97,98,111,112].

J–LEAPS conjugates have previously been determined to enhance or focus on Th1 

responses, enhance or stimulate IL-12p70 production [86,113,114], target CD8+ T cells [86], 
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and result in an increased IFN-γ response in mice with reduced production of TNF-α 

[86,106,113,114], IL-1, IL-4 and IL-6 [86].

The antigen-specific nature of LEAPS conjugates has been demonstrated by reduced 

morbidity and mortality as well as by induction of favorable immune responses to disease-

related peptides (but not to unrelated peptides) upon challenge of LEAPS conjugate-treated 

mice with HSV [113] or influenza A [85] and in the CIA model [105]. Antigen specificity 

was also demonstrated in immunogenicity studies for LEAPS conjugates containing HIV or 

tuberculosis epitopes [97,98,115].

Initiation of the immune responses appears to require CD8+ T cells, but both CD4+ and 

CD8+ cells are required for the effector phase as shown by ablation studies in the HSV1 

challenge and other immunogenicity studies. After immunization with J–LEAPS™ vaccines, 

no antibody is detectable but an antigen boost elicits Th1-associated antibody responses 

which favor production of IgG2a isotype antibodies [86,97,98]. Response in several MHC 

backgrounds was observed for the J–gD LEAPS conjugate, which had a peptide larger than 

a minimal epitope, as indicated by protection against HSV1 challenge in six inbred and three 

outbred strains of mice [116].

Treatment of human monocytes or mouse bone marrow DC precursors with J–LEAPS 

vaccines promotes their development into DCs, as indicated by increased surface expression 

of CD80, CD86, CD11c and MHC class II molecules [86,113]. These cells are activated, 

release IL-12 and promote the development of Th1 immune responses ex vivo. As for the 

peptide vaccines, the adoptive transfer of DCs activated by J–LEAPS vaccines for HSV or 

influenza enhanced or stimulated the production of IL-12p70 [86,113,114] and activated 

Th1 responses, but unlike in other approaches using TLR agonists, no TNF-α was generated 

[97,98].

Indication for the immunomodulatory activity of LEAPS vaccines on established immune 

responses was obtained in mice infected with influenza virus which then received DCs 

treated with a J–NP (influenza nucleoprotein) peptide conjugate. These DCs homed to the 

lungs and counteracted the inflammatory cytokine responses while eliciting a functional 

antiviral response that reduced morbidity and mortality [86]. A combination of two J–

LEAPS conjugates against two different epitopes could be used together and were found to 

be protective. These treatments initiated protective Th1 responses, as indicated by the 

cytokine repertoire and the production of IgG2a isotype antibodies, and appeared to reduce 

inflammation.

The derG–LEAPS conjugates enhance Th2 responses. The derG or G peptide binds to the 

CD4 molecule [111,117] and modulates its function. As with the J-ICBL, no antibody is 

generated by LEAPS vaccines unless a protein booster is administered after which IgG1 

antibody production occurs indicative of a Th2 response. G or derG conjugate vaccines do 

not protect against and possibly exacerbate HSV infection due to promotion of Th2 

responses [97,98].

LEAPS has an advantage over other peptide epitope-based technologies because LEAPS 

vaccines can be designed to produce an antigen-specific Th1 or Th2/Treg response 
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depending upon the ICBL incorporated with the antigenic epitope. Protection or modulation 

of an ongoing immune response occurs by the activated DCs and/or T cells and the 

cytokines that they produce. In addition, without an additional boost with antigen, LEAPS 

vaccines elicit only a T-cell response [97,98,115,118–120].

LEAPS vaccines as immunomodulators for arthritis

Vaccines that can be directed to activate or modulate a response to a specific antigen would 

provide focused therapy for autoimmune diseases with a minimum of immunosuppression. 

There are relatively few vaccine approaches that can direct the nature of the antigen-specific 

T-cell response and can provide an antigen-specific inhibition of the autoimmune and 

inflammatory responses without generating autoantibodies that induce or perpetuate 

inflammation.

J–LEAPS conjugates proved efficient for the Th17-driven inflammatory conditions in the 

experimental autoimmune myocarditis and CIA mouse models by generating Th1 cytokines 

to modulate the ongoing inflammatory Th17 response. In the CIA mouse model, 

immunization with CEL-2000 (J–collagen peptide conjugate) converted the disease-

generating Th17 response, characterized by high blood levels of IL-17, IL-12p40 

(presumably associated with IL-23) and TNF-α, to a regulated Th1-like response, 

characterized by decreases in IL-17 and IL-12p40, with increases in IL-12p70 and IFN-γ 

[106,121]. IFN-γ is known to regulate IL-17expression [100]. With biweekly 

immunizations, the CEL-2000 vaccine stopped the progression of disease as efficiently as 

the TNF-α antagonist, etanercept [106].

