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ABSTRACT 

Effective treatments for multiple sclerosis (MS) are problematic due to its 
unknown etiology.  Experimental autoimmune encephalomyelitis (EAE) in rodents 
mimics MS.  Mucosal treatment of EAE with antigens to induce tolerance is effective, 
but requires large and/or multiple administrations, which introduces an allergy risk. We 
utilized reovirus adhesin, protein sigma 1 (pσ1), to improve mucosal auto-antigen 
delivery and show that a single low-dose of pσ1-based vaccines induces tolerance and 
prevents autoimmunity when administered nasally. We engineered three pσ1-based 
vaccines carrying chicken ovalbumin (OVA-pσ1) and/or myelin antigens (PLP:OVA-
pσ1, MOG-pσ1).  When mice were nasally immunized with OVA-pσ1, tolerance to 
OVA was established.  This tolerance resisted co-administration of mucosal adjuvants 
and peripheral challenge with OVA.  Pσ1-mediated tolerance relied upon specific IL-10-
producing regulatory T (Treg) cells, which inhibited OVA-specific CD4+ T cell 
proliferation.  OVA-pσ1 did not generate tolerance in IL-10-deficient mice presumably 
by a failure to induce Treg cells. Mucosal, but not systemic pσ1 delivery, induced 
tolerance, while mice lacking mucosal inductive tissues were resistant to pσ1-mediated 
tolerance.  Likewise, PLP:OVA-pσ1 and MOG-pσ1 protected mice against relapsing-
remitting or acute EAE, respectively.  Protection against PLP139-151-induced EAE was 
accomplished by PLP:OVA-pσ1, but not OVA-pσ1, implicating antigen-specificity of 
pσ1-mediated tolerance.  Moreover, MOG-pσ1, but not PLP:OVA-pσ1, ameliorated 
MOG35-55-induced EAE via apoptosis of encephalitogenic CD4+ T cells.  The PLP:OVA-
pσ1- or MOG-pσ1-mediated protection against EAE depends on specific IL-10+ Treg cells 
and is supported by IL-4+ Th2-type cells.  Adoptive transfer of PLP:OVA-pσ1-primed 
Treg cells entirely prevented EAE development in mice; however, transfer of PLP:OVA-
pσ1-specific CD25-CD4+ Th2 cells significantly reduced and delayed clinical EAE.  
Aggressive EAE, due to the TGF-β which induced activation of Th17 cells, was observed 
in mice dosed with PLP:OVA-pσ1 and were functionally depleted of Treg cells.  
Concomitant inactivation of TGF-β and Treg cells induced Th2 cells bias and re-
established PLP:OVA-pσ1-mediated protection against EAE.  IL-10-producing B cells 
supported MOG-pσ1-mediated protection against EAE, as MOG-pσ1-dosed B cell-
deficient mice developed attenuated disease.  Adoptive transfer of Treg cells, but not Th2 
or B cells from MOG-pσ1-dosed B6 mice to diseased IL-10-/- mice, significantly 
accelerated recovery from EAE.  These data demonstrate the feasibility of using pσ1-
based single-dose delivery system to prevent and/or treat autoimmunity. 
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INTRODUCTION 

Tolerance and Autoimmunity Background 

Peripheral Tolerance and Autoimmunity 

It is now well established that thymic expression of self-antigens (self-Ags) 

during embryonic development induces self-tolerance to these Ags.  As demonstrated by 

Kappler in 1987, the majority of immature T cells, which T cell receptor (TCR) binds to 

the self-Ags with the affinity exceeding activation threshold is directed to apoptosis in 

thymic medulla (1). This clonal deletion of potentially autoreactive T cells, commonly 

known as the negative selection, provides a basic mechanism for central self-tolerance 

and takes place at the double positive (CD4+CD8+) stage of T cell development (1-4).  

Although negative selection within the thymus plays a major role in eliminating 

autoreactive T cells, evidence accumulated during the last two decades has found that this 

process is not absolute.   It is now well-established that some autoreactive T cells escape 

the process of negative selection and persist in a normal host either because certain Ags 

are not expressed during embryonic development or, alternatively, their expression in the 

thymus is insufficient (3).  According to the long lasting dogma, the central nervous 

system (CNS) develops after the negative selection process, and consequently its Ags 

may not be exposed during selection, thus CNS is considered to be an immune privilege 

site sequestered from circulation by the blood brain barrier (BBB) (5, 6).  Contrary to this 

view, myelin basic protein (MBP) was shown to be expressed in the fetal thymus (7) and 

intrathymic injections of MBP have shown to be protective against experimental 

autoimmune encephalomyelitis (EAE) (8).  Interestingly, MBP NAc1-11 peptide binds 
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weakly to major compatibility complex class II (MHC II) and forms unstable complexes 

that are not able to mediate an efficient negative selection (9).  Therefore, the deletion of 

MBP-reactive T cells in thymus seems to be incomplete and results in persistence of 

MBP-reactive T cells at the periphery (9).  The peripheral T cell repertoire in healthy 

individuals contains autoreactive cells that remain anergic (3).  The small fraction of 

these anergic cells, when activated, can lead to autoimmunity, suggesting involvement of 

another mechanism for induction of a peripheral tolerance (10).  Control of autoimmunity 

by the thymus is not only by eliminating autoreactive T cells, but also via development of 

regulatory T cells (9).  Additionally, the thymus has been shown to be required for 

induction of oral tolerance following feeding with chicken ovalbumin (OVA) or MBP 

(9). 

A number of hypotheses explaining the induction and maintenance of peripheral 

tolerance have been proposed.  It has been suggested that peripheral tolerance results 

from the ignorance of an immune system that simply cannot see an auto-Ag being 

sequestered from a circulation (11).  This hypothesis was challenged by the fact that 

many auto-Ags from immune privileged sites were shown to be expressed in fetal thymus 

(7).  Additionally, ignorance of an immune system does not explain why autoimmune 

diseases do not always occur when previously sequestered Ags are released to the 

environment due to the nonspecific injury, even though autoreactive T cells are present in 

healthy individuals who do not display autoimmune diseases (3). 

During 1990s, deletion by apoptosis of autoreactive cells was described as a 

mechanism regulating self tolerance at the periphery (3).  It has been shown that the 
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programmed death of autoreactive T cells can occur in Fas-dependent or -independent 

fashion (12-14) and that suppression of this apoptosis results in exacerbation of 

autoimmune diseases (15).  Additionally, apoptotic cells have been shown to enhance 

interleukin-10 (IL-10) production and inhibit IL-12-secretion (16, 17), as well as 

stimulate tolerogenic dendritic cells (DCs) (3, 6, 18).  On the other hand, interference 

with apoptotic pathways does not always prevent autoimmunity (3, 14). 

Anergy can be understood as unresponsiveness to the stimulation, or functional 

inactivation, and can be acquired by T cells undergoing activation in the absence of co-

stimulatory signal (19, 20).  Anergic cells are unable to proliferate in vitro in the presence 

of Ag and in the absence of IL-2, but the addition of IL-2 reverses their anergic state (21).  

Rarely, anergic T cells can inhibit naïve and primed T cells in an Ag-specific manner due 

to competition for IL-2 and interaction with antigen presenting cells (APCs) (3). Lack of 

B7 co-stimulation is one of the predominant mechanisms by which peripheral tolerance 

can be established (3, 22), and in fact blockade of CD28-B7 interaction, has been shown 

to prevent epitope spreading and relapses in EAE (19).  Contrary to this discovery, it has 

been demonstrated that autoreactive T cells in patients with relapsing-remitting multiple 

sclerosis (RRMS) do not require CD28-co-simulation and display a significantly lower 

activation threshold (20). 

Currently, natural tolerance to self-Ags is considered to be an active suppression 

that relies on the activity of inhibitory T cells that accounts for 5-10 % of total 

lymphocytes in a healthy individual (22-24).  Peripheral tolerance can be induced via 

either the peripheral route (systemic tolerance) or mucosal route (mucosal tolerance).  
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The intravenous (i.v.) or intraperitoneal (i.p.) injection of an Ag results in systemic 

tolerance.  In EAE, systemic i.v. injections of myelin components were shown to 

effectively prevent disease manifestation, even in inducible costimulator (ICOS) 

molecule deficient mice (25).  Additionally, in the model of hyper-IgE and asthma, i.p. 

tolerization led to the simultaneous induction of T regulatory (Treg) cells and effector Th2 

cells displaying the same antigen specificity (26). 

Mucosal Tolerance  

Mucosal tolerance is classically defined as a state of hyporesponsiveness to 

subsequent parenteral injections of proteins to which an individual or animal has been 

previously exposed via the mucosal route (27, 28).  Like peripheral tolerance, mucosal 

tolerance is believed to be an active suppression of an Ag-specific cellular and/or 

humoral immune response (22).  It is believed that mucosal tolerance, as a form of 

peripheral tolerance, evolved in response to exogenous agents, such as food, that after 

gaining access to the body via mucosal sites become part of the host (22, 29).   

Either systemic (25, 30-32) and mucosal (24-26, 33-37) routes have been 

successfully used for induction of tolerance in EAE.  The ease and safety of 

administration and the potential for using smaller amounts and/or fewer doses of an Ag 

makes the mucosal route more attractive for tolerance.  Mucosal tolerance can be induced 

via the oral or the nasal route, and depending on the amount of an Ag it can occur via a 

number of mechanisms, including anergy/deletion and/or active suppression of specific 

effector T cells (26).  
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Gut-Associated Lymphoreticular Tissue (GALT).  Orally administered Ags 

encounter the GALT, which, aside from providing a physical barrier against ingested 

pathogens, also has innate properties, preventing the host from reacting to ingested 

proteins (24, 38).  Within the GALT, villus structures are built by intestinal epithelial 

cells (IECs), intraepithelial lymphocytes (IELs), and lamina propria (LP) lymphocytes 

(24, 38-41).  Peyer’s patches (PPs) are localized in the areas in the GALT between villis 

where the primary immune response is generated (24, 39, 42).  It is well-established that 

GALT favors induction of Th2-type response (24, 43), although prolonged exposure of 

the gut to oral Ags has been shown to suppress this response (reviewed in ref. 29).  

Interestingly, it has been reported that PPs in OVA-TCR transgenic (Tg) mice fed with 

high doses of OVA initially produce interferon gamma (IFN-γ) (24). 

Mucosal villi represent 99 % of the small intestine and are surrounded mostly by 

IECs that are capable of translocating Ag in its native or partially digested form (38, 39).  

Aside from their role in transporting an Ag, IECs can also play a role of tolerogenic 

APCs in vivo since they express high levels of MHC I and II, but very low levels of co-

stimulatory molecules (39).  Additionally, IECs have been shown to preferentially 

expand CD8+ T cells, although they can suppress both CD4+ and CD8+ T cells in vitro 

(39).  While effective in presenting supreantigens, IECs are inefficient in presenting a 

nominal amount of an Ag in the context of the MHC II (39, 40). 

PPs are mucosal inductive sites that contain specialized microfold (M) cells 

localized within the follicular-associated epithelium (FAE) (40, 44).  The most 

characteristic feature of fully differentiated M cells is the intrapepithelial “pocket” which 
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harbors lymphocytes and shortens the distance for the transcytolic vesicle to reach the 

basolateral surface.  The M cell pocket contains macrophages, B cells that express 

immunoglobulin (Ig) IgM, but not IgA or IgG, and mostly αβ CD4+ T cells (40).  On the 

basolateral surface, M cells contain processes that extend into the underlying lymphoid 

tissue (40).  Below the FAE is the “dome” area that is filled with the extensive network of 

APCs, T and B lymphocytes derived from the underlying follicle (40, 44). 

It is generally agreed that establishment of oral tolerance occurs at the T cell level 

(43, 44).  Increased numbers of T cells were observed in OVA-Tg mice that have been 

tolerized by high or low doses of OVA (45).  The essential role of PPs in oral tolerance 

induction has been reported by Fujihashi and colleagues.  This group has shown that 

PPnull mice resulted from in utero treatment with lymphotoxin (LT) β-receptor Ig fusion 

protein, were resistant to induction of a high dose oral tolerance, despite having 

functional mesenteric lymph nodes (MLNs), sacral LNs, and cervical LNs (CLNs) (43).  

Importantly, augmented splenic humoral and cellular responses to orally administered 

OVA were generated in PPnull mice before systemic challenge, suggesting that PPs may 

trigger mucosal tolerance by down regulation of an immune response, and that protein 

uptake in the absence of PPs primes systemic immune responses (43).  Additionally to 

their role in establishment of mucosal tolerance, PPs are the primary inductive sites in the 

gut that generate Ag-specific IgA responses (43, 44, 46).  Along these lines, TGF-β in 

PPs has been shown to be pivotal for the induction of oral tolerance (45); however TGF-β 

has also been shown to trigger isotype class switching from IgM to IgA B cells (reviewed 

in ref. 43).  
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Early Events in Oral Tolerance Induction.  Luminal Ags gain access to the PPs 

and other GALT via transfer across M cells, which are scattered amongst the other 

epithelial cells in the FAE above the PPs (42).  Ag translocated into the PPs undergoes 

extensive processing and presentation by local DCs (42, 47).  Afterwards, processed Ag 

is presented by DCs to the T cells that mediate oral tolerance or immune response (42, 

47-49).  Factors influencing the decision between induction of tolerance or immunity to a 

given Ag are largely unknown, but they most likely include the type of an Ag, type of the 

encountered DCs, and type of activated T cells (31, 42, 47-49).  It has been demonstrated 

that PP-associated T cells can secrete TGF-β, and it is believed that these cells are at least 

partially responsible for induction of oral tolerance (24, 42, 48).  Additionally, PPs-

associated T cells have been shown to interact with IgM-producing B cells to form 

germinal centers containing a high proportion of B cells differentiating into IgA 

phenotype (42, 48, 50, 51).  These activated T and B cells traffic to the iLP areas that 

underlay mucosal surfaces and therefore spread systemically-induced immunity or 

tolerance (42, 47, 48, 51).  Alternatively, Ag, instead of being acquired by PPs M cell, 

can encounter the host via epithelial cells, utilize alternative immunogenic or tolerogenic 

pathway, and enter the circulation directly (24, 39).   

The pivotal role of liver in the induction of peripheral and oral tolerance has been 

well established (reviewed in ref. 39).  Orally administered Ags were shown to enter the 

liver and cause apoptosis of Ag-specific CD4+ T cells, as well as the induction of 

regulatory T cells (22, reviewed in ref. 39).  Moreover, hepatic CD11c+ DCs were 

demonstrated to capture ingested Ags and induce T cell apoptosis and Th2 cell bias (51).  
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Aside of myloid CD11c+CD8α- and lymphoid CD11c+CD8α+ DCs, the liver also contains 

a large population of CD11clowNK1.1 DCs (reviewer in ref. 39) and NKT cells (3) that 

has been shown to play a regulatory role in diabetes models.   

 
High and Low Dose Tolerance.  Mucosal tolerance can be obtained by a number 

of mechanisms including deletion or anergy of specific effector T cells, Th1/Th2 cell 

immune deviation, as well as suppression by T regulatory cells (26).  Administration of 

high doses of an Ag induces tolerance via the mechanism of clonal anergy/deletion of 

effector T cells (36, 52).  Clonal deletion most likely occurs via apoptosis and has been 

shown to be one of the mechanisms for inducing oral tolerance to myelin components in 

EAE (36, 53).  Low doses of mucosally administered Ag induce tolerance via the 

mechanism of an active suppression of effector T cells (3, 24-26, 36, 54, 55).  

Importantly, these two forms of mucosal tolerance are not mutually exclusive, as they 

sometimes overlap (23, 52).   

Most of the research on mucosal tolerance in EAE has been focused on oral 

administration of an Ag (24-26, 36, 54, 56-58).  It is believed that large doses of an Ag 

delivered orally act systemically and can suppress both Th1 and Th2 responses (29).  It 

was shown that oral immunization with protein Ag induces CD4+ Th cells that support 

IgA antibody (Ab) responses in PPs, whereas regulatory T cells are induced in systemic 

compartments to down regulate Ag-specific IgM, IgG, and IgE Ab responses (reviewed 

in ref. 44).  Interestingly, oral immunization with cholera toxin (CT), a potent mucosal 

adjuvant, prevents induction of mucosal tolerance, but it does not alter normal Ag-

specific mucosal IgA Ab responses (27, reviewed in ref. 44).  Moreover, reduction in 
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OVA-specific mucosal IgA Ab response and OVA-specific proliferation was observed in 

mice fed with large doses of OVA and subsequently challenged with OVA plus CT as 

mucosal adjuvant, implicating that CT does not break already established tolerance in 

mucosal and systemic compartments (44, 46).   

High doses of myelin Ags fed to rodents (24, 25, 54, 56, 57) have been shown to 

induce Ag-specific tolerance and down regulate EAE upon challenge (37, 56).  

Continuous and serial feeding of small doses of protein Ags has been shown to induce 

tolerance mediated by IL-10 and transforming growth factor beta (TGF-β)-secreting 

CD25+CD4+ regulatory (Treg) cells more effectively than high doses (23, 56, 59).  Aside 

from Treg cells, Th3 cells have also been shown to be protective against MBP-induced 

EAE in a TGF-β-dependent manner (54, 60).  A study by Benson et al demonstrated the 

mechanism of high dose oral tolerance using MBP TCR Tg mice that underwent 

thymectomy in adulthood (52).  In this study, MBP-Tg mice that were fed high doses of 

MBP one day prior to EAE induction showed protection from the disease due to the 

internalization of MBP-specific TCRs.  However, 3 days post oral administration of 

MBP, these MBP Tg TCRs reappeared on a cell surface, and mice challenged with EAE 

at this time point developed clinical disease.  The transient decrease of MBP-reactive T 

cells was followed by intermediate state of anergy that, by 14 days after feeding, turned 

into clonal deletion of MBP-reactive T cells (52). 

 
Mechanisms of Low Dose Tolerance.  It has been established that even though 

orally acquired Ags induce predominantly Th2-type response, they also suppresses 

production of IgE Abs (24, 61).  This can occur most likely by generation of TGF-β-
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secreting CD4+ T cells or γδ T cells that were shown to suppress IgE production after 

aerosol administration of an Ag (24).  In general, it is believed that all types of soluble 

proteins, when orally given to animals without mucosal adjuvants, induce mucosal 

tolerance (24, 44, 46).  Complex Ags, such as inactivated microbes, can also induce 

tolerance, although it is possible that in these cases the actual tolerogens are also soluble 

proteins released from the microbe during digestion in the gastrointestinal (GI) tract.  

Additionally, complex Ags are usually associated with natural adjuvants, including LPS, 

bacterial toxins, polysachcarides, etc., which unable induction of a tolerance (51, 61-63).   

In contrast to proteins, substances that are not subjected to oral tolerance include 

polysaccharide Ags, Ags that strongly bind to epithelial cells, or bacterial toxins (51, 63, 

64).  Th2-type responses are preferentially generated in the GALT following oral 

immunization (61, 65), and in general, oral tolerance influences stronger the Th1 cell 

response than Th2 or humoral responses (3, 41, 51, 62).  It is believed that oral 

administration of a tolerogen is associated with diminished IgA and IgG production (44, 

46, 51).  However, as demonstrated by Fujihashi et al, chronic oral exposure to an Ag 

may increase IgA levels (66).  Additionally, a number of doses of an Ag given orally can 

influence the IgG Ab level, since as shown by this group, oral administration of an Ag 6 

times significantly induces Ab-specific IgG, whereas the same Ag given orally 12 times 

greatly decreases IgG Ab levels (66).   

The strategy of improving mucosal tolerance by chemical coupling of an Ag to 

CT-B subunit (CTB) has been explored by Czerkinsky’s group.  This group has 

demonstrated that oral (67) and nasal (68) delivery of significantly smaller doses of auto-
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Ags by chemically altered CTB can be applied to prevent autoimmune diseases.  

Interestingly, depending on the nature of delivered Ag the mechanism of CTB-induced 

tolerance was shown to be mediated by various subsets of regulatory T cells (69-71).  

Furthermore, sublingual (s.l.) administration of CTB-coupled OVA was shown to induce 

forkhead box transcription factor (FoxP3)-expressing regulatory T cells that suppress 

OVA-specific delayed type hypersensitivity reactions (72), and induce apoptosis of 

effector T cells (71).  Interestingly, modulation of systemic and mucosal immune 

responses to dextran challenge was observed after mucosal delivery of CTB-dextran (73, 

74); however, the suppression of immune response to CTB-coupled dextran was critically 

dependent on the presence of preexisting immunity to CTB (74).   

Studies of mucosal tolerance exhibit important issues that need to be addressed in 

order to therapeutically use oral tolerance for autoimmune diseases.  A first consideration 

is that the target Ag is not always known, especially when studying autoimmune diseases.  

This problem is partially overcome by the process of bystander suppression discussed 

below.  Bystander suppression has been demonstrated in animal and human diseases like 

EAE and MS, respectively (75-77).  For instance, proteolipid protein immunodominant 

peptide (PLP139-151)-induced EAE can be suppressed by feeding mice with MBP (76), or 

by transferring TGF-β-secreting CD4+ T cell clones isolated from orally tolerized animals 

(54).  Alternatively, oral administration of an unrelated Ag is shown to induce Th2 cell 

bias and protect and treat mice against EAE (33, 34, 78).  It has been reported that naïve 

animals are generally susceptible for induction of oral tolerance; however animals that 

have been already primed with an Ag are more resistant to the suppressive effect of orally 
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administered Ags (22, 56, 79).  Finally, the requirement for large Ag doses in oral 

tolerance can be overcome by the alternative mucosal route of Ag administration, namely 

by nasal route. 

The nasal route for tolerance induction has been receiving increased attention 

over the last decade.  The nasal mucosa provides an alternative route for drug delivery 

and tolerance induction (25, 80-83), and it has been shown to be equally if not more 

efficient in suppressing autoimmunity (24, 76, 84).  Nasal immunization has been shown 

to be effective in stimulating mucosal immunity or tolerance to pathogens, soluble 

proteins, and peptides in the upper (74, 83) and lower respiratory (74, 85) tracts and in 

the distal mucosa (82).  Additionally, the ease of nasal administration and the number of 

Ag doses make this route very attractive, especially in terms of allergy-safe vaccination 

(83, 86). 

Tolerance induction via the nasal route can be established with much smaller 

doses of an Ag. This is presumably because protein Ags are not subjected to digestion 

like they are in the GI tract, and they can reach the nasal-associated lymphoid tissues 

(NALT) more readily than the GALT subsequent to oral Ag administration.  Nasal 

administration of OVA alone (87, 88) or much smaller doses of OVA delivered by pσ1 

(89) has been shown to efficiently establish OVA-specific tolerance.  Additionally, 

nasally administered myelin peptides alone or delivered by vehicle molecules have been 

demonstrated to significantly reduce clinical EAE (32, 35, 57, 90), diabetes (68), and 

collagen-induced arthritis (91).  Nasal administration of guinea pig MBP68-86 and/or 

MBP87-99 peptides to Lewis rats protects them against MBP-induced EAE (92).  
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Moreover, nasal administration of MBP altered peptide ligands (APLs), or even an 

unrelated auto-Ag has been shown to protect mice against EAE via induction of cytokine 

production in the absence of proliferation (92, 93).  It has been demonstrated that 

tolerance to MBP followed APL therapy is dependent on IL-10, but not on TGF-β 

secretion (94, 95).  

The upper respiratory tract resembles the gut mucosa in that they both contain M 

cells (82), DCs, and lymphocytes scattered in the epithelium (22).  The mechanisms 

involved in tolerance induction via nasal route include suppression of an immune 

response by IL-10-producing CD4+ Treg cells (87, 90), or CD8+ γδ T cells (96).  

Additionally, as demonstrated by Ostroukhova and coworkers, tolerance induced in 

response to inhaled Ag can be associated by induction of FoxP3+CD4+ regulatory T cells 

that produce TGF-β (80).  It has been shown that given nasally PLP139-151 peptide is 

effective in suppressing clinical EAE induced by systemic administration of either 

PLP139-151 or MBP peptides, further indicating the involvement of bystander suppression 

is nasally induced tolerance (32). 

Even though little is known about the early events involved in tolerance induction 

via the nasal route, the results described elsewhere suggest that cervical LNs (CLNs), the 

draining LNs in nasal mucosa, are critical for this process (87).  It has been that reported 

that nasal tolerance cannot be established in the absence of CLNs (97).  Moreover, 

substitution of CLNs by peripheral LNs (PLNs) did not restore the ability to generate 

nasal tolerance (97).  Additionally, this group has shown that that functional regulatory 

CD25+ and CD25- T cells are induced in CLNs by nasally administered OVA (87). 
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T Regulatory (Treg ) Cells.  It is well-established that low dose mucosal tolerance 

is mediated by Ag-specific or nonspecific regulatory cells (6, 22, 24, 29, 56).  Over the 

last decade the anti-inflammatory and/or tolerogenic properties have been assign to 

nearly every type of adaptive and innate cells.  Depending on the route of an Ag 

administration, type of an Ag, its dose and administration regiments, generation of 

regulatory FoxP3+ or FoxP3- T, and B cells, DCs, γδ T and NKT cells can occur (3, 24, 

31, 47, 49, 51, 99-101).  Generation of Ag-specific regulatory cells can also result from 

presentation of an Ag by APCs at mucosal inductive sites (22). 

Recently, it was discerned that activation of the inducible costimulator (ICOS) 

molecule (CD28 homologue) on T cells (25) is essential for the development of mucosal, 

but not high-dose peripheral (i.v.), tolerance to encephalitogenic peptide (myelin 

oligodendrocyte glycoprotein peptide; MOG35-55).  The inducible costimulator (ICOS) 

molecule belongs to the CD28/CTLA-4 (CD152) co-stimulatory molecule family 

expressed on T cell (25, 102).  Unlike constitutively expressed CD28, CTLA-4 and ICOS 

are induced upon T cell activation and are important for down regulating T cells response 

and induction of tolerance (25, 102).  While evaluating the effector function of ICOS, 

Dong et al have demonstrated that ICOS-deficient mice fail to produce IL-4 and exhibit 

impaired humoral response after immunization with several peptides (102).  On the other 

hand, development of functional IL-10-producing regulatory CD4+ T is not impaired in 

the absence of ICOS, but the lack of this molecule prevents induction of a low dose 

mucosal but not peripheral tolerance, implicating the role of ICOS in controlling the 

effector functions of regulatory T cells (25). 
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Tr1, Th3, NKT, and γδ T Cells and Tolerance.  A variety of different subtypes of 

naturally occurring and/or induced T cells has been implicated in suppression of 

autoimmunity. TGF-β-secreting CD4+ and CD8+ T cells have been isolated and cloned 

from PPs and MLNs of orally tolerized animals (23, 54, 103) and from blood of humans 

orally dosed with MBP (22, 59).  Induced by oral administration of low doses of an Ag, 

Th3 cells (24, 59) were shown to down regulate proinflammatory Th1 cells and promote 

IgA production (24, 54).  Th3 cells were shown to develop in the presence of IL-4, and 

they did not proliferate well in cultures (22, 61).  Compared to Th1 or Th2 cells, Th3 

cells appear to be resistant to deletion following feeding high OVA or MBP doses to 

OVA or MBP TCR Tg mice (24, 52, 103, 104).  The most important hallmark of 

regulatory Th3 cells is that these are induced by orally administered Ag and suppress an 

immune response in Ag-specific fashion via secretion of TGF-β (3, 61).  However, some 

Th3 cells in addition to TGF-β produce also IL-10 and/or IL-4 (23, 54). 

In contrast to Th3 cells, regulatory Tr1 (Th10) cells develop in response to 

chronic exposure to a superantigen and IL-10 and suppress an immune response in an 

Ag-specific manner via secretion of IL-10 (3, 22, 105).  Development of Tr1 cells is 

especially prominent in response to IL-10-producing DCs induced after nasal 

administration of an Ag (22).  Tr1 cell have been implicated in EAE suppression after 

soluble peptide therapy (105). 

Natural killer T (NKT) cells are a distinct subset of Tαβ cells, CD4-CD8-, that 

share receptor structure with NK cells (3, 106).  NKT cells are abundant in the liver, 

thymus, bone marrow, and are found in peripheral lymphoid organs (106).  These cells 
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are activated by glycolipid Ags presented in the context of nonpolymorphyc MHC I 

molecule CD1d (106).  Defects in NKT cell numbers and function have been associated 

with susceptibility to autoimmunity, and observed in various autoimmune mouse models, 

and in humans (106).  Also, in adoptive transfer experiments, NKT cells can prevent 

diabetes in NOD mice, an effect mediated by IL-4 and IL-10 (3).  Activation of NKT 

cells via glycosphingolipid α-galactosylceramide (α-GalCer) has been shown to protect 

wild type (wt), but not IL-4- or IL-10 –deficient mice, against EAE development in 

CD1d-dependent manner.  In contrast, mice injected with β-GalCer that binds CD1d but 

is not recognized by NKT cells developed the disease (106). 

Another population of regulatory T cells expresses CD45RB/Clo (3).  These cells 

have been shown to successfully suppress either Th1- or Th2-mediated autoimmune 

diseases in rats by TGF-β and/or IL-4-related mechanism (3).  This population was 

further divided into CD38- CD45RBlo CD4+ and CD38+ CD45RBlo CD4+ T cells.  

Activated, CD38- population was shown to proliferate and secrete cytokines; whereas the 

CD38+RBloCD4+ T cells were found to be suppressive in vitro but did not produce IL-10 

or TGF-β (3).  

γδ T cells have been shown to mediate oral tolerance to a number of protein Ags 

(reviewed in ref. 51).  Also, tolerance induction via inhalation of aerosolized Ags has 

been associated with activation of CD8+ γδ T cells (51, 96).  Administration of 

aerosolized insulin to NOD mice in the pre-clinical stage of IDDM reduces pathology 

and clinical manifestation of disease, and this suppression is dependent on the presence of 

CD8+ γδ T cells (96).  The CD8+ γδ T cells have been found predominantly among the 
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IEL population and were shown to be activated by Ag presented by epithelial cells in the 

context of nonconventional MHC molecules (CD1d) (22, 38, 39, discussed in ref. 51).  

Adoptive transfer-induced diabetes into non-diabetic mice was suppressed by transfer of 

splenocytes from insulin aerosol-treated mice, however when these splenocytes were 

depleted of γδ T cells tolerance and protection could not be established in adoptive 

transfer recipients, suggesting a direct suppressive role of γδ T cells in establishement of 

oral tolerance (96).  Even though production of regulatory cytokines i.e. TGF-β has been 

associated with suppressive γδ T cells the exact inhibitory mechanism of these cells is yet 

to be determined (51). 

 
CD25+CD4+ T Regulatory Cells and Tolerance.  Naturally occurring CD4+CD25+ 

T regulatory (Treg) cells have been identified in the peripheral lymphoid tissues as a 

subset of T cells exhibiting properties of anergic cells when stimulated in vitro (3).  Even 

though these naturally occurring Treg cells secrete cytokines upon stimulation, 

neutralization of these cytokines did not reverse their suppressive abilities, implicating 

cytokine-independent mechanism of action (3, 107, 108).  It was established that 

naturally occurring CD4+CD25+ Treg cells suppress effector T cells in a cell-to-cell 

contact-dependent manner by inhibiting IL-2 (108, 109).   

In an effort to define the surface molecule mediating the cell-to-cell contact, it has 

been demonstrated that an adhesion, LFA-I (CD11a; CD18), is crucial for the optimal 

development of these cells (110).  Depletion of Treg cell leads to spontaneous 

development of various autoimmune disorders, implicating that CD4+CD25+ Treg cells are 

essential for peripheral tolerance (3, 107).  Moreover, it has been reported that allogenic 
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CD4+CD25+ FoxP3+ Treg cells suppress autoimmunity and establish transplantation 

tolerance in IL-2Rβ-deficient mice (111).  Naturally anergic Treg cells do not proliferate 

in response to Ag stimulation in vitro and are able to suppress the activation and 

proliferation of CD4+ and CD8+ T cells in an Ag-nonspecific manner.  However, CD28 

and TCR stimulation may reverse their anergic and suppressive state (112).   

An interesting subset that exhibits characteristics of both naturally occurring and 

adaptive CD4+CD25+ T cells has been observed by two independent investigators. 

Ostroukhova et al in 2004 and Mucida et al in 2005 describe a T regulatory cell subset 

that expressed all of the surface phenotypes of CD25+CD4+, although these cells that 

express FoxP3+ become adaptive in response to specific tolerogenic stimuli (26, 80, 81).  

Additionally, it has been demonstrated that naturally occurring CD4+CD25+ T cells could 

suppress the inflammatory colitis induced in SCID mice by adoptive transfer of 

CD4+CD25- T cells followed by s.c. infection with Leishmania major (113).  Moreover, 

this protection could not be established in SCID mice transferred with Treg cells and in 

vivo neutralized with anti-IL-10R, anti-CTLA-4, or anti-TGF-β Abs (113).  Likewise, 

naturally occurring CD4+CD25+ Treg cells were also shown to prevent graft rejection and 

induction of immunity against tumors (114). 

While naturally occurring CD25+CD4+ T cells require cell-to-cell contact (109), 

suppressive action of adaptive CD25+CD4+ Treg cells is mediated via surface-expressed 

TGF-β1 and/or secretion of IL-10 and/or TGF-β (80).  In addition to adaptive Treg cells, 

Th3 and Tr1 cells have also been shown to suppress systemic inflammatory responses 

(22, 24, 103).  Consistent with naturally occurring CD4+CD25+ Treg cells, deletion of 
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mucosally induced Treg cells can lead to the development of a variety of autoimmune 

diseases (107, 112).  Ag-specific CD4+CD25+ Treg cells have been shown to suppress 

effector cells in vitro, and transfer tolerance to naïve animals.  Additionally, it has been 

demonstrated that CD4+CD25+ Treg cells can directly suppress B cell responses (109). 

The exclusive phenotypic markers for CD4+CD25+ Treg cells are still being 

investigated.  At this time, the expression of forkhead box transcription factor (FoxP3) 

has been the most consistently associated with these suppressor T cells (22, 26, 114-117).  

It has been demonstrated that absence or mutation of FoxP3 leads to abrogation of 

CD4+CD25+ Treg cell development and resulted in wasting disease and IBD in mice (115, 

116).  On the other hand, the ectopic expression of FoxP3 in mouse CD4+CD25- T cells 

induced their suppressive activity and protected mice from wasting disease and IBD 

(114-116).  IL-4 and IL-13 have been shown to be required for FoxP3-expression and 

tolerogenic potential of Treg cells, since in vivo neutralization of either of these cytokines 

in OVA-Tg mice abolished expansion of FoxP3+CD4+CD25+ Treg cells that could be 

induced by OVA feeding (117).  Additional phenotypic markers for CD4+CD25+ Treg 

cells include IL-2Rα (CD25), activation-induced cytotoxic T lymphocyte associated 

protein-4 (CTLA-4), and glucocorticoid-induced tumor necrosis factor receptor (GITR) 

(112, 118).  GITR and CTLA-4 may play a co-stimulatory role in Treg cells’ activation, 

since in vitro neutralization of these molecules inhibits suppressive effects by Treg cells 

(102, 112).  Recently, the surface expressions of chemokine receptor 6 (CCR6) (119) and 

Latency-associated peptide (LAP) (120) have been shown to be expressed on 

CD4+CD25+ Treg cells.  It has been demonstrated that CD4+CD25+LAP+ Treg cells show 
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increased expression of FoxP3 and CTLA-4.  In vitro, these cells displayed the 

suppressive function in contact-dependent and soluble factor-dependent manner; although 

in vivo the suppression of EAE by these Treg cells was TGF-β-dependent (120).  

While the in vitro suppressive role of TGF-β is well-established, its in vivo 

importance for Treg cell-mediated tolerance is questionable (3, 56, 57, 80).  TGF-β 

signaling in Treg cells (81) has been shown to be required for their in vivo expansion and 

suppressive capacity (118, 121, 122) and for protection against diabetes (123), or colitis 

(81).  On the other hand, TGF-β alone (124, 125), or in combination with IL-2 (121), or 

IL-6 (126) has been shown to stimulate differentiation of Th17 cells in IL-23-independent 

fashion.  TGF-β secretion by CD25+CD4+ Treg cells has been shown to be responsible for 

recovery from EAE (33), and presence of TGF-β has been shown to be necessary for 

conversion of CD4+CD25- T cells into CD4+CD25+FoxP3+ Treg cells (118, 121-123).  

However, others have demonstrated that induction of Treg cells from naïve peripheral 

CD25-CD4+ T cells and expression of FoxP3 can be facilitated by IL-4 (117) or IFN-γ 

(127).  

Treg cells can also produce IL-10, as demonstrated by a number of investigators 

(114, 128, 129).  Induction of IL-10-secreting regulatory CD4+CD25+FoxP3+ or FoxP3- 

Treg cells that exhibit suppressive capacity or down regulated proinflammatory 

encephalitogenic response have been also demonstrated in autoimmune EAE model (114, 

128).  Alternatively, induction of Treg cells by administration of IL-10 has been shown to 

ameliorate clinical and histopathological manifestation of EAE (129).  Aside from 

CD4+CD25+FoxP3+ Treg cells, also CD4+CD25+FoxP3- T cells can exhibit regulatory 
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function (114).  We have shown previously that partial protection against EAE has been 

achieved by adoptive transfer of CD25-CD4+ T cells obtained from mice orally dosed 

with Salmonella-CFA/I (33).  Also, FoxP3- IL-10-producing Treg cells have been derived 

from MBP TCR Tg mice repeatedly nasally dosed with MBP (Ac1-9) peptide (114).  

Despite production of IL-10, these FoxP3- Treg cells were shown to be suppressive in vitro 

in IL-10-independent manner (114). 

 
Role of Cytokines in Mucosal Tolerance.  It has been suggested that low-dose oral 

tolerance is mediated via TGF-β-producing Th3 cells, whereas small doses of an Ag 

delivered nasally most likely induce IL-10-dependent regulatory T cells or Tr1 cells (23, 

87, 90). 

Cytokines have been shown to have an important influence on tolerance 

induction.  It is now well-established that IL-4, together with IL-13, defines the Th2-type 

cells; in vitro stimulates growth of T and B cells, but down regulates inflammatory 

macrophages.  IL-4 has been shown to recruit B cells for Ag processing and presentation, 

which promotes development of anergy (3, 22).  Interestingly, IL-4 knockout (KO) mice 

are not more predisposed to develop autoimmunity than their wt littermates (6, 130).  

Another Th2/ regulatory cytokine, IL-10, has been shown to be an efficient down 

regulator of MHC II, ICAM-1, and B7 expression on APCs (3).  In fact, IL-10 inhibits 

activation of both Th1 and Th2-types of immune responses, and DCs in vitro incubated 

with IL-10 significantly reduces their capacity to stimulate CD4+ T cells (3, 131).  

Finally, in contrast to IL-4 KO mice, mice deficient in IL-10 or IL-10R develop more 

severe EAE and spontaneous inflammatory bowel disease, whereas IL-10 Tg mice are 
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resistant to EAE induction (131, 132).  Lack of protection against EAE in IL-10-deficient 

mice is due to their inability to induce regulatory T cells (22), but IL-10-secreting MOG-

specific CD4+ T cells can transfer tolerance into naïve recipient mice (22).  

TGF-β has been described to inhibit Th1 and Th2-type cells, in addition to B 

cells, NK cells, and macrophages (3).  TGF-β has been shown to stimulate the generation 

of Th3 cells and CD4+ FoxP3+ Treg cells (61, 122).  Like IL-10, TGF-β can down regulate 

expression of MHC II on macrophages, but it also inhibits expression of IL-12R and IL-

2R (104).  Mice deficient in TGF-β develop spontaneous multi-organ autoimmunity and 

die early (3, 104).  Additionally, deletional events in gut mucosa induce production of 

TGF-β by phagocytic macrophages and phagocytized T cells (22, 23). 

Tolerogenic Vaccines against EAE 

Induction and maintainance of Ag specific- or unspecific tolerance has been 

widely used to prevent and/or treat autoimmune diseases (22, 24) including EAE (3, 6, 8, 

33, 34), insulin-dependent diabetes mellitus (IDDM) (11, 68), and collagen-induced 

arthritis (CIA) (91).  The pathology and clinical manifestation of EAE and MS are 

associated with myelin-specific autoreactive CD4+ T cells that display a proinflammatory 

phenotype and number of different cell types, including CD8+ T cells, B cells, and DCs, 

and various infiltrating and CNS resident innate cells have been implicated in 

pathogenesis of these diseases (6).  The treatments directed against encephalitogenic T 

cells seems to be the most effective (77, 134), and therefore attention has been focused on 

designing treatment that would inhibit myelin-reactive T cells in direct or indirect manner 

(33, 78). 
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Tolerogenic Vaccines Delivered via Systemic Route.  An interesting strategy 

undertaken by a number of investigators has been a development of tolerogenic vaccines 

by administration of attenuated autoreactive T cells, also known as T cell vaccination 

(TCV) (135-137).  The concept of TCV is parallel to the classical vaccination against 

infectious agents and it has been introduced by Cohen’s group (138).  These investigators 

have demonstrated that systemic injection of attenuated MBP-specific T cells can protect 

naïve mice against following EAE induction (138).  Subsequent to the positive results 

from animal models, the first pilot clinical trial using irradiated autologous MBP-specific 

CD4+ T cells was conducted in 1995 by Medaer et al (139).  Subcutaneous (s.c.) 

administration of TCV to RRMS patients induced moderate clinical improvement in 

majority of patients.  The follow-up long term clinical study revealed that in majority of 

patients MBP-reactive T cells remained undetectable for 1-2 years after TCV (137).  

After another couple of years MBP-reactive T cells reappeared in few patients but were 

effectively depleted after another TCV (137).  Compiled evidence from three independent 

studies suggests that TCV is a safe way to induce an immune response resulting in 

depletion of circulating MBP-reactive T cells (137).   

Although the mechanism of TCV remains unclear, it is believed that anti-vaccine 

T cell response exclusively targets the T cell clones by recognition of a clonotype specific 

determinant i.e. the idiotype or TCR (137).  Alternatively, TCV may induce the 

autoreactive encephalitogenic cells to switch from Th1 to Th2 phenotype (136).  Aside 

from CD4+ T cells, CD8+ T cells, B cells, γδ T cells, and NK cells also have been 

implicated in the protective effect of the TCV, as these populations expand following 
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TCV (136, 137).  Additionally, TCV administration induces both anti-idiotypic and anti-

ergotypic effects, meaning that inhibition of MBP-specific immune response is induced 

to specific effector cells based on the clonal identity (anti-idiotypic) and also to the 

activated cells irrespective of their TCR-specificity (anti-ergotypic) (136); the effect of 

TCV to a humoral response is still not conclusive (137). 

Described elsewhere in this dissertation, suppression of encephalitogenic 

proinflammatory cells via administration of an APL or injection with DNA encoding the 

encephalitogenic peptides have been an extensively studied with successful approaches.  

APLs have been applied therapeutically in animal models of autoimmune disease and 

also in clinical trials.  Even though the exact mechanism of APL-mediated suppression of 

autoimmune responses is still elusive, combined arguments suggest that rather than acting 

as antagonists in vivo, APLs mediate bystander suppression plausibly via generation of 

regulatory T cells (133, 135).  Additionally, effectiveness of APLs in vivo in MHC I-

restricted environment has been demonstrated by suppression of CD8+ T cell activation, 

cytotoxicity, and IFN-γ production by naïve CD8+ T cells isolated from MHC I-restricted 

OVA357-364-specific TCR Tg mouse (140). 

Genetic approaches to Ag-specific tolerance have been also extensively studied.  

In addition to systemic administration of encephalitogenic peptide-encoded DNA in a 

presence or absence of CpG-ODN and/or IL-4 (141, 142), Tg expression of self-autoAgs 

on an MHC II promoter in APCs from the thymus has been shown to prevent 

autoimmune response (143). 
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Another idea for a tolerogenic vaccine that would prevent and/or treat EAE 

evolved from the studies on APL.  In 1997, a group led by H. Zaghouani demonstrated 

that Ig chimera containing Ig-coupled APLs for PLP139-151 (PLP-RL-Ig; APL-Ig) can 

improve delivery of APL and suppress proliferation of encephalitogenic CD4+ T cell 

(144).  When evaluated for an ability to inhibit PLP139-151-specific effector T cells, free 

APL was unable to restrain IL-2 production by effector CD4+ T cells (144).  In contrast 

to free APL, APL-Ig chimera suppressed PLP-specific effector cells independently if 

these were stimulated with PLP139-151 peptide, native PLP, or even Ig-PLP139-151 (144).  

According to the authors, enhancement of the anti-encephalitogenic potential of APL-Ig 

chimera compared to free APL was due to more efficient endocytic presentation of Ig-

coupled Ag. 