No antigen-specific vaccines have been reported for PG, the other common arthritis-

associated antigen used to induce PGIA in mice. In many studies, PG elicits a disease-

promoting Th1 phenotype [122] in contrast to the Th17 phenotype of CIA in the DBA/1 

mouse model. Pilot studies compared the effects of J–PG70 and derG–PG70 LEAPS 

conjugates on both antigen-specific proliferation and the ratio of Th1:Th2 cytokine 

responses of spleen cells from BALB/c mice immunized with PG and exhibiting early PGIA 

with low arthritis scores. As shown in Figure 2, the J–PG70 conjugate enhances a 

proliferative response and a higher Th1: Th2 (IFN-γ/IL-4) ratio when evaluated in in vitro 

stimulation assays. In contrast, the derG–PG70 conjugate promotes Th2 responses and 

lowers the Th1: Th2 (IFN-γ:IL-4) ratios, which is a more favorable outcome for treatment of 

auto-immunity in this model.

Since the J– and the derG–PG70 conjugates demonstrated different effects on spleen cells 

from PG-immunized arthritic mice, we next conducted a pilot study using these conjugates 

in BALB/c mice with PGIA, similar to the therapeutic efficacy study conducted on mice 

with CIA [106]. As shown in Table 3 for the Th1-driven PGIA model, the derG–PG70 

conjugate provided protection from progressive arthritis as evidenced by the modest increase 

in arthritic index scores as compared to the sharp increase in disease severity in mice treated 

with adjuvant only or the J–PG70 conjugate. In this model, promotion of a Th1-like 

cytokine response by the J–PG70 conjugate did not elicit a therapeutic effect, whereas a 

Th2-like response (demonstrated ex vivo) induced by the derG–PG70 conjugate provided a 
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therapeutic effect in vivo. It has been previously demonstrated that IL-4 suppresses the 

disease in the PGIA model [123]. These results suggest that once the nature of the 

inflammatory autoimmune response in a patient with RA has been identified (e.g., by 

analyzing prominent serum cytokine levels), then this patient can be treated with the 

appropriate LEAPS vaccine with either a J-ICBL to counteract a Th17-driven inflammatory 

response or a derG-ICBL to counteract a Th1-dominated inflammatory response. Several 

possible immunogens have been suggested for inclusion into LEAPS vaccines by these early 

studies and such other immunogens or a mixture of LEAPS vaccines may be appropriate for 

treating RA. The broad controlling nature of regulatory T-cell responses through their 

immunosuppressive cytokines may make it less important to immunize against all the 

disease-related epitopes as long as a response to a relevant epitope is initiated.

Expert commentary & five-year view

Looking into the future, immunotherapy for autoimmune diseases should do less harm by 

focusing on the cause rather than the effect of the autoimmune response. Figure 3 depicts the 

progression of RA from the initial arthritis symptoms to the advanced stage of a chronic, 

debilitating disease. The goal for the future is to progress beyond current therapies that 

target the symptoms or the immune components that maintain the cycle of inflammation to 

an immunotherapeutic vaccine that modulates the underlying cause of the disease.

Looking into the future, we also see a clinical need and a way to fulfill that need using 

vaccine technologies that are antigen specific, are able to direct immune responses that 

correct the aberrant immune and cytokine responses, and allow for earlier intervention in 

RA and possibly other autoimmune diseases. Vaccination with peptide conjugates should be 

less expensive and less toxic than many of the current RA medications, should not be 

contraindicated in the presence of cancers or infections and would not require intravenous 

administration in a clinical setting.

The LEAPS vaccines described herein have the potential to act on early events in the 

autoimmune disease as shown for mouse models of RA, to reset the immune response so 

that the antigen-specific autoimmune responses are suppressed. If initiated early enough, this 

intervention can prevent the permanent damage to joints and tissue in the patient suffering 

from RA. For this reason, early treatments have been encouraged for the current therapy of 

RA [70]. It should be further noted that while our focus was on RA in this review, LEAPS 

vaccines could be applied to other autoimmune conditions driven by Th1 or Th17 cytokines. 

Likewise, other vaccine technologies discussed in the section ‘Composition of vaccines’ 

may also show promise as long as they elicit an appropriate immunomodulatory response. 