Next, utilizing a similar approach, Zaghouani’s group demonstrated that Ig-

delivery of encephalitogenic PLP139-151 peptide into neonatal mice confers the protection 

against EAE induced in their adult life (145).  Additionally, administration of 

encephalitogenic peptide-Ig chimera in saline overcomes the requirement for incomplete 

Freund’s adjuvant (IFA)-mediated delivery that could potentially be associated with 

serious side effects (145).  Taking this discovery one step further, in 2000, Legge et al 

showed that aggregated Ig-PLP139-151 chimera can successfully ameliorate clinical EAE in 

SJL mice and induce production of IL-10 by DCs and macrophages, but not B cells 

(146).  In vitro aggregated chimera did not inhibit PLP presentation to the T cells by 

APCs, although due to increased production of IL-10 by APCs, the IFN-γ-production by 

these T cells was impaired (146).  In contrast to mice given soluble PLP139-151-Ig chimera 
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which developed almost normal manifestation of EAE, mice injected with aggregated 

chimera recovered entirely from the disease.  Subsequent investigation revealed that in 

FcγR- deficient mice, the chimera uptake and IL-10 production are compromised since 

these mice were not protected against EAE (31).  However, reconstitution of FcγR mice 

with IL-10-producing CD8α- DCs, but not CD8α+ DCs, restored Ig-chimera–mediated 

protection against EAE, providing a mechanism for Ig-chimera induced protection 

against EAE (31). 

 
Tolerogenic Vaccines Delivered via Mucosal Route.  Mucosal administration of 

vaccines has been shown to result in induction of appropriate immune response to 

environmental Ags in systemic sites, peripheral blood, local, and distal mucosal sites.  

Due to a large surface area in the gut, oral immunization is able to stimulate mucosa B 

and T cell response (147).  Additionally, in contrast to systemic route of immunization, 

the mucosal route is needle-free and therefore provides a safe and painless alternative for 

delivery of large quantities of vaccine Ags for human immunization (22, 24, 56). 

Even though protection against EAE by DNA-encoded encephalitogenic peptide 

is usually conferred via systemic administration (133, 141, 142), it has been demonstrated 

that nasal delivery of mouse proinsulin DNA in cytomegalovirus-based vector prevents 

cyclophosphoamide-induced and adoptively transferred diabetes in NOD mice (133). 

Oral delivery of Ags using emulsion systems (148) or liposomes (149) has been 

demonstrated.  A shown by Kim et al, single oral administration of type II collagen 

entrapped in poly(lactic-co-glycolic acid) nanoparticles induces oral tolerance and 

inhibits collagen-induced arthritis (CIA) (148).  Induction of oral tolerance to OVA, 
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evidenced by lack of OVA-specific proliferation, has been demonstrated after its delivery 

in liposomes (149). 

It has been shown that mucosal delivery of an Ag chemically conjugated or 

genetically fused to cholera toxin B subunit (CTB) induces tolerance to this Ag (35, 67-

70, 74, 150, 151).  This approach is interesting since cholera toxin (CT) is one of the 

most potent mucosal adjuvants, and oral administration of CT abrogates oral tolerance 

induced by feeding unrelated Ag (22, 64, 152). 

The pioneer work in studies on CTB-mediated mucosal delivery was done by 

Czerkinsky’s group.  In 1994, Sun et al showed that oral administration of human γ-

globulin (HGG) chemically conjugated to CTB prevents delayed type hypersensitivity 

(DTH) response after s.c. challenge with horse (HRBC) or sheep (SRBC) red blood cells 

(150).  Moreover, oral administration of conjugated HGG after animal sensitization with 

HRBC or SRBC prevents systemic response to the challenge, implicating tolerogenic 

impact of CTB-delivered Ag on memory cells (150).  This strategy has been subsequently 

applied to treat autoimmunity (67, 151).  CTB-coupled human insulin effectively 

suppresses beta cell destruction and clinical manifestation of diabetes in NOD mice 

(151).  Oral administration of significantly smaller amounts of MBP-coupled to CTB 

rather than MBP alone is able to protect rats from EAE induction, but also sufficiently 

suppresses ongoing EAE (67).  Importantly, MBP-CTB induces production of IFN-γ but 

suppresses production of IL-2, and is more effective than MBP alone in reducing the 

CNS inflammation (67).  Subsequent investigation of a mechanism behind CTB-induced 
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tolerance revealed that oral administration of CTB-OVA induces regulatory CD4+CD25-

FoxP3+, CD4+CD25+FoxP3- and FoxP3+ Treg cells in vivo (69). 

In the parallel report by this group, the involvement of regulatory T cells was 

evaluated for CTB-influenza haemagglutinin peptide (HApep).  In contrast to the 

previous studies, HApep has been genetically fused to CTB (70).  It has been shown that 

CTB-HApep induces extensive proliferation of HApep-specific T cells in LNs and 

spleen, up-regulated gut homing α4β7 integrin, and down-regulated L-selectin (70).  The 

addition of CT to CTB-HApep induced the same events, although to a higher extent, 

resulting in abrogation of CTB-HApep-mediated oral tolerance (70).  Additionally, 

feeding with CTB-HApep induces oral tolerance in wt mice, as well as in mice in vivo 

depleted of functional CD25+ T regulatory (Treg) cells, implicating that CTB-mediated 

low dose tolerance does not rely on conventional CD4+CD25+ Treg cells (70). 

Variable results have been observed when CTB-conjugated Ags were delivered 

nasally.  In 1995 Bergquist et al demonstrated that nasal delivery of CTB-coupled 

dextran significantly enhances the systemic and mucosal immune response to dextran 

(73).  However, in another study this group showed that preexisting immunity to CTB 

induced by nasally given CTB-dextran inhibites systemic and mucosal response to 

dextran challenge (74).  On the other hand, transfer of anti-CTB serum into naïve 

recipients suppresses the systemic and mucosal Ab response against CTB but does not 

affect the response to dextran after nasal administration of a conjugate (74). 

Nasal administration of chemically coupled CTB-insulin conjugates has been 

shown to delay the incidence of diabetes when compared to free CTB-treated mice (68).  
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Co-administration of diabetogenic T cells with the splenic T cell from CTB-insulin-

treated mice reduced infiltration of the islets.  Nasal tolerization with CTB-insulin 

induced expression of TGF-β and IL-10 but did not change the levels of IFN-γ and IL-4 

transcripts when compared to controls.  Interestingly, only a single nasal dose of 1 µg of 

the conjugate, but not lower or higher doses, conferred protection against diabetes in this 

study (68). 

An elegant study performed by Yuki and coworkers has shown that genetically 

fused encephalitogenic peptide (PLP139-151) to CTB results in a hybrid recombinant 

protein (rCTB-PLP) that when administered nasally can suppress ongoing EAE in SJL 

mice (35).  Multiple low doses of rCTB-PLP given nasally significantly inhibit CNS 

inflammation and PLP139-151-specific DTH response (35).  The genetic approach in CTB-

delivery studies is more advantageous than the chemical coupling.  First of all, as stated 

by the authors, chemical coupling procedures may affect the immunogenicity of the 

chemically modified Ag (35).  Also, chemical coupling may induce formation of 

heterologous population of CTB-conjugates, among which only a fraction will retain the 

original conformation and ability to bind GM1 receptor (35), which may be associated 

with different functional outcome following mucosal immunization (73, 74).  Mucosal 

administration of low-dose of an Ag alone has been shown to induce tolerance in naïve 

animals; this approach is relatively less effective in animas already systemically 

sensitized with an Ag (67).  Despite the successful attempts of tolerance induction via 

chemically or genetically modified CTB-Ag chimeras, CTB-induced T cell proliferation 
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and IFN-γ-production demonstrated by some groups (67, 70) could be detrimental in 

humans. 

The strategy of tolerance induction via nasal administration of small amounts of 

Ag genetically fused to a mucosa-binding molecule has been investigated in our 

laboratory.  In our approach, reovirus adhesion protein sigma 1 (pσ1) is used as a vehicle 

for the nasal vaccines (153, 154).  Developed in our laboratory, recombinant pσ1 has 

been shown to enhance immunity to delivered DNA when chemically modified (82, 154), 

however when genetically altered pσ1 induces tolerance to fused protein Ags, as 

demonstrated elsewhere in this dissertation. 

As an indirect approach, orally given Salmonella-CFA/I vaccine has been shown 

to be an effective inducer of tolerance and Ag-unspecific protection against EAE (33, 34, 

78).  This strategy is especially relevant in designing treatments for autoimmune diseases 

of unknown etiology, such as MS.  Salmonella-CFA/I vaccine has been shown to protect 

(78) and treat (33) mice against PLP139-151-induced EAE via induction of myelin-

unspecific Th2 cell bias and activation of TGF-β-secreting CD25+CD4+ T regulatory 

cells.  Moreover, adoptive transfer of vaccine-derived CD25+CD4+ Treg cell, and to a 

lower extent also CD25-CD4+ T cells protects mice from subsequent EAE induction (33).  

Interestingly, a recently shown modification of Salmonella-CFA/I vaccine, in which 

CFA/I fimbriae instead of being expressed on a cell surface was expressed in the 

intracellular compartment (Salmonella –CFA/IIC) showed the comparable protection level 

against EAE though via a different mechanism, not including Th2 bias (34). 
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Adjuvants for Tolerance 

Even though vaccination against autoimmune diseases has been extensively 

studied, very little is known about the suitable adjuvants that could efficiently induce 

immune tolerance, when co-administered with an Ag. 

Recently, Kang and coworkers have demonstrated that s.c. co-injection of a potent 

glucocorticoid immunosuppressant dexamethasone (DEX) and an Ag can trigger 

induction of an Ag-specific tolerance (155).  In mice with pre-established DTH response 

to hen OVA, s.c. injection of OVA323-339 and DEX induced long lasting unresponsiveness 

to OVA (155).  Subsequent investigation revealed that the OVA-specific tolerance was 

DEX-dependent and mediated by OVA323-339-specific CD25+CD4+FoxP3+ Treg cells. 

Additionally, DEX-mediated inhibition of DCs maturation was considered to be a 

supportive tolerogenic mechanism.  Consistently, co-administration of insulin-derived, 

MHC II-restricted peptide with DEX prevented development of spontaneous diabetes in 

these mice, providing an argument for DEX as a suitable adjuvant for tolerance (155). 

Enhancement of mucosal tolerance has also been achieved by tolerogen co-

administration of certain cytokines, Abs, or microbial products (22).  For instance, i.p. 

administration of IL-4, or oral but not s.c. injection of LPS has been shown to enhance 

tolerance to MBP via enhancing IL-4-expression in the CNS (41, 142, 156).  Mucosal 

administration of IL-10 and IL-4 with an Ag has been shown to enhance Ag-specific 

tolerance (22, 57).  Additionally, anti-IL-12 given i.p. enhanced oral tolerance via the 

mechanism associated with increased production of TGF-β and T cell apoptosis, and i.p. 

injection of orally tolerized mice with IgG enhanced and prolonged the Ag-specific 
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tolerance (6, 23).  Oral co-delivery of certain exogenous agents, including Ags obtained 

from Schistosoma mansoni, or Kelbsiella oxitoca, have been shown to enhance oral 

tolerance (22).  

 
Protein Sigma 1 (Pσ1) as a Mucosal Delivery Vehicle. 

Intestinal reovirus infections are mostly evident in children (157).  Upon primary 

infection of the gut, reovirus can spread into the CNS by infecting either neurons (type 3 

reovirus) or ependymal cells (type 1 reovirus; T1L) (157, 158).  These distinct patterns of 

disease segregate genetically with the S1 gene that encodes two functional proteins: 45 

kDa attachment pσ1 and ~14 kDa nonstructural pσNS protein with overlapping reading 

frame (49, 154, 157, 159).  Reovirus cell attachment pσ1 interacts with surface receptors 

on a variety of cells, including erythrocytes, lymphocytes, M cells, and neurons 

(reviewed in ref. 157).  The interaction of pσ1 with the cell-surface receptor is thought to 

mediate reovirus spread via apoptosis of infected host cells (49).  While the presence of 

both pσ1 and pσNS were shown in PPs of T1L-infected mice, only pσ1 was detected in 

subepithelial dome (SED) area - where it associated with CD11c+CD8α-CD11blo DCs and 

fragmented DNA from apoptotic cells (49).  Unlike pσNS, pσ1 was previously implicated 

in the induction of apoptosis, presumably through interaction of sialic acid binding 

domain (SABD) and/or JAM receptor located in a C-terminal head structure of pσ1 (49, 

159, 160).  Pσ1 is most likely taken up from apoptotic epithelial cells by CD11c+CD8α-

CD11blo or plasmocytoid (pDCs) DCs subsets previously associated with tolerance 

induction (47).  Therefore, the pσ1-based approach provides an attractive tool for 

induction of immune response and/or tolerance. 
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Experimental Autoimmune Encephalomyelitis Background 

EAE as a Model for Multiple Sclerosis 

Experimental Autoimmune Encephalomyelitis (EAE) is one of the best and most 

frequently studied models that mimic neuropathology and clinical appearance of MS.   

EAE was first demonstrated in 1933 in mammals by Thomas Rivers at Rockefeller 

Institute, who by repeatedly injecting monkeys with rabbit brain and spinal cord induced 

an autoimmune demyelinating disease (161).  EAE is characterized by the specific 

recognition of myelin epitopes by autoreactive T lymphocytes (162) and can be induced 

in rodents either by the immunization against specific myelin antigens, including myelin 

basic protein (MBP), proteolipid protein (PLP), or myelin oligodendrocyte glycoprotein 

(MOG), or their respective peptides (19, 56, 162-164).  Additionally, EAE can be 

adoptively transferred to susceptible mice by intravenous (i.v.) injection of 

encephalitogenic CD4+ T cells (19, 56, 165). 

Myelin-activated CD4+ Th1 cells and their cytokines, including IFN-γ, TNF-α, 

and IL-2, IL-12, are thought to be responsible for the development of EAE (19, 58, 166, 

167).  Consistent with this view, IL-12, a cytokine essential for Th1 cell differentiation, 

was considered central for EAE development.  Recent discoveries, however, have 

demonstrated that even though Th1 cells display encephalitogenic potential, another 

proinflammatory population, namely Th17 cells, is ultimately required for development 

and persistence of EAE (168, 169).  Peripherally-activated encephalitogenic CD4+ T cells 

that infiltrate the CNS have been shown to initiate demyelination (165, 170, 171).  

Neurodegeneration in EAE is further supported by myelin-reactive CD8+ T cells, but also 



 34 

by peripherally and locally activated macrophage and microglial cells (6, 172-174).  

Depending on the Ag used for EAE induction, this model can mimic either relapsing-

remitting MS (PLP- or MBP- induced; RR EAE) or progressive MS (MOG-induced; 

acute EAE) (175). 

Suppression of EAE has been achieved by administration of anti-CD4 mAbs 

(176).  In addition, passive transfer of myelin-specific Th2 cells (37, 177) or induction of 

Ag-unspecific Th2 cell bias (33, 34, 78) has been shown to significantly down regulate 

proliferation of inflammatory CD4+ T cells.  Moreover, adoptive transfer of splenocytes 

from animals orally tolerized to myelin components was shown to induce protection 

against EAE challenge (24, 29, 37).  Mice deficient in IL-23 (IL-23 p19-/- mice) show 

resistance to EAE induction, whereas overexpression of IL-23 renders them more 

susceptible to EAE development (reviewed in ref. 167).  In addition, it has been shown 

that mice lacking chemokine receptor 2 (CCR2) expressed on mononuclear cells do not 

develop acute EAE or the CNS histopathology (170).  

Consistent with MS, it is generally assumed that susceptibility to EAE 

development is associated with appropriate MHC II background (6, 172, 178).  

Interestingly, B10.S mice are resistant to EAE induction despite shared I-As (MHC II) 

locus with highly susceptible SJL mice (178).  Likewise, NOD mice that spontaneously 

develop diabetes are susceptible to EAE induced by MOG35-55, and MOG92-106, whereas 

their MHC congenic strain III, which also express I-Ag7 MHC haplotype, is resistant to 

both diseases (178). 
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Immune Response in EAE 

Consistent with MS, EAE progression is associated with the phenomenon of 

epitope spreading (19, 179), explained as the diversification of the initial immune 

response secondary to the initial myelin destruction, which results in reactivity to other 

endogenous CNS determinants (180).  In agreement with this trend, adoptive transfer of 

PLP-specific encephalitogenic CD4+ T cells can mediate recognition of other myelin 

proteins, e.g. MBP by primed T cells in the CNS (24). 

In addition to proinflammatory T cells, B cell, myelin-specific Abs, and cytotoxic 

CD8+ T cells, as well as various innate cells have been associated with EAE pathogenesis 

(6, 172, 174).  The combined effect of Abs, complement, reactive oxygen species, 

cytokines, and chemokines damage myelin and impairs electrical conduction along the 

axon which is believed to result in clinical manifestation of the disease (6). 

 
Inflammatory CD4+ T Cells and EAE Pathology.  It was a largely accepted dogma 

that Th1 cells driven by IL-12 were the major pathogenic cells in EAE and MS (6, 172).  

Recent data have revised this view, however, by demonstrating that even though Th1 

cells are important in effector phases of inflammatory responses in EAE, they are not 

pivotal for the disease induction (181-183).  Instead, Th17 cells expressing transcription 

factor orphan nuclear receptor (RORγt) play a critical role in induction and maintenance 

of EAE (168, 169).  Even though it is currently agreed that Th17 and not Th1 cells are 

pivotal for development and maintenance of EAE, Th1 cell can still play a supportive 

proinflammatory role after disease induction.  Recently, Xiao and coworkers 

demonstrated that IL-12-activated IFN-γ- producing Th1 cells are necessary for the NO 
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production and effector phase of the MOG35-55-induced EAE (184).  Additionally, 

cytokines produced by Th1 cells including lymphotoxin α (LT-α; TNF-β) and TNF-α 

activate macrophages, microglial cells, and astrocytes to produce free radical nitric oxide 

(NO) involved in killing oligodendrocytes (185).  On the other hand, neutralization of 

major Th1-type cytokine IFN-γ in certain phases of EAE exacerbates clinical 

manifestation of EAE, which together with the fact that IFN-γ- of IFN-γR-deficient mice 

are capable of developing EAE, suggests that Th1 cells can also have a supportive role in 

regulating EAE and its clinical remission (182, 183, 186).  Currently, it is now accepted 

that the major proinflammatory population crucial for EAE pathology secretes IL-17, 

although it is still largely debated what cytokines are crucial for development of this 

distinct CD4+ T cell linage.   

When the differentiation of T-bet-inducing Th1 cells occurs through the IL-12-

activated expression of transcription factor STAT4 (168), Th17 cell differentiation 

requires expression of transcription factor RORγt (187, 188).  Th17 cells express their 

encephalitogenic potential via the secretion of cytokines, including IL-17A (also known 

as IL-17), IL-17F, TNF-α, GM-CSF, and IL-6, in response to TGF-β and IL-6 priming in 

mice (188).  The cytokines required for Th17 cell differentiation are still being 

investigated, and at this point role of IL-6 plus TGF-β, IL-23, and/or IL-21 are each being 

implicated (126, 168, 169, 187, 189-193).  Importantly, proinflammatory Th1 cells and 

anti-inflammatory Th2 cells, in addition to their suppressive activity against each other, 

secrete IFN-γ and IL-4, respectively, to inhibit Th17 differentiation (168, 169, 177, 186, 
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194-198), although already committed Th17 cells were shown to be resistant to IFN-γ 

and/or IL-4-mediated inhibition of differentiation (168, 169). 

 
Role of Cytokines in EAE.  The positive and negative roles of cytokines in EAE 

development have been well-established. Proinflammatory cytokines, including IFN-γ, 

IL-2, TNF-α, OPN, and recently also IL-23 and IL-17 (168, 169, 192, 199, 200), have 

been implicated in clinical manifestation and pathology observed in EAE, whereas anti-

inflammatory (Th2-type) IL-4, IL-5, IL-13, and suppressive cytokines IL-10, TGF-β have 

been associated with EAE inhibition (3, 36, 56-58).  Produced by encephalitogenic CD4+ 

T cells Lymphotoxin (LT-α, TNF-β) and TNF-α induce production of free radical NO by 

macrophages, microglial cells, and astrocytes involved in killing oligodendrocytes (185). 

Additionally, a number of cytokines, including IFN-γ, TNF-α, IL-21, IL-22, IL-

23, IL-25, IL-27, and IL-28, has been implicated to have both inductive and/or inhibitory 

influences on EAE mediated by Th17 cells (130, 182, 183, 199, 201, 202).  Among the 

cytokines able to play dual role in EAE pathogenesis, IFN-γ and TNF-α are the best 

studied.  Neutralization of IFN-γ by anti-IFN-γ mAb (203), or by using IFN-γ - or IFN-γ 

R-deficient mice (182, 204) has been shown to exacerbate the clinical manifestation of 

EAE (169, 182, 183), which further implies that instead of Th1 cells, perhaps the Th17 

subset is responsible for the majority of EAE related inflammation (169, 192).  

Additional support for this view was provided by studies demonstrating that IL-23, not 

IL-12, is the major proinflammatory cytokine responsible for EAE pathology (181, 205).  

On the other hand, IL-12 is known to induce Th1 cell differentiation and has been found 

in MS lesions (17) and shown to promote effector CD4+ T cell activation in the presence 
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of regulatory T cells (206).  Also, TNF-α, contrary with its proinflammatory role in the 

CNS, has been shown to promote proliferation of oligodendrocyte progenitors and re-

myelination (199).  However, TNF-α co-produced with IL-17A, and GM-CSF by Th17 

cells is considered proinflammatory (186). 

Recently, attention has refocused on the role of IL-23 in the induction and 

maintenance of Th17 cells in EAE.  The role for IL-12 and IL-23 in EAE has been 

studied by Cua et al (205).  Heterodimeric IL-12 and IL-23 share the common p40 

subunit, whereas p19 is exclusively expressed by IL-23, and p35 by IL-12 (205).  In the 

elegant study using IL-23p19-/- and IL12p35-/- mice, Cua and coworkers determined that 

IL-23 that is pivotal for autoimmune inflammation in the brain, since mice lacking IL-

23p19 were shown to be resistant to EAE induction.  In contrast, IL12p35-/- mice lacking 

IFN-γ were susceptible for EAE development and displayed even more severe clinical 

signs than the wild-type (wt) mice due to increased IL-17 production (205).  Moreover, 

disease resistance in mice lacking IL-23 correlated with the absence of IL-17-producing 

CD4+ T cells but normal production of IFN-γ (186).  Therefore, it is believed that IL-23 

predominantly secreted by DCs and phagocytic cells (207) is necessary for differentiation 

of Th17 cells, but dispensable for their effector function, as evidenced by IL-23 

requirement for induction, but not effector phase of EAE (191).  Alternatively, IL-1, IL-6, 

and TGF-β seem to be essential for Th17 differentiation (186). 

It is a general assumption that TGF-β produced by regulatory CD4+ T cells plays 

an important role in EAE prevention and/or treatment via inhibition of inflammatory 

response and induction of tolerance (3, 33, 36, 56).  Contrary to this view, in 2006, 
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Mangan and coworkers found that exogenous TGF-β sufficiently suppresses intracellular 

expression of IFN-γ, but induces production of IL-17 (124).  Moreover, as shown in this 

study, TGF-β is sufficient to induce Th17 cell development in the absence of IL-4, IFN-γ, 

and even IL-23.  Additionally, this group discovered that TGF-β induces FoxP3 

expression on Th17 cell, and the effect is abolished by IL-6 (124). 

Another two proinflammatory cytokines, IL-6 and IL-1, have been shown to 

stimulate differentiation of Th17 cells in EAE.  In 2006, Sutton and coworkers showed 

that, in contrast to Th1 and Th2 cells, induction of Ag-specific Th17 cells cannot occur in 

IL-1R-deficient mice (208).   In this study, IL-1R-deficient mice were protected against 

EAE until adoptively transferred with Ag-specific Th17 cells from wt challenged mice.  

In 2007, Kimura et al demonstrated that, unlike TNF-α or IL-1β, IL-6 in combination 

with TGF-β can induce Th17-cell differentiation from naïve T cells and inhibit TGF-β-

induced FoxP3 expression (126).  IL-6 was also shown to be important for EAE 

induction since IL-6-deficient mice were resistant to MOG35-55-induced EAE (209).  

Interleukin-21 (IL-21) is a cytokine produced by activated CD4+ T cells (189).  

The involvement of IL-21 in development of encephalitogenic Th17 cells and EAE 

pathogenesis is to this date controversial.  Monteleone and coworkers reported that IL-21 

induces development of suppression-resistant pathogenic Th17 cells and blocks 

differentiation of TGF-β-induced regulatory T cell (189).  These results are in agreement 

with previous results by this group demonstrating the inability to suppress colitis by the 

naïve CD4+ T cells activated in the presence of IL-21 and TGF-β, implicating IL-21 as a 

key modulator of TGF-β signaling cascade (210).  Partially consistent with this view are 
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results obtained by group led by F. D. Shi.  In 2005, this group showed that IL-21 plays a 

dual role in MOG35-55-induced EAE in C57BL/6 mice.  According to the investigators, 

administration of IL-21 prior to EAE induction in these mice enhances the inflammatory 

influx into the CNS and disease severity.  Also, autoreactive T cells purified from IL-21-

treated mice transferred more severe EAE than did the control encephalitogenic T cells, 

and this effect was mediated by activated NK cells producing IFN-γ.  However, when IL-

21 was administered to mice with progressing disease, this effect was not observed (211).  

In 2008, the same group showed contrasting results.  This time a blockade of IL-21 in 

SJL/J mice before and after induction of EAE enhanced the influx of inflammatory cells 

into the CNS.  Also, CD4+ T cells isolated from mice with blocked IL-21 were capable of 

causing more rigorous EAE in adoptively transferred recipients, and Treg cells from these 

mice lost their ability to prevent PLP139-151-induced EAE (212).  The already 

controversial role of IL-21 in Th17 induction and EAE has been recently questioned by 

Coquet and colleagues, who have shown that even though TGF-β in combination with 

IL-21 can drive the differentiation of Th17 cell in vitro, in vivo IL-21 is not required for 

Th17 differentiation and consequently for EAE (190).  Experiments performed on IL-21- 

and IL-21R-deficient mice confirmed their high susceptibility to EAE and showed that 

these mice develop even more restricted EAE than their wt littermates. 

IL-22 is a cytokine secreted by Th17 cells, which were shown to be the 

pathogenic population of self-reactive T cells in EAE (213, 214).  Moreover, the IL-23-

induced expression of this cytokine was demonstrated for the particularly pathogenic 

CD4+ population in the CNS (213, 214).  Interestingly, a study by Kreymborg et al has 
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shown that IL-22-deficient mice are fully susceptible to MOG-induced EAE, implying 

that IL-22 is not directly involved in autoimmune pathogenesis of the CNS.  

Interestingly, IL-22 association with anti-inflammatory response has been previously 

reported by Zenowicz et al who demonstrated that IL-22-deficient mice are susceptible to 

ConA-induced hepatocyte inflammation (215).  Along these lines, IL-22 production by 

CD25-CD4+ Th2-type cells was reported recently in mice protected against EAE by 

orally administered Salmonella CFA/I and CFA/IIC vaccines, that express enterotoxigenic 

E. coli fimbria colonization factor Ag I (CFA/I) subunit either on the cell surface, or 

intracellularly, respectively (34).   

Interleukin-25 or IL-17E, even though it is a member of IL-17 family, has been 

shown to promote Th2 cell bias and expression of IL-4, IL-5, and IL-13 (216).  As 

demonstrated by Kleinschek and coworkers, IL-25 also regulated the Th17-cell-mediated 

autoimmune inflammation in EAE (130).  They have shown that EAE in IL-25-deficient 

mice is much more pronounced than in wt mice, since deficiency of IL-25 promotes 

production of IL-23-driven proinflamamtory response.  Consistently, treatment with IL-

25 subsequent to EAE induction but prior to clinical onset entirely suppresses relapsing-

remitting EAE in mice.  Interestingly, IL-25-mediated protection against EAE could be 

established in IL-4-deficient mice but not in IL-13- of IL-4R-deficient mice which could 

not respond to IL-13 (130), suggesting that IL-13 is required for IL-25-mediated 

suppression of EAE via inhibition of IL-23, IL-6, and IL-1β  production by DCs (130). 

The relevance of IL-13 in EAE has been evaluated by only a few studies (130, 

217).  A study examining the therapeutic role of recombinant TCR ligand (I-AS-PLP139-
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151; RTL 401) in RR EAE has indicated induced secretion of IL-13 and inhibited 

production of other anti- and proinflammatory cytokines (especially IL-6) by PLP139-151-

specific cells in vitro pre-treated with RTL401-treated mice (217).  In a recent study, IL-

13 induced by oral treatment with Salmonella-CFA/IIC vaccine was essential for 

protection against PLP139-151-indiced EAE, and in vivo neutralization of IL-13 abrogated 

protection against EAE delivered by vaccine-derived regulatory T cells (34).  Also, in 

vivo application of human recombinant IL-13 to Lewis rats followed EAE challenge and 

significantly ameliorated the clinical disease due to inactivation of macrophages (218).  

IL-13 together with IL-10 are potent suppressors of NO in the CNS lesions (6).  In 

contrast to the anti-inflammatory role of IL-13, this cytokine via induction of MHC II on 

macrophages can also direct the Th1-type immune response (219).  In fact, the recent 

study evaluating the IL-13-mediated gender differences in susceptibility to EAE revealed 

that females lacking IL-13 exhibit a lower incidence and ameliorated MOG35-55-induced 

EAE with reduced infiltration of CD11b+ cells into the CNS than males. 

IL-4 and IL-13 are considered to be the major cytokines produced by Th2-type 

cell and hallmarks of anti-inflammatory responses (6, 196, 197).  In fact, IL-4 secreted by 

Th2 cells has been shown to support an inhibition of proinflammatory response to PLP139-

151 peptide (33).  Importantly, IL-4 and IL-13, as well as TGF-β, can facilitate induction 

of T regulatory cells from naïve, peripheral CD25-CD4+ T cells (81, 117, 122, 220).  IL-4 

and/or IFN-γ were shown to negatively regulate differentiation of Th17 cells, but had no 

effect on inhibiting already differentiated Th17 cells (168, 169).  Also, according to the 

Th1/Th2 cell paradigm, IL-4 produced by Th2 cells and IFN-γ secreted by Th1 cells 
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negatively regulate each other (194).  However, depending on the source of IL-4 and the 

time of its expression, it can also promote Th1 response, as demonstrated by Gregory and 

coworkers for the IL-4 produced by mast cells (221). 

Another potent inhibitor of Th17 cells, the IL-27 was originally described as a 

proinflammatory cytokine that induces Th1 cells (186, 202).  However, later work 

demonstrated that mice deficient in IL-27 receptor (IL-27Rα) exhibit exacerbated 

inflammatory responses to a variety of challenges, suggesting that IL-27 may be 

immunoregulatory and suppress development of Th17 cells in vivo (202).  Stumhofen and 

coworkers demonstrated that Toxoplasma gondi-infected WSX-1-deficient mice develop 

more severe EAE and augmented Th17 response (222).  Also, IL-27Rα-deficient mice 

were shown to be hypersusceptible to MOG35-55-induced EAE, and this susceptibility was 

associated with elevated numbers of Th17 cells (202).  IL-27 contains a p28 subunit that 

is structurally similar to p40 subunit of IL-12 and IL-23 (202, 222).  IL-27 inhibits Th17 

in a STAT1-dependent, although IFN-γ -independent manner (202, 222), and suppresses 

IL-6-mediated T cell proliferation (202).  Interestingly, it has been noted that the highest 

expression of IL-27 and IL-27R genes in the CNS occurs during the effector phases of 

relapsing-remitting EAE, and IL-27p28 protein can be secreted by astrocyte cultures 

especially when stimulated with endogenous IFN-γ (201).  Moreover, exogenous IL-27 

potently suppresses the ability of encephalitogenic cells to transfer EAE, and it 

ameliorates the effector phase of EAE in vivo (201). 

The potential role of IL-28 (or interferon lambda; IFN-λ or type III IFN) in EAE 

has not been yet established; however its anti-virial activity, structural similarity to 
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successfully used in MS patients type I IFN (IFN-β), and genetic similarity to IL-10 (223) 

allow for prediction of its suppressive role against encephalitogenic T cells.  

Additionally, DCs in vitro treated with IFN-λ exhibit increased expression of MHC I and 

MHC II but inhibited expression of co-stimulatory molecules, suggesting that IL-28 

induces tolerogenic potential on DCs, since these IL-28-treated DCs induce 

FoxP3+CD25+CD4+ Treg cells that suppress effector T cells in cell-to-cell contact-

dependent manner (224). 

It was recently reported that Epstein-Barr virus (EBV), often linked to the 

development of MS (6, 225), can form a heterodimeric cytokine with p35 subunit of IL-

12 in human and in mouse (226).  This protein, known as IL-35 (226), was recently 

shown to suppress the differentiation of Th17 in vitro and ameliorate collagen-induced 

arthritis (CIA) in mice.  Additionally, this in vivo suppression of CIA was associated with 

IL-35-mediated inhibition of IL-17, but not IFN-γ, supporting the anti-inflammatory 

potential of IL-35.  Moreover, it has been demonstrated that Ebi3 gene and p35 are highly 

expressed by mouse FoxP3+ regulatory T cells, but not by rested or activated effector 

CD4+ T cells (227).  Consequently, IL-35 is constitutively expressed by regulatory CD4+ 

T cells even when co-cultured with effector CD4+ T cells, and Ebi3- or p35-deficient Treg 

cells exhibit significant reduction in suppressive capabilities in vitro and in vivo (227). 

 
CD8+ T Cells in EAE.  The relevance for CD8+ T cell in EAE and MS has just 

recently been explored.  According to the two step model proposed by Friese and Fugger 

in 2005, CD4+ T cells are necessary for the induction phase of autoimmune 

inflammation, whereas the pathogenic role for CD8+ T cells enters at the chronic phase of 
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disease progression (174).  The importance of CD8+ T cells in EAE pathogenesis has 

been suggested by a number of investigators.  In 2001, Goverman’s group reported 

induction of severe autoimmunity in mice by adoptive transfer of myelin (MBP)-specific 

CD8+ T cells (228).  Another group in 2005 demonstrated induction of EAE in recipient 

mice by adoptive transfer of MOG-specific CD8+ T cells (229).  Since then a number of 

studies have reported involvement of CD8+ T cell in EAE pathogenesis (174, 230).  A 

more complex picture of the role for CD8+ T cells in EAE was presented by Abdul-Majid 

et al.  A study performed by this group demonstrated that mice deprived of either CD4+ 

or CD8+ T cells exhibit substantially reduced susceptibility to EAE (231).  The protection 

against EAE was more pronounced in CD8- than in CD4-deficient mice.  However, when 

in vivo depletion of CD4+ T cell in CD8-deficient mice protected them entirely from 

MOG-induced EAE, only 80 % protection was observed in CD4-deficient mice in vivo 

depleted of CD8+ T cells (231).  Consistent with animal studies and theory of molecular 

mimicry, the CD8+ T cell response against Epstein Barr virus (EBV) protein was shown 

to be elevated in MS patients compared to healthy controls, whereas there were no 

differences between patients and controls in EBV-specific responses mediated by CD4+ T 

cells (174). 

In opposition to long lasting dogma on the CNS being an immune privileged site, 

it has been reported that all glial cells and neurons can be induced to express MHC I 

(232).  Notably, MHC I is highly up regulated on microglial and endothelial cells in MS 

lesions (174).  In order to specifically target MHC I-restricted CD8+ T cells in EAE, 

Goverman’s group designed a new approach for disease induction.  Instead of classical 
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immunization with complete Freund’s adjuvant (CFA)-delivered myelin peptide, they 

employed viruses to deliver MBP encoded cDNA to ensure the efficient priming of CD8+ 

T cells in MHC I-restricted manner (230). 

CD8+ T cell were originally described in EAE as “predominantly suppressive 

cells, with a minimal effector function” (233).  Consistent with this view, numbers of IL-

17, IFN-γ, and TNF-α-producing CD4+ and also IL-10-, IFN-γ-, and TNF-α-producing 

CD8+ T cells have been shown to increase in the CNS along with the progression of 

EAE, further suggesting the suppressive role for CD8+ T cells in disease pathogenesis 

(234).  In 2005, the group led by H. Suzuki reported naturally occurring CD8+CD122 

(IL-2Rβ)+ regulatory T cells are able to suppress effector CD4+ and CD8+ T cell in the 

IL-10-dependent, but APC-independent, manner (100).  More recently this group has 

demonstrated that in vivo depletion of CD8+CD122+ T cells by administration of anti-

CD122 mAbs results in increased duration of EAE symptoms, whereas adoptive transfer 

of naïve or pre-activated CD8+CD122+ T cells to EAE-induced mice at the peak of 

clinical manifestation significantly improves disease symptoms, suggesting an important 

role for CD8+CD122+ T cells in the remission phase of EAE (101).  Additionally, it has 

been demonstrated by Miller et al that suppression of EAE in Lewis rats after feeding 

with MBP is mediated by MBP-specific CD8+ T cells (75).  These cells isolated from 

MBP-fed rats transfer protection into naïve recipients.  Moreover, they have 

demonstrated that rats fed with OVA or adoptively transferred with CD8+ T cells from 

OVA-fed mice are protected against MBP-induced EAE but only when OVA is also 

injected at the time of challenge (75). 
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B Lymphocytes in EAE.  The role of B cells in pathogenesis and recovery from 

EAE remains very controversial.  Significant amounts of Abs secreted by terminally 

committed plasma cells are directed against myelin proteins and lipids (6).  Production of 

MOG-specific Abs that contributes to EAE pathology has been reported both in vitro and 

in vivo (235).  Additionally, like other APCs, B cells express CD40 and B7 co-

stimulatory molecules that provide an activation signal for T cell (236), and it has been 

reported, that B7-deficient mice develop ameliorated EAE (237).  MOG- induced EAE 

displays a much more restricted and severe onset in mice lacking B cells, compared to wt 

C57BL/6 mice (236).  Recently, it has been reported that B cell deficient mice (B10.PL 

background) also develop more severe and prolonged EAE in response to immunization 

with MBP1-11 peptide compared to their wt littermates (238).  The severity of normally 

acute disease in these H-2u mice is due to reduced and delayed production of IL-10 and 

decreased expression of FoxP3+ regulatory T cells (238).  In another report, B cell-

deficient (B10.PLxSJL) F1µMT-/- mice challenged with MBP developed normal onset 

and manifestation of RR EAE, suggesting a minimal role for B cells in initiation and 

effector phase of the disease (239).  Consistent with Dittel et al, Hjelmström and 

coworkers reported that B cell-deficient µMT mice displaying H-2b haplotype are 

susceptible to MOG35-55-induced EAE and develop acute EAE characterized by both 

inflammatory lesions and primary demyelination (235).  In contrast to these results, the 

requirement for B cells in MOG-mediated EAE was demonstrated by Cross’s group.  

They have shown that H-2b µMT mice are resistant to MOG-induced EAE; however, 

passive transfer of serum or B cell isolated from MOG- but not MBP-primed or naïve wt 
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mice is able to reconstitute the ability to develop EAE in MOG-challenged µMT mice 

(240).  Unlike the majority of studies that induce EAE in C57BL/6 mice with 

immunodominant MOG35-55 peptide, EAE induction by this group was performed with 

120 amino acids of extracellular domain of MOG (rMOG).  Interestingly injection of 

MOG-specific serum to healthy µMT mice 30 days after MOG challenge was associated 

with rapid appearance of clinical symptoms and inflammation of the CNS of these mice, 

implicating an important role for myelin-specific Abs in pathogenesis of EAE (240). 

It was recently discovered that B cells are capable of producing cytokines and 

therefore can play a regulatory role in EAE (98, 236).  Fillatreau and colleagues found 

that recovery from MOG-mediated EAE requires autoAg-reactive B cells producing IL-

10 (236).  Moreover, bone marrow chimeric mice that exhibited B cell restricted IL-10- 

or CD40- deficiency did not recover completely from MOG-induced acute EAE, showing 

important role for B cell-derived IL-10 in controlling autoimmunity. 

In addition to Ab production, B cells can also produce various cytokines and act 

as secondary APCs (98, 241, 242).  Recent studies have indicated that regulatory B cells 

observed in several models of chronic inflammatory diseases perform the regulatory 

function either by producing regulatory cytokines (IL-10 and/or TGF-β) or by direct cell-

to-cell contact-dependent inhibition of pathogenic T cells (98, 241-243).  Additionally, it 

has been noted that IL-10 –producing B regulatory cells appear under the inflammatory 

condition, and only negligible amounts of these cells can be detected in normal mice (98).  

Therefore, the inflammatory environment seems to be required for activation/ 

differentiation of B regulatory (Breg) cells and their effector function (98).  In their study, 
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Fillatreau’s group demonstrated that TLR-signaling in B cells is responsible for their 

suppressive function toward Th1 and Th17 cells and for recovery from EAE (244).  

Using mice with B cells deficient for MyD88, TLR9, or TLR2/4, they demonstrated that 

TLRs are required for B cell-mediated recovery from EAE.  According to their proposed 

mechanism, during EAE onset, certain TLR agonists (like M. tuberculosis present in 

CFA used as a medium for EAE induction) control suppressive functions of B cells.  

Since B cell suppression of T cell-mediated autoimmunity is MyD88-dependent (244), 

antagonized MyD88 signaling between B cells and other cells that induce differentiation 

of Th17 cells can be responsible for EAE pathogenesis (244). 

 
Innate Immune Cells in EAE.  Unlike adaptive immune cells that recognize and 

respond to an Ag via highly specific T or B cell receptors (6), innate immune cells 

recognize common and evolutionary conserved structures through pattern-recognition 

receptors i.e. toll-like receptors (TLRs).  Innate cells have a potential to initiate or 

regulate autoimmune responses by production of inflammatory cytokines and 

chemokines, and also immunomodulatory molecules, like those currently approved to use 

in RRMS IFN-β (245). 

Monocyte-derived macrophages are the major CNS-infiltrating population during 

MS and EAE (6, 246), and their phagocytic potential and production of reactive oxygen 

species (ROS) are central to demyelination and axonal damage (246).  Additionally, 

through secretion of IL-1β, macrophages are also potent supporters of NO production (6).  

Osteoponin (OPN) produced by macrophages and T lymphocytes and also glial cells and 
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neurons further induce production of Th1 cell cytokines (IFN-γ and IL-2) and the 

downregulation of suppressor cytokine IL-10 (200). 

Extensive infiltration of neutrophils into the CNS during progression of EAE and 

MS has been implicated in their pathologic role in these diseases (6, 172).  However, in 

2005, a group led by Owens demonstrated that infiltrating CNS population of Gr-1high 

cells dominated by neutrophils can play a suppressive role in EAE, and that the 

neutrophil-mediated inhibition of T cells requires IFN-γ and NO synthase activity (247). 

The most potent professional APCs, DCs can stimulate primary immune response 

or exhibit tolerogenic potential (47).  According to the general view, all subsets of DCs 

can be involved in response to the pathogen; however, certain subsets are implicated in 

tolerance induction (47).  CD11b+ DCs and plasmocytoid DCs (pDCs) are potent 

inducers of regulatory T cells, whereas CD8α+ DCs can induce clonal deletion of 

autoreacive T cells (47).  Additionally, as demonstrated by Kelsall’s group, IL-10-

producing CD11b+CD8α- DCs can stimulate differentiation of IL-4-, and IL-10-

producing Th2 cells in vitro in contrast to CD8α+ or CD8α- CD11blow cells that 

predominantly produce IL-12 and stimulate Th1 cell bias (248).  Further, the role for 

CD11b+ cell in tolerance has been confirmed by a recent study by Ehirchiou et al, 

demonstrating the inability to induce oral tolerance in mice lacking this molecule (99).  

Interestingly, as shown by this study, CD11b deficiency has led to differentiation of Th17 

cells via IL-6-dependent mechanism.  Evaluated by Zaghouani’s group, the potential of 

CD8α- and CD8α+ DCs to treat EAE revealed that while the IL-12-producing CD8α+ DCs 

are unable to reverse EAE in FcRγ-deficient mice, CD8α- DCs pre-incubated with MOG-
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IgG chimera are able to cross link-FcγR on APCs, produce IL-10, and mediate recovery 

from EAE of these mutant mice (31).  Additionally, apoptosis of DCs has been shown to 

play a pivotal role in maintaining of self-tolerance, since mice defective in DCs apoptosis 

(DC-p35) develop spontaneous systemic autoimmunity due to DCs accumulation and 

chronic activation of lymphocytes (249).  In EAE, pDCs are the major CNS-infiltrating 

DCs and in contrast to myeloid DCs (mDCs), pDCs play a negligible role in T cell 

activation and epitope spreading (250).  Moreover, as shown by Miller’s group, pDCs 

actively suppress production of IL-17, IFN-γ, and also IL-10 by mDCs in the CNS, and 

pDCs depletion results in exacerbated EAE due to increased CD4+ T cells activation in 

the CNS and production of IL-17 and IFN-γ (250). 

In contrast to pDCs, the proinflammatory myeloid DCs seem to support a 

pathogenesis of EAE (207, 251).  It has been demonstrated that CD11c+ myeloid DCs 

isolated from patients with SP MS express significantly higher levels of CD80 and 

produce more TNF-α and IL-12 compared to RRMS patients and healthy controls (251).  

In another study, it has been shown that DCs isolated from MS patients secrete elevated 

levels of IL-23 and express increase levels of IL-23p19 mRNA (207).  Interestingly, 

when the potential of different DCs subsets in EAE were evaluated, it was shown that in 

contrast to B cells, both CD8α+ and CD8α- DCs are very potent stimulators of 

proliferation of naïve and memory-Ag-specific T cells (243). 

The anti-inflammatory role of natural killer (NK) cells has been demonstrated in 

EAE.  In vivo neutralization of NK cells by administration of anti-NK1.1 Ab prior to 

MOG35-55 challenge exacerbates acute EAE in C57BL/6, RAG-2 KO, and SJL mice (252, 
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253).  Additionally, adoptive transfer of NK cells isolated from mice immunized with 

immunoprotective heat shock protein (Hsp)-70 peptide complex, prevented development 

of clinical EAE in PLP139-151-challenged mice (254).  In contrast, one recent report 

implicated NK cells in pathogenesis of EAE based on the diminished clinical EAE and 

associated T cell response observed in mice in vivo depleted of NK cells (255). 

The γδ T cells have been reported to play either pathogenic or regulatory role in 

EAE.  Among the studies advocating for regulatory role of these cells in EAE 

pathogenesis, one that stands out was published by Ponomarev and Dittel (256). In this 

study, investigators suggested the pivotal role of γδ T cells in regulating the CNS 

inflammation.  They showed that γδ T cell-deficient mice are unable to recover from 

acute disease due to prolonged presence of infiltrating cells in the CNS.  However, 

reconstitution of γδ T cell-deficient mice by wt γδ T cells mediated recovery from EAE 

(256).  These findings are in agreement with their previous discovery indicating that 

presence of γδ T cells is needed to promote the production of IFN-γ by both CD4+ and 

CD8+ T cells in the CNS before the onset of EAE.  This regulation was shown to be 

independent of the ability of γδ T cells to produce IFN-γ and specific to T cells in the 

CNS, since no alterations in IFN-γ production were detectable in γδ T cell-deficient mice 

in the spleen and LNs after EAE induction (256). 

In contrast to these reports, it has been shown that in vivo depletion of γδ T cell 

from lymph node (LN) cells results in ameliorated clinical and histopathological EAE in 

mice due to reduction of IL-12 production by LN cells (257).  This result was supported 

by Rajan et al who implicated the contribution of γδ T cells in EAE via promoting the 
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inflammatory environment that accelerates inflammatory responses in the CNS (258, 

259).  According to this group, in vivo neutralization of γδ T cells by GL3 mAbs 

immediately before disease onset or during its chronic phase significantly ameliorates 

clinical severity of EAE (258). 

 
Apoptosis in EAE.  The disease-promoting and disease-regulation role of 

programmed cell death (apoptosis) has been extensively studied over the last decade, 

using a number of various Tg models.  For instance, apoptotic death of oligodendrocytes 

is one the most prominent mechanisms for EAE neuropathology (260).  Hövelmeyer et al 

demonstrated that mice lacking the “death receptor” Fas exclusively on oligodendrocytes 

and/or are entirely deficient in TNF-R1 are protected against EAE (260).  Additionally, 

double mutant mice exhibited virtual absence of oligodendrocyte apoptosis, although 

with a normal degree of lymphocyte infiltration into the CNS, further suggesting that 

expression of Fas on oligodendrocytes is important for EAE induction and pathogenesis.  

Consistent with these results, adoptive transfer of MOG-specific oligodendrocytes from 

the wt mice to lpr mice harboring the natural mutation of fas gene, or to mice with 

mutated tnf-r1 gene proved that expression of “death receptors” Fas and/or TNF-R1 is 

required for full pronunciation of EAE (12).  Mice harboring the FasL mutation (gld 

mice) demonstrated a significant delay in clinical manifestation and considerable 

reduction in demyelination compared to wt mice (12, 260).  The blockade of Fas-

associated death domain (FADD) on T cells rendered mice unsusceptible to EAE 

challenge and suppressed both Th1 and Th2 cell responses in these mice (261).  Induction 
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of EAE in complement (C5)-deficient mice resulted in higher axon conservation, 

formation of new myelin, and prevented apoptosis of oligodendrocytes (262). 

Aside from the disease-promoting approach, apoptosis can also support recovery 

from EAE.  Fas-mediated apoptosis of encephalitogenic T cells has been shown to be 

necessary for EAE recovery, since Fas-deficient SJL mice exhibit a significantly more 

severe course of EAE (13).  Further analysis of the levels of Fas/FasL transcripts in the 

CNS revealed that in wt SJL mice, the highest level of Fas and FasL mRNA can be found 

at the peak of clinical EAE, and it gradually decreases following clinical recovery (13).  

To further address the role of T cell apoptosis in EAE, a group led by Bernard employed 

the Tg mouse over expressed with survival gene bcl-2 (15).  No difference was observed 

in clinical manifestation of EAE or pathology between bcl-2 Tg mice and their wt 

littermates during the acute disease.  However, more severe disease was observed in bcl-2 

Tg mice during the chronic phase of EAE, suggesting that T cell apoptosis in the CNS is 

just one of the naturally evolved regulatory mechanisms during EAE and cannot explain 

the spontaneous recovery from acute disease (15). 

Immunization with excessively activated DCs induces tissue-specific and 

systemic autoimmune symptoms (249).  To investigate if apoptosis of DCs also regulates 

self-tolerance, mice deficient in DCs, T or B cell apoptosis were generated (249).  Results 

obtained by this group confirmed that lack of DCs apoptosis results in their significant 

expansion and over activation of T and B cells, and the development of autoimmunity 

despite normal numbers and functional FoxP3+CD4+C25+ regulatory T cells (249).  

Interestingly, γδ T cells also can induce apoptosis of encephalitogenic T cells during EAE 
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(256).  It has been shown that compared to wt mice, mice deficient in γδ T cells exhibit 

exacerbated EAE associated with enhancement in proliferating encephalitogenic T cells 

and a reduction in caspase activity.  Moreover, adoptive transfer of wt γδ T cells but not 

Fas-deficient γδ T cells causes recovery from EAE and resolves the CNS inflammation in 

γδ T cell-deficient mice (256). 

A number of cytokines, including TGF-β, IL-10, and IL-4, have been implicated 

in mediating apoptosis (263-265).  The pivotal role of TGF-β-mediated apoptosis has 

been established for the maintenance of B- and T-cell homeostasis (263).  An important 

role in apoptosis of the T cell isolated from individuals affected with systemic lupus 

(SLE) has been assigned to IL-10.  In a study performed by Georgescu et al, 

neutralization of IL-10 in vitro reduced T cell apoptosis by 50 % in the active SLE 

patients (264).  Recently, IL-4’s ability to induce apoptosis of human endothelial cells 

was demonstrated (265).  Treatment of endothelial cell cultures with recombinant human 

IL-4 significantly increased caspase-3 activity. Consequently, inhibition of caspase-3 

suppressed IL-4-induced apoptosis in a dose-dependent manner (265). 

 
Anti-Inflammatory CD4+ T Cells in EAE.  It has been well documented that 

adoptive transfer of myelin-specific proinflammatory CD4+ T cells, but not anti-

inflammatory Th2 cells, induces disease in naïve recipients (19, 56, 165).  IL-4, a major 

Th2-type cytokine, was shown to promote downregulation of EAE symptoms and support 

recovery from the disease (3, 36, 56).  Additionally, it has been shown by Gajewski et al, 

that induction of T cell anergy is associated with downregulation of Th1- and induction 

of a Th2-like phenotype (21), and IL-4 was shown to promote development of anergy (3, 
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22).  The immunomodulatory role of Th2 cells in EAE has been well established, and in 

the last decade many efforts have been focused on designing treatments against 

autoimmune diseases by inducing the Ag-specific (141, 266-269) or -nonspecific (33, 34, 

78, 147, 270, 271) Th2 cell bias. 

 
Pro- and Anti-Inflammatory Balance in EAE.  It has been a general understanding 

that activation of naive T cells can result in their differentiation into either Th1-type or 

Th2-type cells (194-197).  Accordingly, the pro- and anti-inflammatory cell types 

counter-regulate each other via production of cytokines.  Th1 cells produce high levels of 

pro-inflammatory cytokines, i.e. IFN-γ, TNF-α and support delayed-type hypersensitivity 

(DTH) reactions and cell-mediated cytotoxicity.  On the other hand, Th2 cells produce 

high levels of IL-4, IL-5, and IL-13 and support predominantly humoral responses. The 

“type 1/type 2” paradigm has been implicated in the etiology of autoimmune diseases 

such as EAE (3, 19, 58, 94, 200).  It has been postulated that the deviation of potentially 

autoreactive T cells to a type 1 phenotype triggers autoimmunity (19, 166, 177, 200).  

Th1-type cells have been suggested as playing a major role in mediating EAE (166, 198), 

MS (6, 94, 200, 272), collagen-induced arthritis (273), and diabetes mellitus (274). By 

contrast, cytokines secreted by Th2 cells are implicated in the suppression of autoimmune 

response and the promotion of tolerance (6, 33, 78, 198, 200). Systemic tolerance 

abolished by deletion or inactivation of TGF-β or IL-10 (56) can be reversed by 

administration of Th2-type cytokines (58), and prevention of a Th1 cell response is 

critical for this effect.  The addition of exogenous IFN-γ and/or anti-IL-4 mAbs has been 

shown to be responsible for abrogation of tolerance (3). 
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An important mechanism by which Th2-type cytokines suppress autoimmunity is 

a process of bystander suppression (272).  Bystander suppression in EAE refers to the 

induction of myelin-specific Th2 cells that cross-react with the native auto-Ag and reduce 

the proinflammatory immune response whenever autoAg is released (75).  In fact, the 

bystander suppression of MBP-specific encephalitogenic cells is considered the 

mechanism of action for GA (77).  Clinical manifestation and pathology of EAE can be 

also inhibited by nonspecific Th2 cell bias of the immune response.  Previously, we have 

shown that oral immunization of SJL mice with Th2 cell–imprinting Salmonella-CFA/I 

vaccine is able to inhibit clinical and histopathological manifestation of EAE (33, 78). 

The discovery of Th17 cells upended the prevailing dogma of the Th1/Th2-type 

paradigm (168, 169).  Th1 and Th17 cells, even though proinflammatory, utilize different 

developmental pathways, and often have opposing functions (168, 169).  Additionally, 

the major Th2- and Th1-type cytokines, respectively, can inhibit differentiation of naïve 

CD4+ T cells into Th17 cells (169). 

 
Antigen-Independent Th2 Cell Bias in EAE.  In contrast to induction of Ag-

specific Th2 cells bias, the suppression of encephalitogenic responses and protection 

against EAE induced by treatment with myelin-nonspecific Ags have been studied 

significantly less.  About a decade ago, an important discovery was published by Falcone 

and Bloom.  These investigators tested the hypothesis that a Th2-type immune response 

induced against an exogenous non-self Ag could shift the proinflammatory cytokine 

profile observed in EAE to a protective Th2-type (270).  They demonstrated that SJL 

mice pretreated with keyhole limpet hemocyanin (KLH) in IFA prior to EAE induction 
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and then given a second dose of KLH four weeks later in a challenge mixture with guinea 

pig myelin and CFA developed significantly reduced clinical EAE.  In contrast to these 

mice, the group of mice that received KLH only for the first dose of KLH in IFA, but was 

not given KLH at the time of EAE induction, developed normal onset and clinical 

manifestation of EAE that was undistinguishable from unprotected control mice (270).  

All mice given KLH in IFA produced IL-4 in response to KLH restimulation, although in 

contrast to mice pre-dosed with KLH, T cells isolated from mice that received KLH also 

at the time of challenge showed significant Th2 bias in response to MBP (270). 

Recently, a soluble egg antigen (SEA) isolated from Schistosoma japonicum has 

been shown to naturally induce strong a Th2 cell response able to prevent MOG35-55-

induced EAE in mice (271). They have demonstrated that i.p. injection of SEA prior to 

EAE induction or in its pre-clinical stage, but not after clinical manifestation of EAE, 

significantly reduced demyelination and mononuclear cell infiltration into the CNS and 

ameliorated the disease severity (271).  This immunomodulatory effect, according to 

investigators, was attributed to the increased production of IL-4 and reduction of IFN-γ 

observed in spleens and the CNS of SEA-pretreated mice in the chronic disease phase. 

It has been reported that silibinins, a major pharmacologically active compound of 

silymarin or Silybum marianum fruit extract, can induce anti-inflammatory responses and 

stimulate amelioration of EAE (275, 276).  Lee et al had investigated the influence of 

silibinin on DC’s ability to stimulate immune responses.  They concluded that silibinin 

significantly down regulated expression of co-stimulatory molecules B7.1 and B7.2, as 

well as MHC I and II on DCs.  DCs incubated with silibinin were unable to express IL-12 
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in response to LPS, and despite impaired Th1-type response, they displayed normal cell-

mediated responses (276).  A study by Min et al focused on the ability of silibinin to 

protect mice against EAE development.  They showed that silibinin significantly reduced 

the demyelination and inflammation of the CNS in mice induced with EAE (275). 

The influence of orally delivered Ag non-specific protein suppressor of immune 

response (SIRS) on the clinical EAE has been evaluated by Brod and Hood.  SIRS was 

produced by immune-modulatory T cells in vivo, and was also shown to be secreted by 

these cells in vitro in response to ConA and type I IFN stimulation (277).  Synthesized N 

terminal SIRS peptide 1-21 that previously was shown to be anti-inflammatory was either 

injected or orally administered to mice in a course of two weeks, starting one week prior 

to EAE induction with MOG35-55 peptide.  Mice parenterally injected or fed with SIRS 

peptide displayed the decrease in EAE severity and increased production of IL-13, but 

only mice orally dosed with SIRS showed also a delay in clinical onset of EAE (277). 

Finally, an anti-inflammatory effect of live diarrheal vaccine has been shown to 

significantly ameliorate clinical manifestation and neuropathology of EAE via induction 

of myelin-independent Th2 cell bias (78).  Using an attenuated Salmonella-vector vaccine 

expressing enterotoxigenic Escherichia coli (ETEC) fimbriae, colonization factor Ag I 

(CFA/I), when given to mice prior EAE induction or during the pre-clinical phase of 

EAE greatly reduces clinical disease and histopathology of the CNS when compared to 

the unprotected PBS-dosed mice.  Moreover, though to a lesser extent, even oral 

administration of Salmonella empty vector alone is able to confer a partial protection 

against EAE when compared to PBS-dosed diseased mice.  Further analysis reveals that, 
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in contrast to normal anti-Salmonella Th1-type responses, the attenuated Salmonella 

vaccine induces a biphasic Th cell response in which Th1-type response is quickly 

replaced by a strong Th2-type bias that accompanies the induced TGF-β-secreting 

regulatory T cells and is able to suppress an inflammatory environment caused by 

immunization with PLP139-151 peptide (33, 78). 

 
Antigen-Specific Th2 Cell Bias in EAE.  Much attention has been focused on 

developing an EAE treatment that would induce bystander suppression and myelin-

specific Th2 cell bias.  Currently approved as an immunomodulatory treatment for 

relapsing remitting MS, GA (copolymer 1) is believed to induce MBP-specific Th2 cell 

responses in treated patients (77).  Since GA has been successful in preventing and 

suppressing EAE and has been effective in clinical trials, it was approved in 1996 for use 

in humans.  It has been shown that initial strong and promiscuous binding of GA to the 

MHC and its competition with various myelin Ags for the presentation to T cells (134) 

inhibits T cell response to several myelin Ags.  In fact, GA acts as a T cell receptor 

antagonist for the MPB82-100 peptide.  In vivo, GA induces a shift of an immune response 

from Th1 to Th2-type cells, which is followed by a production of anti-inflammatory 

cytokines (134).  The bystander suppression theory, in which GA-induced Th2 cells cross 

react with myelin-specific epitopes and inhibit encephalitogenic T cells, was recently 

challenged by Vollmer’s group.  Mice challenged with MOG35-55 and treated with GA, 

showed only moderate protection against EAE, and lymphocytes isolated from these mice 

failed to produce significantly more Th2-type cytokines than controls (268).  

Additionally, the suppressive effect of GA against EAE was also observed in IL4-and/or 
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IL-10–deficient mice, suggesting an alternative, Th2-independent mechanism for GA-

mediated protection against EAE (268).  Also, since GA can prevent EAE induced by 

immunization with MBP, PLP, or myelin preparation and is also shown to prevent 

experimental autoimmune uveitis, some investigators qualify GA as an Ag-independent 

immune modulator (133).  

APL strategy has received a lot of attention as a therapeutic approach against 

autoimmunity (135).  APLs designed for EAE research are molecules of modified native 

encephalitogenic peptide in which one or a few critical amino acids are substituted for 

contact with TCR, and depending on the substitution, APLs can protect or reverse EAE 

(135).  For example, GA is considered to be a special kind of APL (77).  APLs to PLP139-

151 described by Kuchroo et al in 1994 were sufficient to inhibit EAE in mice (278).  An 

interesting approach related to APL-mediated therapy was exploited by Offner and 

colleagues (217).  Constructed by this group, recombinant TCR ligand (RTL) containing 

soluble MHC II domains linked to PLP139-151 encephalitogenic peptide (=RTL401) was 

shown to reverse clinical severity of passively transferred EAE and reduced, but did not 

prevent the CNS infiltration (217).  According to the authors, the mechanism of action of 

RTL401 was the inhibition of autoreacttive CD4+ T cells via induction of Th2 cell that 

predominantly secreted IL-13 (217). 

Ramirez and Manson performed a study in which MBP-specific cell lines were 

incubated with IL-4 and glucocorticoid dexamethasone (DEX) to effectively induce a 

Th2 cell response (269).  These MBP-specific Th2 cell lines were subsequently evaluated 

for their ability to induce or treat mice against EAE.  Even though MBP-specific Th2 cell 
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lines did not transfer EAE to naïve mice, they were also insufficient in protecting mice 

against EAE challenge, when MBP-specific Th2 and Th1 cell lines were co-transferred to 

mice (269).  However, a high proportion of mice injected with Th2 cell lines alone were 

resistant to EAE induction by MBP injection, suggesting induction of MBP-specific Th2 

bias (269). 

A very interesting approach of induction of Ag-specific Th2 cell bias via DNA 

vaccination has been explored by number of investigators. Induced protection against 

EAE following immunization with a naked DNA encoding encephalitogenic peptide has 

been documented for both MOG- and PLP-mediated EAE (142, 266, 279).  Co-delivery 

of naked IL-4 gene and DNA vaccine encoding PLP139-151 immunodominant peptide was 

shown to provide protective immunity against EAE in mice (266).  Moreover, a similar 

approach of co-delivered IL-4 gene and DNA vaccine encoding myelin oligodendrocyte 

glycoprotein was shown to reverse already established EAE (266). 

Bacterial DNA and immunostimulatory CpG oligodeoxynucleotides (ODNs) 

activate the innate immune system to produce proinflammatory cytokines. Stimulatory 

CpG motifs are potent adjuvants inducing Th1-type of the immune response and are 

currently used as effective therapeutic vaccines for various animal models of infectious 

diseases, tumors, allergies, and autoimmune diseases (141).  CpG-ODN can efficiently 

replace M. tuberculosis in CFA used for induction of EAE in rodents (280).  

Paradoxically, with its proinflammatory role, DNA vaccines with inserted CpG motifs 

(141, 142) or even repeated injections of CpG-ODN (281) alone during EAE induction 

were shown to significantly ameliorate EAE in rodents.  Even though successful, the use 
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of an agent that induces proinflammatory responses against proinflammatory disease can 

be risky and may be detrimental in a long run.  To overcome this potential problem, Ho 

and coworkers created a “suppressive” CpG in which a single base substitution of a 

guanine for a cytosine down regulated CpG-mediated Th1-type response and created the 

“suppressive” CpG that provoked Th2 cell bias (141).  The resulting “suppressive” CpG 

was able to moderately ameliorate clinical EAE when i.p. injected at the time of the 

PLP139-151-challenged, but also improved the disease manifestation when given to SJL 

mice at the peak of the clinical disease (141).  To enhance the effectiveness of this 

vaccine, the group applied a tolerizing myelin cocktail/IL-4 DNA vaccine mixture with 

“suppressive” CpG for their further experiments (142).  They showed that the improved 

vaccine was more efficient in suppressing clinical EAE by shifting toward Th2 cell bias 

and significantly reducing auto-aggressive anti-myelin Abs from spreading due to 

induction of protective IgG1 isotype (142). 

In a recent clinical trial, a DNA vaccine encoding full length human MBP (BHT-

3009) was tested in MS patients and was found to be safe and well tolerated by the 

subjects (282).  It has been shown that immunization with BHT-3009 induces anti-

inflammatory Ab-specific Th2 cell bias that inhibits Th1-driven production of IFN-γ and 

markedly reduces myelin-specific auto-Abs (282). 

Multiple Sclerosis Background 

Multiple Sclerosis 

Multiple Sclerosis (MS) is the most frequently diagnosed inflammatory 

demyelinating disease of the CNS in Northern Europeans and North Americans, affecting 
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as many as 400,000 people in United States and over 2 million people worldwide (283-

285).  MS was first observed in 1868 by the French neurologist Jean Martin Charcot, who 

gave it the name sclérose en plaques disseminées (multiple sclerosis) after observing 

repeatable perivescular accumulation of inflammatory cells in the CNS of patients with 

sporadic incidences of neurologic dysfunction (172).  The frequency of MS is thought to 

be age-, and gender-dependent, since it most frequently affects young and middle-aged 

adults and occurs twice as often in females than in males (6, 283, 286, 287). The first 

manifestation of clinical symptoms is often seen during young adulthood leading to 

substantial disability in over 50 % of the patients (283).  MS is generally not a fatal 

disease, although very rarely it can become malignant, leading to considerable neurologic 

disability and/or death shortly after the disease onset (285, 288).  

 
Pathology of Multiple Sclerosis 

Examination of brain and spinal cord tissue obtained from individuals with MS 

demonstrates multiple distinct plaques in the CNS white matter associated frequently 

with optic nerves, the white matter zones in the periventricular region, brain stem, and 

spinal cord (172, 285).  Substantial axon damage and axonal loss, proliferation of 

astrocytes and production of glial fiber are important manifestations of MS pathology 

(285, 289).  Additionally, paralysis and the inability to walk are characteristic for the 

chronic phase of MS and are strongly associated with the axonal loss in the spinal cord 

and subsequent spinal cord atrophy (6, 289). 

The presence of demyelinating plaques is associated with perivascular infiltration 

of inflammatory cells, including αβ and γδ T cells and monocytes as well as B and 
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plasma cells (290).  Macrophages primarily infiltrate into the center of the plaques, and 

their presence correlates to the reduction in numbers of oligodendrocytes (172). 

Currently, four distinct pathological patterns leading to demyelination have been 

distinguished in active MS lesions. Among them, type 1, evident in 19 % of lesions, is 

believed to be T cell-mediated with demyelination due to phagocytosis by macrophages, 

or is caused by macrophage-released toxins.  Type 2 lesion (T cell- and antibody-

mediated) is the most common pathology and is seen in about 53 % of MS lesions. In 

type 2 lesions, demyelination is believed to occur via myelin-specific Abs and 

complement.  Type 3 pathology, observed in 26 % of lesions, is related to 

oligodendropathy followed by apoptosis.  The fourth type of demyelination patterns 

occurs rarely and is associated with only 2 % of lesions and is observed only in a small 

subset of patient with primary progressive MS (PPMS). Type 4 lesions are the secondary 

demyelinations resulting from the primary oligodendrocyte damage (172, 285, 291). 

 
Symptoms of Multiple Sclerosis 

Variable clinical manifestation and diverse symptoms in MS correlate with CNS 

pathology (285, 286).  During the more advanced stages, MS patients experience 

alterations of sensory, motor, cerebellar, brain stem, and autonomic functions (285).  The 

pattern and timing of MS lesions are rarely predictable, and often the clinical symptoms 

show a discrepancy between MS-affected individuals.  However, some of the symptoms 

are more common among MS patients, including fatigue, described in more than 50 % of 

MS patients, and the presence of bilateral internuclear ophthalmoplegia (172, 292).  From 

the clinical perspective, the majority of MS cases can be categorized as relapsing-
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remitting MS (RRMS), though some individuals develop primary progressive MS 

(PPMS) (6, 135, 172).  Over 85 % of patients experience RRMS where episodes of 

clinical signs of the disease are followed by partial or full recovery within a few weeks or 

a few months, depending on the stage of the disease (172, 285).  Among patients with 

RRMS, for at least 20 years, approximately 20 % develop benign MS characterized by 

clinical stability (285).  On the other hand, over 40 % of RRMS patients develop 

secondary progressive MS (SPMS) characterized by progressive neurodegeneration of 

the CNS caused by chronic CNS inflammation (293).  The chronic phase responsible for 

the majority of MS pathology (200) is due to degeneration of the both the myelin sheath 

synthesized by oligodendroglial cells and the underlying axons (6).  Approximately 20 % 

of MS patients develop PPMS, characterized by gradual clinical progression (294, 295).  

In contrast to RRMS, PPMS develops mostly in older individuals and affects both men 

and women with a similar frequency (285).  Importantly, a high percentage of individuals 

with PPMS develop unresponsiveness to any form of available immunotherapy for MS 

(296). 

 
Genetic Susceptibility to Multiple Sclerosis 

Data obtained from animal models suggest that MS is a T cell-mediated 

autoimmune disease and may be triggered by an unknown exogenous agent in genetically 

susceptible individuals.  Even though the etiology of MS at this point remains largely 

unknown, the genetic susceptibility has been consistently linked to development of the 

disease (297-299).  It is well-documented that the most common RRMS affects females 

twice as often as males, especially those between the ages of 20 to 40 (6, 172, 283).  
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Additionally, it seems that people of Caucasian descent, especially Northern European, 

are more susceptible to MS (reviewed in ref. 300).  Even though it is well understood that 

MS is not simply an inherited disease, it does tend to cluster within families, with a 1-5 % 

of risk for MS development in a first-degree relatives and an increased likelihood 

between identical twins (25-30 %) (285, 301-303). 

Almost every chromosome has been linked with susceptibility to MS 

development (reviewed in ref. 304).  However, the most consistent association has been 

reported with the chromosome 5p13 in Canadians and Scandinavians and with 10p15 in 

several European populations (304).  

A number of genome-wide linkage studies have been performed over the last 

decade that consistently reveal the association of MS susceptibility with extended 

haplotypes of the MHC II genes located on chromosome 6 (297-299).  In particular, 

human leukocyte antigen (HLA)-DRB1*1501 allele (reviewed in ref. 304, 300) has been 

associated with about 50 % of MS cases (300, 302, 303).  Additional MHC II molecules 

linked to MS development include DQB1*0602 in Sardinian MS cohort and 

DRB1*1501, DQB1*0602, and DRB5*0101 in Norwegians and African Brazilians (300). 

Among non-HLA-genes, polymorphism of two cytokines receptor genes, namely 

interleukin 7 receptor gene α (IL-7RA) located on chromosome 5p13 and IL-2RA 

(CD25) on chromosome 10p15, have been consistently linked to MS susceptibility (300).  

Interestingly, it has been estimated that single nucleotide polymorphism rs6897932, 

located in the alternatively spiced exon 6 of IL-7RA, is associated with about 30 % cases 

of MS (300). 
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In the early 1970s, three independent groups described association of HLA-A3 

allele and MS development (reviewed in ref. 300).  Recently, the predisposition to MS 

development has been examined for individuals harboring MHC I HLA-A303 allele (305, 

306).  It has been suggested that expression of HLA-A3 (A*0301) nearly doubles the risk 

for MS development in an HLA-DR-independent manner (306).  Moreover, HLA-A2 

(A*0201) allele was strongly associated with protection against MS, implicating that 

presence of HLA-A2 cuts in half the risk for MS development in individuals harboring 

HLA-A3.  In contrast, it is believed that individuals expressing HLA-A3 in combination 

with HLA-DR2 have more than combined risk for development of MS (305, 306). 

 
Environmental Susceptibility to Multiple Sclerosis 

Aside from genetic association, MS development has been linked with certain 

environmental factors.  In 1984, an association has been suggested between the frequency 

of MS and the geographical latitude of where the patients resided and their ages (307).  

According to migration studies, relocation during early adulthood from the areas 

exhibiting lower frequency of MS to the high-prevalence areas is associated with the 

higher risk of MS development (307).  In contrast to this study, the migration- related risk 

of MS development could continue in the Australian population until the third decade of 

life (308).  Migration studies of refugees from East Asia to the United States 

demonstrated generally low risks for MS development, whereas immigrants from India 

exhibited a higher risk of MS in the second generation (308). 

The association between geographical location and the frequency of MS is 

believed to be strongly dependent on the amount of the sunlight.  Consistent with this 
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belief is the co-occurrence of the lower MS incidence and higher UV exposure for 

persons living on the sunny Atlantic coast (308).  Interestingly, the frequency of MS in a 

sunlight-limited Northern Norway is much lower than in the lower latitude and sunnier 

Scotland or England (308). 

The relationship between physical activity, vitamin D sufficiency, and lower 

incidence of MS has also been suggested (308).  The geographic incidence of MS implies 

that an increase in MS correlates with the decrease in light exposure (309, 310).  

Insufficient production of vitamin D occus under low-sunlight conditions, and therefore, 

a role for vitamin D has been proposed in preventing MS (308-310).  It has been 

demonstrated that exogenous 1,25-dihydroxyvitamin D3 (vitamin D3) entirely prevents 

clinical manifestation of EAE, and treatment of mice with 1,25-(OH)2D3 hormone 

inhibited EAE progression by inducing synthesis of IL-4 and TGF-β (309).  Though not 

yet proven, the therapeutic potential for vitamin D in MS is currently being evaluated 

(310). 

Combined evidence suggests that when the genetic factors are taken out of the 

equation, the relationship between latitude, sunlight, vitamin D, and photobiology are the 

major factors influencing the susceptibility to MS development.  Other theories, 

including the hygiene hypothesis, suggesting that incidence of MS can be associated with 

the high level of sanitation (308), and birth order hypothesis, that correlate with the 

susceptibility to MS at this time remain inconclusive (308, 311).  In addition, recently, 

cigarette smoking has been positively associated with MS progression (308).  

Environmental factors may contribute to MS susceptibility via the mechanism of 
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molecular mimicry in which inappropriate cross-reactivity occurs between foreign and 

self-antigen (225, 312). 

 
Molecular Mimicry Hypothesis.  The ability to distinguish between self and 

foreign Ags is one of the most important features of an immune system.  Epidemiological 

studies combined with neuropathology as seen in MS and infectious demyelinating 

diseases have resulted in the speculation regarding the infectious etiology of MS (283, 

307, 313).  According to this theory, the immune system can mistakenly recognize self-

Ags as foreign if the infectious pathogen shares common structural motifs (6).  This 

theory is supported by the sequence similarities seen between some microbial and myelin 

proteins (6), as well as by the fact that complete sequence homology between self- and 

foreign peptide is not required for molecular mimicry (283, 312).  A high degree of T cell 

receptor (TCR) degeneracy, defined as a ability of peptide-specific TCR to tolerate 

multiple amino acids substitutions in the peptide sequence (296), observed in MS patients 

that correlated with cross activation of autoreactive CD4+ T cell by an infectious agent 

has been reported (225, 296, 312).  It is believed that relapses in MS are often triggered 

by infection with common viruses (225).  Influenza, human herpes virus (HHV) 6, human 

papillioma virus (HPV), and Epstein-Barr (EB) virus all have been shown to encode 

sequences mimicking those found in myelin sheet, stimulating anti-myelin Abs cross-

reacting with the sequences isolated from these microbes (6, 225, 314).  Moreover, 

viruses including EBV and HHV-6, have been shown to contain binding motifs for HLA-

DR2, and many HLA-DR2-bound microbial peptides can cross-stimulate MBP-reactive T 

cell clones (315).  It has been reported in EAE model that TCR MBP Tg mice 
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spontaneously develop EAE only when kept in a nonsterile environment, suggesting an 

important role for the infectious agent in facilitating autoimmune disease (316).   

 
Disease Mechanism 

Even though the etiology of MS remains unknown, the current data suggest that it 

develops in genetically susceptible individuals but may require additional environmental 

triggers (285).  Based on information obtained from experimental rodent models, i.e., 

autoimmune encephalomyelitis (EAE), peripheral autoreactive CD4+ T cells undergo Ag-

specific activation, which results in the loss of immunologic self-tolerance and the 

development of an autoimmune response (296).  The auto-activation of CD4+ T cells may 

occur by at least two mechanisms.  It has been reported that T cell receptor (TCR) of the 

autoreactive CD4+ T cells are promiscuous, allowing for  the activation of these cells 

outside the CNS in the periphery by the mechanism of molecular mimicry (296).  

Alternatively, activation of autoreactive CD4+ T cells can occur in the absence of co-

stimulatory signals, which combined with a lower threshold for the activation of these 

CD4+ T cells in both periphery and the CNS, can lead to an autoimmune response (20, 

296, 317).  These autoreactive T cells penetrate the blood brain barrier (BBB) and 

recognize autoAgs within the CNS parenchyma in the context of MHC II expressed by 

DCs and local microglial cells.  As a consequence, the autoreactive CD4+ T cells develop 

proinflammatory phenotypes and secrete proinflammatory cytokines such as IFN-γ and 

TNF-α, and chemokines that together recruit additional innate inflammatory cells as well 

as myelin-specific B cells, which amplify tissue injury (5, 296, 318).  Additionally, 

autoreactive T cells can on their own cause disruption of myelin and release additional 
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potential autoAgs (6, 285, 318). Apoptotic death of autoreactive T cells and T cell 

conversion toward Th2 cell phenotype trigger partial re-myelination of MS lesions in the 

early phases of the disease (319). 

 
Epitope Spreading.  Another important mechanism for MS pathogenesis was 

derived from EAE studies.  In 1992, Lehmann et al observed that induction of EAE in 

mice by administration of a single epitope to MBP resulted in the activation of T cells 

against other MBP-epitopes and also against other myelin proteins (179).  Epitope 

spreading requires B7/CD28 costimulation (19).  Conveniently, the CNS white matter of 

MS patients has been shown to express a high degree of co-stimulatory molecule B7.1 

(17).  Additionally, it has been reported that TCR specificity is not as essential as 

previously believed for the initiation of autoimmune response (225).  A number of amino 

acid substitutions in the MBP87-99 immunodominant peptide was shown to be tolerated by 

MBP87-99 TCR, suggesting a high degree of degeneracy for the TCR MBP87-99 recognition 

(296). 

 
Lymphocyte Penetration through Blood Brain Barrier (BBB).  IFN-γ and TNF-α 

released during inflammatory responses activate expression of MHC II and the vascular 

cellular adhesion molecule (V-CAM) in the outer layer of the BBB consisting of 

specialized capillary endothelial cells (320).  Activated, clonally expanded lymphocytes 

express α-4-integrin which binds V-CAM while CD4 molecule interacts with MHC II.  

Activated T cells expressing very late antigen (VLA)-4 interact with adhesion molecules 

expressed by the inflamed endothelium (6) and facilitates CD4+ T cell adhesion to the 
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endothelial layer.  It has been shown in EAE that a blockade of VLA-4 reverses clinical 

manifestation of the acute disease and prevents relapses in chronic EAE (6).  

Interestingly, MRI data have indicated that macrophage recruitment into the CNS is not 

fully compromised after administration of anti-VLA-4 Abs (321).  Humanized anti-VLA-

4 Abs (alpha-4-beta-1 integrin; natalizumab) are currently FDA approved for use in MS 

patients who do not respond to other MS treatment.  Alternatively, T cells may recognize 

an Ag presented by endothelial cells and attack BBB (reviewed in ref. 283, 322, 323). 

After crossing the endothelial layer of BBB, activated lymphocytes produce 

matrix metalloproteases (MMP) 2 and 9, which degrade collagen IV surrounding the 

inflamed brain endothelium (324).  MMPs also degrade myelin components during the 

active phases of MS and are found in cerebrospinal fluid (CSF) obtained from MS 

patients (324).  Moreover, immunoreactivity to MMP-9 is observed in MS lesions (324, 

325). 

 
Local Antigen Presentation within the CNS.  Local inflammatory conditions in 

the CNS induce microglia and local macrophages to upregulate MHC II and 

costimulatory molecules, CD86 and CD80, and present Ags to the T cells (296, 326).  

Low specificity of autoreactive TCRs and stimulation of lower-activation threshold 

memory T cell in a CD28-independent fashion by local APCs are likely to support the 

chronic inflammation in the CNS (296, 327).  In fact, analysis of the early lesions 

revealed expression of endothelial cell-activation markers and adhesion molecules, 

including vascular cell adhesion molecule 1 (VCAM-1), MHC II Ags, intracellular 

adhesion molecules 1 and 2 (ICAM-1 and ICAM -2), etc. (reviewed in ref. 283). 
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Humoral Immune Response in MS Patients.  Mostly what is known about the role 

of B cells and Abs for MS has been directly translated from the results obtained in animal 

studies.  Early studies on EAE showed the possibility of transferring disease into naïve 

animals using Th1-type CD4+ T cells but not humoral factors (reviewed in ref. 283).  

Conflicting results have been published regarding the ability to induce EAE in B cell-

deficient mice (235, 240).  The most probable scenario is that both cellular and humoral 

immune components contribute to immune-mediated demyelination and are critical for 

various steps in MS pathogenesis. 

The first discovery implicating an important role for the humoral immune 

response in demyelination has come from EAE study showing that sera isolated from 

EAE-diseased mice cause demyelination in vitro (328).  Additionally, it has been 

demonstrated that a large number of MS patients produce Abs to immunodominant 

MBP85-99 peptide (314, 329), which is also recognized by MBP-specific T cells obtained 

from HLA-DR2-expressing patients, implicating a T-cell driven Ab response (283).  

Elevated Ab titers against various myelin components, including surface-exposed myelin 

component MOCK or MOG, have also been reported (283, 329, 330). 

Among the distinct patterns of pathology and demyelination observed in MS, the 

second type is believed to be mediated by the combination of Abs and T cells (172, 283, 

285).  The presence of intrathecally synthesized oligoclonal IgG Abs also known as 

“oligoclonal bands” is detected in over 90 % of MS patients, and since their activity is 

not affected by treatments with IFN-β, this is often used as one of the disease markers 

(reviewed in ref. 283).  Sequence analysis of various heavy chains of Abs isolated from 
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MS patients reveals extensive somatic mutations indicating auto-Ag-specific B cell 

selection (331). 

Even though MOG-specific Abs were shown to cause demyelination in EAE, just 

recently the pathogenic potential of these Abs have been investigated in MS in primates 

(330).  Anti-MOG Abs have also been shown to specifically bind to disintegrated myelin 

surrounding axons in acute MS lesions (329). 

Even though not confirmed in MS, B cells and Abs can play a supportive role in 

recovery from demyelinating disease.  In 2000, Warrington and colleagues described 

human mAbs against oligodendrocytes that promoted re-myelination in a virus-mediated 

model of MS (332).  Also, regulatory B cells secreting anti-inflammatory and/or 

regulatory cytokines, able to suppress inflammatory and induce regulatory responses, 

have been described in animal models of MS, rheumatoid arthritis and inflammatory 

bowel disease (IBD) (98). 

 
T Cell Response in MS Pathogenesis.  MS-dependence on T cells has been well 

established in animal models and implicated in human studies (6, 77, 172).  T 

lymphocytes play a central role in the pathogenesis of multiple sclerosis (MS) (333), 

since increased frequencies of CD4+ and CD8+ T cells have been demonstrated in MS 

lesions (172, 188, 283, 284).  However, when CD4+ T cells predominate in acute lesions, 

CD8+ T cells are more frequent in chronic lesions (172, 188, 283, 284, 334).  Despite the 

consistence presence of oligoclonally expanded T cells in MS lesions, their action and 

primary targets are still undefined (173, 174).  Aside from Tαβ cells, recently described 
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CD16+ γδ T cells were found to be cytotoxic to the CNS cells in vitro via Ab-dependent 

cellular cytotoxicity (335). 

 
CD4+ T Cells.  Based on results from animal studies, and human clinical trials, it 

is commonly believed that at least the initial phase of MS is mediated by CD4+ T cells 

autoreactive to myelin Ags (78, 172, 286, 336).  T cell reactivity against myelin 

components has been extensively studied in both EAE and MS (283), and very similar T 

cell epitopes have been demonstrated as being encephalitogenic in both diseases.  Among 

these T cell epitopes, MBP83-99 has been the best studied and shown to be immunogenic 

in MS patients expressing various MS-associated DR alleles, including HLA-DR15, 

DR4, and DR6 (reviewed in ref. 283).  However, other MBP-specific T cell epitopes have 

also been implicated in disease development (283).  Interestingly, similar MBP-specific T 

cell epitopes are immunodominant in healthy controls and in MS patients, although their 

frequency is significantly higher in MS affected individuals (283).  Based on the results 

obtained from the EAE research, MS is mediated by inflammatory CD4+ Th1 and/or 

Th17 cells that initiate and propagate proinflammatory responses via the secretion of 

proinflammatory cytokines, including IL-17, IL-21, IFN-γ, and TNF-α (6, 172, 337).  

Direct evidence for the role of CD4+ T cells in MS pathogenesis was derived from the 

phase II of clinical trial on MBP83-99 altered peptide ligand (APL).  APLs have been 

designed to reduce the myelin-specific inflammatory response by inducing the Th2 cell 

bias (77, 172, 283).  Even though the desired Th2 response was induced by MBP83-99 

APL, three out of eight patients experienced exacerbation of symptoms following APL 

administration.  This aggressive MS onset was linked to enhanced inflammatory activity 
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in MS lesions, as well as to a strong immune response against both APL and MBP83-99 

peptide, and this effect was dose-dependent (283, 338).  In a recent study, Hedegaard et 

al analyzed the MBP-specific response of CD4+ T cells isolated from MS-patients and 

age/sex matched healthy controls (339).  Results obtained by this group have shown that 

MBP-specific CD4+ T cells from MS patients proliferated in vitro in response to MBP 

stimulation and produced significantly more of IL-17, IFN-γ, but also IL-4 and IL-5 

comparing to the healthy controls. 

PLP-specific CD4+ T cell epitopes have been also extensively studied in MS.  Full 

length PLP is expressed abundantly and exclusively in the CNS (6, 283).  

Immunodominant CD4+ T cell epitopes have been described in MS patients and in a 

considerably lower frequency in healthy individuals in the context of HLA-DR4, DR15, 

etc, (283). 

Based on the EAE studies, Th2-type CD4+ T cells, as well as different types of 

regulatory CD4+ T cells, can play a supportive role in disease remissions and 

amelioration of clinical relapses (33, 60).  MBP- and PLP- specific CD4+ regulatory T 

cells that produce TGF-β were found in a blood of patients with RRMS who were 

previously treated with bovine myelin preparation (59).  However, the double-blind phase 

III clinical trial in RRMS patients orally treated with a single-dose of bovine myelin did 

not reduce the numbers of relapses in these patients comparing to placebo group (22).   

 
CD8+ T Cells.  The role for CD8+ T cells in pathogenesis of MS has been long 

underestimated.  Physiologically, CD8+ T cells are predisposed to eliminate abnormal 

cells that are infected or neoplastic.  Even though strong genetic association between 
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MHC I in MS has not been established, CD8+ T cells together with CD4+ T cells has been 

found in the CNS lesions, and their clonal expansion has been documented from CSF 

obtained from MS patients (173, 174).  It has been shown that CD8+ T cell-mediated 

demyelination displays similar distributions of lesions within the CNS to those seen in 

MS, where the majority of lesions are located in brain, as opposed to the spinal cord, 

which is the case in CD4+ T cell-mediated EAE in SJL mice (174).  In 2005, Friese and 

Fugger proposed the two step model for MS pathogenesis where CD4+ T cell are required 

to initiate the disease and for its acute phase, whereas CD8+ T cells are responsible for 

CNS damage during MS relapses and the chronic phase of MS (174).  Interestingly, it has 

been reported that neurons and glial cells can be induced to express MHC I when in vitro 

stimulated with appropriate cytokines, especially with IFN-γ (232). 

Although the majority of CD8+ T cell epitopes found in the CNS are in the 

context of the abundant anti-inflammatory HLA-A2 allelle (305, 306), many of the HLA-

A2-restricted CD8+ T cell responses studied to date appear to be cytotoxic (174).  