As we look for vaccine therapies for autoimmune diseases, it is important that the following 

issues be addressed:

• Appropriate and multiple animal models should be used that closely mimic the 

human disease to allow choice of appropriate candidates for human testing as well 

as determination of the parameters that predict success, problems or failure in 

future clinical trials.
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• The immunogen, the adjuvant or other vaccine components should not exacerbate 

the ongoing disease or initiate immune responses (e.g., autoantibodies) that may 

lead to adverse effects (see Box 1).

• The therapy should be shown to be safe for the intended population. The safety 

parameters and benefit to risk ratio for older individuals and those already 

experiencing chronic disease are likely to be different from younger and non-

diseased individuals or patients with early disease.

• Since the effects of vaccines are first analyzed in animals, the appropriate model 

for the patient population may not exist and appropriate dosing may be difficult to 

establish without performing clinical (human) trials [124].

• The mode of action of the treatment should be understood to allow prediction of 

appropriate and inappropriate outcomes.

• The cost to benefit ratio should be better than for current therapies.

Box 1

Cautions regarding severe adverse events following vaccination

SAE include inflammation or anaphylaxis, but are often specific to the animal model and 

often occur in random individuals within a group. Concerns for humans may not be 

relevant. SAE were seen in vaccine trials for Alzheimer’s disease [152] and for multiple 

sclerosis [153] as well as peptide treatments [154,155], and were also observed in 

autoimmune models such as EAE [156], Type I diabetes [157] and perhaps in 

experimental autoimmune myocarditis [121]. For J-LEAPS™ vaccines, spurious cases of 

SAE were observed in very young inbred mice (A/J or DBA/1J) only after two closely 

administered doses, but not in older inbred DBA/1J mice with the same vaccine, or with 

other J-LEAPS vaccines in BALB/c or C57BL/6 or outbred adult mice populations even 

after five immunizations over a 150-day time span [Zimmerman DH, unpublished data]. 

Adverse reactions can be minimized by using modified peptides that neutralize the 

charge or alter solubility, employing bifunctional agents [158–163] or changing the 

dosing schedule. Slow-release adjuvants, such as incomplete Freund’s adjuvant [164], 

may be better at reducing an anaphylactic reaction. The SAE may not resemble classical 

responses such as anaphylaxis, but may be due to high levels of IgG1 or a Type II or III 

hypersensitivity response rather than classical IgE and Type I hypersensitivity. The 

nature of the pro-inflammatory T-cell response may also be difficult to predict and may 

actually be due to a combination of cytokine responses. It is important to remember that 

our understanding of immunology has progressed and older explanations for SAE may 

not be applicable anymore. For example, in 2004, McDevitt focused on the role of IL-2 

in autoimmune conditions as it was much more recognized than the role of IL-1 or IL-17, 

and thus, some of his comments need to be tempered based on current knowledge [154].

EAE: Experimental autoimmune encephalomyelitis;

LEAPS: Ligand epitope antigen presentation system;
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SAE: Severe adverse events.
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Key issues

• When investigating autoimmune diseases such as rheumatoid arthritis, it is 

important to identify the antigens and antigenic epitopes that initiate and 

maintain the disease, as well as the signature cytokine(s) driving the disease 

pathogenesis in humans.

• Appropriate animal models should be identified and their relevance to human 

disease established with regard to the autoantigens and pro-inflammatory 

immune responses (T-cell response and cytokines) driving the disease.

• Passive administration of antibodies against inflammatory mediators (e.g., 

cytokines, receptors or other cell surface molecules) may offer some practical 

relief from arthritic symptoms, but will not address the initiators or the drivers 

of the autoimmune response unlike antigen-specific vaccination.

• Current treatments are not effective in a substantial number of cases, ablate 

responses that are important for immune protection and are contraindicated in 

many cases.

• Upon identification of an appropriate antigen(s), the vaccine formulation 

(including adjuvant) and route of administration must be determined so that the 

vaccine will activate the proper T-cell response to modulate the ongoing 

inflammatory response. Vaccines inducing antibody to autoantigens will likely 

exacerbate the condition.