Cytotoxic clones were isolated from MS patients against a number of epitopes, including 

MBP110-118 and PLP80-88, and these clones lysed MBP-transfected HLA-A2+ target cells 

and secreted IFN-γ and TNF-α (174).  In addition, depressed numbers and activity of 

suppressor CD8+ T cells, but not CD4+ T cells, have been reported in MS patients (174), 

and since these suppressor CD8+ T cells naturally reduce IFN-γ production and 

proliferation of activated CD4+ T cells, their reduction has been linked to MS relapses. 
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Effector Molecules in MS.  Proinflammatory T cells produce in the CNS large 

amounts of lymohotoxin alpha (LT-α; TNF-β) and TNF-α that induce macrophages, T 

lymphocytes, local microgial cells and astrocytes to produce NO and OPN (200).  

Cytokines, chemokines and their receptors play an important role in clinical relapse and 

remissions in MS (6, 283).  It has been shown that blood samples obtained from RRMS 

patients prior to the clinical relapse contained elevated levels of secreted TNF-α and 

increased IL-12p40 transcript (283, 340).  Additionally, analysis of blood-isolated 

PBMCs obtained from untreated patients with RRMS revealed increased expression of 

IL-17 mRNA (188). 

Among the chemokines, IFN-γ- inducible protein 10 (IP-10), monokines induced 

by IFN-γ (MIg), were shown to be elevated in CSF of MS patients during relapse. 

Additionally, macrophage inflammatory protein-1 alpha (MIP-1α) was shown to be 

strongly expressed by macrophages and microgial cells in MS lesions (283).  In contrast, 

Th2-type and regulatory cytokines TGF-β, IL-10, and IL-4, were increased in remitting 

MS patients (340). 

 
Cell-Mediated Cytotoxicity and Axonal Damage.  Axonal damage occurs in both 

chronic and acute MS lesions, but also in the normal appearing CNS white matter and 

therefore it is already present in the early stages of MS (341).  Chronic infiltration of 

proinflammatory cells into the CNS triggered by myelin-specific T cells induces release 

of free oxygen radicals and NO by microglial cells, which leads to myelin destruction 

(285).  It is believed that increased concentration of NO can mediate axonal injury via 

mitochondrial damage.  This view is supported by the study in which NO-mediated 
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axonal injury was prevented by sodium channel blockers (342).  During CNS 

inflammation, macrophages can release excessive amounts of excitatory neurotransmitter 

glutamate which activate alpha-amino-3-hydroxy-5-methyl-4-isoxazoleppriopionic acid 

(AMPA) receptors (6, 285) and induce oligodendroglial cell damage most likely due to 

increased fluxes of calcium (6, 343). 

 
Treatment of Multiple Sclerosis 

MS is one of the best-studied human neurological diseases. Even though the 

primary cause of MS has yet to be discovered, MS pathogenesis is very well- 

characterized, mostly due to availability of animal models.  Currently used and approved 

by Food and Drug Administration (FDA), immunomodulatory therapies for MS aim at 

specific steps in disease development.  Available treatments target activation of 

autoreactive T cell on the periphery (glatiramer acetate, GA) migration of the 

inflammatory cells into the CNS (IFN-β and natalizumab) or suppress proliferation of 

inflammatory cells (mitoxantrone) (77).  Reduced inflammation following administration 

of these drugs does not stop MS progression, suggesting that broad immune deregulation 

during MS is in the best case scenario only partially blocked by these therapies. 

The most common immunomodulatory therapies for RRMS include IFN-β (IFN-

β1a – Avonex and Rebif; IFN-β1b-Betaseron) and/or GA (Copaxone). IFN-β was 

initially used in MS due to its anti-viral effects (77), and its strong anti-proliferative and 

anti-inflammatory potential was discovered later.  Additionally, IFN-β inhibits expression 

of MHC II and co-stimulatory molecules (CD80 and CD86) on APCs in periphery and in 

the CNS and thereby suppresses Ag presentation and inhibits the proinflammatory 
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response (77, 172, 338).  Moreover, IFN-β is a potent inhibitor of IL-12 production and 

initiator of IL-10 production (77).  IFN-β1a inhibits cell trafficking into the CNS by 

suppressing adhesion molecules (VCAM-1, ICAM-1), inhibiting expression of 

chemokines (MIP-1α) and chemokine receptors (CCR5), and blocking metalloproteases 2 

and 9 (77). 

Glatiramer acetate (GA) is a mixture of short peptides containing four amino 

acids over-expressed in MBP immunodominant peptides: glutamic acid, alanine, lysine, 

and tyrosine (77).  Human in vitro studies demonstrated binding of GA to MHC II DR, 

suggesting competition between GA and myelin peptides that results in the less frequent 

presentation of myelin Ags to autoreactive T cells (77).  Additionally, in vitro GA 

inhibits activation and proliferation of MBP-specific T cells and suppresses IFN-γ 

secretion by these cells, causing their unresponsiveness in a dose-dependent manner (77, 

338).  GA-reactive CD4+ cells exhibit strong Th2 cell phenotypes, and the GA-induced 

Th2 cell bias has been shown to be neuroportective in animal model (77).  In addition to 

CD4+ T cell responses, GA induces also suppressor/cytotoxic CD8+ T cell responses that 

in vivo modulate EAE during ongoing therapy (284).  Even though IFN-β and GA are 

commonly used individually or in combination for treatment of RRMS, they are effective 

only in about 30% in reducing relapse rate and exhibit only moderate long-term benefits 

(338).  Interestingly, GA prescribed currently as an injection to RRMS patients has been 

successfully used in animals as an oral alternative (37, 56). 

Mitoxantrone (Novantrone) is an anti-neoplastic agent and chemotherapy drug 

that inhibits synthesis of nucleic acids and suppresses T and B cell proliferation (338).  
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Due to the significant toxicity of mitoxantrone that can lead to infections and 

cadriomypathy, it is prescribed only to MS patients with severe attacks and rapidly 

advancing disease who do not respond to other MS therapy (77).  Mitoxantrone, like 

Betaseron, Avonex and Rebif is often prescribed to patients exhibiting secondary 

progressive MS (SPMS). 

Natalizumab (Tysabri) is a humanized anti-VLA-4 mAb that blocks α4-integrin 

on monocytes and lymphocytes, inhibiting their interaction with VCAM-1 and blocking 

their infiltration into the CNS (6).  FDA-approved to be used in RRMS, it was 

subsequently withdrawn from the market due to three lethal cases of progressive 

multifocal leukoencephalopaty (PML) in two MS patients and one patient with Crohn’s 

disease.  Natalizumab was reapproved in 2006 but is being prescribed for no longer than 

2-3 years and with a number of restrictions. 

 
Potential Treatments for Multiple Sclerosis.  An open-label study involving i.v. 

injection of humanized anti-CD25 mAb (daclizumab) to 10 MS patients with incomplete 

responses to IFN-β therapy revealed almost 80 % reduction in new contrast enhancing 

lesions and was very well tolerated by the patients (344).  Currently daclizumab seems to 

be successful in phase II of clinical trials (345). 

Statins are inhibitors of 3-hydroxyl-3-methylglutarylcoenzyme A (HMG-CoA) 

reductase that act in the early steps of cholesterol biosynthesis (77) and currently are 

being tested as a potential therapy for MS.  Statins are successfully used as a cholesterol 

lowering drugs and in prevention of cardiovascular disease (188).  Recently the 

immunomodulatory function of statins has been extensively investigated (77, 346) and 
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has been demonstrated in EAE model to target multiple steps in the disease pathogenesis.  

Aside from statin-mediated inhibition of autoreactive CD4+ T cell activation, 

proliferation and proinflammatory cytokine production, they can also enhance 

remyelination, promote neuroprotection and possibly neuroregeneration by inhibiting 

axonal and oligodendrocyte loss (reviewed in ref. 77).  Statins inhibit Ag presentation at 

both the periphery and the CNS, but also suppress migration of activated lymphocytes 

into the CNS. 

 
Purpose of Study 

 
The purpose of this study is to determine if genetically altered pσ1 can mucosally 

deliver tolerance to fused protein antigen/s, and to investigate the mechanism of this 

tolerance.  Previously our group has reported the ex vivo binding of pσ1 to nasal-

associated lymphoid tissue (NALT) M cells suggesting the applicability of a pσ1-based 

vehicle for vaccination of mucosal sites (82).  Additionally, the pσ1-based vehicle was 

able to exhibit targeting properties of live vector delivery systems, but lacked the risk of 

producing disease.  The possibility of administrating low, and/or single doses of pσ1-

based tolerogen may omit the risk of developing allergies.  

Our preliminary data described in Charper 2, and previously published in The 

Journal of Immunology (Rynda et al., 2008. 180: 5187-5200), confirmed that nasal 

administration of pσ1-based Ag is able to successfully modulate immune responses, 

which adds to the success of the described here tolerogenic vaccine.  When low doses of 

recombinant OVA-pσ1 were administered mucosally, tolerance to OVA and to pσ1 was 
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induced.  Generation of a low dose mucosal tolerance was associated with active 

suppression of an antigen-specific effector T cell.  This suppression was shown to be 

mediated by antigen-specific CD25+CD4+ T regulatory (Treg) and supported by CD25-

CD4+ T cells that secrete IL-10 and IL-4, respectivelly.  Therefore, we hypothesized that 

immune tolerance induced by mucosally delivered pσ1 can be generated through 

activation of specific Treg cells that actively suppress effector T cells via secretion of 

regulatory cytokines.  Induction of tolerance may also be complemented via stimulation 

of Th2 cells.   

Considering the ability of pσ1 to bind M cells, we questioned whether this protein 

could be used to mediate tolerance to myelin Ags.  Designing effective treatments for 

MS, a human demyelinating autoimmune disease of the CNS, is problematic due to the 

unknown etiology of this disease.  In animal studies, mucosal administration of myelin 

components was proven succesfull to treat EAE, a rodent model of MS, though many of 

these approaches cannot be translated into human treatments either due to considerable 

toxicity of the delivery agents, and/or the risk of allergy development after administration 

multiple and/or large doses of Ags.  

Data presented in Chapter 3 and 4 confirm that recombinant pσ1 can be 

engenered to deliver antigen-specific tolerance to fused myelin antigens, after just a 

single nasal administration to mice, and therefore,can provide protection and/or treatment 

against two strains of experimental autoimmune encephalomyelitis (EAE), induced by 

administration of myelin peptides to susceptible mice.  In Chapter 3 we questioned 

whather a single dose protection against PLP139-151-mediated relapsing-remitting EAE can 
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be delivered by a PLP:OVA-pσ1 fusion protein.  We have determined that PLP:OVA-

pσ1-mediated protection against EAE is dependent on PLP139-151-specific Treg cells that 

predominantly secrete IL-10, and in the absence of these Treg cells protection against 

EAE is compromised.   

Data presented in Chapter 4 demonstrate that a single very low dose of nasally 

administered MOG-pσ1 confers complete protection against MOG35-55-induced acute 

EAE, and that this protection is mediated by IL-10-producing Treg cells and supported by 

IL-4-producing Th2 cells.  We have also questioned if other cell types are involved in this 

protection, and determined that IL-10 and/or IL-4-producing B cells, as well as antigen 

presenting cells are likely to play a supportive role in pσ1-mediated tolerance and 

protection against EAE.   
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LOW-DOSE TOLERANCE IS MEDIATED BY THE M CELL LIGAND, REOVIRUS 
PROTEIN SIGMA ONE 

 
 

The data in this chapter has been published previously in The Journal of Immunology 

(89) 

 
Introduction 

 
Mucosal tolerance is a dose-dependent process (29, 92, 347) requiring either high 

doses or multiple administrations of Ag typically applied orally.  The former mode 

induces tolerance by clonal anergy/deletion of effector cells, whereas the latter, based on 

repeated low-dose administration, causes active suppression of effector cells (24, 44, 37, 

78, 92).  Such suppression occurs via activation of specific regulatory cells, among which 

CD25+CD4+ T regulatory (Treg)
3 cells have been best described (29, 44).  Although the 

phenotypic characteristics of Treg cells are still being investigated, currently, this naturally 

occuring peripheral CD25+CD4+ T cell population is thought to normally constitute not 

more than 5-10 percent of total peripheral CD4+ T cells (348, 349).  Specific Treg cells are 

known to express the nuclear forkhead box P3 (FoxP3) transcription factor and suppress 

the immune response in an IL-10- and/or TGF-β-dependent fashion (56).   

 Peyer’s patches (PPs) are thought to be required for induction of oral tolerance 

(43, 44, 347) based upon the findings that treatment of female mice with soluble 

lymphotoxin-β receptor-Ig fusion protein during gestation results in the disruption of the 

peripheral lymph nodes (LNs) and PPs in their offspring, leaving the mesenteric, sacral, 

and cervical LNs intact (350).  Offspring of such PP-null mice subjected to a high dose 
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OVA oral tolerance regimen do not respond to peripheral OVA challenge (43).  The PPs 

(43, 44, 347) and an analogous structure in the upper respiratory tract, the nasopharyngeal 

- associated lymphoid tissue (NALT; 82, 351), actively facilitate immunity or 

unresponsiveness by luminal Ag sampling (29, 49, 82) via a specialized epithelium 

containing microfold (M) cells (47).  Ags are subsequently transported from the luminal 

surface via M cells, which localize in the follicle-associated epithelium (FAE) to the 

subepithelial dome area for eventual presentation to mucosal B and T cells (46, 49).  A 

number of pathogens, such as reovirus and Salmonella, specifically target this specialized 

FAE to infect the host (38, 157, 352-354).  Reovirus infects the host via its cell adhesin, 

protein sigma one (pσ1) that is responsible for reovirus attachment to M cells (82, 352-

354).  Previous studies demonstrated binding of recombinant fusion pσ1 to NALT, 

suggesting that a pσ1-based vehicle can be applied for genetic vaccination of mucosal 

tissues (82, 154).  A modified version of pσ1 obtained by chemically conjugating pσ1 to 

poly-L-lysine significantly enhanced immunity to the encoded DNA vaccine following 

nasal administration (82, 355).  Due to these targeting capabilities, we queried if 

recombinant pσ1 could ferry soluble proteins to mucosal tissues, as well.  

 To test this possibility, a cDNA encoding for the model Ag, OVA, was cloned 5’ 

to pσ1 as a histidine-tag fusion protein and termed OVA-pσ1.  We demonstrated here 

that mice nasally immunized with the OVA-pσ1 fusion protein become tolerogenic to 

OVA and resistant to peripheral challenge as a result of the generation of Ag-specific Treg 

cells, which, in turn, actively suppress effector T cells.  Immunization with OVA-pσ1 

significantly increased the numbers of IL-4-producing CD25-CD4+ T cells, together with 
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IL-10-producing Treg cells, which inhibited the proliferation of OVA-specific CD4+ T 

cells in vivo and successfully suppressed production of proinflammatory cytokines.  In 

the absence of IL-10, OVA-pσ1-mediated tolerance was lost.  Thus, these studies show 

that nasal pσ1-Ag delivery is an effective means to induce systemic tolerance. 

 
Materials and Methods 

 
Preparation of OVA-pσ1 

Protein σ1 was recloned without its fusion maltose-binding protein partner (154) 

to allow expression in the yeast Pichia pastoris vector pPICB bearing an his-tag carboxy 

terminus for protein purification (Invitrogen Corp., Carlsbad, CA), referred to as pσ1.  To 

obtain the fusion protein OVA-pσ1, OVA was amplified with appropriate pairs of 

primers from an OVA cDNA.  The 5' primer encoded an EcoRI site and an ATG 

initiation codon embedded into an optimal Kozak’s sequence.  The 3' primer provided a 

SalI site.  The PCR product was gel-purified and cloned into an intermediate topocloning 

vector.  The insert was excised by cutting with EcoRI and SalI and gel-purified again, 

resulting in EcoRI and SalI ends.  The upstream primer for pσ1 contained a SalI site 

designed to frame the OVA SalI end; the downstream primer contained a KpnI primer 

designed to frame the fused protein to the his-tag present in the P. pastoris expression 

vector pPICB.  The PCR products were gel-purified and cloned into a topocloning vector.  

The inserts were then excised by cutting with SalI and KpnI and gel-purified again, thus 

having SalI and KpnI ends.  Finally, the yeast expression vector, pPICB, was cut with 

EcoRI and KpnI.  A tripartite ligation was set up to join together these components: 1) the 
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“Antigen” (OVA) as an EcoRI-SalI fragment; 2) the “Transporter” (pσ1), as a SalI-KpnI 

fragment; and 3) the vector cut with EcoRI and KpnI.  The junction between the 

“passenger Ag” and the “transporter” featured a flexible linker (Gly-Arg-Pro) to 

minimize steric hindrance between the components.  The resulting construct was 

sequenced and expressed in the yeast P. pastoris, according to the manufacturer’s 

directions (Invitrogen Corp.).  Recombinant proteins were extracted from yeast cells by a 

bead-beater (Biospec Products, Bertlesville, OK) and purified on a Talon metal affinity 

resin (BD Biosciences, Palo Alto, CA), according to manufacturer’s instructions.  

Proteins were assessed for purity and quality by Coomassie-stained polyacrylamide gels 

and by Western blot analysis using a polyclonal rabbit anti-pσ1 (produced in-house) or a 

polyclonal rabbit anti-OVA Ab (Sigma-Aldrich, St. Louis, MO).  All recombinant 

proteins migrated as a single band with the expected MW. 

 

Mice  

Female BALB/c and C57BL/6N mice (Frederick Cancer Research Facility, 

National Cancer Institute, Frederick, MD) were used throughout this study.  DO11.10, 

and IL-10-/- breeder pairs were obtained from The Jackson Laboratory (Bar Harbor, ME) 

to establish our colonies.  Ltα-/-mice (356) were a generous gift from Dr. A. Harmsen at 

Montana State University, Bozeman.  All mice were maintained in the Montana State 

University (MSU) Animal Resources Center under pathogen-free conditions in 

individually ventilated cages under HEPA-filtered barrier conditions and were fed sterile 

food and water ad libitum.  The mice were free of bacterial and viral pathogens, as 

determined by antibody screening and histopathologic analysis of major organs and 
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tissues.  All animal studies were approved by the MSU Institutional Animal Care and Use 

Committee.   

 
Immunizations, Tolerance  
Induction, and OVA-Specific Challenge 

For tolerance induction, mice (5 mice/group) were nasally dosed up to three 

times, as described in the text, with 50 - 100 µg of OVA-pσ1 alone or in combination 

with cholera toxin (CT; List Biologicals, Campbell, CA): 5 µg of CT for the initial dose 

and 2.5 µg with each boost (357).  OVA-pσ1 was administered nasally in a volume of no 

more than 20 µl / dose up to four times a day, with no less than 2.5 hour intervals 

between each administration.  Mice were nasally dosed with OVA or OVA-pσ1 plus 25 

µg of CpG oligodeoxynucleotide cDNA (CpG-ODN) (Sigma-Aldrich), 

TCCATGACGTTCCTGACGTT (358).  As a tolerance control, a group of age-matched 

mice received a single oral 25 mg dose of OVA (Grade V, Sigma-Aldrich) in a 200 µl of 

saline (46).  To stimulate anti-OVA immunity, mice were nasally dosed with 100 µg 

OVA (10 mg/ml) with or without adjuvant (CT or ODN).  For peripheral challenge, mice 

were given a subcutaneous (s.c.) injection at 1:1 ratio of 100 µg OVA in IFA (Sigma-

Aldrich) for a total volume of 100 µl per mouse.   

 
Sample Collections and Ab ELISA  

Serum (saphenous vein) and fecal samples were collected weekly from each 

mouse.  Fecal extractions (78, 82, 357) and vaginal washes (357) were performed, as 

previously described.  OVA-specific endpoint Ab titers were measured by ELISA, as 
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previously described (46), using purified OVA (Grade V) as coating Ag.  Specific 

reactivity to OVA was determined using HRP conjugates of goat anti-mouse IgG-, and 

IgA-specific Abs (1.0 µg/ml; Southern Biotechnology Associates, Birmingham, AL), and 

ABTS (Moss Inc., Pasadena, CA) enzyme substrate.  The absorbences were measured at 

415 nm on a Kinetics Reader model ELx808 (Bio-Tek Instruments).  Endpoint titers were 

expressed as the reciprocal dilution of the last sample dilution, giving an absorbence of 

0.1 OD units above the OD415 of negative controls after 1 h incubation (78, 357).  

 
Measurement of Delayed-Type   
Hypersensitivity (DTH) Responses 

To measure OVA-specific DTH responses in vivo (46), 10 µg of OVA were 

injected into the left ear pinna, and PBS alone (20 µl) was administered to the right ear 

pinna as a control.  Ear swelling was measured 24 h later with an electronic digital caliper 

(World Precision Instruments, Sarasota, FL).  The DTH response was calculated as the 

increase in ear swelling after OVA injection following subtraction of swelling in the 

control site injected with PBS.  

 
Isolation of CD4+ T Cells and T Cell ELISPOT 

Lymphocytes were isolated from mesenteric lymph nodes (MLNs), head and neck 

LNs (HNLNs), and spleens.  LNs and spleens were obtained and lymphoid cells isolated, 

as previously described (33, 78).  Splenic mononuclear cell suspensions were subjected to 

Lympholyte-M (Accurate Chemical & Scientific Corporation, Westbury, N.Y.) density 

gradient centrifugation, and CD4+ T cells were isolated by negative selection (Dynal 

Mouse CD4 Negative Isolation Kit, Invitrogen).  An aliquot of 2 x 106 CD4+ T cells were 
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cultured for 72 h (37° C, 5 % CO2) with an equal number of splenic feeder cells (T cell-

depleted, mitomycin C-treated) in the presence or absence of 1 mg/ml OVA (46) or 1 

µg/ml of OVA323-339 peptide.  For T cell ELISPOT analysis, CD4+ T cells were added to 

cytokine-coated, nitrocellulose-bottom microtiter plates (Millipore, MutliScreen, MA).  

For detection of IFN-γ, IL-2, IL-4, IL-10, IL-13, and IL-17, the plates were coated with 5 

µg/ml of purified mAbs (BD Pharmingen, San Diego, CA), and the reaction was detected 

using 0.5 µg/ml of appropriate biotinylated mAbs (BD Pharmingen).  For TGF-β1 

ELISPOT, an anti-TGF-β1 mAb (10 µg/ml; Clone 1D11; R&D Systems; Minneapolis, 

MN) was used for coating, and a biotinylated chicken anti-human TGF-β1 Ab 

(5.0 µg/ml; R&D Systems) was used for detection.  The color reaction was developed 

using a HRP-conjugated goat anti-biotin Ab (Vector Laboratories) and AEC reagent 

(Moss, Inc.) and enumerated, as previously described (33, 82).  

 
FACS Analysis 

Lymphocytes from CLNs, HNLNs, MLNs, PPs, and spleens from different 

immunization groups following OVA plus IFA challenge were cultured at 5 x 106 

cells/ml in medium alone or in the presence of OVA (1 mg/ml).  Cells were then stained 

for FACS analysis with Abs to cell surface molecules: FITC-anti-mouse CD4 (GK1.5; 

BD Pharmingen), Streptavidin-PE-Cy5 (BD Pharmingen) for biotinylated chicken anti-

hTGF-β1 IgY (R&D Systems), and PE-Cy5- or APC-anti-mouse CD25 (both clones 

PC61) (eBioscience).  Intracellular staining was performed following standard protocols 

with 2 % paraformaldehyde and 0.2 % saponin to stain with PE or APC-anti-mouse/rat 
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FoxP3 (clone FJK-16s; eBioscience) or PE-rat anti-mouse IL-10 (BD Pharmingen), as 

previously described (33).  Fluorochrome-conjugated rat IgG2a (clone eBR2a), IgG2b 

(clone A95-1), and IgG1 (clone R3-34) were used as isotype control Abs.  FACS analysis 

was performed on FACSCaliburTM (BD Bioscience).  At least 50,000 events were 

collected for each sample.  

 
Adoptive Transfer of CD4+ T Cell Subsets   

Adoptive transfer presented in Figure 2.2A: aliquots of 1 x 107 CD4+ T cells 

isolated from spleens of naïve DO11.10 TCR transgenic (Tg) mice were adoptively 

transferred via i.v. injection into naïve BALB/c mice, which, after 24 h, were dosed 

nasally with sterile PBS (sPBS), 400 µg OVA, or 80 µg OVA-pσ1 or i.m. (tibialis 

anterior muscle) with 400 µg of OVA.  Three days later, total CLN CD4+ T cells (2 x 

105) isolated by cell-sorting were adoptively transferred into naïve BALB/c mice, which, 

24 h later, were challenged s.c. with 100 µg of OVA in IFA.  CD4+ T cells were isolated 

from the CLNs and spleens 5 days later and subjected to an in vitro proliferation assay.  

 Adoptive transfer experiments are presented in Figures. 2.2B, C, and 2.3: naïve 

BALB/c mice were adoptively transferred with Vybrant CM-Dil (Molecular Probes, 

Eugene, OR) -labeled DO11.10 CD4+ T cells (1 x 107) isolated from naïve OVA-Tg mice 

and with 6 x 105 of one of the following T cell subsets: CD25+CD4+, CD25-CD4+ or total 

CD4+ T cells from OVA-pσ1-dosed mice or with total CD4+ T cells from OVA-dosed 

mice.  Control mice received Tg DO11.10 CD4+ T cells and PBS (positive proliferation 

control).  All recipients were challenged 24 h later with OVA, as described above, and 
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four days later, HNLNs, MLNs, and spleens were evaluated by FACS for proliferation of 

total and Vybrant+ CD4+ T cells.   

 
In vitro T Cell Assays 

Cell-sorted CD4+ T cells isolated from CLNs, HNLNs, MLNs and spleens were 

cultured, as described elsewhere (33).  Cells were pulsed with 3H-TdR (0.5 µCi/well), 

and 3H-TdR incorporation by proliferating CD4+ T cells (triplicate cultures) was 

measured and expressed as a stimulation index (SI) (33).  To assess cytokine production 

by Treg cells and effector T cells, CD25+CD4+ and CD25-CD4+ T cells (2 x 105) were 

stimulated in vitro with anti-CD3 mAb-coated wells (10 µg/ml; BD Pharmingen) and a 

soluble anti-CD28 mAb (5 µg/ml; BD Pharmingen) for 5 days (final volume of 300 µl in 

a 48-well plate).  Capture ELISA was used to quantify triplicate sets of samples to 

measure cytokine production (33).  

 Cytokine secretion by DO11.10 T cells cultured for 24 h or 72 h with or without 

OVA, OVA-pσ1, OVA + pσ1, or pσ1 stimulation was assessed by cytokine ELISA 

assay.  Cytokine ELISA was conducted, as previously described (33), to determine the 

levels of IFN-γ, IL-4, IL-10, IL-17 in each sample.  

 
Apoptosis Assay 

Lymphocytes isolated from spleens of naïve DO11.10 mice were cultured with or 

without stimulation for 24 h or 72 h in 37° C with 5 % CO2.  Cells were stimulated with 

one of the following per 1 ml of culture: 1 mg OVA, OVA-pσ1, pσ1, 1 mg OVA + 1 mg 

pσ1, 50 µg OVA-pσ1, 50 µg pσ1, or 1 mg OVA + 50 µg pσ1.  Percentage of apoptosis 
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of CD4+ T cells was determined by FACS based on the co-staining of CD4+ T cells with 

Cy-7-AAD (BD Pharmingen), and PE-Annexin V (BD Pharmingen) according to the 

manufacturer’s instructions.  

 
Statistical Analysis 

One-way analysis of variance (ANOVA) (p < 0.05) followed by a post hoc Tukey 

test was applied to evaluate statistical differences between groups in Figure 2.1F, Figure 

2.4, and Figure 2.7A.  The remaining groups were analyzed by a Student’s t-test to 

evaluate statistical differences between groups or treatments in performed experiments, 

and p values < 0.05 are indicated.  

Results 

Nasal Immunization with OVA-pσ1  
Induces B and T Cell Unresponsiveness to OVA 

Our past studies (82, 154) have shown that chemically modified pσ1 can be 

successfully used for mucosal delivery of DNA vaccines.  To further exploit pσ1 as a 

mucosal vaccine delivery platform, OVA cDNA was genetically fused 5' to the pσ1 gene 

so as not to disrupt pσ1's binding capacity.  The resulting fusion protein was termed 

OVA-pσ1 (Figure 2.1A).  This modified OVA retained its Ag integrity when detected 

using an anti-OVA mAb (Figure 2.1B), and the pσ1 portion retained its binding activity 

to L cells (Figure 2.1C).  To test its immunogenicity, OVA-pσ1 was applied nasally with 

or without the potent mucosal adjuvant CT (Figure 2.1D, E, and F).  BALB/c mice dosed 

with OVA-pσ1 or OVA-pσ1 plus CT were unresponsive, as evident by the depressed or 
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lack of OVA-specific IgG and IgA Abs, when compared to mice given OVA alone or 

OVA plus CT (Figure 2.1D, and E).  Even immunization with OVA alone, which is a 

poor mucosal immunogen, elicited greater Ag-specific IgG Ab titers than did OVA-pσ1-

dosed mice (Figure 2.1E).  To test unresponsiveness to OVA challenge, mice dosed with 

OVA, OVA plus CT, or OVA-pσ1 and CT as mucosal adjuvant were peripherally 

challenged with OVA.  Results showed significantly lower OVA-specific DTH responses 

by OVA and OVA-pσ1 plus CT-dosed mice when compared to mice given OVA plus CT 

as mucosal adjuvant (Figure 2.1F).  To discern whether OVA-pσ1-induces tolerance to 

pσ1, serum samples collected from BALB/c mice nasally dosed with OVA-pσ1 or with 

DNA complexes with pσ1-poly-L-lysine were tested by Ab ELISA.  Virtually no pσ1-

specific IgG Ab titers were detected in mice dosed with OVA-pσ1 compared to mice 

given DNA complexes with pσ1-poly-L-lysine, which exhibited IgG titers in excess of 

213 (Figure 2.1G).  Thus, OVA-pσ1 tolerizes the host to pσ1- and OVA-specific B and T 

cell responses, even in the presence of co-administered CT, and these results show the 

feasibility of using pσ1 as a mucosal vaccine delivery platform for induction of mucosal 

tolerance, rather than immunity.  

 
 

A
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 Figure 2.1.  Nasal administration of OVA-pσ1 suppresses OVA-specific immune responses.  (A) 
Schematic representation of OVA-pσ1 protein: tolerogen, OVA and pσ1 (shaft and head), 6 histidine-tag, 
and Myc Ag-tag (components are not drawn to scale).  (B) Western immunoblot of OVA-pσ1, pσ1, and 
OVA probed with mouse IgG anti-OVA mAb (left panel), or rabbit anti-pσ1 polyclonal Ab (right panel).  
(C) Recombinant pσ1 binds to L cells.  L cells were incubated with 2 µg (left panel) or 25 µg (right panel) 
of his/myc tagged pσ1, followed by an addition of a biotinylated anti-pσ1 mAb and streptavidin-PE to 
detect pσ1 by FACS; thus, his/myc tag on pσ1's C terminus does not interfere with L cell binding.  (D, E, 
F) BALB/c mice were nasally dosed with OVA or OVA-pσ1, with or without CT.  (D, E) Serum, vaginal, 
and fecal samples collected on day 28 post-immunization (p.i.) were analyzed for IgA and IgG OVA-
specific titers by ELISA.  Mean of 10 mice ± SEM is depicted.  * p < 0.001, ** p < 0.05 for OVA-pσ1- vs. 
OVA-, and OVA-pσ1 + CT- vs. OVA + CT- dosed mice, calculated by Student’s t test.  (F) DTH reactions 
to OVA were measured at day 35 p.i.  Mean ± SEM of 6 mice per group.   
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Figure 2.1. – continued.  Statistical significance between groups was calculated by one-way ANOVA 
followed by post hoc Tukey test. * p < 0.05 vs. OVA + CT; OVA vs. OVA-pσ1 were not significantly 
different.  (G) Anti-pσ1 Ab ELISA was performed on serum samples collected from BALB/c mice dosed 
nasally with OVA-pσ1 or pσ1-poly-L-lysine-DNA.  Mice dosed with pσ1-PL-DNA, but not OVA-pσ1, 
showed the pσ1-specific IgG response. * p < 0.001 for OVA-pσ1 vs. pσ1-poly-L-lysine-DNA was 
calculated by Student’s t test.  

 
 

Tolerance Can Be Adoptively Transferred  
with OVA-Specific CD4+ T Cells 

 Using CD4+ T cells isolated from OVA-transgenic (Tg) DO11.10 TCR mice, we 

hypothesized that OVA-pσ1 would induce tolerance in an OVA-specific fashion.  Splenic 

CD4+ T cells isolated from DO11.10 Tg mice were adoptively transferred into naïve 

BALB/c mice. Twenty four h after adoptive transfer, the recipient mice were dosed 

nasally with 400 µg of OVA to induce tolerance (87) or with only 80 µg of OVA-pσ1.  

Control mice received an intramuscular (i.m.) injection of 400 µg of OVA as a positive 

immunized control group (87) or nasal sPBS (negative control group).  Since Treg cells 

are highly enriched in CLNs (87), CD4+ T cells were isolated from recipient CLNs and 

were adoptively transferred 3 days after immunization into a second group of naïve 

recipient BALB/c mice, which, 24 h later, were challenged s.c. with OVA.  Five days 

post-peripheral challenge, the second recipient mice were evaluated for tolerance 

induction by an in vitro OVA-specific proliferation assay (Figure 2.2A).  Contrary to the 

i.m. immunized group, CD4+ T cells originating from mice dosed nasally with OVA-pσ1 

or with a high dose of OVA failed to proliferate following in vitro stimulation with OVA 

(Figure 2.2A).  The CD4+ T cells originated from the i.m. OVA-dosed mice showed a ~5-

fold increase in OVA-specific proliferation.  Thus, these data show that OVA-pσ1 can 

stimulate OVA-specific tolerance via CD4+ T cells. 
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Figure 2.2.  OVA-pσ1-induced unresponsiveness is mediated by CD4+ T cells.  (A) CD4+ T cells isolated 
from CLNs and spleens of mice adoptively transferred with CLN-derived CD4+ T cells from OVA-pσ1- or 
OVA-dosed mice were cultured in vitro without or with 1 mg of OVA for 5 days.  3H-TdR incorporation 
was measured and expressed as a stimulation index (SI).  For CLN, § p ≤ 0.001 versus i.m. OVA; for 
spleen** p = 0.003, ***p = 0.006 vs. i.m. OVA, calculated by Student’s t test.   
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Figure 2.2. – continued.  (B, C) BALB/c mice were adoptively transferred with Vybrant-labeled DO11.10 
Tg CD4+ T (responder) cells and with the designated T cell population (donor CD4+ T cells) isolated from 
OVA-pσ1- or OVA-dosed mice.  (B) In vivo suppression of proliferation of DO11.10 Tg CD4+ T cells 
following challenge with OVA was measured by FACS.  * p ≤ 0.001 vs. mice given CD4+ T cells from 
OVA-dosed mice, calculated by Student’s t test.  (C) Lymphocytes pooled from HNLNs, MLNs, and 
spleens from recipient mice were stained with anti-CD4, anti-CD25, and anti-FoxP3 mAbs and analyzed by 
FACS.  The mean percentage (± SD) of FoxP3+ CD25-CD4+ T cells and FoxP3+ CD25+CD4+ T cells as a 
(left panel) proportion of total CD4+ T cells, or (right panel) DO11.10 CD4+ T cells is depicted. * p ≤ 0.001 
vs. CD25+CD4+ T cells from mice given CD4+ T cells from OVA-dosed mice; § p ≤ 0.001, ** p ≤ 0.05  vs. 
CD25-CD4+ T cells from mice given CD4+ T cells from OVA-dosed mice, calculated by Student’s t test.  
(D, E)  FACS analysis was performed on lymphocytes isolated from C57BL/6 mice (D) naïve or (E) 
nasally dosed with OVA-pσ1 three times at weekly intervals.  Depicted are percentages of unstimulated 
Treg cells isolated from HNLNs.  Percentage of FoxP3+ Treg cells (upper filled histogram) and FoxP3+ 
CD25-CD4+ T cells (lower filled histograms) as proportion of CD4+ T cells are plotted versus isotype 
control for FoxP3 (empty histogram).  Results are presented as an average ± SD of 5 animals per tissue.  

 
 
Dosing with OVA-pσ1  
Induces FoxP3+ Treg Cells 

 To define the possible regulatory T cells induced by tolerization with OVA-pσ1, 

FACS analysis was performed.  Mice given nasal OVA-pσ1 revealed a significant 

induction of FoxP3+ CD25+CD4+ T cells (Figure 2.2E), even following a peripheral OVA 

challenge (Tables 2.1 and 2.2).  More than a 40 % increase in FoxP3+ CD25+CD4+ T 

cells in HNLNs (Figure 2.2E) and in MLNs (data not shown) was observed in mice given 

nasal OVA-pσ1, when compared to naïve mice (Figure 2.2D and E-upper histograms).  

In a similar fashion, OVA-pσ1-dosed mice, but not naïve mice, showed > 60 % increase 

in FoxP3+ CD25-CD4+ T cells (Figure 2.2D and E - lower histograms).  The effector 

function of Treg cells is often associated with secretion of regulatory cytokines, such as 

IL-10 and/or TGF-β1.  Subsequent FACS analysis confirmed that increased Treg cells in 

OVA-pσ1-dosed mice expressed significantly more IL-10, but not TGF-β1, when 

compared with PBS- dosed mice (Table 2.1).  These results further suggest that tolerance 
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induced by OVA-pσ1 is supported by Treg cells, which may act in an IL-10-dependent 

manner. 

 

Table 2.1.  Nasal immunization with OVA-pσ1 induces IL-10-secreting CD25+CD4+ Treg 
cells             
 

Immunization Group
a
                       OVA-pσσσσ1

b
     sPBS

b 

 
% CD25+CD4+ Treg    15.4 ± 4.5c   9.7 ± 3.1 

% IL-10+ Treg     63.2 ± 6.4c             45.1 ± 6.6 

% IL-10- Treg     33.9 ± 4.8c             54.7 ± 4.2 

% of TGF-β+ Treg    49.4 ± 3     46 ± 3.2 
 
a C57BL/6 mice were given 100 µg of OVA-pσ1 or PBS nasally on days 0, 1, and 2, and were challenged 
s.c. on day 10 p.i. with OVA in IFA.   
b FACS analysis was performed on lymphocytes isolated from HNLNs and in vitro stimulated for 72 h with 
1 mg OVA.  Mean ± SEM of 5 mice per group is presented.  Mice nasally dosed with OVA-pσ1 showed 
significant increases in OVA-specific Treg cells that were IL-10+. 
c Statistical significance was calculated by Student’s t test.  p < 0.05, for the ifferences between OVA-pσ1- 
versus PBS-dosed mice. 

 
 
OVA-Specific Treg, as well as  
CD25-CD4+ T Cells, Suppress In Vivo  
Proliferation of Ag-Specific Effector CD4+ T Cells 

 The combined evidence from the adoptive transfer study and from the phenotypic 

analysis suggests that OVA-pσ1 induces Ag-specific Treg cells.  To investigate the ability 

of OVA-pσ1-induced Treg cells to inhibit proliferation of OVA-specific effector CD4+ T 

cells in vivo, naïve BALB/c mice were adoptively transferred with CD4+, CD25+CD4+, or 

CD25-CD4+ T cells isolated from mice given nasal OVA-pσ1 or with CD4+ T cells from 

mice given only nasal OVA.  All recipient mice simultaneously received Vybrant-labeled 

OVA-specific CD4+ T cells isolated from Tg DO11.10 mice.  Recipient mice were s.c. 
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challenged with OVA in IFA 24 h after adoptive transfer, and 4 days later, spleenic Tg 

CD4+ T cells were evaluated by flow cytometry for in vivo proliferation (Figure 2.2B).  

Proliferation of the Tg CD4+ T cells was significantly reduced in mice receiving OVA-

pσ1-specific Treg cells, since only 15 % of these cells underwent cell division (Figure 

2.2B).  In contrast, adoptively transferred CD4+ T cells from OVA-immunized mice, 

allowed expansion of the Tg CD4+ T cells, as evidenced by > 55 % of them undergoing 

proliferation (Figure 2.2B).  Significant suppression of the Tg CD4+ T cell proliferation 

was also obtained using CD25-CD4+ and total CD4+ T cells from OVA-pσ1-dosed mice 

(p < 0.001), but to a lesser extent (20 % proliferation).  This study shows that OVA-pσ1-

derived Treg cells significantly inhibited the proliferation of Tg CD4+ T cells greater than 

OVA-pσ1-derived CD25- (p = 0.009) or OVA-pσ1-derived total CD4+ T cells (p = 

0.001).  Collectively, these results suggest that OVA-pσ1-induced tolerance is mediated 

by CD25+CD4+ T cells and, interestingly, may also be contributed in part by CD25-CD4+ 

T cells, which inhibited the proliferation of OVA-specific effector T cells. 

 In an effort to define the mechanism by which OVA-pσ1-derived CD4+ T cells 

inhibit proliferation of these Tg CD4+ T cells, we analyzed the phenotypes of the CD4+ T 

cells isolated from the OVA-challenged recipients.  Mice receiving OVA-pσ1-derived 

CD25-CD4+ T cells showed significant increases in FoxP3+ CD25-CD4+ T cells (~ 40 %) 

and elevated numbers of FoxP3+ Treg cells (~ 20 %; Figure 2.2C -left panel).  On the 

other hand, mice adoptively transferred with OVA-pσ1-derived CD25+CD4+ T cells 

showed even greater increases in FoxP3+ Treg cells (~ 30 %), but FoxP3+ CD25-CD4+ T 

cells in these mice were not elevated and, in fact, were equivalent with control CD4+ T 
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cells from OVA-immunized or PBS-dosed mice (Figure 2.2C -left panel).  To determine 

if adoptively transferred OVA- or OVA-pσ1-derived CD4+ T cells induce CD4+ 

regulatory T cells among the responder DO11.10 CD4+ T cell subset, the percentages of 

DO11.10 FoxP3+ CD25-CD4+ and FoxP3+ CD25+CD4+ T cells in mice given OVA- or 

OVA-pσ1-derived CD4+ T cells were evaluated.  FACS analysis revealed that prior to 

the adoptive transfer, the DO11.10 CD4+ T cell population contained ~ 5 % Treg cells and 

~ 10 % FoxP3+ CD25-CD4+ T cells (Figure 2.2C - right panel).  These FoxP3+ 

CD25+CD4+ T cells expanded in mice given OVA-pσ1-derived (both CD25+ and CD25-) 

CD4+ T cells, although the greatest increase, by nearly 5-fold, was in mice given OVA-

pσ1-derived CD25+CD4+ T cells (Figure 2.2C - right panel).  In contrast, expansion of 

DO11.10 FoxP3+ CD25+CD4+ T cells was not observed in mice dosed with PBS or 

adoptively transferred with OVA-derived CD4+ T cells.  Interestingly, more than a 3-fold 

increase in Tg FoxP3+ CD25-CD4+ T cells was observed in mice co-transferred with 

OVA-pσ1-derived CD25-CD4+ T cells.  By examining the expansion of Tg FoxP3+ 

CD25-CD4+ T cells in mice given OVA-pσ1-derived CD25+CD4+ T cells, it was found 

that these FoxP3+ CD25-CD4+ T cells expanded to a lesser extent.  No increases in 

FoxP3+ CD25-CD4+ T cells were observed in mice given OVA- or PBS-dosed recipients 

given Tg CD4+ T cells (Figure 2.2C - right panel).  This evidence suggests that OVA-

pσ1-induced FoxP3+ CD25-CD4+ T cells do contribute to OVA-pσ1-mediated inhibition 

of effector T cell proliferation, possibly via expansion of either CD4+ T cell subset or via 

conversion of FoxP3+ T cells (122). 
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Table 2.2.  Nasal immunization with OVA-pσ1 induces FoxP3+ CD25+ and FoxP3+ 
CD25- CD4+ T cells 
 

 
Immunization Groupa       OVA-pσ1b           OVA Oralb          OVA Nasalb         sPBSb     

% FoxP3+ CD25+CD4+ T cells        

        CLN     19.15 ± 1.13cd  11.6 ± 1.07     6.92 ± 0.8      5.92 ± 1.44  

        HNLN     18.04 ± 1.5cd  11.98 ± 1.71     7.29 ± 1.4      7.5 ± 1.03 

        MLN     17.46 ± 2.8d              17.45 ± 0.5     8.07 ± 1.01       7.3 ± 1.4 

         PP     18.35 ± 1.48cd  14.45 ± 1.4     6.91 ± 0.9       6.7 ± 1.84 

        Spleen     15.95 ± 2.69cd   9.49 ± 2.57     5.56 ± 1.16       7.33 ± 2.08 

% FoxP3+ CD25-CD4+ T cells    

        CLN      22 ± 1.42cd               16.7 ± 2.4     14 ± 2.55      14.5 ± 3.39  

        HNLN      21.88 ± 2.71cd   15.6 ± 1.5     14.13 ± 1.05     10.5 ± 1.14 

        MLN      19.83 ± 2.4cd   10.02 ± 1.7     13 ± 0.95       12.9 ± 1 

        PP                  19.93 ± 2.16cd   12.03 ± 3.36     12.05 ± 1.64    12.25 ± 2.19  

        Spleen      21.73 ± 2.81cd   10.5 ± 1.42    10.2 ± 3.01        9.62 ± 3.51 

a C57BL/6 mice were nasally dosed with 100 µg OVA-pσ1, OVA or PBS, or orally with 25 mg OVA and 
challenged, as described in Table 2.1.   
b FACS analysis was performed on lymphocytes isolated from CLNs, HNLNs, MLNs, PPs, and spleens and 
in vitro stimulated for 72 h with 1 mg of OVA.  Mean ± SD of 5 mice per group is presented.  Mice nasally 
dosed with OVA-pσ1 showed significant increases in OVA-specific FoxP3+ CD25+CD4+ T cells and 
FoxP3+ CD25-CD4+ T cells. 
c, d Statistical significance was calculated by Student’s t test. 
c
 p < 0.04, differences between OVA-pσ1- versus OVA oral-dosed mice. 

d p < 0.005, differences between OVA-pσ1- versus nasal OVA- and PBS-dosed mice.  
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OVA-pσ1-Induced Tolerance Is  
Mediated by Increased  
Regulatory Cytokine Production 

 To investigate the specific mechanisms of the observed tolerance, cytokine 

secretion by CD4+ T cells was measured.  Total CD4+ T cells were isolated from 

recipient HNLNs and spleens given Tg CD4+ T cells and various CD4+ T cell subsets, as 

described in the adoptive transfer studies in Figures 2.2B and C.  After in vitro 

restimulation with OVA323-339 peptide, the cytokine profiles of the responding OVA-

specific CD4+ T cells were analyzed.  Unlike controls, mice receiving OVA-pσ1-derived 

(CD25+, CD25-, and total CD4+) T cells failed to induce IL-17-secreting CD4+ T cells 

and showed no or reduced IFN-γ-secreting CD4+ T cells in all tested lymphoid tissues 

(Figure 2.3A and B).  Instead, these mice showed greater anti-inflammatory responses, as 

evidenced by significant increases in the numbers of IL-10- and IL-4-producing CD4+ T 

cells.  Adoptive transfer of Treg cells resulted in a 15-fold enhancement in IL-10-

producing CD4+ T cells, whereas recipient mice given CD25-CD4+ T cells from OVA-

pσ1-dosed mice showed a 10-fold enhancement IL-4-producing CD4+ T cells when 

compared to recipient mice given CD4+ T cells from OVA-vaccinated or PBS-dosed 

mice (Figure 2.3).  
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Figure 2.3.  OVA-pσ1-induced tolerance is dependent upon increased production of anti-
inflammatory/regulatory cytokines and depression of proinflammatory cytokines.  CD4+ T cells were 
isolated from (A) HNLNs and (B) spleens of recipient mice given the various CD4+ T cell subsets plus 
responding Tg CD4+ T cells in Figure 2B and C.  To evaluate differences in cytokine production by the 
responder (DO11.10) CD4+ T cells influenced to become tolerogenic or immunogenic, CD4+ T cells, 
CD4+ T cells were isolated from recipient mice and subjected to T cell ELISPOT assay after in vitro re-
stimulation with OVA323-339 peptide. Results are depicted as cytokine-forming cells (CFC) per 106 CD4+ T 
cells corrected for unstimulated responses.  Adoptive transfer of OVA-pσ1-specific CD25+CD4+ T cells or 
CD25- CD4+ T cells significantly enhanced numbers of IL-10- and IL-4-producing CD4+ T cells, 
respectively, in recipient mice with concomitant reductions in IFN-γ and IL-17 CFC responses.  Adoptive 
transfer of OVA-stimulated CD4+ T cells showed enhanced IFN-γ and IL-17 CFCs with little to no IL-4 or 
IL-10 CFCs.  * p < 0.001, ** p ≤ 0.05 vs. mice given CD4+ T cells from OVA-dosed mice, calculated by 
Student’s t test. 

   

To evaluate the specific cytokine profiles for CD25+ and CD25- T cell subsets 

from OVA-pσ1-dosed mice, BALB/c mice adoptively transferred with DO11.10 Tg 

CD4+ T cells were given a single nasal dose of OVA-pσ1, OVA, or PBS.  Recipient mice 

were then challenged with OVA/IFA on day 3 post-immunization (p.i.) and sacrificed on 

day 7 p.i.  Induction of tolerance was confirmed in OVA-pσ1-dosed mice by the absence 

of an OVA-specific DTH response (data not shown).  CD25+CD4+ and CD25-CD4+ T 
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cells from pooled HNLNs, MLNs, and spleens were stimulated with plate-bound anti-

CD3 and soluble anti-CD28 mAbs.  Analysis of cytokines produced by cultured cells 

revealed that the majority of IL-10 from OVA-pσ1-dosed mice was derived from Treg 

cells (Figure 2.4D), whereas almost all of the IL-4 was produced by CD25-CD4+ T cells 

(Figure 2.4C).  These data further confirm that OVA-pσ1-induced tolerance depends 

largely upon IL-10-producing Treg cells and is further supported Th2 cells.  Although 

TGF-β1 was secreted by both CD25+ and CD25-CD4+ T cells, this cytokine was not 

strikingly elevated in OVA-pσ1-dosed mice when compared to OVA- and PBS-dosed 

mice (Figure 2.4E), further implying that TGF-β1 may have a lesser role for OVA-pσ1-

induced tolerance.  Contrary to control mice, production of proinflammatory cytokines, 

IFN-γ (Figure 2.4A) and IL-17 (Figure 2.4B), was significantly diminished by both Treg 

and CD25-CD4+ T cell subsets.  
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Figure 2.4.  OVA-pσ1-induced tolerance is mediated by IL-10-producing CD25+CD4+ T cells and 
supported by IL-4-producing CD25-CD4+ T cells.  BALB/c mice were adoptively transferred with 1 x 107 
DO11.10 Tg CD4+ T cells and 24 h later nasally dosed with 50 µg OVA-pσ1 or OVA only.  Mice were 
challenged s.c. on day 3 after transfer and sacrificed 4 days later.  CD25+CD4+ T cells and CD25-CD4+ T 
cells were isolated from HNLNs, MLNs, and spleens of these mice and cultured in vitro.  Presence of (A, 
B) proinflammatory and (C, D, E) regulatory cytokines in cultured supernatants was measured by ELISA.  
CD25+CD4+ T cells from OVA-pσ1-dosed mice produced significantly more (D) IL-10, whereas the 
majority of (C) IL-4 was secreted by CD25-CD4+ T cells.  Mean ± SEM of 5 mice per group is shown.  
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Figure 2.4. – continued.  Statistical significance for cytokine -producing CD25- or CD25+ CD4+ T cells 
was calculated by one-way ANOVA followed by a post hoc Tukey test. § p < 0.05 for OVA-pσ1- versus 
PBS-dosed mice, * p < 0.05 for OVA-pσ1- versus OVA-dosed mice. 
 
 
IL-10 Is Necessary for Induction  
of OVA-pσ1-Mediated Tolerance 

 Results thus far have shown that mucosal administration of OVA-pσ1 induces 

secretion of regulatory cytokines, IL-4, IL-10, and TGF-β, although the most pronounced 

increase was observed in the production of IL-10.  Since past studies have shown that IL-

10 is not responsible for tolerance induction (359-361), we queried whether tolerance 

could be induced in IL-10-/- mice given nasal OVA-pσ1.  C57BL/6 mice given nasal 

OVA-pσ1 were unresponsive to OVA, as evidenced by the low plasma IgG and mucosal 

IgA anti-OVA Ab titers and a lack of DTH responses, when compared with PBS-primed 

mice (Figure 2.5A and B).  In contrast, OVA-pσ1-dosed IL-10-/- mice became immune to 

OVA after peripheral challenge, as did PBS-primed IL-10-/- mice (Figure 2.5A and B).  

CD4+ T cells isolated from HNLNs, MLNs, and spleens of IL-10-/- mice dosed with 

OVA-pσ1 showed significant increases in OVA-specific T cell proliferation when 

compared to the same cells obtained from tolerized C57BL/6 mice.  As evidenced in 

OVA-pσ1-dosed C57BL/6 mice, these had at least three-fold less CD4+ T cell 

proliferative responses to OVA in HNLNs and spleens than their PBS-dosed litter mates 

(Figure 2.5C).  Interestingly, FACS analysis of FoxP3+ Treg cells revealed no differences 

in Treg cell numbers between PBS- and OVA-pσ1-dosed IL-10-/- mice (Figure 2.5D), and, 

in fact, they resembled baseline levels of CD25+CD4+ T cells in these mice (Figure 2.5E).  

In contrast, the HNLNs and spleens of OVA-pσ1-dosed C57BL/6 mice contained 
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significantly more OVA-specific Treg cells than the HNLNs and spleens of both PBS-

dosed C57BL/6 mice and OVA-pσ1-dosed IL-10-/- mice, the latter result suggesting that 

Treg cells in IL-10-/- mice were simply not induced (Figure 2.5D).  Additionally, almost 

50 % of the FoxP3+ Treg cells in HNLNs and spleens of OVA-pσ1-dosed C57BL/6 mice 

showed intracellular expression of IL-10 (Figure 2.5F), confirming the supportive role of 

IL-10 in OVA-pσ1-induced tolerance.  Upon OVA restimulation, analysis of cytokine-

secreting CD4+ T cells from C57BL/6 (Figure 2.6A and C) and IL-10-/- mice (Figure 2.6B 

and D) was performed.  As expected, OVA-pσ1-dosed C57BL/6 mice showed a 

significant increase in CD4+ T cells secreting regulatory cytokines IL-10 and TGF-β1 in 

HNLNs and MLNs, and IL-4-producing cells in all tested tissues when compared with 

PBS-dosed mice (Figure 2.6C).  Numbers of CD4+ T cells producing IL-13 were not 

significantly different between immunized and control mice (Figure 2.6C). 
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Figure 2.5.  IL-10 is required for induction and maintenance of OVA-pσ1-mediated tolerance.  IL-10-/- and 
C57BL/6 (IL-10+/+) (B6) mice were given 100 µg of OVA-pσ1 or PBS nasally on days 0, 1, and 2 and 
were then challenged s.c. on day 10 p.i. with OVA in IFA.  (A) OVA-specific ELISA was performed on 
serum samples collected from OVA-pσ1- and PBS-dosed C57BL/6 and IL-10-/- mice on day 17 p.i.  OVA-
pσ1-dosed IL-10-/- mice elicited a serum IgG anti-OVA response. (B) OVA-specific DTH responses 
measured on day 15 p.i.  OVA-pσ1-dosed IL-10-/- mice were responsive to OVA.  (C) CD4+ T cells isolated 
from HNLNs, MLNs, and spleens of OVA-pσ1- or PBS-dosed C57BL/6 (IL-10+/+) and IL-10-/- mice were 
measured for their proliferative responses after in vitro stimulation with OVA.  CD4+ T cells from IL-10-/- 
mice dosed with OVA-pσ1 or PBS, and PBS-dosed C57BL/6 mice proliferated in response to OVA.  
Depicted values are corrected for 3H-TdR uptake by unstimulated cells.  (D) Percentages of FoxP3+ 
CD25+CD4+ T cells were measured by FACS after in vitro stimulation with OVA, and depicted are values 
corrected for unstimulated cells.  IL-10-/- mice failed to show induction of Treg cells independent of 
treatment.  The mean of two experiments ± SEM per group is shown.  * p < 0.001, ** p < 0.05 for OVA-
pσ1- vs. PBS-dosed C57BL/6 or IL-10-/- mice; NS, not significant, calculated by Student’s t test.  (E) 
Depicted is the percentage of CD25+CD4+ T cells for the combined MLNs, PPs, and spleens from  5 naïve 
IL-10-/- mice.  Results determined by FACS show the mean ± SD.  (F) Percentages of FoxP3+IL-10+ Treg 
cells, as a proportion of CD25+CD4+ T cells, were measured by FACS.  Treg cells induced in C57BL/6 mice 
given nasally OVA-pσ1 expressed IL-10, whereas significantly less IL-10 was expressed by PBS-dosed 
C57BL/6 mice.  Average ± SEM of 4 mice is shown. * p < 0.001 for OVA-pσ1-versus PBS dosed 
C57BL/6 mice, calculated by Student’s t test; NS = not significant. 
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Production of proinflammatory cytokines, IFN-γ, IL-2, and IL-17 (Figure 2.6A), 

was significantly inhibited in all tested tissues of OVA-pσ1-dosed C57BL/6 mice.  IL-10-

/- mice revealed that, although the IL-4 and IL-13 responses were significantly more 

elevated in OVA-pσ1- than PBS-dosed mice (Figure 2.6D), TGF-β-secreting CD4+ T 

cells were significantly depressed, except in the spleen (Figure 2.6D).  No significant 

differences in numbers of IL-2-producing CD4+ T cells were observed between OVA-

pσ1- and PBS-dosed IL-10-/- mice.  Consistent with an antagonistic relationship between 

IFN-γ and IL-17 (362), there was a significant decrease in IFN-γ and a concomitant 

increase in the IL-17 in OVA-pσ1-dosed IL-10-/- mice when compared to PBS-dosed 

mice (Figure 2.6B).  
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Figure 2.6.  Immunization of IL-10-/- mice with OVA-pσ1 increases IL-17- and IFN-γ-producing CD4+ T 
cells with concomitant increases in anti-inflammatory cytokines, (IL-4 and IL-13) responses when 
compared to similarly treated C57BL/6 mice.  C57BL/6 (IL-10+/+) (B6) and IL-10-/- mice were immunized 
and challenged, as described in Figure 2.5 legend.  CD4+ T cells isolated from HNLNs, MLNs, and spleens 
were restimulated with OVA, and cytokine-specific T cell ELISPOT was performed.  CFC / 106 CD4+ T 
cells in (A, C) C57BL/6 and (B, D) IL-10-/- mice are depicted.  For OVA-pσ1-dosed C57BL/6 mice, CD4+ 
T cells producing anti-inflammatory cytokines in MLNs and HNLNs were significantly elevated when 
compared with (C) PBS-dosed mice.  The numbers of CD4+ T cells producing (A) proinflammatory 
cytokines were significantly reduced in OVA-pσ1-dosed mice versus PBS-dosed C57BL/6 mice.  OVA-
pσ1-dosed IL-10-/- mice showed significant increases when compared with PBS-dosed mice in (B, D) IL-4, 
IL-13-, and IL-17-producing CD4+ T cells, but not TGF-β-producing CD4+ T cells.   
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Figure 2.6. –continued.  IFN-γ- and IL-17-producing CD4+ T cells were significantly elevated in IL-10-/- 
mice given OVA-pσ1 when compared to OVA-pσ1-dosed C57BL/6 mice (A, B).  Depicted is the mean of 
two experiments ± SEM. * p < 0.001, ** p < 0.05 for OVA-pσ1- versus PBS-dosed C57BL/6 or IL-10-/- 
mice, calculated by Student’s t test.  
 
 
OVA-pσ1- Mediated Tolerance  
Can Be Induced after a Single Dose 

Since the pσ1-based approach offers the possibility of inducing tolerance while 

using significantly less Ag, the persistence of OVA-pσ1-induced tolerance was 

investigated after single dose.  C57BL/6 mice were nasally given either 100 µg per dose 

of OVA, OVA-pσ1, or sterile PBS for three consecutive days, or a single 50 µg dose of 

OVA-pσ1 or OVA alone.  Additionally, a group of C57BL/6 mice was given 0.5 mg of 

OVA nasally for 5 consecutive days.  Ten days p.i., all mice were challenged with OVA 

by the s.c. route.  One day prior to challenge, no OVA-specific serum IgG Ab responses 

in either immunization group were detected (data not shown).  By day 18 post-challenge 

(day 28 p.i.), mice given OVA or PBS revealed significantly elevated OVA-specific Ab 

titers in both mucosal (not shown) and systemic immune compartments, and these 

responses were sustained (Figure 2.7A).  Moreover, we were unable to induce tolerance 

to OVA, even in mice dosed nasally with as much as 2.5 mg of OVA alone.  In contrast, 

virtually no OVA-specific serum-IgG Abs (Figure 2.7A) or DTH responses (Figure 2.7B) 

were observed in OVA-challenged mice given a single or three nasal doses of OVA-pσ1.  

These data show that mice given OVA-pσ1 nasally are tolerized to OVA, and that this 

tolerance can be induced by substantially lower doses of pσ1-delivered Ag. 
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Figure 2.7.  A single nasal dose of OVA-pσ1 is sufficient to induce tolerance to OVA.  (A, B) C57BL/6 
mice were given OVA-pσ1, OVA, or sterile PBS and were subsequently challenged s.c. with OVA/IFA.  
(A) Data depict serum IgG anti-OVA Ab titers at 18 days post-challenge (28 d p.i.).  Statistical significance 
was calculated by one-way ANOVA followed by post hoc Tukey test. * p < 0.05 versus mice nasally given 
50 µg of OVA-pσ1, § p < 0.05 versus. mice given nasally 50 µg of OVA.  (B) OVA-specific DTH 
responses were measured at day 15 p.i. (day 5 post-challenge).  A single 50 µg dose of OVA-pσ1, but not 
OVA alone, was sufficient for tolerance induction. * p < 0.001 for OVA-pσ1-dosed vs. control mice, 
calculated by Student’s t test.  Data are representative of three separate experiments.  (C, D) BALB/c mice 
were nasally given 100 µg of OVA-pσ1 or OVA, with or without 25 µg of CpG.  Ten days p.i., mice were 
challenged s.c. with OVA/IFA.  Data depict (C) plasma IgG and fecal IgA anti-OVA Ab titers 18 days 
post-challenge (28 d p.i.), and (D) OVA-specific DTH responses at day 15 p.i. (day 5 post-challenge).  
Statistical significance * p < 0.001 for OVA-pσ1 versus OVA-dosed mice, or for OVA-pσ1 + CpG versus. 
OVA + CpG -dosed mice, calculated by Student’s t test. 

 

While OVA-pσ1 can induce tolerance to OVA, even in the presence of CT, 

chemically modified pσ1 is found to be immunogenic.  Mucosal delivery of DNA 

complexed to poly-L-lysine-modified pσ1 results in enhanced transgene-specific immune 

responses (82).  To determine whether there is an adjuvant effect by the plasmid cDNA 
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that can overcome the OVA-pσ1-induced tolerance, BALB/c mice were given a single 

nasal dose of OVA or OVA-pσ1 alone, or co-administered with CpG-ODN.  In contrast 

to mice dosed with OVA or OVA + ODN, mice dosed with OVA-pσ1 alone or OVA-pσ1 

+ ODN showed significantly reduced OVA-specific serum and mucosal Ab (Figure 2.7C) 

and DTH responses (Figure 2.7D).  Therefore, the tolerogenic effect of this pσ1-based 

delivery system cannot be overridden by co-administration of the immune-modulatory 

molecule CpG-ODN.  

Even though co-administration of CpG-ODN did not interfere with generation of 

OVA-pσ1-mediated tolerance to OVA, interesting differences have been revealed by 

cytokines produced between mice receiving OVA-pσ1 and OVA-pσ1 + ODN.  

Lymphocytes obtained from HNLNs, MLNs, and spleens of mice nasally dosed with 

OVA, OVA-pσ1, OVA + ODN, and OVA-pσ1 + ODN were analyzed for cytokine 

production after in vitro re-stimulation with OVA.  In contrast to mice given OVA-pσ1, 

at least 2-fold reduction in IL-4, significant reduction in IL-10, and concomitant 

enhancement in secretion of IL-13 and TGF-β was observed in lymphocytes obtained 

from OVA-pσ1 + ODN-dosed mice (Figure 2.8A).  Unlike cells isolated from OVA-pσ1-

dosed mice that produced very little to no proinflammatory cytokines, significant increase 

was observed in secretion of IL-6 and IFN-γ in LN, IL-21 in MLNs, IL-17 and IL-27 in 

MLNs and spleens by lymphocytes acquired from OVA-pσ1 + ODN-dosed mice (Figure 

2.8B).  Mice that received OVA or OVA + ODN showed virtual absence of IL-4 and IL-

10 production in all tested tissues (Figure 2.8A).  In partial agreement with OVA-pσ1 + 

ODN-dosed mice, mice that received OVA + ODN produced significantly more of IL-13, 
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though noticeably less of TGF-β than OVA-dosed mice.  In fact, TGF-β was 

predominantly produced by lymphocytes obtained from OVA-pσ1 + ODN-dosed mice, 

and progressively less of TGF-β was produced by cells from OVA-pσ1-, OVA-, and 

OVA + ODN-immunized mice.  Lymphocytes isolated from mice nasally given OVA 

produced significantly more of proinflammatory cytokines including IL-6, IL-17, IL-21, 

IL-27, and IFN-γ than mice nasally given OVA-pσ1.  Moreover, production of these 

proinflammatory cytokines was almost always considerably higher in OVA + ODN-

dosed mice than in OVA-dosed mice (Figure 2.8B).  Cells obtained from OVA-pσ1 + 

ODN-dosed mice showed significant decrease in production of IFN-γ, IL-27, IL-21, and 

IL-17 in all tested tissues, as well as IL-6 in MLNs and spleens when compared to OVA 

+ ODN-dosed mice (Figure 2.8B).  In contrast to proinflammatory cytokines, 

lymphocytes obtained from OVA-pσ1 + ODN-dosed mice exhibited significant increase 

in levels of TGF-β, IL-10, and IL-4 and elevated IL-13 in relation to cells isolated from 

OVA + ODN-dosed mice (Figure 2.8A).   

In summary, these studies show that OVA-pσ1 can readily accomplish tolerance 

with a single dose and stimulate the production of FoxP3+ Treg cells producing IL-10, and 

tolerance induction is IL-10 -dependent.  
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Figure 2.8.  Induction of OVA-specific tolerance by nasal administration of OVA-pσ1 + CpG-ODN is 
associated with an increase in IL-13 and TGF-β and concomitant reduction in IL-10 and IL-4.  BALB/c 
mice were immunized and challenged as described in Figure 2.7B and C legend.  Whole lymphocytes 
isolated from their HNLNs, MLNs, and spleens were in vitro stimulated with 1 mg/ml of OVA for 72 h.  
Concentrations of (A) proinflammatory and (B) anti-inflammatory cytokines in cultured supernatants were 
determined by ELISA, and cytokine production by unstimulated cells was set as a background 
concentration and subtracted from the results.  Mice dosed with OVA-pσ1 + ODN-CpG produced 
significantly more of IL-13 and TGF-β, but less IL-10 and IL-4 when compared to OVA-pσ1-dosed mice.  
OVA and OVA + ODN-CpG-dosed mice produced more proinflammatory cytokies than OVA-pσ1- and 
OVA-pσ1 + ODN-CpG-dosed mice, respectively.  Statistical significance * p < 0.05 for OVA + ODN-CpG 
vs. OVA-pσ1 + ODN-CpG and OVA vs. OVA-pσ1; §, p < 0.05 for OVA-pσ1 vs. OVA-pσ1 + ODN-CpG. 
 
 
Mucosal Administration of OVA-pσ1  
Is Necessary for Induction of Tolerance 

 We have shown here that mucosal administration of OVA-pσ1 induces a low-

dose tolerance to OVA.  In an effort to determine if the pσ1-mediated tolerance can be 

induced via a non-mucosal route, mice were i.m. immunized on days 0, 7, and 14 with 

OVA-pσ1 without or with CT and compared to mice similarly immunized with OVA 

(Figure 2.9A and B).  On day 21 (one week after the last immunization), mice were 
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evaluated for serum IgG anti-OVA Ab titers by ELISA.  As expected, OVA-immunized 

responded well, but naïve and OVA-pσ1-immunized mice remained OVA unresponsive 

(Figure 2.9A and B - black bars).  All mice were subsequently challenged on day 28 with 

OVA in IFA, and one week later, serum from individual mice was collected and 

measured for IgG anti-OVA titers.  Even though, mice dosed with OVA-pσ1 + CT 

(Figure 2.9B) showed reduced Ab titers relative to OVA + CT-dosed mice, these anti-

OVA Ab titers were greater than those obtained in the OVA-challenged, naïve mice 

(Figure 2.9A).  Thus, these results show that induction of the optimal tolerance to OVA 

via the use of pσ1 requires mucosal, not parenteral, administration of OVA-pσ1 (Figure 

2.9A and B - open bars).   
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Figure 2.9.  Mucosal administration of OVA-pσ1 and presence of mucosal inductive tissues are required 
for induction of OVA-pσ1-mediated tolerance to OVA.   
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Figure 2.9. – continued.  (A, B) C57BL/6 mice were i.m. immunized with (A) PBS, 50 µg OVA, or OVA-
pσ1, or (B) with 50 µg OVA or OVA-pσ1 p + 1 µg CT, on days 0, 7, and 14.  On day 21, sera were 
collected and analyzed for the presence of anti-OVA IgG Abs by ELISA (black bars), and showed 
unresponsiveness by PBS-, OVA-pσ1-, and OVA-pσ1 + CT-dosed mice.  On day 28, mice were s.c. 
challenged with OVA in IFA.  Sera collected from mice one week post-challenge (day 35) revealed the 
presence of IgG anti-OVA Abs (open bars) in all tested groups, although the anti-OVA response was higher 
in mice dosed with OVA + CT compared to OVA-pσ1 + CT-dosed mice.  NS = not significant; * p < 0.001 
for OVA vs. OVA-pσ1 and OVA + CT vs. OVA-pσ1 + CT -dosed mice, calculated by Student’s t test.  (C, 
D, E) C57BL/6 and LTα-/- mice were fed with 100 µg of OVA-pσ1, OVA or with PBS on day 0, and were 
s.c. challenged with OVA in IFA on day 10 p.i.  Presence of OVA-specific IgG (C) and IgA (D) Abs in 
serum was assessed by ELISA 7 d p.ch.  OVA-pσ1-fed C57BL/6 mice showed significant reduction in 
OVA-specific IgG and IgA Abs in serum.  OVA- and PBS-dosed and challenged C57BL/6 and LTα-/- mice 
developed pronounced OVA-specific IgG Abs in serum.  All LTα-/- mice exhibited enhanced OVA-specific 
IgA Ab titers when compared to similarly treated C57BL/6 mice.  (E) OVA-specific DTH response 
measured 5 d p.ch revealed induction of OVA-specific Th1 cells in all experimental groups except OVA-
pσ1-fed C57BL/6 mice which exhibited significant reduction of OVA-specific DTH response.  Average ± 
SD of four to five mice per group is depicted. *, p < 0.05 vs. OVA-pσ1-dosed C57BL/6 mice.  

 
 
LTα-/- Mice Are Responsive to  
OVA after Oral Administration of OVA-pσ1 

 Lymphotoxin-α (LTα)-deficient mice lack LNs and PPs, and due to the abnormal 

splenic architecture they also fail to form germinal centers within the splenic while pulps 

(363).  To determine if M cells are required for OVA-pσ1-mediated tolerance, LTα-/- and 

C57BL/6 mice were orally given a single 100 µg dose of OVA-pσ1, OVA or with PBS, 

and were challenged with OVA in IFA.  OVA-specific DTH response was measured in 

mice 5 days after challenge with OVA in IFA, and presence of OVA-specific Ab titers in 

serum and mucosal secretions were assessed by ELISA 7 days after challenge.  No OVA-

specific Abs were detected in mucosal secretion of C57BL/6 or LTα-/- mice (data not 

shown).  C57BL/6 mice given oral OVA-pσ1 become tolerant to OVA, as evidenced by 

significantly reduced OVA-specific IgG and virtual lack of OVA-specific IgA Abs in 

serum when compared to OVA- or PBS-dosed and challenged litter mates (Figure 2.9C, 

and D).  Additionally, OVA-specific DTH response was significantly depressed in these 
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OVA-pσ1-dosed C57BL/6 mice when compared to any other experimental group.  In 

contrast to these mice, C57BL/6 and LTα-/- mice dosed with OVA or PBS and s.c. 

challenged with OVA exhibited pronounced OVA-specific IgG Abs in serum and OVA-

specific DTH responses (Figure 2.9C, and E).  Interestingly, LTα-/-  mice given oral 

OVA-pσ1 or OVA, and to a lesser extent also PBS, developed enhanced OVA-specific 

IgA Abs in serum after OVA challenge, whereas C57BL/6 mice produced little to no 

OVA-specific IgA in serum independently on the oral treatment (Figure 2.9D).  When 

compared to OVA-pσ1-fed C57BL/6 mice, LTα-/- mice dosed with OVA-pσ1 developed 

greatly enhanced OVA-specific IgG and IgA titers, and OVA-specific DTH response 

(Figure 2.9C, D, and E).  These results indicate that pσ1-delivered oral tolerance cannot 

be established in the absence of PP-associated M cells, suggesting that the presence of M 

cells is essential for OVA-pσ1-induced tolerance to OVA.  

 
OVA-pσ1 Induces Apoptosis  
of OVA-Tg CD4+ T Cells In Vitro 

 Mucosal delivery of OVA-pσ1 triggers the regulatory T cell response and 

secretion of anti-inflammatory cytokines.  In contrast, parenteral administration of OVA-

pσ1 induces anti-OVA Ab response after s.c. challenge with OVA.  To evaluate if pσ1 

has a direct impact on CD4+ T cell populations, or if the induction of tolerance relies 

solely on the pσ1‘s interaction with the mucosal epithelium, an in vitro study was 

performed.  Lymphocytes isolated from naïve DO11.10 Tg mice were cultured with high- 

(1 mg/ml) or low-dose (0.05 mg/ml) of OVA-pσ1 or pσ1 and compared to in vitro 

cultures stimulated with OVA or OVA + pσ1.  After 24 or 72 h, cells and culture 
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supernatants were harvested and evaluated for CD4+ T cell apoptosis by FACS, and 

cytokine production by ELISA, respectively.  Only about 13 % of Tg CD4+ T cells 

underwent apoptosis in response to in vitro stimulation with OVA for up to 72 h.  In 

contrast, stimulation with pσ1, OVA-pσ1, or OVA + pσ1 induced much greater 

apoptosis of Tg CD4+ T cells after 24 and 72 h (Table 2.3), and the extent of this 

apoptosis was time- and dose- dependent.  Less than 31 % of these cells died after 24 h of 

culture with a low-dose (0.05 mg/ml) stimulation, whereas 1 mg/ml of OVA-pσ1, pσ1 or 

OVA + pσ1 doubled the number of apoptotic cells at this time point (Table 2.3).  After 

72 h, low-dose pσ1 exposure resulted in ~ 54 - 62 % of Tg CD4+ T cell undergoing 

apoptosis unlike high-dose treatment that resulted in ~ 80 % apoptosis (Table 2.3).  

Concomitant cytokine analysis of cultured supernatants revealed increased production of 

IL-4 and IL-10 by the cells stimulated for 24 h with 1 mg/ml OVA-pσ1 or 72 h with 0.05 

mg/ml OVA-pσ1 (Table 2.4).  Consistently, these OVA-pσ1-stimulated cells showed 

significant reduction in inflammatory cytokines IFN-γ and IL-17 at both time points, 

when compared to OVA-stimulated cells.  Cells cultured with a high-dose of OVA-pσ1 

for 72 h failed to produce any cytokines, presumably due to apoptosis of 80 % of these 

cells (Table 2.3).  Interestingly, cells incubated with unconjugated pσ1 and OVA 

mimicked the inflammatory response of OVA-stimulated cells, showing elevated IL-17 

and IFN-γ secretion after 24 h, and even after 72 h, the production of IL-10 and IL-4 by 

these cells was significantly reduced in relation to OVA-stimulated cells (Table 2.4).  

These results offer an alternative mechanism in which pσ1 may induce apoptosis of 

OVA-responsive CD4+ T cells if intact pσ1 survives delivery to mucosal inductive sites. 
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Table 2.3.  Apoptosis of Tg DO11.10 CD4+ T cells   

 Treatment
a
    % Apoptosis of DO11.10-Tg CD4

+
 T Cells

b
      

     Ag                Dose, in mg/ml                 24 h
c
                         P1

 d
                          72 h

e                    P2
 f
  

Media 
 

7.06 ± 0.6 
 

10.37 ± 0.92   

OVA 1 10.96 ± 2.28      12.73 ± 6.53   

OVA-pσ1 1 67.35 ± 7.97     < 0.001 83.80 ± 7.10   < 0.001 

OVA-pσ1 0.05 30.99 ± 3.98     < 0.001 54.41 ± 11.6      0.003 

pσ1 1 77.82 ± 4.82     < 0.001 86.52 ± 11.8   < 0.001 

pσ1 0.05 32.43 ± 7.26        0.005 62.58 ± 10.6   < 0.001 

OVA + pσ1 1, 1 77.56 ± 8.42     < 0.001 80.34 ± 8.44   < 0.001 

OVA + pσ1 1, 0.05 29.83 ± 9.86        0.025 62.29 ± 10.13   < 0.001 

a Lymphocytes were isolated from spleens of naïve DO11.10 Tg mice.   Cells were stimulated in vitro with designated concentrations of Ags and  
analyzed by FACS. 
b Apoptosis was determined by co-staining with Annexin-V and 7-AAD. 
c Mean ± SD of three to four replicates are presented after 24 h of culture. 
d
 Values of p for DO11.10 CD4+ T cells stimulated with OVA vs OVA-pσ1, pσ1, or OVA + pσ1 for 24 h. 

e Mean ± SD of three to four replicates are presented after 72 h of culture 
f
 Values of p for DO11.10 CD4+ T cells stimulated with OVA vs OVA-pσ1, pσ1, or OVA + pσ1 for 72 h.   
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Table 2.4. Cytokine production by in vitro cultured DO11.10 lymphocytes

             Treatment
a
    

      Ag    Dose, in mg/ml IL-4 (ng/ml)
c
         IL-10 (ng/ml)

c
        IL-17 (ng/ml)

c
 IFN-γγγγ (ng/ml)

c
   

 
Cytokine Secretion (24 h

d
)
 

OVA                             1                          0.58 ± 0.03                0.66 ± 0.04                    5.59 ± 0.54   4.06 ± 0.52 
OVA-pσ1                      1                         1.20 ± 0.1 §                2.76 ± 0.14 *            0.37 ± 0.11 *   0.31 ± 0.08 § 
OVA-pσ1                      0.05                    1.67 ± 0.2 §                4.73 ± 0.29 *                  0 ± 0 *        0 ± 0 * 
pσ1                                1                               0 ± 0 *                  0.26 ± 0.04 §            0.63 ± 0.17 *  0.22 ± 0.07 § 
pσ1                                0.05                          0 ± 0 *                       0 ± 0 *            0.58 ± 0.14 *        0 ± 0 * 
OVA + pσ1                   1, 1                           0 ± 0 *                  0.56 ± 0.02             4.17 ± 0.6     2.6 ± 0.45  
OVA + pσ1                   1, 0.05                      0 ± 0 *                  0.42 ± 0.17                 1 ± 0.14 §   0.97 ± 0.08 § 

 

Cytokine Secretion (72 h
e
) 

OVA                             1                          2.21 ± 0.13                1.82 ± 0.12            6.22 ± 0.46   10.1 ± 0.98 
OVA-pσ1                      1                               0 ± 0 *                        0 ± 0 *                 0 ± 0 *         0 ± 0 * 
OVA-pσ1                      0.05                    3.54 ± 0.15 §                 2.2 ± 0.03 §            0.52 ± 0.13 *    0.38 ± 0.03 * 
pσ1                                1                               0 ± 0 *                        0 ± 0 *            0.58 ± 0.14 *    0.72 ± 0.05 * 
pσ1                                0.05                          0 ± 0 *                   0.29 ± 0.02 *                 0 ± 0 *    0.94 ± 0.09 * 
OVA + pσ1                   1, 1                           0 ± 0 *                   0.37 ± 0.19 §            0.72 ± 0.18 *    0.77 ± 0.2 * 
OVA + pσ1                   1, 0.05                 1.22 ± 0.18 *             0.46 ± 0.16 §            2.87 ± 0.47 §    2.3 ± 0.29 § 

 

a Statistical significance was calculated by Student’s t test; *, p ≤ 0.001, §, p < 0.05 for the differences between cells stimulated with  
OVA vs OVA-pσ1, pσ1, or OVA + σ1-stimulated cells, for each time point.  b Lymphocytes were isolated from spleens of naïve DO11.10-Tg mice. 
Cultured supernatants from cells stimulated in vitro with designated concentrations of Ags were analyzed by cytokine ELISA.  
c Cytokine concentration was measured in triplicates and is depicted as an average ± SEM.  Presented cytokine concentration is corrected  
over the cytokine production by unstimulated cells.  dCell were cultured with or without Ag for 24 h.  e Cell were cultured with or without Ag fir 72 h.
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Discussion 

 
We previously showed that the reovirus adhesin, pσ1, can enhance the efficacy of 

mucosal DNA vaccination (82).  In this work, we investigated if a genetic fusion between 

pσ1 and a model Ag (OVA) would have the same effect.  Unlike the previous findings, it 

was learned that when pσ1 was fused to a protein Ag, tolerance was induced.  In fact, 

tolerance could be accomplished even with a single dose of OVA-pσ1 delivered 

mucosally.  In contrast, parenteral delivery of OVA-pσ1 failed to induce tolerance to 

OVA.  This pσ1-based mucosal tolerance even resisted co-treatment with potent mucosal 

adjuvants (CT and ODN), and tolerance was not broken after peripheral challenge with 

OVA.  In contrast to OVA-pσ1, nasal administration of OVA alone, which is known to 

be a poor mucosal immunogen (364), elicited greater Ag-specific Ab responses than did 

OVA-pσ1.  Moreover, the mechanism for this pσ1-induced tolerance was CD4+ T cell-

dependent and could be adoptively transferred into naïve mice.  Adoptive transfer of 

CLN-derived CD4+ T cells from mice tolerized with OVA-pσ1 significantly inhibited 

OVA-specific proliferation of CD4+ T cells in vitro.  In subsequent analysis, it was 

revealed that tolerization via OVA-pσ1 induced significant increases in FoxP3+ 

CD25+CD4+ T cells, as well as an elevation in FoxP3+ CD25-CD4+ T cells.  Adoptive 

transfer of OVA-pσ1-primed CD25+CD4+ or CD25-CD4+ T cells significantly inhibited 

Ag-specific proliferation of OVA-Tg CD4+ T cells in vivo.  This suppression was due to 

increased production of IL-10 by OVA-pσ1-induced Treg cells, as evidenced by cytokine 

and FACS analyses, as well as by the lack of OVA-specific tolerance in OVA-pσ1-dosed 
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IL-10-/- mice.  Additionally, it was learned from the in vitro studies that OVA-pσ1 

induces apoptosis of OVA-responsive CD4+ T cells in a time- and a dose- dependent 

manner, offering an additional potential mechanism for pσ1's action if it can survive 

delivery beyond the initial cell binding to the mucosal epithelium or M cells. 

 Induction of peripheral tolerance to a number of mucosally delivered Ags has 

been demonstrated previously using both high- and low-dose tolerization regimen (24, 

29, 46, 81, 87); however, we propose that fusion of pσ1 to a protein Ag can significantly 

improve both mucosal and systemic unresponsiveness to this Ag.  Previously, we have 

shown that chemically modified pσ1 with poly-L-lysine significantly enhances immunity 

to delivered DNA (82), and because of this modification, Abs to pσ1 are induced, but not 

to the unmodified pσ1.  Thus, genetic fusion of an Ag to pσ1 is instrumental to stimulate 

tolerance.  When OVA-pσ1 was co-administered with potent mucosal adjuvants, CT or 

CpG-ODN, the results provided further evidence that immunity to OVA was impaired.  

This finding was surprising since it is well established that CT given mucosally always 

induces Ag-specific Abs (152).  Although the mechanism by which OVA-pσ1-induced 

tolerance overrides the immunostimulatory effects of CT is unclear, it is plausible that 

OVA-pσ1 resists co-treatment with CT due to the pσ1 adhesive properties which, in turn, 

may act on different receptors than CT-B.  Nonetheless, pσ1-induced tolerance to OVA 

remained effective.  Another mucosal immune modulator, the unmethylated CG 

dinucleotides CpG-containing motifs (CpG-ODN), was also shown to enhance immunity 

to OVA after oral administration (358).  Here it was shown nasal co-administration of 

OVA-pσ1 plus CpG-ODN also resulted in tolerance.  In contrast to mice given OVA plus 
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CpG-ODN, OVA-pσ1 plus CpG-ODN-dosed mice lacked OVA-specific DTH responses 

and showed limited OVA-specific systemic and mucosal Ab titers, suggesting that the 

presence of a plasmid cDNA does not affect tolerogenic properties of genetically 

modified pσ1.  Interestingly, significant enhancement in IL-13 and TGF-β, but 

concomitant reduction in IL-10 and IL-4 was observed in mice dosed with OVA-pσ1 

plus CpG-ODN when compared to mice that received OVA-pσ1.  OVA-pσ1 plus CpG-

ODN-dosed mice revealed moderate, though significant augmentation in the levels of IL-

6, IL-21, IL-27 and IFN-γ, when compared to OVA-pσ1-dosed mice.  Importantly, in 

contrast to OVA- and OVA plus CpG-ODN-dosed mice, the levels of proinflammatory 

cytokines were greatly depressed in OVA-pσ1 plus CpG-ODN-dosed mice.  Consistently 

with the tolerogenic properties of OVA-pσ1 and OVA-pσ1 plus CpG-ODN, IL-17 

production was significantly reduced in these mice but not in OVA or OVA plus CpG-

ODN-dosed mice.  It is well established that CpG-ODN induces strong Ag-specific Ab 

and Th1-type immune responses when mucosally administered to mice (141).  In 

agreement with this finding, mice dosed with OVA plus CpG-ODN developed strong 

OVA-specific Ab and DTH responses.  Also, these OVA plus CpG-ODN-dosed mice 

produced significantly more Th1-type cytokines including IFN-γ, IL-27 than OVA-dosed 

mice.  In contrast to OVA plus CpG-ODN-dosed mice, mice given nasally OVA-pσ1 

plus CpG-ODN produced predominantly anti-inflammatory cytokines IL-4, IL-10, IL-13, 

and TGF-β, and exhibited reduced OVA-specific IgG Ab titers in serum and OVA-

specific DTH response.  The suppression of IL-4, and IL-10, and concomitant raise in IL-

13 and TGF-β observed in mice nasally dosed with OVA-pσ1 plus CpG-ODN when 
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compared to OVA-pσ1-tolerized mice, implicates supportive role for TGF-β and IL-13 in 

establishment of OVA-pσ1-mediated tolerance to OVA in the presence of CpG-ODN. 

 Despite the reported feasibility to induce low-dose nasal tolerance with OVA (87, 

88), a sustainable tolerance by a variety of nasal OVA doses (0.05 - 2.5 mg) could not be 

induced, but a single oral 25 mg dose of OVA was found effective.  In contrast, as little 

as a single 50 µg nasal dose of OVA-pσ1 was sufficient to induce OVA-specific 

tolerance that was long-lasting and resisted peripheral challenge with OVA in IFA, 

showing that OVA-pσ1 is at least a 1000-fold more efficient on a molar basis.  

 Previous studies have shown that the CT-B subunit could be adapted for mucosal 

tolerance induction (67, 69, 150, 151).  In those reports, efficiency of Ag-specific 

tolerance was improved by its conjugation to CT-B, as evidenced by reduced Ag-specific 

Ab and DTH responses following mucosal delivery.  Many of these studies depended 

upon chemically coupling the tolerogen, which produces a heterogeneous population of 

carrier-conjugates and may limit only a fraction of these to bind the intended cell surface 

receptor (35).  Additionally, CT-B is also commonly used as a mucosal adjuvant (365, 

366) because it lacks the toxic moieties associated with native CT (64).  To circumvent 

these potential barriers for using CT-B to induce tolerance, a genetic fusion between CT-

B and proteolipid protein (PLP) immunodominant peptide was done to ameliorate the 

clinical manifestations of EAE (35).  Although multiple doses were required, nasal 

administration of this CT-B-PLP peptide fusion protein was effective for inducing 

tolerance.  
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 Treg cells consist of a phenotypically diverse group bearing a variety of cell 

surface receptors, but they commonly share their ability to suppress T cell function (60, 

112, 367).  Induction and maintenance of low-dose mucosal tolerance has been associated 

with activation of Treg cells acting in an Ag-specific fashion (24, 25, 44, 54, 124).  

Evidence provided in this study shows that OVA-pσ1-induced tolerance is mediated by 

Ag-specific CD4+ T cells, since adoptive transfer of these OVA-pσ1-primed CD4+ T 

cells conferred unresponsiveness in naïve recipients to in vivo peripheral OVA challenge 

and inhibited OVA-specific CD4+ T cell proliferation.  Studies have also found that low-

dose mucosal tolerance is mediated by Treg cells that express the FoxP3 transcription 

factor (3, 37, 60, 109, 368).  Consistent with these findings, nasal administration of OVA-

pσ1 significantly increased the numbers of Treg cells, in which > 97 % were FoxP3+.  