• Practical considerations for stability, safety and dosing may involve changes to 

the structure, design, formulation or the route of immunization. As examples, 

we present two ligand epitope antigen presentation system vaccines for 

rheumatoid arthritis that modulate either Th1- or Th17-driven disease in 

different animal models, as indicated by cessation of disease progression and 

change in the production of signature cytokines.
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Figure 1. A generic view of the multifocal nature of autoimmune diseases with rheumatoid 
arthritis as an example
(Center) For many of these diseases, there is no singular, identified cause, but many of the 

underlying mechanisms can create a synergistic feedback that result in progression. (Right) 

By various mechanisms, an APC may present self-antigen to autoreactive T cells. These 

cells may become resistant to Tregs and other regulatory mechanisms due to the persistence 

of activation signals. (Left) Autoreactive T cells, generally Th1 or Th17, become actively 

involved in an inflammatory cascade, featuring strongly in the dysregulation of the 

production of inflammatory (IL-1, IL-17, IL-23, TNF-α and IFN-γ) and regulatory (IL-4, 

IL-10, TGF-β) cytokines. (Top) Antibodies targeting self-antigens can initiate and 

exacerbate the inflammatory process. Autoanti-bodies facilitate recruitment of PMNs and 

monocytes, and augment local inflammatory reactions. (Bottom) In rheumatoid arthritis, 

cytokines produced by Th1 and Th2 cells, macrophages and other inflammatory cells 

stimulate the proliferation of synoviocytes. These synovial cells then form a granulation 

tissue (pannus) that invades and destroys articular cartilage and bone. Th1 and Th17 cells 

also induce the differentiation of macrophage-like precursor cells into osteoclasts that 

mediate bone resorption.

APC: Antigen presenting cell; PMN: Polymorphonuclear leukocyte.
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Figure 2. Effects of PG70 peptide and LEAPS–PG70 conjugates on in vitro immune cell 
responses of mice with PGIA
Spleen cells from BALB/c mice with PGIA were cultured without (none) or with the 

peptides (5 M). (A) T-cell proliferation, expressed as an SI, was significantly increased in 

the presence of PG70 and J–PG70 peptides, but not in the presence of derG–PG70 as 

compared to untreated cells. (B) As determined by the ratio of Th1 and Th2 cytokines (IF-

γ:IL-4, measured by ELISA of supernatants), T cells showed a shift toward Th1 polarization 

in the presence of PG70 and J–PG70, but not in response to derG–PG70 as compared to 

untreated cells. This finding suggests that the J, but not the derG, LEAPS conjugate of PG70 

is capable of steering PGIA spleen T cells toward the Th1 phenotype. LEAPS: Ligand 

epitope antigen presentation system; PGIA: Proteoglycan-induced arthritis; SI: Stimulation 

index.
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Figure 3. Schematic view of disease progression and potential therapeutic interventions in RA
Therapeutic agents and strategies are listed, indicating the mechanism or targeted stage of 

disease. Antigen-specific immunomodulatory vaccines (LEAPS and others) act at an earlier 

point in the progression of RA, and with more specificity than current treatments and have 

the potential to halt arthritis progression. Therapies targeting the autoimmune pathology and 

joint symptoms (especially those used for early aggressive treatment) may delay disease 

progression, but are not curative for RA.

DCs: Dendritic cells; DMARDs: Disease modifying anti-rheumatic drugs; LEAPS: Ligand 

epitope antigen presentation system; RA: Rheumatoid arthritis.
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Table 3

End point mean changes in arthritic index score in mice with proteoglycan-induced arthritis treated with 

adjuvant only (control) or with J– or derG–PG70 conjugates in the adjuvant.

Treatment Increase in AI score over 36 days

Adjuvant only 10.0 ± 0.9

J–PG70 9.9 ± 0.9

derG–PG70 2.6 ± 0.7

In a pilot study, LEAPS therapy was evaluated in the cartilage PGIA model of rheumatoid arthritis. PGIA was induced in retired breeder female 
BALB/c mice by intraperitoneal immunizations with cartilage PG in DDA adjuvant [58,137]. After arthritis onset, the mice were sorted into three 
groups and vaccinated subcutaneously with ISA51vg adjuvant emulsified with PBS (adjuvant only) (control), J–PG70 in adjuvant or derG-PG70 in 
adjuvant on therapy day 0, and once again on therapy day 14. After the first vaccination (therapy day 0), AI was determined by visual scoring. The 
animals were euthanized 36 days after the first LEAPS vaccination. Shown are the changes in AI scores at the end of the study. Disease severity 
(AI) was dramatically suppressed in mice vaccinated with the LEAPS conjugate derG–PG70 as compared with controls or animals receiving J–
PG70 vaccine.

AI: Arthritic index; DDA: Dimethyldioctacecyl ammonium bromide; LEAPS: Ligand epitope antigen presentation system; PBS: Phospate buffered 
saline; PG: Proteoglycan; PGIA: Proteoglycan-induced arthritis.
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