Along these lines, expression of FoxP3 was also induced in CD25-CD4+ T cells following 

tolerization with OVA-pσ1, although the intensity of FoxP3 staining was ~50-fold less 

than that observed for the CD25+CD4+ T cells.  A low level intensity of FoxP3 and its 

transient expression on activated human CD25- T cells has been previously reported 

(369).  These FoxP3-expressing CD25- T cells are not capable of inhibiting cytokine 

production nor proliferation, and expression of FoxP3 on these cells is not correlated with 

the induction of a Treg cell phenotype (369).  In contrast to that study, adoptive transfer of 

OVA-pσ1-primed CD25+ or CD25- T cells significantly inhibited in vivo proliferation of 

OVA-Tg CD4+ T cells.  Additionally, FACS analysis of lymphocytes isolated from mice 

adoptively transferred with OVA-pσ1-derived CD25- T cells showed significant 

enrichment in FoxP3+CD25-CD4+ T cells.  A significant increase in FoxP3 expression in 
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DO11.10 responder CD4+ T cells (both CD25+ and CD25-) was observed in mice 

adoptively transferred with OVA-pσ1-derived CD25+ or CD25- CD4+ T cells, suggesting 

that OVA-pσ1-derived CD4+ T cells induce FoxP3+ expression by the responder CD4+ T 

cells.  This finding is not surprising, since tolerance induction can occur via conversion of 

CD25- to FoxP3+ CD25+CD4+ T cells, as reported by others (122, 220), and these FoxP3-

expressing CD25-CD4+ T cells, as well as converted CD25+CD4+ T cells, are potent 

inhibitors of CD4+ T cell expansion in vivo (122).  Thus, the OVA-pσ1-induced CD25- T 

cells also have regulatory properties, as evident by being able to suppress proliferation of 

Tg CD4+ T cells. 

 Examination of OVA323-339-specific CD4+ T cell cytokine production in recipient 

mice adoptively transferred with either total CD25- or CD25+ CD4+ T cells from OVA-

pσ1-primed mice revealed greatly reduced numbers of CD4+ T cells secreting the 

proinflammatory cytokines, IFN-γ and IL-17, and instead produced IL-4 and IL-10.  

These primarily segregated with IL-4 coming from recipients given OVA-pσ1-primed 

CD25-CD4+ T cells and with IL-10 from recipients given OVA-pσ1-primed Treg cells.  

The increased production of IL-4 may play a beneficial role in OVA-pσ1-mediated 

tolerance, perhaps, via the induction of a Th2-type immune bias, which was previously 

shown to support mucosal tolerance (76, 117).  Additionally, IL-4 can also facilitate 

induction of Treg cells from naïve, peripheral CD25-CD4+ T cells, as recently 

demonstrated in vitro by others (117).  The role for IL-10 in maintenance of tolerance is 

well established (359-361), even though its role in the induction of both mucosal and 

peripheral unresponsiveness remains controversial (370-372).  One report has shown that 
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the early production of IL-10 by CD4+ T cells is important for induction of high- dose 

oral tolerance (370).  Here, we demonstrated that IL-10 is also necessary for induction of 

a low-dose nasal tolerance mediated by pσ1, since OVA-pσ1-mediated tolerance could 

not be established in IL-10-/- mice.  IL-10-/- mice given OVA-pσ1 nasally developed 

elevated serum IgG anti-OVA Ab and DTH responses.  In contrast to C57BL/6 mice, 

immunization of IL-10-/- mice with OVA-pσ1 failed to induce Ag-specific Treg cells and 

failed to inhibit Ag-specific proliferation of CD4+ T cells.  Therefore, we conclude that 

IL-10 is essential for induction and maintenance of pσ1-induced tolerance, and IL-10-

producing Treg cells, as well as possibly CD25-CD4+ T cells, mediate the observed pσ1-

induced tolerance.  

 The role of TGF-β1 appears to be less essential for OVA-pσ1-induced tolerance.  

TGF-β1 was only modestly induced in OVA-pσ1 tolerized BALB/c mice; however, 

TGF-β1 was induced in OVA-pσ1 tolerized C57BL/6 mice and greatly reduced in OVA-

pσ1-dosed IL-10-/- mice.  The PBS-dosed, OVA-challenged IL-10-/- mice also showed 

elevated numbers of TGF-β1-producing CD4+ T cells.  This suggests that TGF-β1 may 

play a supportive role in OVA-pσ1-induced tolerance, and secretion of TGF-β1 in OVA-

pσ1-tolerized mice depends upon the presence of IL-10, as previously suggested (373).  

Alternatively, the production of TGF-β1 may contribute to the conversion of CD25-CD4+ 

to CD25+CD4+ T cells in tolerized mice, as implicated by recent studies demonstrating 

that TGF-β1 induces conversion of naïve peripheral CD25-CD4+ T cells into Treg cells by 

enhancing FoxP3 expression (81, 122, 220).  Further evidence for the supportive role of 
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TGF-β1 in OVA-pσ1-mediated tolerance is suggested by the depressed levels of TGF-

β1
+ CD4+ T cells in the OVA-pσ1-dosed IL-10-/- mice.  

 We have demonstrated, here and elsewhere (82, 154), that reovirus adhesin, pσ1, 

can be engineered to induce either immunity or tolerance, although the exact mechanism 

of pσ1-mediated modulation of an immune response remains undefined.  Pσ1, aside from 

binding M cells in murine NALT (82), interacts with a variety of rodent and human cell 

types, including murine L929 (L) cells, RFL-6 cells, and Caco-2 cells (154).  

Additionally, pσ1 binds to mammalian erythrocytes (153), as well as to intestinal 

epithelial cells (374).  It is known that pσ1 has two distinct binding domains (374, 375).  

One domain, located in pσ1's head structure, has been shown to interact with cells 

expressing the junctional adhesion molecule 1 (JAM1), whereas a second binding domain 

in pσ1's tail is thought to be responsible for binding to ubiquitously expressed sialic acid 

(374).  Interaction of pσ1 with host cells may be JAM1-mediated, since some of them, 

including primary human DCs and epithelial cells, express this molecule (374).  A 

possible mechanism for pσ1-induced modulation of an immune response could be a well-

described ability of pσ1 to induce apoptosis (375, 376). Interestingly, the efficiency of 

pσ1-mediated apoptosis has been linked to the presence of sialic acid binding domain, 

since pσ1 mutants, unable to bind sialic acid, are insufficient inducers of apoptosis (375).  

Given these findings, we showed here that OVA-pσ1 and pσ1 trigger apoptosis of OVA-

Tg CD4+ T cells in vitro.  However, in contrast to pσ1 alone, or unconjugated pσ1 + 

OVA, only OVA-pσ1 was capable of stimulating these cells to produce increased levels 
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of regulatory cytokines.  The means by which pσ1 induces tolerance are still being 

investigated, and our results suggested that more than one mechanism may be associated 

with this process.  Nonetheless, mucosal delivery of OVA-pσ1 is obviously crucial for 

the induction of OVA-specific unresponsiveness.  It is known that stimulation of mucosal 

tolerance is dose-dependent, resulting from active suppression, induction of anergy, or 

clonal deletion of effector cells (29, 37).  Results presented here suggest that a low dose 

of OVA-pσ1 delivered mucosally induces active suppression of anti-OVA immune 

responses by regulatory CD4+ T cells.  Although the in vitro studies suggested possible 

clonal deletion because of the accompanied pσ1-induced apoptosis of OVA-specific 

effector CD4+ T cells, it remains to be determined if such events occur in vivo following 

mucosal delivery.  

 Interestingly, pσ1-delivered oral tolerance to OVA could not be established in 

LTα-/- mice lacking PPs and LNs (43, 356, 363).  The requirement for PPs in induction of 

oral tolerance has been demonstrated (43, 44, 347).  In agreement with our data, it has 

been shown that PPs-null mice generated by treatment with LTβR-IgG fusion protein in 

utero, as adults were unable to develop oral tolerance upon feeding with large doses of 

OVA (43).  Others have reported that LTα-/- mice immunized with the low-doses of NP-

OVA in alum developed impaired NP-specific IgG Abs, but immunization with a high 

doses of these Ags induced NP-specific IgG Ab response in these mice (363).  Induction 

of high Ag-specific IgG Ab titers and DTH response were also demonstrated in LTα-/- 

mice immunized with type II collagen (356).  Additionally, these collagen-dosed LTα-/- 

developed more severe collagen-induced arthritis (CIA) than C57BL/6 mice.  In our 
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study unlike OVA-pσ1-fed C57BL/6 mice that remained unresponsive to OVA-

challenge, LTα-/- mice fed with low doses of OVA-pσ1 or OVA and systemically 

challenged with OVA developed very evident OVA-specific Ab titers in serum and 

OVA-specific DTH response, suggesting that presence of PPs is required for induction of 

OVA-pσ1-mediated tolerance to OVA.   

In summary, we showed that pσ1-mediated tolerance to OVA can be established 

with a minimal amount of tolerogen when genetically fused to pσ1 and when applied 

mucosally.  In some instances, a single nasal administration using ~1000-fold less OVA 

was sufficient to induce tolerance to OVA.  Tolerance induced by OVA-pσ1 resisted co-

treatment with CT, as well as peripheral challenge with OVA and IFA.  Although IL-4 

and TGF-β seemed to have supportive roles, pσ1-delivered tolerance relied largely on 

activation of specific FoxP3+ Treg cells that acted in an IL-10-dependent manner.  The 

induced tolerance was IL-10-dependent since IL-10-/- mice were unable to undergo 

tolerance by OVA-pσ1 presumably via the failure to produce Treg cells.  The impact by 

the OVA-pσ1-induced Treg cells was enhanced by regulatory CD25-CD4+ T cells since a 

subset of these was FoxP3+ and produced predominantly IL-4 in addition to IL-10.  These 

CD25-CD4+ T cells could also inhibit the proliferation of OVA-Tg CD4+ T cells.  TGF-

β1 appeared to have a supportive role in tolerance induction by OVA-pσ1.  Depression of 

TGF-β1-producing CD4+ T cells in OVA-pσ1-dosed IL-10-/- mice was observed 

suggesting that the production of this cytokine may be triggered by IL-10.  These 

collective data show that IL-10 is pivotal in OVA-pσ1-induced tolerance.  This finding is 

relevant because of the low-dose of Ag required for tolerance induction and its potential 
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applicability to treat or prevent a variety of autoimmune diseases and allergies.  The 

opportunity to deliver pσ1-based tolerogens via the nasal route offers a safer, easier, and 

more cost effective alternative for tolerization. 

NOTE: Dr. Massimo Maddaloni originally cloned and expressed OVA-pσ1 in P. 

pastoris yeast.  Experiments presented in Figure 2.1C were performed by Carol Riccardi.  

Experiment described in Figure 2.1D was performed in collaboration with Tery Hoyt. 

Experiment performed in Figure 2.2A was performed by Dr. Dagmara Mierzejewska.  

Experiments described in Figure 2.7A and B were performed in collaboration with Dr. 

Beata Barszczewska
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SINGLE-DOSE NASAL THERAPY FOR EXPERIMENTAL AUTOIMMUNE 
ENCEPHALOMYELITIS (EAE) USING PROTEIN σ1-DELIVERED PROTEOLIPID 

PROTEIN (PLP139-151) 
 

Introduction 

 
Multiple Sclerosis (MS) is a chronic demyelinating disease of the central nervous 

system (CNS) and one of the most common human autoimmune disorders (377).  

Experimental autoimmune encephalomyelitis (EAE) resembles the clinical manifestation 

and neuropathology of MS (33, 78, 336, 377, 378) and like MS, is characterized by a 

chronic inflammatory response against myelin components (33, 77, 78, 172).  EAE is 

typified by the specific recognition of myelin epitopes by autoreactive T lymphocytes 

(379) and can be induced in rodents either by the active immunization with myelin 

antigens (Ags), including myelin basic protein (MBP), proteolipid protein (PLP), or 

myelin oligodendrocyte glycoprotein (MOG), or by adoptive transfer of activated 

encephalitogenic CD4+ T cells (56, 380) or CD8+ T cells (377, 381).  It is now well-

established that Th17 cells play a pivotal role in disease pathogenesis (168, 169), whereas 

various subsets of regulatory cells (22-24, 37, 54, 56), and/or Th2 cells (33, 34, 78) have 

been shown to prevent, ameliorate, and/or treat EAE in mice.  Passive transfer of myelin-

specific Th2 cells (37, 177), induction of Ag-unspecific Th2 cell bias (33, 78), and 

immunization with altered peptide ligand (APL) have been shown to significantly down 

regulate the proliferation of proinflammatory cells, and protect against EAE (382). 

CD25+CD4+ Treg cells originally described in neonatally thymectomized mice 

(383) have been widely implicated in maintenance of peripheral tolerance and protection 

against EAE (384, 385), colitis (81), and arthritis (386).  The suppressive function of 
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adaptive CD25+CD4+ Treg cells has been linked with expression of forkhead box (FoxP3) 

transcription factor (114, 116, 117), and secretion of regulatory cytokines IL-10 (3, 56, 

89, 105, 113, 114), and/or TGF-β (3, 33, 34, 56, 81). 

Induction of mucosal tolerance has been successfully applied to treat or prevent 

autoimmunity in animal models (3, 24-26).  Though oral administration of 

encephalitogenic peptides has been shown to protect against EAE (56, 387), feeding with 

bovine myelin preparations has not given satisfactory results in MS clinical trials (22).  

To improve the efficiency of mucosal tolerance induction, oral administration of Ags 

delivered by liposomes (149), emulsified in adjuvants (22, 148), or coupled to mucosa 

binding molecules (35, 150) has been performed.  Though most of these strategies 

significantly ameliorate clinical EAE, they require multiple administrations of Ags, 

which raises the risk of allergic responses. 

Recently, we have demonstrated induction of a long-lasting, sustainable tolerance 

to chicken ovalbumin (OVA) genetically fused to recombinant reovirus protein sigma 1 

(OVA-pσ1) (89).  A single low dose of OVA-pσ1 delivered nasally was sufficient to 

induce vaccine-specific IL-10+CD25+ and IL-4+CD25- regulatory CD4+ T cells which are 

able to suppress the immune response induced by systemic challenge with OVA (89).  

Additionally, OVA-pσ1-induced tolerance was to OVA and to pσ1, and was maintained 

even after co-administration of mucosal adjuvants. 

Here, we question whether pσ1-delivered mucosal tolerance can be applied to 

prevent and/or treat autoimmune diseases.  To test this hypothesis, a genetic fusion 

between two copies of proteolipid protein (PLP) immunodominant encephalitogenic 
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peptide (PLP130-151) and OVA-pσ1, termed PLP:OVA-pσ1, was built and tested in 

susceptible SJL mice.  PLP:OVA-pσ1, given prior to EAE induction or in the pre-clinical 

phase of the disease, significantly ameliorated clinical onset and neuropathology of 

PLP139-151-induced EAE.  A single, intranasal, low-dose of PLP:OVA-pσ1 greatly 

enhances IL-10-producing regulatory T cells, and IL-4-secreting FoxP3+ Th2 cells in 

mice.  We have determined that PLP:OVA-pσ1-induced regulatory T cells are essential 

for protection against EAE, as functional inactivation of PLP:OVA-pσ1-primed CD25+ 

Treg cells by administration of anti-CD25 mAb to mice rendered them susceptible to very 

aggressive EAE.  Adoptive transfer of PLP:OVA-pσ1-derived Treg cells entirely 

protected recipient mice from development of EAE upon challenge, while PLP:OVA-

pσ1-derived CD25- Th2 cells also significantly ameliorated the clinical manifestation of 

the disease.   

 
Materials and Methods 

 
Preparation of PLP:OVA-pσ1 

 PLP:OVA-pσ1 was constructed based on OVA-pσ1 described previously (89).  

Two copies of PLP  peptide (PLP130-151; QAHSLERVC HCLGKWLGHPDKF) separated 

by the flexible linker (RHRHVDCSGRNLTTLPPGLQE) were synthesized as a single 

cDNA fragment containing restriction enzyme sites at the 5' and 3' termini (GenScript 

Corp. Piscataway, NJ).  The synthetic cDNA fragment was amplified by PCR and cloned 

into pUC19.  The 5' and 3' primers encoded EcoRI sites and 5' primer encoded an ATG 

initiation codon embedded into an optimal Kozak’s sequence.  PCR amplified PLP 
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peptides were ligated with the 5' terminus of OVA-pσ1 in a pPICZ B vector (Invitrogen 

Corp., Carlsbad, CA) bearing an his-tag carboxy terminus for protein purification  

(Invitrogen), referred to as pσ1.  The junction between the PLP130-151 epitopes and the 

OVA-pσ1 featured a flexible linker (Gly-Arg-Pro) to minimize steric hindrance between 

the components.  The resulting construct was sequenced and expressed in the yeast P. 

pastoris, according to the manufacturer’s directions (Invitrogen Corp.).  Recombinant 

proteins were extracted from yeast cells by a bead-beater (Biospec Products, Bertlesville, 

OK) and purified on a Talon metal affinity resin (BD Biosciences, Palo Alto, CA), 

according to manufacturer’s instructions.  Proteins were assessed for purity and quality 

by Coomassie-stained polyacrylamide gels and by Western blot analysis using a 

polyclonal rabbit anti-pσ1 (produced in-house) or a polyclonal rabbit anti-OVA Ab 

(Sigma-Aldrich, St. Louis, MO).  All recombinant proteins migrated as a single band 

with the expected MW.   

 
Mice  

 Female six week old SJL and C57BL/6N mice were obtained from Frederick 

Cancer Research Facility, National Cancer Institute (Frederick, MD), and The Jackson 

Laboratories (Bar Harbor, ME).  All mice were maintained at Montana State University 

Animal Resources Center under pathogen-free conditions in individual ventilated cages 

under HEPA-filtered barrier conditions and were fed sterile food and water ad libitum.  

The mice were free of bacterial and viral pathogens, as determined by antibody screening 

and histopathological analysis of major organs and tissues.  All animal care and 
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procedures were in accordance with institutional policies for animal health and well-

being. 

 
Tolerance Induction,  
PLP:OVA-pσ1 Treatment, and OVA Challenge 

 For tolerance induction, mice (5 mice/group) were nasally dosed up to three times 

before EAE challenge, as described in the text, with 50 - 100 µg of PLP:OVA-pσ1 or 

OVA-pσ1.   

 For PLP:OVA-pσ1 treatment, mice were nasally dosed with 50 - 100 µg of 

PLP:OVA-pσ1 six days after EAE induction. Control groups were treated with PBS or 

OVA-pσ1.  PLP:OVA-pσ1 or OVA-pσ1 was administered nasally in a volume of no 

more than 20 µl / dose up to four times a day, with no less than 2.5 hour intervals 

between each administration (89).   

 To assess induction of OVA-specific tolerance, groups of mice were nasally 

dosed with OVA or PLP:OVA-pσ1 followed by s.c. challenge 4 days later with OVA in 

IFA, as described previously (89). 

 
EAE Induction 

 For EAE induction mice were challenged s.c. with 200 µg of the encephalitogenic 

PLP peptide (PLP139-151; HSLGKWLGHPDKF; Global Peptide Services, LLC, Ft. 

Collins, CO;  HPLC-purified to > 90 %) in 200 µl (33). On days 0 and 2 post-challenge, 

mice received i.p. 200 ng of Bordetella pertussis toxin (PT; List Biological Laboratories, 

Campbell, CA).  Mice were monitored and scored daily for disease progression (78): 0, 
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normal; 1, a limp tail; 2, hind limb weakness; 3, hind limb paralysis; 4, quadriplegia; 5, 

death.   

 
Ab ELISA  

 Serum and fecal samples collection were performed, as previously described (89).  

OVA-specific endpoint Ab titers were measured by ELISA, as previously described (46), 

using purified OVA (Grade V) as coating Ag.  Specific reactivity to OVA was 

determined using HRP conjugates of goat anti-mouse IgG- and IgA-specific Abs (1.0 

µg/ml; Southern Biotechnology Associates, Birmingham, AL) and ABTS (Moss Inc., 

Pasadena, CA) enzyme substrate.  The absorbences were measured at 415 nm on a 

Kinetics Reader model ELx808 (Bio-Tek Instruments, Winooski, VT).  Endpoint titers 

were expressed as the reciprocal dilution of the last sample dilution, giving an absorbence 

of 0.1 OD units above the OD415 of negative controls after 1 h incubation (78, 357). 

 
Measurement of Delayed-Type  
Hypersensitivity (DTH) Responses  

 To measure OVA- or PLP139-151- specific DTH responses in vivo (46), 10 µg of an 

Ag (OVA or PLP139-151) were injected into the left ear pinna, and PBS alone (20 µl) was 

administered to the right ear pinna as a control.  Ear swelling was measured 24 h later 

with an electronic digital caliper (World Precision Instruments, Sarasota, FL).  The DTH 

response was calculated as the increase in ear swelling after Ag injection following 

subtraction of swelling in the control site injected with PBS.  
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Histological Evaluation of Spinal Cords 

 For histological evaluation of tissue pathology, spinal cords were removed 14 

days after challenge and fixed with neutral buffered formalin (VWR International, West 

Chester, PA), embedded into paraffin, and sectioned at 5 µm.  Cross sections of spinal 

cords were stained with H&E for pathological changes and inflammatory cell infiltration.  

Adjacent sections were stained with luxol fast blue (LFB) and examined for loss of 

myelin.  Pathological manifestations were scored separately for cell infiltrates and 

demyelination.  Each H&E section was scored from 0 to 4: 0, normal; 1, cell infiltrate 

into the meninges; 2, one to four small focal perivascular infiltrates; 3, five or more small 

focal perivascular infiltrates and/or one or more large infiltrates invading the 

parenchyma; 4, extensive cell infiltrates involving 20 % or more of the white matter (33, 

78).  In each LFB stained section, myelin was also scored from 0 to 4: 0, normal; 1, one 

small focal area of demyelination; 2, two or three small focal areas of demyelination; 3, 

one to two large areas of demyelination; 4, extensive demyelination involving 20 % or 

more of white matter (33, 78).  

 
Cytokine ELISA  

Spleens, mesenteric lymph nodes (MLNs), and head and neck LNs (HNLNs) 

were aseptically removed 14 days after EAE induction from PBS-, PLP:OVA-pσ1- and 

OVA-pσ1- dosed mice.  Lymphocytes were prepared, as previously described (33), and 

resuspended in complete medium (CM) (34).  Lymphocytes were cultured in 24-well 

tissue plates at 5 x 106 cells/ml in CM alone or in the presence of OVA (Sigma-Aldrich; 1 

mg/ml or 10 µg/ml), PLP:OVA-pσ1 (50 µg/ml), or PLP139-151 peptide (30 µg/ml) in a 
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total volume of 1 ml for three to five days at 37º C.  The supernatants were collected by 

centrifugation and stored at -80º C.  Capture ELISA was employed to quantify, on 

triplicate sets of samples, the levels of IFN-γ, IL-4, IL-10, IL-13, IL-17, and TGF-β 

produced by lymphocytes, as previously described (33).  For detection of IL-21 and IL-

22, microtiter wells were coated with 2 µg/ml of purified goat anti-mouse IL-21 Ab, or 

goat anti-mouse IL-22 Ab, respectively, (R&D Systems, Minneapolis, MN).  After 

blocking with PBS + 1% BSA for 2h at 37º C, washed wells were incubated with cell 

culture supernatants at 4º C for 24 h.  After washing, 0.5 µg/ml biotinylated rat anti-

mouse IL-21 mAb or biotinylated goat anti-mouse IL-22 Ab (R&D Systems) was added, 

respectively, for 90 min at 37º C.  Following washing, 1:500 HRP-goat anti-biotin Ab 

(Vector Laboratories, Inc., Burlingame, CA) was added for 1h at room temperature (RT).  

After washing, ABTS peroxidase substrate (Moss, Inc.) was added to develop the 

reaction. 

 
FACS Analysis 

 Lymphocytes from the HNLNs, MLNs, and spleens were isolated 14 days after 

challenge, and single cell suspensions were prepared, as described above (33).  To obtain 

lymphocytes from spinal cords, mice were perfussed through the left ventricle with 20 ml 

of ice cold sPBS, and spinal cords were removed by flushing the vertebral canal with 

media and prepared, as previously described (33). 

 Cells were stained for FACS analysis using conventional methods.  Leukocyte 

gates were set within the forward and side scatter profiles to exclude resting microglia 

cells from the spinal cord preparations.  T cell subsets were analyzed using fluorochrome-
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conjugated mAbs for CD4, CD25, TCRβ, CD8, GITR, CCR6, (all from BD Pharmingen) 

and OX-40 (CD134; clone OX-86) (eBioscience), and biotinylated TGF-β (R&D 

Systems).  Intracellular staining for FoxP3 was accomplished using FITC-, Cy-, or PE-

anti-FoxP3 mAb (clone FJK-16s; eBioscience, San Diego, CA), FITC, or PE-anti-IFN-γ 

Ab, PE, or APC- anti-IL-10 and anti-IL-4, and PE-anti-CTLA-4 (CD152) (all from BD 

Pharmingen).  Bound fluorescence was analyzed with a FACS Canto (BD Biosciences, 

Mountain View, CA). 

 
Adoptive Transfer Studies  

 Following PLP:OVA-pσ1 immunization, total CD4+ T cells from spleens, 

HNLNs, and MLNs were obtained (negative CD4+ T cell isolation kit, Dynal Biotech 

ASA, Oslo, Norway). CD25+CD4+ and CD25-CD4+ T cells were isolated from total 

CD4+ T cells with > 95 % and 99 % purity, respectively, by positive selection using 

CELLection Biotin Binder Kit (Dynal Biotech; Invitrogen) and biotin-conjugated anti-

mouse CD25 (PC61, eBioscience), according to manufacture’s instructions.  To test 

PLP:OVA-pσ1-primed Treg cell efficacy, 6 x 105 CD25-CD4+ T cells or CD25+CD4+ T 

cells were i.v. injected into naïve recipients.  Group of control mice was i.v. injected with 

sPBS.  One day after the adoptive transfer of T cell subsets, mice were challenged with 

PLP139-151 and evaluated for the clinical symptoms. 

 
In Vivo Inactivation of CD25  
and Neutralization of TGF-β 

 Mice were nasally dosed with PLP:OVA-pσ1 or PBS on day -14 and -7 relatively 

to the EAE induction with PLP139-151.  To functionally inactivate CD25+CD4+ T cells, the 
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same mice were given i.p. 1.0 mg of anti-CD25 mAb (clone PC 61.5.3; ATCC TIB-222) 

on day -5 and -2 before EAE induction.  As a control, groups of PLP:OVA-pσ1- or PBS-

dosed mice received 1.0 mg of purified rat IgG on the same days before EAE challenge.  

All mice were monitored daily for development of EAE.  

 To neutralize TGF-β in vivo, mice dosed with PLP:OVA-pσ1 or PBS and treated 

with anti-CD25 mAbs or rat IgG (see above) were also i.p. injected with 0.5 mg of anti-

TGF-β mAbs ( clone 1D11.16.8; ATCC) on day -1 and +5 relatively to the day of EAE 

induction. 

 
In Vitro Suppression of IL-10 and IL-4  
and In Vivo Neutralization of IL-4 

 Mice were induced with EAE and treated with a single 100 µg dose of PLP:OVA-

pσ1 six days later.  Control group for EAE induction received nasally PBS on day 6.  At 

the peak of the disease (day 14 after challenge), mice were sacrificed, and CD4+ T cells 

were isolated from HNLNs, MLNs, and spleens.  5 x 106 CD4+ T cells / ml were cultured 

with a 1:1 ration of irradiated splenic feeder cells (T cell depleted) alone or with PLP139-

151 (30 µg/ml) stimulation for 72 h (37° C, 5 % CO2).  To determine  an effect of in vitro 

IL-10 suppression on proliferation of these CD4+ T cells and their cytokine profiles, PLP-

stimulated cells were also cultured  with purified mouse anti-IL-10 mAb (clone JES5-

16E3; BD Pharmingen), purified mouse anti-IL-4 mAb (clone 30340.11; R&D Systems) 

or with purified rat IgG as a control.  

 To block IL-4 in vivo, mice dosed with PLP:OVA-pσ1 on day -14 and -7 before 

EAE challenge were given i.p. 1.0  mg of anti-IL-4 mAb (clone 11B11; ATCC, 
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Manassas, VA) on day -1 before challenge, and on day +5 after EAE challenge with 

PLP139-151 (145).  Control mice received i.p. injection of 1.0 mg purified rat IgG Ab (AbD 

Serotec, Oxford, UK).  

 
In Vitro Suppression of TGF-β,  
IL-13 and/or Blocking of CD25 

 OVA (transgenic) CD4+ T cells isolated from DO11.10 mice were in vitro 

cultured for a total of 66 h with PLP:OVA-pσ1 (50 µg/ml), OVA (1 mg/ml) or with 

OVA323-339 peptide (1 µg/ml) and/or with  the following Abs: 20 µg/ml of neutralizing 

Abs to IL-13 (recombinant goat anti-mouse, R&D Systems) and TGF-β (clone 

1D11.16.8; ATCC), and/or 10 µg/ml of blocking mAbs to CD25 (clone PC 61.5.3; 

ATCC TIB-222).  For the last 18 h of culture, cells were pulsed with [3H] TdR. 

 
In Vivo Neutralization of IL-23 

 To block IL-23 in vivo, mice dosed with 100 µg of PLP:OVA-pσ1 on day -14 and 

-7 before EAE challenge were given i.p. 0.5  ml of rabbit anti-mouse IL-23p19 serum 

(RS, made in-house) on day -1 before challenge, and 0.25 ml of anti-IL-23 RS on day 1 

and 5 after  EAE challenge with PLP139-151. Control mice received i.p. injection of equal 

amount of normal rabbit serum (NRS) (Jackson ImmunoResearch Laboratories, West 

Grove, PA).   

 
In Vitro T Cell Assays  

 Cell-sorted CD4+ T cells isolated from CLNs, HNLNs, MLNs, and spleens were 

cultured, as described elsewhere (33).  Cells were pulsed with 3H-TdR (0.5 µCi/well), 
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and 3H-TdR incorporation by proliferating CD4+ T cells (triplicate cultures) was 

measured and expressed as a stimulation index (SI) (33).  To assess cytokine production 

by Treg cells and effector T cells, CD25+CD4+ and CD25-CD4+ T cells (2 x 105) were 

stimulated in vitro with anti-CD3 mAb-coated wells (10 µg/ml; BD Pharmingen) and a 

soluble anti-CD28 mAb (5 µg/ml; BD Pharmingen) for 5 days (final volume of 300 µl in 

a 48-well plate).  Capture ELISA was used to quantify triplicate sets of samples to 

measure cytokine production (33).  

 
Statistical Analysis  

 The ANOVA followed by posthoc Tukey test was applied to show differences in 

clinical scores in treated vs. PBS mice.  The student t test was used to evaluate the 

differences between variations in cytokine level production, and p-values < 0.05 are 

indicated, unless specified otherwise. 

 
Results 

 
PLP:OVA-pσ1-Dosed Mice Remain  
Unresponsive to OVA upon Systemic  
Challenge with OVA in IFA 

 We have shown previously (89) that mucosal administration of OVA-pσ1 induces 

tolerance to OVA, as evidenced by lack of OVA-specific Ab titers in serum and OVA-

specific delayed type hypersensitivity (DTH) response.  To discern whether fusion of two 

copies of encephalitogenic proteolipid protein (PLP) peptide (PLP130-151) to the N-

terminus of OVA-pσ1 (PLP:OVA-pσ1; Figure 3.1A and B) will alter pσ1's ability of to 

induce tolerance to OVA, BALB/c mice were adoptively transferred with OVA-Tg CD4+ 



 147

T cells, and then nasally dosed with 50 µg of PLP:OVA-pσ1, OVA, or PBS twenty four 

hours later, and subcutaneously (s.c) challenged with OVA in IFA on day 3 post 

challenge (p.ch).  Mice dosed with PLP:OVA-pσ1 showed strikingly depressed OVA-

specific DTH responses measured  five days after challenge (Figure 3.1D).  Also, 

analysis of serum samples collected from these mice seven days after challenge revealed 

significant decreases of OVA-specific IgG in PLP:OVA-pσ1-dosed and challenged mice 

compared to the controls, suggesting that the N-terminus fusion of two copies of 

PLP:OVA-pσ1 to OVA-pσ1 did not amend pσ1- mediated tolerance to OVA (Figure 

3.1C and D). 
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Figure 3.1.  N terminal modification of OVA-pσ1 resulted in a functional protein (PLP:OVA-pσ1).  (A) 
Schematic representation of OVA-pσ1 and PLP:OVA-pσ1.  Two copies of PLP130-151 were N terminally 
fused to OVA-pσ1, resulting in PLP:OVA-pσ1.  (B) PLP:OVA-pσ1 (102 kDa), OVA-pσ1 (94 kDa) and 
OVA (43 kDa) were analyzed for the immunoreactivity with rabbit anti-mouse OVA pAbs (in home made).  
(C, D) N terminal fusion of myelin proteolipid protein (PLP) peptide (PLP130-151) to OVA-pσ1 did not alter 
OVA-specific tolerance induced by OVA-pσ1.  BALB/c mice were adoptively transferred with 5 x 106 cell 
per mouse of OVA-Tg (DO11.10) CD4+ T cells.  24 h later mice were nasally dosed with 50 µg of 
PLP:OVA-pσ1, OVA or with PBS.  Four days post adoptive transfer mice were subcutaneously (s.c.) 
challenged with 100 µg of OVA in IFA.  Levels of OVA-specific IgG Abs in serum (C) and the presence of 
OVA-specific DTH response (D) was measured in these mice 7 d after challenge.  Unlike, OVA- or PBS 
dosed and challenged mice, PLP:OVA-pσ1-dosed mice remained unresponsive to OVA even after 
peripheral challenged as demonstrated by significant reduction in OVA-specific IgG titers and lack of 
OVA-specific DTH response in these mice. Results depict mean ± SEM of 5 mice/group. *, p < 0.001 vs. 
PLP:OVA-pσ1-dosed mice. 

 
 
Nasal Administration of PLP:OVA-pσ1  
Ameliorates Clinical Manifestation of EAE 

 Nasal delivery of OVA fused to pσ1 induced IL-10-producing 

CD25+CD4+FoxP3+ T regulatory (Treg) cells and IL-4-secreting Th2 cells that 

significantly inhibited proinflammatory response in mice challenged with OVA in IFA 

(89).  To test whether pσ1-delivered protein vaccine can prevent PLP139-151-specific 

inflammatory response and clinical manifestation of EAE, susceptible SJL mice were 

nasally dosed three times with PLP:OVA-pσ1, OVA-pσ1, or PBS and subjected to a 

conventional PLP139-151 challenge one week later.  Mice were evaluated daily for the 
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development of clinical disease.  PBS- and OVA-pσ1-dosed mice developed fully 

pronounced EAE with the average clinical score of >3 at the peak of the disease, 

relapsing-remitting disease onset, and they did not recover completely from the disease 

(Figure 3.2A, Table 3.1).  In contrast, mice dosed with PLP:OVA-pσ1 showed delayed 

development and reduced duration of clinical disease, and the average clinical score at 

the peak of the disease was ~1 for these mice.  Additionally, unlike PBS- or OVA-pσ1-

dosed mice, PLP:OVA-pσ1-protected mice recovered completely from the acute disease, 

and complete recovery was observed after the first relapse.  The PLP139-151-specific DTH 

response measured 2 weeks after EAE induction confirmed significant reduction of 

PLP139-151-specific Th1 response in mice dosed with PLP:OVA-pσ1 but not OVA-pσ1, 

suggesting the Ag-specificity of the anti-inflammatory response induced by pσ1-

delivered protein vaccine (Figure 3.2B). These results indicate that nasally administered 

PLP:OVA-pσ1 can protect mice from development of PLP139-151-induced EAE and that 

pσ1-delivered tolerance is restricted to the pσ1-fused Ag.   
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Figure 3.2.  Nasal administration of PLP:OVA-pσ1 protects mice from clinical manifestation of EAE via 
inhibition of proinflammatory CD4+ T cells and expansion of anti-inflammatory and regulatory CD4+ T cell 
response.  SJL mice were dosed with 100 µg of PLP:OVA-pσ1, OVA-pσ1 or PBS on day -21, -14 , and -7 
relatively to the day of EAE induction.  Mice were challenged with PLP139-151 peptide on day 0 and 
monitored daily for the development of clinical disease.  (A) PBS and OVA-pσ1-dosed mice developed 
fully pronounced EAE and never recovered completely.  In contrast to these mice, PLP:OVA-pσ1-
immunization prior to EAE induction significantly delayed and ameliorated clinical onset of the disease 
and all PLP:OVA-pσ1-dosed mice recovered completely from EAE.  Average of 10-15 mice per group is 
shown.  * p < 0.05 for PLP:OVA-pσ1 vs. PBS.  (B) Anti-PLP139-151 DTH response measured one week after 
EAE induction confirmed that unlike in PBS- or OVA-pσ1-dosed mice, PLP139-151-specific Th1 response 
was diminished in PLP:OVA-pσ1-dosed mice.  Mean ± SD of 10-15 mice per group is depicted.  * p < 
0.001 for PLP:OVA-pσ1 vs PBS.  (C, D) Mice were sacrificed at the peak of clinical disease and CD4+ T 
cells from their HNLNs, MLNs and spleens were isolated, in vitro re-stimulated with 30 µg/ml of PLP139-151 
peptide (C) or with 1 mg/ml of OVA (D) and analyzed for the cytokine production.  (C) CD4+ T cells 
isolated from mice dosed with PBS or OVA-pσ1 at the peak of the clinical disease produced mostly 
proinflammatory cytokines (IL-2, IL-17, and IFN-γ).   



 151

Figure 3.2. – continued.  In contrast to these mice, PLP:OVA-pσ1-immunization stimulated expansion of 
CD4+ T cells that produced IL-10, IL-4, and TGF-β, but not inflammatory CD4+ T cells.  Results show 
mean ± SEM of 10-15 mice per group.  *, p < 0.001; **, p < 0.05 for PLP:OVA-pσ1 vs. OVA-pσ1, and 
OVA-pσ1 vs. PBS  (D) In contrast to CD4+ T cells in vitro re-stimulated with PLP139-151 peptide (C), CD4+ 
T cells isolated from diseased OVA-pσ1-dosed mice produced anti-inflammatory cytokines in response to 
in vitro re-stimulation with OVA, and very little OVA-specific CD4+ T cells that produced 
proinflammatory cytokines were detected in OVA-pσ1-dosed mice.  Likewise, PLP:OVA-pσ1-protected 
mice displayed enhancement in CD4+ T cells secreting anti-inflammatory cytokines, and no 
proinflammatory CD4+ T cells were induced in these mice in response to OVA re-stimulation.  In contrast 
to PLP:OVA-pσ1- and OVA-pσ1-dosed mice CD4+ T cells isolated from PBS-dosed mice produced 
predominantly proinflammatory cytokines in response to in vitro stimulation with OVA.  Results show 
mean ± SEM of 10-15 mice per group.  *, p < 0.001; **, p < 0.05 for PLP:OVA-pσ1 or OVA-pσ1 vs. PBS. 

 

Table 3.1.  Nasal administration of PLP:OVA-pσ1 prior to PLP139-151 challenge protects SJL mice
from EAEa 

 Treatmentbb    EAE/Totalcc   Onsetdd      Max. scoreee     Csff        Inflamgg          Demyelinhh

      

PBS 12/12 8.83 ± 1.7 5   55.29 2.4 ± 0.5  3.1 ± 0.4

PLP:OVA-
pσ1

11/12 11.5 ± 1.1* 2    9.17* 0.5 ± 0.7* 0.7 ± 0.4*

Table 3.1.  Nasal administration of PLP:OVA-pσ1 prior to PLP139-151 challenge protects SJL mice
from EAEa 

 Treatmentbb    EAE/Totalcc   Onsetdd      Max. scoreee     Csff        Inflamgg          Demyelinhh

      

PBS 12/12 8.83 ± 1.7 5   55.29 2.4 ± 0.5  3.1 ± 0.4

PLP:OVA-
pσ1

11/12 11.5 ± 1.1* 2    9.17* 0.5 ± 0.7* 0.7 ± 0.4*

 Treatmentbb    EAE/Totalcc   Onsetdd      Max. scoreee     Csff        Inflamgg          Demyelinhh

a SJL mice were challenged s.c. with 200 µg PLP139-151 in complete Freund’s adjuvant plus 200 ng PT i.p. 
on days 0 and 2. 
b Mice were nasally immunized 14 days prior to challenge with 100 µg of PLP:OVA-pσ1 or with PBS 
c Number of mice with EAE/total in group.     
d Mean day ± SD of clinical disease onset.  
e Maximum (Max.) daily clinical score.        
f Cumulative scores (CS) were calculated as the sum of all scores from disease onset to day 26 post-
challenge, divided by the number of mice in each group.  * p < 0.001 for PBS vs. PLP:OVA-pσ1-dosed 
mice.   
.g Mean score ± SEM of inflammation: the infiltration of nucleated cells into spinal cords was scored from 0 
to 4 in each mouse separately, and the mean score and SEM were calculated. *, p < 0.001 for PBS vs. 
PLP:OVA-pσ1-dosed mice. 
h Mean score ± SEM of demyelination: the demyelination in spinal cords was scored from 0 to 4 in each 
mouse separately, and the mean score and SEM were calculated. *, p < 0.001 for PBS vs. PLP:OVA-pσ1-
dosed mice. 
 
 
PLP:OVA-pσ1 Protects Mice from EAE  
via Induction of PLP139-151-Specific  
Regulatory and Th2 Type Cytokines 

 Cytokine profiles of CD4+ T cell isolated at the peak of the acute disease (day 

fourteen, p.ch.) from head and neck lymph nodes (HNLNs), mesenteric lymph nodes 
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(MLNs), and spleens of PLP:OVA-pσ1-, OVA-pσ1- , or PBS-dosed and challenged mice 

were analyzed after in vitro stimulation with PLP139-151 peptide.  In contrast to OVA-pσ1-

dosed controls, mice dosed with PLP:OVA-pσ1 showed significant decreases of IL-2-

producing CD4+ T cells, over 8-fold reduction in IFN-γ-producing CD4+ T cells, and 

virtual lack of IL-17-producing CD4+ T cells (> 40-fold reduction) in all tested tissues 

(Figure 3.2C).  When compared to PBS-dosed mice, ~ 2-fold reduction in IFN-γ-

secreting CD4+ T cells in HNLNs and spleens was observed in OVA-pσ1-dosed mice, 

but no differences in IL-2- and IL-17-producing CD4+ T cells were detected between 

these PBS- and OVA-pσ1- dosed mice.  In contrast to proinflammatory CD4+ T cells, 

mice dosed with PLP:OVA-pσ1 showed strikingly raised IL-10-secreting CD4+ T cells 

and significant enhancement in anti-inflammatory IL-4-, and TGF-β-producing CD4+ T 

cells (Figure 3.2C).  PLP:OVA-pσ1-dosed mice showed at least 8-fold increase in IL-10-

producing CD4+ T cells compared to OVA-pσ1- and PBS-dosed mice, and  virtually no 

IL-10-producing CD4+ T cells were evident by PLP139-151 - stimulated CD4+ T cells from 

OVA-pσ1- and PBS-dosed mice (Figure 3.2C).  Compared to OVA-pσ1-dosed mice, a 4-

fold increase in IL-4- and > 2-fold enhancement in TGF-β-secreting CD4+ T cells were 

observed in the LNs of PLP:OVA-pσ1-dosed mice.  In contrast to PBS-dosed mice, a 

significant increase was also detected in IL-4-producing CD4+ T cells in spleens and 

TGF-β-producing CD4+ T cells in all tested tissues of OVA-pσ1-dosed mice (Figure 

3.2C).  These results further suggest that PLP:OVA-pσ1-induced protection against 
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PLP139-151-challenge is Ag-specific and is associated with increased production of 

regulatory cytokines and efficient suppression of inflammatory cytokines.  

We have also assessed cytokine production by CD4+ T cells isolated from 

PLP:OVA-pσ1-, OVA-pσ1-, or PBS-dosed and challenged mice after in vitro re-

stimulation with OVA.  CD4+ T cells from mice protected by PLP:OVA-pσ1 produced 

anti-inflammatory cytokines also in response to OVA-re-stimulation (Figure 3.2D).  

Importantly, OVA-pσ1-dosed mice showed significant enhancement in CD4+ T cells 

producing anti-inflammatory cytokines in response to OVA re-stimulation when 

compared to PBS-dosed mice (Figure 3.2D).  No difference in numbers of CD4+ T cells 

producing pro- or anti-inflammatory cytokines in response to in vitro re-stimulation with 

OVA were detected between PLP:OVA-pσ1- and OVA-pσ1-dosed mice, and these mice 

produced very little or no proinflammatory cytokines in response to OVA stimulation 

(Figure 3.2D).  When compared to CD4+ T cells from PBS-dosed mice, over 8-fold 

enhancement in IL-4-producing CD4+ T cells, 5-fold rise in IL-10-producing CD4+ T 

cells, and significant increase in CD4+ T cells producing TGF-β was observed in 

PLP:OVA-pσ1- and OVA-pσ1-dosed mice.  In contrast to PLP:OVA-pσ1- and OVA-

pσ1-dosed mice, drastic increase in numbers of IL-17-producing CD4+ T cells, over 4-

fold enhancement in IL-2-producing CD4+ T cells, and 7-fold raise in IFN-γ-secreting 

CD4+ T cells was observed in PBS-dosed mice (Figure 3.2D).  These results suggest that 

even though OVA-pσ1-dosed mice were not protected against the EAE challenge with 

PLP139-151 peptide, OVA-specific tolerance was not compromised in these mice (Figure 

3.2D).  
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Single Nasal Administration of  
PLP:OVA-pσ1 Prevents and Treats against EAE 

Our previous studies demonstrated the induction of nasal tolerance by OVA-pσ1 

with as little as a single low dose of OVA-pσ1, and this was sufficient to generate a 

sustainable, long lasting tolerance that withstood a parenteral OVA challenge (89).  To 

determine if a single dose of PLP:OVA-pσ1 could also protect mice against EAE, 

kinetics experiment was performed.  SJL mice dosed with 100 µg of PLP:OVA-pσ1 on 

days 0, 7, and 14 were sacrificed after each PLP:OVA-pσ1-dose at seven day intervals, 

and FACS analysis was performed on the lymphocytes isolated from their cervical LNs 

(CLNs), submaxillary gland LNs (SMLNs), parotid gland LNs (PRLNs), and spleens.  

Even though the most pronounced enrichment in CD25+CD4+ T cells was observed after 

two nasal doses of PLP:OVA-pσ1 in all tested tissues (day 14), CD25+CD4+ T cells 

doubled after just after a single dose of PLP:OVA-pσ1 (day 7), except in SMLNs and 

PRLNs (Figure 3.3A).  To test whether the ~ 2-fold enrichment of CD25+CD4+ T cells 

after a single nasal administration of PLP:OVA-pσ1 was sufficient to prevent and/or 

inhibit  the inflammatory disease, SJL mice were dosed with a 100 µg of PLP:OVA-pσ1 

or with PBS prior to EAE induction, or six days after challenge with PLP139-151 (Figure 

3.3A and B, Table 3.1).  PBS-dosed control mice, displayed topical disease with the peak 

average clinical score of 4 independently of the day of PBS administration (Figure 3.3A 

and B).  Additionally, all PBS-dosed mice developed clinical symptoms, and the maximal 

clinical score reached by these mice was 5 (Table 3.1).  PLP:OVA-pσ1-protected and -

treated mice showed ameliorated clinical manifestation of EAE, and at the peak of the 
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disease, the average clinical score ~ 1 in these mice.  However, a significant difference 

was detected between mice dosed with 100 µg of PLP:OVA-pσ1 21 or 14 days prior to 

EAE induction (Figure  3.3B and Table 3.1).  Administration of PLP:OVA-pσ1 on day -

14 caused significant delay in the inauguration of clinical symptoms compared to PBS-

dosed controls, whereas mice that received nasal administration of a vaccine or PBS on 

day - 21 developed EAE around nine days after challenge (Figure 3.3B and Table 3.1).  

Treatment of mice with PLP:OVA-pσ1 vaccine six days after EAE induction delayed the 

clinical onset of the disease and significantly ameliorated the symptoms, when compared 

to PBS-treated mice (Figure 3.3C).  These results indicate that a single nasal dose of 

PLP:OVA-pσ1 given before EAE induction or during the pre-clinical stage of EAE is 

sufficient to protect mice from development of fully pronounced disease. 
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Figure 3.3.  Single nasal dose of PLP:OVA-pσ1 protects mice from clinical EAE.  (A) SJL mice were 
dosed with 100 µg of PLP:OVA-pσ1 up to 3 times in week intervals to determine optimal protective dose 
of PLP:OVA-pσ1.  Three mice were sacrificed in seven day intervals starting on day 0 and lymphocytes 
isolated from their CLNs, SMLNs + PRLNs, MLNs, and spleens were analyzed by FACS for the 
percentages of CD25+CD4+ Treg cells.  (B, C) Mice were dosed with 100 µg of PLP:OVA-pσ1 or PBS on 
day -21 (B) or +6 (C) relative to the day of EAE induction.  Unlike PBS, single dose administration of 
PLP:OVA-pσ1 before of after challenge with PLP139-151 peptide significantly inhibited the occurrence and 
duration of the clinical EAE.  *, p < 0.05 for PLP:OVA-pσ1vs.PBS.  (D) Mice dosed with PLP:OVA-pσ1 
or with PBS 21 d before EAE induction were sacrificed at the peak of the disease (day 14, p.ch) and 
histopathology of their spinal cords was determined by staining with LFB (demyelination) and H&E 
(mononuclear cell infiltration).  Mice dosed with PLP:OVA-pσ1 showed significant reduction in the CNS 
tissue pathology (designated by arrows) comparing to PBS-dosed not protected mice.  * p < 0.001 for 
PLP:OVA-pσ1 vs. PBS. 

 
 

Nasally Delivered PLP:OVA-pσ1  
Prevents from Neuropathology of EAE 

 The clinical manifestation of EAE is associated with autoreactive 

proinflammatory T lymphocytes, which during active phase of the disease infiltrate into 

the CNS and initiate inflammatory response accountable for the destruction of CNS 

myelin.  SJL mice nasally dosed with 100 µg of PLP:OVA-pσ1 or with PBS were 

induced with EAE two to three weeks later.  Mice were sacrificed at the peak of the 

clinical disease and evaluated for the CNS histopathology.  Mice dosed with PLP:OVA-

pσ1 prior to EAE induction  showed minimal infiltration of mononuclear cell and 
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reduced demyelination compared to the PBS-dosed group (p < 0.001; Figure 3.3D, Table 

3.1).  

 FACS analysis was performed on spinal cords’ cells obtained from naive mice 

and from mice dosed with PLP:OVA-pσ1 or PBS and challenged with PLP139-151 peptide.  

Consistent with the histological evaluation, mice dosed with PLP:OVA-pσ1 prior to EAE 

induction showed minimal infiltration of inflammatory cells (MHC II+CD45high) into the 

CNS, and in fact when compared with the naive controls, only a negligible percentage of 

macrophages (Mac-3+) was able to penetrate the CNS in PLP:OVA-pσ1-dosed  mice 

(Table 3.2).  In contrast, PBS-dosed mice showed significant CNS infiltration with 

neutrophiles/granulocytes (CD11b+Gr-1+), lymphocytes (CD4+ TCR-β+), and 

macrophages (Mac-3+) (Table 3.2).  These results suggest that PLP:OVA-pσ1-mediated 

protection against EAE is due to suppression  of encephalitogenic cell infiltration into the 

CNS. 
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Table 3.2.  Nasal treatment with PLP:OVA-pσ1after EAE inductiona reduce inflammatory cell infiltrationc into the spinal cords 

         MHC class II
+ 

CD45
high

  

 

Treatment
b
                           % Infiltration              % CD4

+
TCR-ββββ

+
                     % CD11b

+
Gr-1

+
                      % Mac-3

+
  

   

Before EAE 0.94 ± 0.27 0.63 ± 0.06 0.56 ± 0.15 0.03 ± 0.02 

PLP:OVA-pσ1 0.83 ± 0.2* 0.52 ± 0.09** 0.24 ± 0.06* 0.32 ± 0.14* 

PBS 3.44 ± 0.4 2.78 ± 0.87 2.26 ± 0.18 1.54 ± 0.25 

a SJL/J mice were challenged s.c. with 200 µg PLP139-151 in complete Freund’s adjuvant plus 200 ng PT i.p. on days 0 and 2. 
b Mice were nasally treatment 6 days post-challenge with 100 µg of PLP:OVA-pσ1 or with PBS. 
c
 Results are shown in percentage of MHC class II+ CD45high cells from the total cells in spinal cords analyzed by FACS *, p < 0.001 **, p < 0.05  for PBS vs. 

PLP:OVA-pσ1-treated mice. 
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PLP:OVA-pσ1 Administration Significantly 
Enhances IL-10-Producing CD25+CD4+FoxP3+  
Treg Cells and IL-4-Producing CD25-CD4+FoxP3+ 

Th2 Cells that Inhibit Inflammatory CD4+ T Cells 

 OVA-pσ1-induced tolerance was mediated by CD25+CD4+FoxP3+ Treg cells and 

supported by CD25-CD4+FoxP3+ Th2 cells (89).  To discern whether PLP:OVA-pσ1 

induces enrichment of CD4+ T regulatory cells in PLP139-151-challenged mice, we 

analyzed CD4+ T cells isolated from PLP:OVA-pσ1-protected and PBS-dosed diseased 

mice by FACS.  As expected, nasal administration of PLP:OVA-pσ1 fourteen days 

before EAE induction induced major augmentation in CD25+CD4+FoxP3+ Treg cells and 

CD25-CD4+FoxP3+ Th2 cells, when compared to PBS-dosed and challenged mice 

(Figure 3.4A).  PLP:OVA-pσ1 induced > 25 % of FoxP3+ Treg cells and > 18 % of 

FoxP3+ Th2 cells (Figure 3.4A and Table 3.3).  In contrast, PBS-dosed mice showed only 

slight enrichment in FoxP3+CD25+CD4+ Treg cells (~10 %), but percentages of 

FoxP3+CD25-CD4+ Th2 cells were not improved in these mice when compared to naive 

SJL mice (Figure 3.4A and Table 3.3).  Unlike CD4+ T cells from PBS-dosed mice that 

did not produce anti-inflammatory cytokines, over 85 % of PLP:OVA-pσ1-derived 

CD25+CD4+FoxP3+ Treg cells showed expression of  IL-10, and almost as many CD25-

CD4+FoxP3+ Th2 cells obtained from these mice produced IL-4 (Figure 3.4A and B and 

Table 3.3).  Production of IL-4 and IL-10 was not different between PLP:OVA-pσ1- and 

PBS-derived CD25+ Treg cells and PLP:OVA-pσ1- and PBS-derived CD25- Th2 cells, 

respectively, although PLP:OVA-pσ1-primed CD25-FoxP3+ Th2 cells produced 
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significantly more TGF-β than the CD25-FoxP3+ Th2 cells isolated from PBS-dosed 

mice (Figure 3.4A, and Table 3.3). 
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Figure 3.4.  PLP:OVA-pσ1 induces expression of IL-10-producing CD25+CD4+FoxP3+ Treg cells and IL-4-
producing CD25-CD4+FoxP3+ Th2 cells.  SJL mice were dosed with 100 µg of PLP:OVA-pσ1 or with PBS 
fourteen days before challenge with PLP139-151 peptide.   
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Figure 3.4. – continued.  (A) Lymphocytes from HNLNs and spleens were isolated, cultured with 30 µg /ml 
of PLP139-151 for 3 d, and stained for expression of extracellular (CD25, CD4 and TGF-β), and intracellular 
markers (FoxP3, IL-10 and IL-4).  Presented FACS plots show cells isolated from spleens.  (B) 
CD25+CD4+ and CD25-CD4+ T cells were beads-sorted from combined HNLN-, MLN- and spleen-
lymphocytes and in vitro stimulated with plate bound anti-CD3 and soluble anti-CD28 for 72 h.  Collected 
supernatants were analyzed by cytokine ELISA.  Unlike PBS-dosed mice, PLP:OVA-pσ1- administration 
induced significant enrichment in FoxP3+CD4+ CD25+ Treg cells and CD25- Th2 cells in mice.  In contrast 
to PBS-derived CD4+ T cells that produced mostly proinflammatory cytokines, CD25+CD4+ FoxP3+ Treg 
cells from PLP:OVA-pσ1-dosed mice produced predominantly IL-10, whereas PLP:OVA-pσ1-derived 
CD25-CD4+FoxP3+ Th2 cells produced IL-4.  Negligible amounts of proinflammatory cytokines were 
secreted by CD4+ T cells isolated from PLP:OVA-pσ1-dosed and challenged mice. Mean ± SEM of 10 
mice/group is depicted. *, p < 0.05 for PLP:OVA-pσ1 vs. PBS. 

 

To further determine cytokine profiles of CD4+ T cells obtained from PLP:OVA-

pσ1 or PBS-dosed and challenged mice, supernatants isolated from the bead-selected 

CD25+CD4+ and CD25-CD4+ T cells were analyzed by ELISA.  Consistent with the 

FACS analysis, CD25+CD4+ Treg cells acquired from PLP:OVA-pσ1-protected mice 

produced mostly IL-10, and CD25-CD4+ T cells obtained from these mice secreted a 

majority of IL-4.  Additionally, more IL-4 and TGF-β were produced by PLP:OVA-pσ1-

derived CD4+ T cells (either CD25- and CD25+) than by the same cells from PBS-dosed 

diseased mice (Figure 3.4B, Table 3.3).  Proinflammatory cytokines, IL-17, IL-21, and 

IFN-γ were primarily secreted by PBS-derived CD25-CD4+ and CD25+CD4+ T cells and 

in nominal amounts by CD25-CD4+ T cells acquired from PLP:OVA-pσ1-dosed mice 

(Figure 3.4B).  Consistent with the mechanism of pσ1-mediated tolerance to OVA (89), 

nasal administration of PLP:OVA-pσ1 induced Ag-specific IL-10-producing 

CD25+CD4+FoxP3+ Treg cells and IL-4-secreting CD25-CD4+FoxP3+ Th2 cells. 
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Table 3.3.  Characterization of CD4+ T cells from combined LNs and spleens of naïve, PBS- and
PLP:OVA-pσ1-dosed SJL micea

     T cells         PLP:OVA-pσ1σ1σ1σ1                    PBS      Naïve

     

CD25++CD4++ 25.10 ± 1.62* 10.69 ± 1.04 5.50 ± 0.68

 FoxP3+ 93.10 ± 1.44* 71.55 ± 2.45 43.54 ± 3.72

TGF-β+ 7.09 ± 0.74 4.94 ± 1 4.42 ± 0.72

GITR+ 19.52 ± 1.3* 29.91 ± 0.97 34.54 ± 2.79

CCR6+ 67.88 ± 1.57* 25.52 ± 2.21 22.26 ± 1.92

CTLA-4+ 48.41 ± 5.34** 33.03 ± 3.52 27.72 ± 2.32

ICOS+ 20.54 ± 1.33 22.17 ± 1.81 22.44 ± 1.54

IL-10+ 86.35 ± 2.25* 17.02 ± 1.34 9.51 ± 1.19

IL-4+ 7.31 ± 0.88 6.29 ± 1.08 4.86 ± 1.01

OX-40+ 4.68 ± 0.75 4.42 ± 0.96 2.58 ± 0.38

CD25--CD4++

 FoxP3+ 19.89 ± 1.08* 7.84 ± 0.81 5.65 ± 0.34

TGF-β+ 13.44 ± 1.04* 4.02 ± 0.81 1.62 ± 0.42

GITR+ 17.49 ± 1.71** 11.77 ± 1.45 7.36 ± 0.43

CCR6+ 21.42 ± 2.39** 14.76 ± 1.94 9.35 ± 1.18

CTLA-4+ 5.54 ± 0.35 6.09 ± 0.8 4.41 ± 0.31

ICOS+ 6.51 ± 0.21** 8.37 ± 0.63 8.7 ± 0.86 

IL-10+ 6.28 ± 1.11 6.98 ± 1.09 6.01 ± 0.98

IL-4+ 83.83 ± 2.64* 4.99 ± 0.54 5.98 ± 0.54

OX-40+ 6.85 ± 0.95* 34.73 ± 1.18 2.91 ± 0.5

Table 3.3.  Characterization of CD4+ T cells from combined LNs and spleens of naïve, PBS- and
PLP:OVA-pσ1-dosed SJL micea

     T cells         PLP:OVA-pσ1σ1σ1σ1                    PBS      Naïve

     

CD25++CD4++ 25.10 ± 1.62* 10.69 ± 1.04 5.50 ± 0.68

 FoxP3+ 93.10 ± 1.44* 71.55 ± 2.45 43.54 ± 3.72

TGF-β+ 7.09 ± 0.74 4.94 ± 1 4.42 ± 0.72

GITR+ 19.52 ± 1.3* 29.91 ± 0.97 34.54 ± 2.79

CCR6+ 67.88 ± 1.57* 25.52 ± 2.21 22.26 ± 1.92

CTLA-4+ 48.41 ± 5.34** 33.03 ± 3.52 27.72 ± 2.32

ICOS+ 20.54 ± 1.33 22.17 ± 1.81 22.44 ± 1.54

IL-10+ 86.35 ± 2.25* 17.02 ± 1.34 9.51 ± 1.19

IL-4+ 7.31 ± 0.88 6.29 ± 1.08 4.86 ± 1.01

OX-40+ 4.68 ± 0.75 4.42 ± 0.96 2.58 ± 0.38

CD25--CD4++

 FoxP3+ 19.89 ± 1.08* 7.84 ± 0.81 5.65 ± 0.34

TGF-β+ 13.44 ± 1.04* 4.02 ± 0.81 1.62 ± 0.42

GITR+ 17.49 ± 1.71** 11.77 ± 1.45 7.36 ± 0.43

CCR6+ 21.42 ± 2.39** 14.76 ± 1.94 9.35 ± 1.18

CTLA-4+ 5.54 ± 0.35 6.09 ± 0.8 4.41 ± 0.31

ICOS+ 6.51 ± 0.21** 8.37 ± 0.63 8.7 ± 0.86 

IL-10+ 6.28 ± 1.11 6.98 ± 1.09 6.01 ± 0.98

IL-4+ 83.83 ± 2.64* 4.99 ± 0.54 5.98 ± 0.54

OX-40+ 6.85 ± 0.95* 34.73 ± 1.18 2.91 ± 0.5

     T cells         PLP:OVA-pσ1σ1σ1σ1                    PBS      Naïve

 

a Mean ± SEM of 10 mice per group is presented.  Percentages of CD25+CD4+ Treg cell and CD25-CD4+ 

Th2 cell analyzed by FACS (Figure 3.4A). 
*, p < 0.001, ** p < 0.05 for PBS vs. PLP:OVA-pσ1-dosed mice.   
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In Vitro Neutralization of IL-10 and IL-4  
Reverses PLP:OVA-pσ1-Mediated Suppression of  
Proliferation of PLP139-151-Stimulated CD4+ T Cells 

 CD4+ T cells obtained from mice given nasally PLP:OVA-pσ1 produced 

predominantly IL-10 and IL-4.  We wanted to determine if these cytokines could alter 

proliferation of PLP139-151-specific CD4+ T cells in vitro.  SJL mice induced with EAE 

were treated on day 6, p.ch with 100 µg of PLP:OVA-pσ1 or with PBS.  Mice were 

sacrificed at the peak of the disease (14 d, p. ch), and isolated splenic CD4+ T cells were 

cultured for 48 h with 30 µg/ml of PLP139-151 peptide and one of the following Abs: anti-

IL-10 mAb, anti-IL-4 mAb, or with rat IgG.  In vitro proliferation of cultured CD4+ T 

cells was measured 16 h after addition of [3H] TdR to the culture plates.  PLP139-151-

specific proliferation of the CD4+ T cells isolated from PBS-dosed mice was not inhibited 

by co-culturing with anti-IL-10 or anti-IL-4 Abs (Figure 3.5A).  In contrast to these mice, 

CD4+ T cells obtained from PLP:OVA-pσ1-treated mice did not proliferate when 

incubated with PLP139-151 peptide alone, or in combination with rat IgG.  Co-culture of 

PLP:OVA-pσ1-derived CD4+ T cells with PLP139-151 peptide and anti-IL-10 mAbs 

completely  restored proliferation of CD4+  T cells inhibited by PLP:OVA-pσ1 (Figure 

3.5A).  Additionally, when PLP:OVA-pσ1-derived CD4+ T cells were co-cultured with 

anti-IL-4 mAbs, the PLP:OVA-pσ1-induced inhibition of proliferation was also partially 

annulled.  Therefore, IL-10 and IL-4 are important for PLP:OVA-pσ1-mediated 

suppression of PLP139-151-specific CD4+ T cells. 
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Figure 3.5.  IL-10 and IL-4 are important for PLP:OVA-pσ1-mediated protection against EAE.  (A) SJL 
mice were induced with EAE and 6 d later were treated with 100 µg of nasally given PLP:OVA-pσ1 or 
with PBS.  Splenic CD4+ T cells were isolated from mice at the peak of the disease and cultured for ~ 66 h 
in 1:1 ratio with the splenic feeder cells, PLP139-151 peptide, and either anti-IL-4 mAb, anti-IL-10 mAb or 
with rat IgG.  During the last 18 h of cultures cells were pulsed with [3H] TdR.  Results depict proliferation 
of cultured cells corrected over the proliferation of unstimulated CD4+ T cell.  Proliferation of CD4+ T cells 
isolated from PBS-dosed mice was not inhibited by co-incubation with neutralizing mAbs.  In contrast to 
these cells, CD4+ T cells obtained from PLP:OVA-pσ1-treated mice did not proliferate in the response to 
PLP139-151 peptide unless when treated with anti-IL10 or anti-IL-4 mAbs. *, p < 0.001; **, p < 0.05 for 
PLP:OVA-pσ1 vs. PBS.  (B, C) Mice dosed with PLP:OVA-pσ1 or PBS on day -21 and -14 were i.p. 
injected with 1 mg of anti-IL-4 mAb or rat IgG on day -1 and +5 relatively to the day of challenge with 
PLP139-151 peptide.  (B) Mice dosed with PLP:OVA-pσ1 + IgG developed ameliorated and delayed EAE 
and all recovered from the disease.  PBS + anti-IL-4-dosed mice developed EAE that started earlier and 
was more severe than in PBS + IgG-dosed mice.  The disease course of mice dosed with PLP:OVA-pσ1 + 
anti-IL-4 mAbs was less rigorous than PBS + IgG-dosed mice, but significantly more severe when 
compared to PLP:OVA-pσ1 + IgG-dosed mice. *, p < 0.05 for PLP:OVA-pσ1 + IgG vs. PBS + IgG or 
PLP:OVA-pσ1+ anti-IL-4.  (C) CD4+ T cells isolated from HNLNs, MLNs, and spleens of these mice were 
incubated with feeder cells and PLP139-151 peptide for 72 h.  Cultured supernatants were analyzed for 
cytokine production by ELISA.  Results show cytokine production by cultured CD4+ T cells corrected over 
the cytokine production by unstimulated cells.  PBS and PLP:OVA-pσ1-dosed mice treated with anti-IL-4 
produced more IFN-γ and less IL-10 than their respective IgG-treated controls.   
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Figure 3.5. – contunied.  PLP:OVA-pσ1 + anti-IL-4-dosed mice produced less IL-10 and more IFN-γ, IL-6 
and IL-17 than PLP:OVA-pσ1 + IgG-dosed mice.  *, p < 0.05 for PLP:OVA-pσ1 + anti-IL-4 vs. PBS + 
IgG or PLP:OVA-pσ1+ IgG, and PBS + IgG vs. PBS + anti-IL-4.   

 
 
In Vivo Neutralization of IL-4 Partially Reverses  
PLP:OVA-pσ1-Mediated Protection against EAE  
Due to Induction of Proinflammatory Cytokines 

 To test whether the presence of IL-4 is required for PLP:OVA-pσ1-mediated 

protection against EAE, 11B11 mAb was used to neutralize in vivo IL-4.  SJL mice dosed 

with 100 µg of PLP:OVA-pσ1 or with PBS on day -14 and -7 were injected 

intraperitoneally (i.p.) with 1 mg of anti-IL-4 mAb or rat IgG on day -1 and +5  relatively 

to the day of EAE induction, as described (145).  Consistent with our previous results, 

mice dosed with PBS and injected i.p. with rat IgG developed typical EAE onset that 

started around day 8, p.ch, with the peak of the disease at day 14, p.ch, and the average 

peak clinical score of 4 (Figure 3.5B).  Interestingly, in vivo neutralization of IL-4 

accelerated the initiation of clinical disease and amplified the severity of symptoms in 

PBS-dosed mice (Figure 3.5B and Table 3.4).  Vaccine-protected mice injected i.p. with 

IgG developed significantly delayed and less severe EAE, typically seen in PLP:OVA-

pσ1-dosed mice.  However, when mice given nasally PLP:OVA-pσ1 were also injected 

with anti-IL4 mAbs, the clinical disease began significantly earlier and was more severe 

than in PLP:OVA-pσ1 + IgG-dosed mice, but less pronounced than in PBS + IgG-dosed 

control mice (Figure 3.5B and Table 3.4).   
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Table 3.4.  In vivo neutralization of IL-4 partially reverse PLP:OVA-pσ1-mediated protection
against EAEa 

 Treatmentbb                          EAE/Totalcc          Onsetdd            Max. scoreee               CSff  

        

PBS + IgG 10/10 8.1 ± 0.87* 5    47.2

PLP:OVA-pσ1 + IgG 9/10 10.9 ± 1.19 2    10.4

PBS + anti-IL4 10/10 7.7 ± 1.63* 5    62.6

PLP:OVA-pσ1 + anti-IL4 10/10 6.6 ± 1.07* 5    40.4

Table 3.4.  In vivo neutralization of IL-4 partially reverse PLP:OVA-pσ1-mediated protection
against EAEa 

 Treatmentbb                          EAE/Totalcc          Onsetdd            Max. scoreee               CSff  

        

PBS + IgG 10/10 8.1 ± 0.87* 5    47.2

PLP:OVA-pσ1 + IgG 9/10 10.9 ± 1.19 2    10.4

PBS + anti-IL4 10/10 7.7 ± 1.63* 5    62.6

PLP:OVA-pσ1 + anti-IL4 10/10 6.6 ± 1.07* 5    40.4

 Treatmentbb                          EAE/Totalcc          Onsetdd            Max. scoreee               CSff  

PLP:OVA-pσ1 + anti-IL4 10/10 6.6 ± 1.07* 5    40.4
 

 

a SJL/J mice were challenged s.c. with 200 µg PLP139-151 in complete Freund’s adjuvant plus 200 ng PT i.p. 
on days 0 and 2.       
b Mice were nasally immunized 21 and 14 days prior to EAE challenge with 100 µg of PLP:OVA-pσ1 or 
with PBS (Figure 3.5B and C) 
c Number of mice with EAE/total in group.     
d Mean day ± SD of clinical disease onset.      
e Maximum (Max.) daily clinical score.        
f Cumulative scores (CS) were calculated as the sum of all scores from disease onset to day 26 post-
challenge, divided by the number of mice in each group. *, p < 0.001 **, p < 0.05 for PBS vs. PLP:OVA-
pσ1-dosed mice.   

 

Cytokine profiles of CD4+ T cells isolated from these mice at the peak of the 

disease revealed enhanced production of proinflammatory cytokines, IFN-γ, IL-6, and IL-

17, and reduced production of IL-10 by anti-IL-4 mAb-treated PLP:OVA-pσ1-dosed 

mice when compared to PLP:OVA-pσ1 + IgG-dosed mice (Figure 3.5C).  Production of 

IL-21 was induced in PLP:OVA-pσ1 + anti-IL-4 mAb-treated mice when compared to 

PLP:OVA-pσ1 + IgG-dosed mice, though this increase was not statistically significant.  

However, in contrast to PBS + IgG-dosed mice, anti-IL-4 mAb-treated PLP:OVA-pσ1-

dosed mice produced significantly more IL-10, and considerably less IL-6, IL-17, IL-21, 

but not IFN-γ (Figure 3.5C).  Finally, PBS-dosed, anti-IL-4 mAb-treated mice produced 

less IL-6 and IL-21 in all tested tissues, and less IL-17 in spleens than PBS + IgG-dosed 



 167

mice (Figure 3.5C).  Additionally, more IFN-γ was produced by PBS + anti-IL-4 mAb-

dosed mice when compared to mice dosed with PBS + IgG (Figure 3.5C).  There was no 

difference in production of IL-13 and TGF-β between all tested groups.  Overall, in vivo 

neutralization of IL-4 in either PBS- or PLP:OVA-pσ1-dosed mice induced more IFN-γ 

when compared to their respective IgG-injected control mice, and significantly less of IL-

10 was produced in anti-IL-4 mAb-treated PLP:OVA-pσ1-dosed mice than in PLP:OVA-

pσ1-protected mice. 

 
Adoptive Transfer of PLP:OVA-pσ1-Derived  
Treg Cells Entirely Protects Mice against EAE,  
but Adoptive Transfer of PLP:OVA-pσ1-Primed  
CD25-CD4+ T Cells Only Ameliorates Clinical  
Manifestation of EAE 

PLP:OVA-pσ1-mediated protection against EAE is associated with induction of 

FoxP3+ Treg cells and FoxP3+ CD25-CD4+ Th2 cells that produce IL-10 and IL-4, 

respectively.  Neutralization of IL-10 in vitro and neutralization of IL-4 in vitro and in 

vivo reversed PLP:OVA-pσ1-mediated inhibition of a PLP139-151-specific immune 

response, and PLP:OVA-pσ1-induced protection against EAE.  To determine how 

important these CD4+ T cell subsets are for PLP:OVA-pσ1-induced protection against 

EAE, an adoptive transfer study was performed.  SJL mice were dosed with 100 µg or 

PLP:OVA-pσ1 on days 0 and 7 for optimal induction of Treg cells, and CD4+ T cell 

subsets were isolated 2 wks later.  PLP:OVA-pσ1-primed bead sorted CD25+CD4+ or 

CD25-CD4+ T cells (6 x 105 each) were adoptively transferred via intravenous (i.v.) 

injection into naive SJL recipient mice, and 24 h later, mice were induced with EAE.  
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Adoptive transfer of PLP:OVA-pσ1-derived Treg cells fully protected recipient mice 

against EAE, since these mice never developed any clinical symptoms (Figure 3.6A).  

Interestingly, transfer of PLP:OVA-pσ1-primed CD25-CD4+ T cells significantly 

ameliorated and delayed the disease onset in recipient mice.  EAE in CD25-CD4+ -

transferred mice developed on day 11, p.ch, and the average clinical score at the peak of 

the disease was 1.5 in this group.  In contrast to PBS-dosed mice, mice transferred with 

PLP:OVA-pσ1-derived CD25-CD4+ T cells recovered entirely from the acute disease and 

did not relapse.  Consistent with previous results, PBS-dosed mice developed EAE about 

day 7, p.ch with severity of the disease increasing until day 14, p.ch when the average 

clinical score reached 4.  Also, PBS-dosed mice never recovered completely from the 

relapsing-remitting disease (Figure 3.6A).  These results clearly indicate the pivotal role 

for PLP:OVA-pσ1-derived Treg cells in establishing protection against EAE, and 

highlight the supportive role of PLP:OVA-pσ1-induced Th2 cell bias in this process. 
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Figure 3.6.  Functional CD25+CD4+ Treg cells are required for PLP:OVA-pσ1-induced protection against 
EAE.  (A) SJL mice dosed nasally with 100 µg of PLP:OVA-pσ1 on day 0 and 7, were sacrificed on day 
14.  6 x 105 of CD25+CD4+ or CD25-CD4+ T cells were isolated from these mice and adoptively transferred 
into naive SJL recipient mice that were induced with EAE 24 h later.  Adoptive transfer of PLP:OVA-pσ1-
primed CD25+CD4+ Treg cells entirely protected mice from development of clinical EAE, but transfer of 
PLP:OVA-pσ1-derived CD25-CD4+ Th2 cells also significantly delayed and improved severity of EAE.  
Averaged clinical scores from 2 independent experiments (10 mice per group) are shown. *, p < 0.05 for 
the statistical differences vs. PBS-dosed mice.  (B, C) SJL mice nasally dosed with 100 µg of PLP:OVA-
pσ1 or with PBS on day -14 and -7 were i.p. injected with 0.5 mg of anti-CD25 mAbs or rat IgG on day -5 
and -2 relatively to the day of EAE induction.  (B) Clinical disease in PBS-dosed mice was not affected by 
administration of anti-CD25 mAbs.  However, PLP:OVA-pσ1-dosed mice functionally depleted of 
CD25+CD4+ Treg cells developed extremely rigorous EAE and all of these mice died at the peak of the 
disease.  Averaged clinical scores from 2 independent experiments (10 mice per group) are shown. *, p < 
0.05 for the difference between PLP:OVA-pσ1 + anti-CD25- and PBS + IgG- vs. PLP:OVA-pσ1 + IgG-
treated mice.  (C) CD4+ T cells isolated from HNLNs, MLNs and spleens were cultured with feeder cells 
and PLP139-151 peptide for 72 h.  Production of cytokines by unstimulated CD4+ T cells set as a background 
was subtracted from the measurements.  Functional inactivation of Treg cells in PLP:OVA-pσ1-dosed mice 
resulted in induction of proinflammatory CD4+ T cells.  Importantly, CD4+ T cells obtained from 
PLP:OVA-pσ1-dosed anti-CD25-treated mice produced more IL-13 in LNs and spleens and TGF-β in LNs 
than any other experimental group.  Mean ± SEM from 5 mice per group is shown.  *, p < 0.05 for 
PLP:OVA-pσ1 + anti-CD25 vs. PLP:OVA-pσ1 + IgG and PBS + IgG.    
 
 
Functional Inactivation of CD25+ Cells In Vivo 
Entirely Abrogates PLP:OVA-pσ1-Mediated  
Protection against EAE 

To further investigate the requirement for CD25+CD4+ Treg cells in PLP:OVA-

pσ1-induced protection against EAE, SJL mice dosed with PLP:OVA-pσ1 or PBS were 

in vivo treated with blocking mAbs to CD25 prior to EAE induction.  In vivo depletion of 
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functional CD25+CD4+ cells did not affect the disease course in PBS-dosed mice, when 

compared to PBS + IgG-dosed mice (Figure 3.6B).  EAE in mice dosed with PLP:OVA-

pσ1 + IgG developed significantly later, around day 9, p.ch, and was considerably milder 

than in PBS + IgG-dosed mice.  Anti-CD25 mAb-treatment of PLP:OVA-pσ1-dosed 

mice significantly accelerated the development of EAE (Figure 3.6B).  Importantly, EAE 

was drastically more severe in PLP:OVA-pσ1-dosed, anti-CD25 mAb-treated mice than 

in any other tested group, and all PLP:OVA-pσ1 + anti-CD25 mAb-dosed  mice died at 

the peak of the disease (Figure 3.6B). 

 Next we analyzed the cytokine production by CD4+ T cell isolated from HNLNs, 

MLNs and spleens of PLP:OVA-pσ1- or PBS-dosed mice treated with anti-CD25 mAbs.  

PBS-dosed mice treated with anti-CD25 mAbs or with IgG developed classic 

proinflammatory response, and CD4+ T cells isolated from these mice produced 

drastically more IFN-γ, IL-6, IL-17, and IL-21, and considerably less IL-10 and IL-4 

compared to PLP:OVA-pσ1 + IgG-dosed mice (Figure 3.6C).  Unlike PLP:OVA-pσ1 + 

IgG-treated mice that produced significant amounts of IL-10, IL-4, and almost no 

proinflammatory cytokines, CD4+ T cells obtained from mice dosed with PLP:OVA-pσ1 

and treated with anti-CD25 mAbs produced 3-fold less IL-10 and no IL-4.  Additionally, 

anti-CD25 mAb-treated, PLP:OVA-pσ1-dosed mice produced 5-fold more of IFN-γ, 8-

fold more of  IL-17, and over 10-fold more of IL-21 and IL-6 than PLP:OVA-pσ1 + IgG-

dosed mice (Figure 3.6C).  Interestingly, CD4+ T cells acquired from mice treated with 

PLP:OVA-pσ1 + anti-CD25 mAbs produced notably more of TGF-β in LNs and IL-13 in 

all tested tissues compared to any other tested group (Figure 3.6C).  These results further 
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indicate that PLP:OVA-pσ1-mediated protection against EAE is critically dependent on 

the presence of PLP:OVA-pσ1-induced CD25+ Treg cells.  Moreover, lack of protection in 

PLP:OVA-pσ1-dosed mice functionally depleted of Treg cells is associated with enhanced 

proinflammatory cytokines but also correlates with increased production of IL-13 and 

TGF-β. 

 
Combined Inactivation of TGF-β  
and CD25 Restores PLP:OVA-pσ1-Mediated  
Protection against EAE 

 PLP:OVA-pσ1-dosed mice injected i.p. with anti-CD25 mAb developed very 

severe clinical manifestation of EAE. On the other hand, CD4+ T cells obtained from 

these mice 10 d p.ch revealed significantly increased production of IL-13 and TGF-β in 

addition to proinflammatory cytokines, IFN-γ, IL-6, IL-17, and IL-21.  Taking advantage 

of the fact that PLP:OVA-pσ1 induces tolerance to PLP139-151 peptide but also to OVA, 

we wanted to determine if TGF-β and/or IL-13 can support OVA-specific proliferation of 

DO11.10 CD4+ T cells incubated with PLP:OVA-pσ1 and anti-CD25 mAb.  OVA-Tg 

CD4+ T cells isolated from spleens of naive DO11.10 mice were cultured in vitro with 

PLP:OVA-pσ1 and various combinations: anti-TGF-β mAb, anti-IL-13 neutralizing pAb, 

and/or anti-CD25 mAb, or with the appropriate isotype control Abs.  During the last 18 h 

of cultures, [3H] TdR was added, and proliferation of OVA- Tg CD4+ T cells was 

determined.  PLP:OVA-pσ1-suppressed proliferation of OVA-Tg CD4+ T cells was 

reversed by incubation of these cells with anti-CD25 mAbs (Figure 3.7A).  Co-culture of 

PLP:OVA-pσ1-stimulated cells with neutralizing Abs to IL-13 and/or TGF-β did not 
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alter PLP:OVA-pσ1-mediated suppression of CD4+ T cells proliferation.  However, 

simultaneous inactivation of TGF-β and CD25, or TGF-β, IL-13, and CD25 in 

PLP:OVA-pσ1-stimulated cultures re-established PLP:OVA-pσ1-mediated inhibition of 

proliferation of the Tg CD4+ T cells (Figure 3.7A).  In contrast to concurrent inactivation 

of CD25 and TGF-β, synchronized blockade of IL-13 and CD25 did not reverse anti-

CD25 mAb-mediated proliferation of PLP:OVA-pσ1-stimulated Tg CD4+ T cells (Figure 

3.7A). 

 Next we wanted to determine if in vivo co-administration of anti-TGF-β mAb and 

anti-CD25 mAbs would re-establish PLP:OVA-pσ1-mediated protection against EAE.  

SJL mice nasally given PLP:OVA-pσ1 or PBS were injected  i.p. with anti-TGF-β mAb 

and anti-CD25 mAbs or with the isotype control Abs (Figure 3.7B).  No difference in 

onset and severity of clinical EAE was observed between mice dosed with PBS and 

injected i.p. with different combinations of mAbs (Figure 3.7C - bottom panel).  

However, mice dosed with PBS + anti-TGF-β mAb remitted further from the acute 

disease (Figure 3.7C - bottom panel).  PLP:OVA-pσ1-dosed mice injected i.p. with anti-

CD25 mAbs developed very aggressive disease, and all mice died at the peak of clinical 

onset (Figure 3.7C - upper panel).  In contrast to PLP:OVA-pσ1 + anti-CD25 mAb-dosed 

mice, mice given PLP:OVA-pσ1 + IgG or PLP:OVA-pσ1 + anti-TGF-β mAbs developed 

very mild disease with the average peak clinical score of ~ 1.5; all of these mice 

recovered from acute EAE.  Interestingly, clinical appearance of EAE in PLP:OVA-pσ1-

dosed mice treated with combination of anti-CD25 mAb and anti-TGF-β mAb resembled 
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ameliorated disease seen in PLP:OVA-pσ1 + IgG-dosed mice (Figure 3.7C - upper 

panel). 

Therefore, we propose that a very aggressive clinical onset of EAE observed in 

mice nasally dosed with PLP:OVA-pσ1 and functionally depleted of CD25+ Treg cells is 

due to uncontrolled  induction of proinflammatory Th17 cells, suggesting that our model 

is critically dependent on the presence of TGF-β. 
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Figure 3.7.  Eradicated protection against EAE in anti-CD25-treated PLP:OVA-pσ1-dosed mice is restored 
by neutralization of TGF-β in vivo.  (A) Splenic CD4+ T cells isolated from naive DO11.10 OVA Tg mice 
were cultured for a total of 66 h with 1:1 ratio of feeder cells, 50 µg/ml of PLP:OVA-pσ1 and with Abs to 
CD25 (10 µg/ml), IL-13 (20 µg/ml) and/or TGF-β (20 µg/ml) alone or in amalgamation.  Wells containing 
Tg CD4+ T cells and feeder cells stimulated with 1 mg/ml of OVA or 1 µg/ml of OVA323-339 peptide were 
set for positive proliferation control.  During the last 18 h of cultures cells were pulsed with [3H] TdR.   
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Figure 3.7. – continued.  Results depict proliferation of cultured cells corrected over the proliferation of 
unstimulated Tg CD4+ T cell, and cell cultured with isotype control Abs.  PLP:OVA-pσ1-stimulated Tg 
CD4+ T cells cultured alone or in combination with anti-IL-13 pAbs, and/or anti-TGF-β mAbs did not 
proliferate.  However, Tg CD4+ T cells incubated with PLP:OVA-pσ1 + anti-CD25 mAbs or PLP:OVA-
pσ1 + anti-CD25 mAb + anti-IL-13 pAbs proliferated profoundly.  Simultaneous neutralization of TGF-β 
and CD25 in cultures stimulated with PLP:OVA-pσ1 re-established PLP:OVA-pσ1-mediated suppression 
of proliferation of OVA Tg CD4+ T cell. Results depict mean ± SEM of 6 wells per treatment.  *, p < 0.001 
for proliferation of Tg CD4+ T cells vs. PLP:OVA-pσ1-stimulated cells (B) Experimental design for 
combined neutralization of TGF-β and CD25 in vivo.  (C) PBS-dosed mice treated with different 
combination of neutralizing Abs (see Figure 3.7B) developed classical manifestation of EAE.  Anti-CD25 
mAbs treatment of PLP:OVA-pσ1–dosed mice abrogated PLP:OVA-pσ1-mediated protection against 
EAE, but concomitant injection of anti-TGF-β and anti-CD25 mAbs restored PLP:OVA-pσ1-induced 
protection. Mean of 10 mice per group is shown.  *, p < 0.05 for differences vs. PLP:OVA-pσ1 + IgG-
dosed mice (upper panel), or vs. PBS + IgG-dosed mice (bottom panel). 

 
 
Concomitant Neutralization of CD25 and TGF-β  
Restores PLP:OVA-pσ1-Mediated Protection against EAE  
via Reduction of Th17-Related Proinflammatory Cytokines  

 Mice dosed with PLP:OVA-pσ1 or PBS and treated with anti-TGF-β mAb and/or 

anti-CD25 mAb were sacrificed at day 10, p.ch.  Cytokine production by whole 

lymphocytes or bead-isolated CD4+ T cells obtained from their HNLNs was assessed by 

ELISA after in vitro stimulation with PLP139-151 peptide.  Lymphocytes acquired from 

PBS-dosed groups produced enhanced amounts of proinflammatory cytokines IL-6, IL-

17, IL-21, and IL-23, and very little to no anti-inflammatory IL-10 and IL-4 (Figure 

3.8A).  In contrast to PLP:OVA-pσ1 + IgG -treated mice, PLP:OVA-pσ1-dosed mice that 

received combination of anti-CD25 mAb and anti-TGF-β mAb produced > 8-fold less of 

IL-10 and almost 2-fold less of IL-22, which was consistent with the lack of functional 

IL-10-producing Treg cells in mice dosed with PLP:OVA-pσ1 and treated with anti-TGF-

β mAb and anti-CD25 mAb (Figure 3.8A).  Concomitant with depressed production of 

IL-10 and IL-22 by lymphocytes from PLP:OVA-pσ1 + anti-CD25 mAb + anti-TGF-β 

mAb-treated mice, significantly more IL-21 was secreted by lymphocytes obtained from 
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these mice when compared to PLP:OVA-pσ1-dosed mice treated with control IgG Ab 

(Figure 3.8A).  Mice dosed with PLP:OVA-pσ1 and treated with combination of anti-

CD25 mAb and anti-TGF-β mAb were protected against EAE despite lacking functional 

Treg cells.  Interestingly, lymphocytes isolated from PLP:OVA-pσ1-dosed mice treated 

with anti-CD25 mAb and anti-TGF-β mAb produced over 6-fold more of IL-28 and IL-4 

when compared to diseased mice dosed with PLP:OVA-pσ1 and treated with anti-CD25 

mAbs, implicating that in the absence of functional Treg cells PLP:OVA-pσ1-induced 

protection against EAE is mediated by Th2-type cells.  Equal amount of IL-28 and IL-4 

were secreted by lymphocytes isolated from mice dosed with PLP:OVA-pσ1 and treated 

with IgG, anti-TGF-β mAb, or with the combination of anti-CD25 mAb and anti-TGF-β 

mAb, further suggesting that Th2 cell bias supports PLP:OVA-pσ1-mediated protection 

against EAE.  Additionally, more IL-6 and IL-23 was produced by lymphocytes from 

protected PLP:OVA-pσ1 + anti-TGF-β mAb-dosed mice when compared to mice that 

received PLP:OVA-pσ1 + IgG, implying supportive, but not essential role of TGF-β in  

protection against EAE mediated by PLP:OVA-pσ1-primed Treg cells.  Additionally, the 

lack of differences in secretion of IL-4 between cells isolated from mice dosed with 

PLP:OVA-pσ1 + IgG and PLP:OVA-pσ1 + anti-TGF-β mAb + anti-CD25 mAb, 

suggests that the presence of Treg cells is not required for IL-4 production (Figure 3.8A 

and B).  Consistent with ameliorated disease exhibited by PLP:OVA-pσ1-protected mice 

(Figure 3.7C - upper panel), lymphocytes isolated from these mice produced negligible 

amounts of  IL-6, IL-17, IL-21, and IL-23 (Figure 3.8A).  IL-28 was not produced by the 
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lymphocytes isolated from diseased mice dosed either with PBS and various mAbs, or 

with PLP:OVA-pσ1 + anti-CD25 mAbs, further suggesting the consistent anti-

inflammatory character of this cytokine in our experimental system (Figure 3.8A). 

 Consistent with the whole cell cultures, CD4+ T cells isolated from PBS-dosed 

mice independent of treatment produced predominantly proinflammatory cytokines IFN-

γ, IL-17, and IL-21, whereas production of anti-inflammatory IL-4, IL-10, IL-13, and 

TGF-β was depressed in these mice (Figure 3.8B).  Interestingly, CD4+ T cells obtained 

from mice dosed with PBS and treated with anti-TGF-β mAb produced nearly 2-fold less 

IFN-γ, reduced IL-17, but almost 2-fold more of IL-13 when compared to PBS + IgG-

dosed mice, which was consistent with the higher recovery rate from clinical EAE 

exhibited by the PBS + anti-TGF-β mAb-dosed mice (Figure 3.7C -lower panel, and 

Figure 3.8B).  Interestingly, PLP:OVA-pσ1 + anti-TGF-β mAb-treated mice, even 

though protected against EAE, produced 4-fold more of IFN-γ, ~ 2-fold more IL-17 and 

IL-21, but also 7-fold more of IL-13 than PLP:OVA-pσ1 + IgG-dosed mice (Figure 

3.8B).  CD4+ T cells isolated from PLP:OVA-pσ1-protected mice showed an overall 

pattern contrary to PBS-dosed mice by the way these CD4+ T cells produced anti-

inflammatory, but little or no pro-inflammatory cytokines (Figure 3.8B).  When CD4+ T 

cells isolated from PLP:OVA-pσ1 + IgG- and PLP:OVA-pσ1 + anti-CD25 mAb + anti-

TGF-β mAb-dosed mice produced similar levels IL-4, PLP:OVA-pσ1 + IgG-dosed mice 

produced 10 times more IL-10, but 5-fold less IL-13 when compared to PLP:OVA-pσ1 + 

anti-CD25 mAb + anti-TGF-β mAb-treated mice, further suggesting that protection 

against EAE in PLP:OVA-pσ1-dosed mice treated with anti-TGF-β mAb + anti-CD25 
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mAb is restored by induction of Th2 cells bias (Figure 3.7C and Figure 3.8A and B).  

Consistent with results presented in Figures 3.6 and 3.7, PLP:OVA-pσ1 + anti-CD25 

mAb-treated mice showed over 9-fold enhancement in IFN-γ and IL-17, and 4-fold rise 

in IL-21, and TGF-β when compared to PLP:OVA-pσ1 + IgG- or PLP:OVA-pσ1 + anti-

CD25 mAb + anti-TGF-β mAb-treated mice (Figure 3.8B).  Interestingly, production of 

IL-13 by the unprotected PLP:OVA-pσ1 + anti-CD25 mAb-treated mice was elevated 

compared to PLP:OVA-pσ1 + IgG-treated mice, but reduced in comparison to 

PLP:OVA-pσ1 + anti-CD25 mAb + anti-TGF-β mAb-rescued mice, further confirming 

that Th2-type cells are induced in mice dosed with PLP:OVA-pσ1 and treated with anti-

CD25 mAb + anti-TGF-β mAb (Figure 3.8B).  These results suggest that concomitant 

neutralization of TGF-β and functional depletion of CD25 restores PLP:OVA-pσ1-

mediated protection against EAE via induction of Th2 cell bias, as evidenced by 

increased production of IL-4, IL-13, and IL-28 in these mice compared to PLP:OVA-pσ1 

+ anti-CD25 mAb-treated diseased mice.   
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Figure 3.8.  Concomitant neutralization of TGF-β and CD25 in vivo induces Th2-type cytokines.  SJL mice 
were immunized and treated as described in Figure 3.7B.  Whole lymphocytes (A) or CD4+ T cells (B) 
isolated from their HNLNs on day 10 post EAE induction were cultured with PLP139-151 peptide for 72 h, in 
the presence of feeder cells (B).  Lymphocytes obtained from PBS-dosed mice independently on Ab 
treatment produced enhanced amounts of proinflammatory cytokines IFN-γ, IL-6, IL-17, IL-21 and IL-23, 
and little to no IL-4, IL-10, IL-13 and TGF-β.  However, levels of IFN-γ and IL-17 produced by CD4+ T 
cells were diminished in PBS + anti-TGF-β-treated mice when compared to PBS mice injected with isotype 
Ab control.  PLP:OVA-pσ1-protected mice treated with IgG, anti-TGF-β mAbs or with combination of 
anti-TGF-β and anti-CD25 mAbs, produced enhanced amounts of IL-4 and IL-28 and very little to no of 
IFN-γ, IL-6, IL-17, IL-21 and IL-23.  Additionally, mice dosed with PLP:OVA-pσ1 + anti-CD25 + anti-
TGF-β produced significantly more IL-13 and IL-4 when compared to diseased PLP:OVA-pσ1 + anti-
CD25-dosed mice.  Mean ± SEM of 5 mice per group is shown * p < 0.05 for the PLP:OVA-pσ1 + anti-
TGF-β + anti-CD25 vs. PLP:OVA-pσ1 + IgG and PLP:OVA-pσ1 + anti-CD25. 
 

 
Mice nasally dosed with PLP:OVA-pσ1 and treated with anti-CD25 mAb 

displayed two-thirds fewer FoxP3+CD25-CD4+ T cells when compared to PLP:OVA-

pσ1-protected mice (Table 3.5).  Interestingly, concomitant injection of PLP:OVA-pσ1-

dosed mice with anti-TGF-β mAb and anti-CD25 mAb  restored the expression of 
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FoxP3+CD25-CD4+ T cells as seen with the PLP:OVA-pσ1 + IgG-dosed (protected) mice 

(Table 3.5).  Though not as drastic as in PLP:OVA-pσ1 + anti-CD25 mAb-treated mice, 

a significant decrease in FoxP3+CD25-CD4+ T cells isolated from protected PLP:OVA-

pσ1 + anti-TGF-β mAb-treated mice was observed.  These results suggest that in the 

presence of functional Treg cells TGF-β may be important for induction of FoxP3-

expressing CD25-CD4+ suppressor T cells.  Anti-CD25 mAb- anti-TGF-β mAb-treated 

PLP:OVA-pσ1-dosed mice, even though protected against EAE, showed pronounced 

production of IL-4 (Figure 3.8A and B), and  increased secretion of IL-13 when compared 

to PLP:OVA-pσ1 + IgG-dosed mice (Figure 3.8B).  Additionally, since over 25 % of 

CD25-CD4+ T cells isolated from these mice expressed FoxP3, it is possible that in the 

absence of Treg cells the induction of FoxP3 expression on CD25-CD4+ T cells may due to 

the other cytokines, perhaps IL-4.  

 

Table 3.5.  In vivo neutralization of TGF-β and CD25 induces FoxP3 expression of PLP:OVA-
pσ1-primed Th2 cells

      Treatmentaa                                                             % FoxP3++CD25--CD4+b+b  

     

 PLP:OVA-pσ1σ1σ1σ1 + IgG 24.78 ± 0.96*,§

 PLP:OVA-pσ1σ1σ1σ1 + αααα-TGF-ββββ 19.73 ± 1.31**

 PLP:OVA-pσ1σ1σ1σ1 + αααα-CD25 8.12 ± 1.16

PLP:OVA-pσ1σ1σ1σ1 + αααα-TGF-ββββ  + αααα-CD25 26.68 ± 0.51*,§

Table 3.5.  In vivo neutralization of TGF-β and CD25 induces FoxP3 expression of PLP:OVA-
pσ1-primed Th2 cells

      Treatmentaa                                                             % FoxP3++CD25--CD4+b+b  

     

 PLP:OVA-pσ1σ1σ1σ1 + IgG 24.78 ± 0.96*,§

 PLP:OVA-pσ1σ1σ1σ1 + αααα-TGF-ββββ 19.73 ± 1.31**

 PLP:OVA-pσ1σ1σ1σ1 + αααα-CD25 8.12 ± 1.16

PLP:OVA-pσ1σ1σ1σ1 + αααα-TGF-ββββ  + αααα-CD25 26.68 ± 0.51*,§

      Treatmentaa                                                             % FoxP3++CD25--CD4+b+b  

a SJL/J mice were challenged s.c. with 200 µg PLP139-151 in complete Freund’s adjuvant plus 200 ng PT i.p. 
on days 0 and 2, and were nasally dosed 14 and 7 days prior to EAE challenge with 100 µg of PLP:OVA-
pσ1 or with PBS and treated as described in Figure 3.7B 
bAverage percentages ± SD of FoxP3+CD25-CD4+ T cells as a fraction of CD4+ T cells from 3 mice per 
group are depicted, *, p < 0.001, **, p < 0.05 vs. PLP:OVA-pσ1 + anti-CD25, §, p < 0.05 vs. PLP:OVA-
pσ1 + anti-TGF-β 
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In Vivo Neutralization of IL-23 Did Not Affect  
PLP:OVA-pσ1-Mediated Protection against EAE 

 According to the literature, Th17 cells can be induced either in an IL-23-

dependent or -independent manner, the latter activation occurring in the presence of 

TGF-β and/or additional proinflammatory cytokines (121, 124, 126, 205, 337, 362).  

Treatment of PLP:OVA-pσ1-dosed mice with anti-CD25 mAb reversed PLP:OVA-pσ1-

mediated protection against EAE via induction of TGF-β-dependent proinflammatory 

Th17 cells.  To determine if IL-23 is necessary for stimulation of proinflammatory 

response in PLP:OVA-pσ1 + anti-CD25 mAb-treated mice, we blocked  IL-23 in 

PLP:OVA-pσ1- or PLP:OVA-pσ1 + anti-CD25 mAb-dosed mice in vivo.  Neutralization 

of IL-23 had no effect on clinical onset and severity of EAE in PLP:OVA-pσ1-dosed 

mice (Figure 3.9).  However, PLP:OVA-pσ1-dosed mice treated with rabbit anti-IL-23 

serum in combination with anti-CD25 mAb developed milder clinical disease when 

compared to PLP:OVA-pσ1 + anti-CD25 mAb-treated mice, although these difference 

were not statistically significant (Figure 3.9).   
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Figure 3.9.  Induction of Th17 cells in PLP:OVA-pσ1-dosed mice functionally depleted of CD25+ Treg cells 
is independent of IL-23.   
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Figure 3.9. – continued.  SJL mice were nasally given 100 µg of PLP:OVA-pσ1 or PBS on day -14 and -7 
in relation to EAE induction.  Mice were i.p. injected with anti-CD25 /rat IgG on day -5 and -2, and with 
anti-IL-23 RS/NRS on day -1, 1, and 5.  Neutralization of IL-23 did not suppressed clinical disease in 
CD25+ Treg cells-inactivated PLP:OVA-pσ1-dosed mice.  Mean of up to 5 mice per group is shown. * p < 
0.05  vs. PLP:OVA-pσ1 + anti-CD25-dosed mice. 

 
 

Discussion 

 
Previously we showed that nasal administration of a single low dose of OVA-pσ1 

induces tolerance to OVA in mice (89).  Here we report that N-terminal modification of 

OVA-pσ1 by fusion with two copies of immunodominant T cell epitope, PLP130-151, 

resulted in a functional protein (PLP:OVA-pσ1), that when applied nasally protected 

susceptible SJL mice against EAE.  OVA-specific tolerance was not altered in 

PLP:OVA-pσ1-dosed mice, as evidenced by consistent inhibition of OVA-specific IgG 

Ab titers in serum and reduction of OVA-specific DTH response in these mice.  We have 

shown here that a low dose of PLP:OVA-pσ1 given nasally significantly delayed clinical 

onset of the disease and greatly reduced clinical manifestation and the CNS 

histopathology in mice induced with EAE, when compared to PBS-dosed unprotected 

mice.  Moreover, we have demonstrated that PLP:OVA-pσ1-mediated protection against 

EAE is Ag-specific evidenced by uninhibited EAE development in mice nasally given 

OVA-pσ1.  In contrast to OVA-pσ1- and PBS-dosed and PLP139-151-challenged mice, 

PLP:OVA-pσ1-dosed mice showed steady and major reduction in CD4+ T cells secreting 

proinflammatory cytokines in response to in vitro re-stimulation with PLP139-151-peptide, 

whereas CD4+ T cells secreting regulatory and anti-inflammatory cytokines were 

enhanced.  Importantly, even though OVA-pσ1-dosed mice were not protected against 
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EAE, these mice remained tolerant to OVA, as evidenced by significant increase in CD4+ 

T cells producing anti-inflammatory cytokines, and concomitant depression in 

proinflammatory CD4+ T cells after in vitro re-stimulation with OVA.  Consistent with 

the reported generation of a single dose tolerance to OVA in OVA-pσ1-dosed mice (89), 

only a 100 µg of PLP:OVA-pσ1 given nasally were sufficient to significantly inhibit 

clinical manifestation of EAE in either a therapeutic or prophylactic paradigm.  Like 

OVA-pσ1-induced tolerance to OVA, PLP:OVA-pσ1-mediated protection against EAE 

was facilitated by IL-10-secreting FoxP3+CD25+CD4+ T cells and supported by 

FoxP3+CD25-CD4+ Th2 cells that secreted predominantly IL-4.  The role of IL-10 and 

IL-4 in protection against EAE was evaluated in vitro and in vivo.  In vitro inhibition of 

IL-10 or IL-4 restored PLP139-151-specific proliferation by CD4+ T cells isolated from 

PLP:OVA-pσ1-dosed  mice.  Neutralization of IL-4 in vivo partially compromised 

PLP:OVA-pσ1-mediated protection against EAE via down regulation of IL-10-

production by CD4+ T cells and concomitant induction of proinflammatory Th1 and Th17 

type cytokines.  Adoptive transfer of PLP:OVA-pσ1-derived Treg cells prior to the 

challenge with PLP139-151 peptide entirely protected mice from development of EAE, but 

transfer of PLP:OVA-pσ1-primed CD25-CD4+ Th2 only cells significantly delayed the 

disease onset, but did improve disease severity in EAE-induced mice.  Moreover, 

functional inactivation of Treg cells prior to the challenge with PLP139-151 peptide greatly 

impaired the PLP:OVA-pσ1-induce protection against EAE.  Potent disease was 

observed in mice dosed with PLP:OVA-pσ1 and treated with anti-CD25 mAb associated 

with the enhanced production of IL-13,  TGF-β , IL-6, IL-21, IL-17, and IFN-γ, and 
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concomitant drop in IL-4 and IL-10.  In vitro studies confirmed the crucial role for TGF-

β, but not IL-13, in anti-CD25 mAb-mediated neutralization of PLP:OVA-pσ1-dosed 

mice.  In contrast to simultaneous neutralization of CD25 and IL-23 in vivo, simultaneous 

neutralization of TGF-β and CD25 re-established PLP:OVA-pσ1-induced protection 

suggesting that anti-CD25-induced Th17 inflammatory response in PLP:OVA-pσ1-dosed 

mice is activated via TGF-β- rather than IL-23-dependent pathway. 

Previously we reported that recombinant pσ1 can be engineered to modulate 

immune response to mucosally delivered Ags (82, 89, 154).  We demonstrated that 

chemically modified pσ1 significantly enhanced immunity to delivered DNA (82, 154), 

whereas genetic alteration of pσ1 renders it to induce tolerance to the fused protein Ag 

(89).  Here we have demonstrated that protein vaccine generated by genetic fusion of 

encephalitogenic PLP130-151 peptide to tolerogenic OVA-pσ1 when given nasally to EAE 

susceptible mice can efficiently suppress the development of PLP139-151-induced disease.  

Pσ1-mediated protection against EAE was restricted to the delivered Ag, since nasal 

administration of PLP-carrying PLP:OVA-pσ1, but not OVA-pσ1, was able to protect 

mice against clinical manifestation of EAE.  Likewise, diseased OVA-pσ1-, and PBS-

dosed mice, but not PLP:OVA-pσ1-protected mice, developed significant PLP-specific 

DTH response, further suggesting the Ag-specific protection against EAE delivered by 

nasally given pσ1.  Importantly, mice dosed with OVA-pσ1 and induced with EAE, 

despite developing uninhibited disease remained tolerant to OVA, as demonstrated by 

significant drop in numbers of CD4+ T cells that secreted proinflammatory cytokines, but 
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important enhancement in CD4+ T cells secreting anti-inflammatory and regulatory 

cytokines in response to in vitro re-stimulation with OVA.  

 We have shown previously that as little as a single dose of OVA-pσ1 given 

nasally induces sustainable tolerance to OVA (89).  Similarly, only a single nasal dose of 

PLP:OVA-pσ1 administered to mice before EAE induction, or during its pre-clinical 

stage, prevented clinical manifestation of the disease and CNS histopathology.  Induction 

of a low-dose tolerance to mucosally delivered encephalitogenic proteins or peptides has 

been described by others (24, 25, 37, 56).  However, multiple and/or large doses of these 

Ags were required for protection against EAE (22, 25, 56).  Surprisingly, feeding the 

patients with RR MS bovine myelin preparation did not result in a significant 

improvement in the number and severity of the relapses (22).   

Enhanced protection against autoimmune diseases via delivery of 

encephalitogenic peptides by a carrier molecule has been described.  Systemic injection 

of aggregated Ig chimeras carrying immunodominant PLP139-151 or MOG35-55 peptides 

was shown to ameliorate the clinical manifestation of PLP- or MOG-induced EAE in 

susceptible mice (31, 146).  Although successful, systemic administration of an Ag is 

often associated with the significant risk of contamination, pain, and unpleasant effects, 

and is not cost efficient.  The alternative strategy of tolerance induction by mucosal 

administration of small amounts of an Ag chemically coupled to mucosa-binding 

molecule has been evaluated (67, 68, 151).  Cholera toxin subunit B (CTB)-coupled 

human insulin when delivered orally or nasally is able to efficiently suppress destruction 

of pancreatic beta cells and reduce clinical manifestation of diabetes in mice (68, 151).  
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Oral administration of significantly smaller amounts of MBP coupled to CTB than MBP 

alone has been demonstrated to suppress ongoing EAE (67).  Interestingly, in one study, 

MBP-CTB conjugates induced significant amounts of proinflammatory cytokine IFN-γ 

(67), whereas in another investigation nasal administration of insulin-CTB induced 

expression of TGF-β and IL-10 but did not affect the levels of IFN-γ or IL-4 (68).  This 

inconsistent immunomodulatory effect of chemically coupled CTB was explored by 

Bergquist et al.  This group has demonstrated that nasal administration of CTB-coupled 

dextran can induce either dextran-specific immune response (73) or tolerance (74), 

depending on the presence of pre-existing immunity to CTB.  It is a general 

understanding that native cholera toxin (CT) is a strong mucosal adjuvant (152).  

Interestingly, also CTB can be used as a mucosal adjuvant (365, 366) because it lacks the 

toxicity associated with native CT (64).  Moreover, it is possible that chemical 

modifications of CTB-conjugates can affect the immunogenicity of an Ag, which may 

result in a different immunomodulatory outcome following its administration to mice 

(35).  Alternatively to chemical modification, it has been demonstrated that genetic fusion 

of PLP139-151 to CTB can suppress ongoing EAE in mice and inhibit the CNS inflamation 

(35).  Even though successful, this approach requires multiple nasal administrations of 

recombinant PLP-CTB for establishment of protection against EAE.   

In contrast to these studies, we have shown that just a single nasal administration 

of PLP139-151 fused to OVA-pσ1 can induce PLP-specific tolerance that effectively 

protects mice against EAE, via induction of anti-inflammatory cytokines, IL-10 and IL-4, 

and inhibition of Th1- and Th17-type proinflammatory cytokines.  Induction of OVA-
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pσ1-mediated tolerance to OVA has been associated with generation of IL-10-producing 

FoxP3+CD25+CD4+ Treg cells and IL-4-secreting CD25-CD4+ Th2 cells that could 

suppress OVA-induced proliferation of CD4+ T effector cells in vitro and in vivo (89).  

Other studies have also found that low-dose mucosal tolerance is mediated by Treg cells 

that express FoxP3 transcription factor (3, 37, 60, 109, 368), and FoxP3-expressing 

CD25+ or CD25- Treg cells can prevent and/or treat autoimmune diseases (33, 34, 114). 

Additionally, mucosally-induced CD25-CD4+ T cells have been shown to support 

recovery from EAE (33, 78).  Consistent with these findings, nasal administration of 

PLP:OVA-pσ1 induces significant enhancement of CD25+CD4+ and CD25-CD4+ T cells 

that expressed FoxP3.   

The vast majority of these FoxP3+ Treg cells isolated from PLP:OVA-pσ1-

protected mice produce IL-10, but not IL-4 or TGF-β, in response to the challenge with 

PLP139-151.  Induction of IL-10-producing Treg cells after nasal administration of protein 

Ags has been reported previously (24, 89).  Additionally, the importance of IL-10 for 

protection against EAE has been highlighted by a number of investigators (24, 105, 114, 

128).  Administration of IL-10 has been shown to ameliorate clinical and 

histopathological manifestation of EAE via induction of Treg cells (129).  Mice deficient 

in IL-10 or IL-10R were shown to develop more severe EAE, whereas IL-10 Tg mice 

exhibited resistance to EAE induction (131, 132).  Moreover, we have previously 

reported, that pσ1-mediated tolerance could not be established in IL-10-deficient mice 

presumably due to the failure in generation of FoxP3+ Treg cells in IL-10-deficient mice 

given nasally OVA-pσ1 (89).  Consistent with our previous findings and established 
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protective role of IL-10 against EAE, in vitro neutralization of IL-10 reversed PLP:OVA-

pσ1-mediated suppression of PLP139-151-specific proliferation of CD4+ T cells.  

In agreement with our previous study in which OVA-pσ1-mediated tolerance was 

supported by IL-4-producing CD25-CD4+ Th2 cells, PLP:OVA-pσ1 given nasally to the 

mice induced significant enhancement in FoxP3+CD25-CD4+ Th2 cells in which over 80 

% of them produced IL-4.   The anti-inflammatory potential of IL-4 has been well 

characterized (168, 169, 177, 194), and stimulation of regulatory FoxP3+CD25-CD4+ T 

cells has been reported by us and by others (33, 89, 114, 122).  Alternatively, it is 

plausible that PLP:OVA-pσ1-induced FoxP3+CD25-CD4+ T cells are undergoing 

conversion to the FoxP3+CD25+CD4+ phenotype, since converting FoxP3+CD25-CD4+ T 

cells were shown to be potent inhibitors of CD4+ T cells expansion in vivo and 

proliferation in vitro (122, 220).  It has been reported that IL-4 can supplement 

suppressive function of TGF-β-secreting regulatory Th3 cells (22, 23, 54). This cytokine 

has also been implicated in triggering expression of FoxP3 on naive peripheral CD25-

CD4+ T cells (117), and when secreted by Th2 cells, IL-4 was shown to support the 

inhibition of PLP139-151-specific proinflammatory response (33).  Surprisingly, the 

deficiency of IL-4 has not been associated with increased susceptibility to development 

of autoimmune diseases, suggesting only a moderate supporting role for IL-4 in 

suppression of inflammatory responses against self-Ags (6, 130).  Consistent with these 

findings, in vitro blocking of IL-4 partially reversed PLP:OVA-pσ1-mediated 

suppression of proliferation of encephalitogenic CD4+ T cells in response to PLP139-151 re-

stimulation.  Furthermore, in vivo neutralization of IL-4 significantly accelerated clinical 
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manifestation of EAE in PLP:OVA-pσ1- and PBS-dosed mice.  PLP:OVA-pσ1-dosed 

mice treated with neutralizing anti-IL-4 mAbs developed disease, but was much less 

severe compared to PBS-dosed mice, suggesting a positive, but not a pivotal role for IL-4 

in PLP:OVA-pσ1-mediated protection against EAE.  Additionally, PLP:OVA-pσ1-dosed 

anti-IL-4-treated mice produced significantly less of IL-10, resulting in more IL-6, IL-21, 

IL-17, and IFN-γ when compared to PLP:OVA-pσ1-protected mice.  Therefore, 

consistent with the supportive role of IL-4 in induction of FoxP3+ Treg cells (117), it is 

possible that neutralization of IL-4 down regulated IL-10-producing Treg cells by 

PLP:OVA-pσ1-dosed mice.  Alternatively, IL-4 and IFN-γ were shown to negatively 

regulate induction of Th17 cells (168, 169) and each other (194), and IL-4 was shown to 

promote IL-10 production by monocytes (388).  Therefore, it is possible that the immune 

imbalance generated by neutralization of IL-4 via inhibition of Ag-specific Treg cells at 

the time of EAE induction triggered the proinflammatory Th1 and Th17 responses.   

 Further evidence for the pivotal role of IL-10-producing Treg cells and the 

supportive role of IL-4-secreting CD25-CD4+ T cells in PLP:OVA-pσ1-induced 

protection against EAE, was provided by the adoptive transfer study.  We have shown 

that adoptive transfer of PLP:OVA-pσ1-derived CD25+CD4+ T cells prior to EAE 

induction entirely protected mice against the clinical disease.  These results are in 

agreement with our previous data in which adoptive transfer of OVA-pσ1-primed 

CD25+CD4+ T cells efficiently inhibited OVA-specific proliferation of effector CD4+ T 

cells in vivo (89).  Induction of myelin-specific or nonspecific CD25+CD4+ Treg cells has 

been demonstrated to protect and/or treat mice against autoimmune disorders (22, 33, 34, 
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54).  Moreover, mice depleted of naturally occurring CD25+CD4+ Treg cells were shown 

to spontaneously develop autoimmune diseases (3, 107), whereas functional inactivation 

of  mucosally induced myelin-specific or -nonspecific CD25+CD4+ T cells render mice 

more susceptible to development of autoimmune diseases (33, 112).  Consistent with the 

supportive role of CD25-CD4+ Th2 cells in OVA-pσ1-mediated tolerance (89), here we 

have demonstrated that adoptive transfer of PLP:OVA-pσ1-induced CD25-CD4+ Th2 

cells prior to EAE induction significancy ameliorated and delayed the clinical onset of 

the disease.  These results are not surprising since induction of Ag-specific (89, 141, 142, 

266) or -nonspecific Th2 (33, 78, 270, 271, 275, 276) cell bias has been previously 

reported to support anti-inflammatory response and recovery from EAE.  Also, CD25-

CD4+ Th2 cells induced in response to oral infection with Salmonella-CFA/I vaccine 

were shown to partially suppress development of PLP139-151-induced EAE in a myelin-

nonspecific fashion (33).  

 The requirement for CD25+CD4+ T cells in PLP:OVA-pσ1-mediated protection 

against EAE was further confirmed by functional inactivation of these Treg cells in 

PLP:OVA-pσ1-dosed mice.  Unlike PBS-dosed mice that developed a similar course of 

EAE independently of Ab treatment, mice dosed with PLP:OVA-pσ1 and functionally 

depleted of Treg cells developed very severe EAE with all of the mice succumbing at the 

peak of the acute disease.  In agreement with these findings were other studies showing 

that functional inactivation of Treg cells can increase susceptibility to development of 

autoimmune diseases (107, 112).  Moreover, our group has reported previously that in 
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vivo depletion of Treg cells exacerbates disease in otherwise protected Salmonella-CFA/I-

treated mice (33).   

 Our further investigation revealed that CD4+ T cells obtained from mice dosed 

nasally with PLP:OVA-pσ1 and i.p. treated with anti-CD25 mAb produced significantly 

more Th17 cell-associated cytokines, including IL-17, IL-21, and IL-6, whereas levels of 

IL-4 and IL-10 were significantly depressed in these mice, when compared to PLP:OVA-

pσ1-dosed, IgG-treated mice.  The development of proinflammatory Th17 cells can be 

established in either an IL-23-dependent or -independent fashion (126, 189, 190-192, 

205, 210). The requirement for IL-23 in the induction of encephalitogenic Th17 cells has 

been demonstrated in one study in which mice lacking IL-23p19, but not IL-12p35, were 

shown to be resistant to EAE development (192, 205).  Additionally, TGF-β alone (124), 

or in combination with IL-6 (126), IL-1 (208), or IL-21 (190) has been implicated in the 

induction of Th17 cells.  Interestingly, the levels of TGF-β and IL-13 were also 

significantly enhanced in anti-CD25 mAb-treated PLP:OVA-pσ1- or PBS-dosed mice 

when compared to IgG-treated mice.  The role of IL-13 has not been studied very 

extensively in EAE.  This Th2 type cytokine is typically associated with induction of 

anti-inflammatory response (216, 273).  Recently our group has reported induction of IL-

13-producing Treg cells  in response to the oral infection with Salmonella-CFA/IIC vaccine 

that expresses enterotoxigenic E. coli colonization factor Ag I (CFA/I) in the intracellular 

compartment (IC), as oppose to its extracellular expression in Salmonella-CFA/I vaccine 

(34).  We have demonstrated that these IL-13-producing Treg cells efficiently inhibited 

clinical manifestation and the CNS histopathology caused by PLP139-151-induced EAE, 
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and neutralization of IL-13 reversed Salmonella-CFA/IIC-mediated protection against 

EAE (34).  In another study, it has been shown that enhanced secretion of IL-13 and other 

anti-inflammatory cytokines is associated with partial protection against EAE using 

recombinant TCR with covalently bound encephalitogenic peptide (217).  Additionally, 

administration of human recombinant IL-13 prior to EAE induction in Lewis rats was 

shown to significantly ameliorate clinical EAE (218).  In contrast to its anti-inflammatory 

role, IL-13 was also shown to promote MHC II expression on macrophages and thus 

trigger development of Th1 cells (219).   

 The immunomodulatory role of TGF-β is even more complex.  On one hand, 

TGF-β is one of the two major regulatory cytokines secreted by Treg cells, and its 

production has been linked to the forceful suppression of inflammatory response (3, 33, 

56, 80).  Regulatory potential of TGF-β has been implicated in both prevention and 

treatment of EAE (3, 33, 56, 80).  Moreover, TGF-β was shown to trigger conversion of 

CD25-CD4+ T cells into CD25+CD4+ Treg cells via up regulation of FoxP3 expression 

(122, 123).  Interestingly, TGF-β alone or accompanied by IL-6 or IL-1 can induce 

production of Th17 cells (124, 126), whereas TGF-β and IL-2 have been recently 

implicated in induction of FoxP3+CD25+CD4+ Treg cells (121).   

 In our in vitro studies, neutralization of IL-13 alone, or in combination with TGF-

β had no effect on proliferation of OVA Tg CD4+ T cells incubated with PLP:OVA-pσ1 

and/or anti-CD25 mAbs.  Contrary to IL-13, simultaneous neutralization of TGF-β and 

blockade of CD25 restored the PLP:OVA-pσ1-mediated inhibition of proliferation of Tg 

CD4+ T cells abrogated by neutralization of CD25.  Consistent with the in vitro data, 
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when PLP:OVA-pσ1-dosed anti-CD25-treated mice were also treated with anti-TGF-β 

neutralizing mAb, but not with rabbit anti-IL-23 serum, the PLP:OVA-pσ1-mediated 

protection against EAE was restored.  These results clearly indicate that induction of 

Th17 cells in mice dosed with PLP:OVA-pσ1 and depleted of Treg cells is driven by 

TGF-β and not by IL-23.   

Interestingly, when compared to PLP:OVA-pσ1 + IgG-dosed mice, PLP:OVA-

pσ1-dosed anti-TGF-β mAb-treated mice were equally protected against clinical onset of 

EAE and displayed a very similar cytokine profiles, except that significantly more of IL-

13 was produced by CD4+ T cells isolated from PLP:OVA-pσ1 + anti-TGF-β mAb-dosed 

mice.  Additionally, these anti-TGF-β mAb-treated PLP:OVA-pσ1-protected mice 

showed moderate, although a significant decrease in FoxP3+CD25-CD4+ T cells when 

compared to PLP:OVA-pσ1 + IgG-dosed mice, but a significant increase in these cells 

when compared to anti-CD25 mAb-treated PLP:OVA-pσ1-dosed mice.  This observation 

is consistent with the previous findings that TGF-β (118, 121-123), but also IFN-γ (127) 

and IL-4 (117) can support conversion of CD25-CD4+ T cells to CD25+CD4+ Treg cells 

via the enhancement of FoxP3 expression.  Therefore, the reduction in FoxP3+CD25-

CD4+ T cells in PLP:OVA-pσ1 + anti-TGF-β mAb-treated mice when compared to 

PLP:OVA-pσ1 + IgG-dosed mice can be explained by the lack of TGF-β-mediated 

conversion of CD25-CD4+ T cells to FoxP3+ suppressive phenotype.  However, since 

these PLP:OVA-pσ1 + anti-TGF-β-treated mice were producing IL-4 and IFN-γ, it is 

plausible that both or either of these cytokines stimulated the conversion in the absence of 

TGF-β.  These results implicate that in the presence of functional PLP:OVA-pσ1-induced 
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Treg cells the proinflammatory potential of TGF-β is inhibited, or alternatively, that TGF-

β can play either pro- or anti-inflammatory role in a given system depending on the 

conditions.  In contrast to our observations, simultaneous depletion of TGF-β and CD25 

in mice fed with high or low doses of OVA was shown to prevent the induction of 

tolerance, suggesting the complementary role of CD25+ Treg cells and TGF-β in 

establishment of oral tolerance to OVA (389).   

The analysis of cytokines produced by mice dosed with PLP:OVA-pσ1 + anti-

CD25 mAb and rescued with anti-TGF-β mAb revealed inhibition of Th17-restricted 

proinflammatory cytokines and IFN-γ, but concomitant induction of IL-4, IL-13, and IL-

28.  Additionally, enhanced expression of FoxP3 on CD25-CD4+ T cells isolated from 

these mice when compared to anti-CD25 mAb-treated PLP:OVA-pσ1-dosed mice 

implicates activation of alternative regulatory pathway for PLP:OVA-pσ1-mediated 

tolerance that is independent on the presence of conventional Treg cells.   

The role for IL-28 has not yet been evaluated in EAE, although IL-28 was shown 

to prime tolerogenic DCs in vitro (224).  Based on the established anti-inflammatory and 

anti-encephalitogenic roles of IL-4 and IL-13, we concluded that, neutralization of TGF-

β in PLP:OVA-pσ1-dosed anti-CD25 mAb-treated mice reestablished protection against 

EAE via induction of Ag-specific Th2 cell bias.  

 In summary, we have shown that a single 100 µg dose of PLP:OVA-pσ1 given 

nasally prior or after EAE induction protects mice against the clinical manifestation of 

the disease and associated CNS histopathology.  In contrast, mice dosed nasally with 

OVA-pσ1 developed fully pronounced disease, suggesting that pσ1-mediated tolerance is 
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Ag-specific.  We have demonstrated here that IL-10-producing FoxP3+CD25+CD4+ Treg 

cells and IL-4-secreting FoxP3+CD25-CD4+ Th2 cells were induced by nasal 

administration of PLP:OVA-pσ1 and that these cells to a different degree were involved 

in protection against EAE.  Adoptive transfer of PLP:OVA-pσ1-derived CD25+CD4+ T 

cells entirely prevented EAE development in recipient mice upon challenge.  PLP:OVA-

pσ1-derived CD25-CD4+ T cells, when adoptively transferred, significantly delayed and 

ameliorated PLP139-151-induced EAE.  In vitro neutralization of IL-10 completely restored 

PLP-specific proliferation of PLP:OVA-pσ1-derived cells, whereas neutralization of IL-4 

only partially reversed the PLP:OVA-pσ1-mediated suppression of CD4+ T cell 

proliferation, suggesting the pivotal role for IL-10 and supportive function of IL-4 in 

PLP:OVA-pσ1-induced tolerance.  Likewise, in vivo neutralization of IL-4 partially 

abrogated PLP:OVA-pσ1-mediated protection against EAE.  PLP:OVA-pσ1-induced Treg 

cells were crucial for the protection against EAE, and functional inactivation of these 

cells in vivo rendered mice highly susceptible to EAE development.  This abrogation of 

PLP:OVA-pσ1-mediated protection in the absence of Treg cells was due to the TGF-β-

mediated induction of Th17 cells, since neutralization of TGF-β reestablished PLP:OVA-

pσ1-mediated protection against EAE via suppression of Th17 type cytokines.  

Interestingly,  in the absence of functional CD25+ Treg cells and TGF-β, PLP:OVA-pσ1-

induced protection against EAE which was mediated by CD25-CD4+ Th2 cells that 

produced IL-13, IL-4, and IL-28 in response to PLP139-151 re-stimulation, and also 

expressed FoxP3.  These results implicate that a single low dose nasal tolerance mediated 

by genetically modified pσ1 can be successfully applied to prevent and/or treat 
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autoimmune diseases and allergies. Additionally, the ability to protect mice against EAE 

by just a single nasal dose of a vaccine may be crucial to overcome potential health risks 

such as allergy development.  

NOTE: Histology sections presented in Figure 3.3D and incorporated into Table 3.1were 

made by Gayle Callis.  
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PROTEIN σ1 – BASED MUCOSAL VACCINE TREATS ACUTE EXPERIMENTAL 
AUTOIMMUNE ENCEPHALOMYELITIS (EAE) VIA INDUCTION OF IL-10-

SECRETING ANTIGEN-SPECIFIC TREG CELLS AND SELECTIVE APOPTOSIS OF 
AUTOREACTIVE EFFECTOR CD4+ T CELLS 

 
 

Introduction 
 
 

Experimental autoimmune encephalomyelitis (EAE), a rodent model of multiple 

sclerosis (MS) (6), is induced in susceptible mice strains and is mediated by autoreactive 

proinflammatory CD4+ T cells (6,135, 174).  Suppression and recovery from EAE has 

been associated with induction of regulatory CD4+ T cells (22, 24, 33, 34, 56, 105) that 

actively inhibit Th17 cell-mediated inflammation, and also CD8+ T cells (75, 100, 101, 

174, 234, 390), B cells (98, 236, 241), and DCs (31, 207, 250).   

Aside from the well-established pathogenic role of B cells and auto-Abs in EAE 

(6, 235, 314, 391), these cells have been proven beneficial in suppressing inflammation 

and mediating recovery from EAE (98, 236).  B cells can inhibit autoimmunity via direct 

interaction with pathogenic T cells, as well as by production of cytokines (98).  Induced 

under inflammatory conditions (98) IL-10- (98, 236) and/or TGF-β− (236, 242) 

producing B regulatory (Breg) cells, and IL-4-producing B effector 2 (Be2) have been 

implicated in the induction of low dose oral tolerance (241, 242).  Induction of EAE in 

mice deficient of functional B cells (µMT mice) has resulted in more severe and 

exacerbated disease when compared to the wild type mice (236, 238).   

 Recently, attention has focused on the role of certain subsets of DCs in mucosal 

tolerance induction (39, 47, 99, 392) and protection against EAE (31, 250).  IL-10-

producing CD8α- DCs were shown to mediate recovery from EAE (31), and CD11b+ 
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CD8α- DCs that also produce IL-10 were capable of inducing IL-4 and IL-10-secreting 

Th2 cells in vitro (47).  Integrin CD11b (αM, CD18, Mac-1, CR3) has been linked to the 

tolerogenic role of DCs (47, 393) and monocytes (394, 395).  Additionally, CD11b+ 

expression on APCs was shown to be essential for induction of peripheral tolerance (99, 

393) and suppression of autoimmune inflammatory diseases (393-395).  In contrast to 

these reports, one group has shown that Mac-1 expression on T cells and accessory cells 

is required for development of EAE, and Mac-1 homozygous-deficient, mice develop 

delayed and ameliorated EAE (396). 

 Induction of CD4+ regulatory T cells by mucosally administered protein Ags (61, 

89, 389, 397) and the role of these cells in treatment of autoimmune diseases (9, 24, 25, 

56, 76, 109, 112, 398) has been well-established.  IL-10-producing Tr1 (Th10) cells that 

develop in response to a chronic exposure to a nasally given protein Ag (22) have been 

implicated in suppression of EAE following soluble peptide therapy (105).  It has been 

demonstrated that depletion of mucosally-induced CD25+CD4+ Treg cells can lead to a 

variety of autoimmune disorders (107, 112). 

 Mucosal administration of myelin components has been widely applied for 

treatment and/or protection against EAE (24, 56, 76, 156).  Even though experimentally 

successful, generation of myelin-specific tolerance requires multiple and/or large Ag 

doses, which introduced a risk of allergy development.  Previous work performed in our 

laboratory demonstrated that reovirus recombinant protein sigma 1 (pσ1) can be 

successfully applied as a delivery vehicle for induction of a long-lasting and sustainable 

tolerance to the fused protein Ag (89).   
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In a previous chapter, we reported that pσ1-mediated tolerance to the fused 

protein Ag can be easily adapted to prevent autoimmunity.  PLP130-151-bearing OVA-pσ1, 

termed PLP:OVA-pσ1, but not OVA-pσ1 alone, successfully ameliorates PLP139-151-

induced EAE, demonstrating the Ag-specificity of pσ1-mediated tolerance.  We have 

shown that FoxP3+ CD25+CD4+ Treg cells that secrete IL-10 are essential for PLP:OVA-

pσ1-mediated protection against EAE, although IL-4-secreting CD25-CD4+ Th2 cells, 

induced by nasally applied PLP:OVA-pσ1 support the observed tolerance.   

Here we show that a single dose of rMOG29-146-pσ1 fusion protein (MOG-pσ1), 

but not rMOG alone, when administered to mice, entirely prevents CNS pathology and 

clinical manifestation of MOG35-55-induced EAE.  Nasally applied MOG-pσ1 induces 

production of IL-10 by Treg cells and IL-4 by FoxP3+ Th2 cells.  Moreover, we have 

determined that B cells from MOG-pσ1-protected mice produce both of these anti-

inflammatory cytokines in response to the challenge with MOG35-55 peptide.  Consistent 

with this finding, MOG-pσ1-mediated protection against EAE is partially abrogated in B 

cell-deficient (µMT) mice.  We have shown that IL-10 secreted in response to MOG-

pσ1-tolerization is crucial for protection against EAE, as evidenced by the inability to 

prevent EAE in MOG-pσ1-dosed IL-10-/- mice.  Consistent with reports by others of the 

failure to induce mucosal tolerance in CD11b-/- mice (99), nasal delivery of MOG-pσ1 

did not protect CD11b-/- mice from MOG35-55-induced EAE.  Importantly, we have shown 

that as little as 50 µg of MOG-pσ1 administered to the mice at the peak of clinical 

disease can significantly reduce ongoing EAE and accelerate recovery from disease.  
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Materials and Methods 

 
Preparation of MOG-pσ1 and  
Recombinant MOG (rMOG) 

 Protein σ1 was prepared, as previously described (89).  A synthetic gene encoding 

extracellular domain (amino acids 29-146) of mouse MOG protein (399) was synthesized 

by GenScript, Inc (Piscataway, NJ).  To obtain the fusion protein rMOG29-146-pσ1, rMOG 

was amplified with appropriate pairs of primers.  Both 5' and 3' primers contained EcoRI 

site for cloning.  The 5' primer also contained ATG initiation codon embedded into an 

optimal Kozak’s sequence.  The 3' primer was designed to be in-frame to pσ1.  The PCR 

product was gel-purified and cloned into an intermediate topocloning vector.  The insert 

was excised by cutting with EcoRI and gel-purified again, resulting in EcoRI ends.  This 

fragment was then inserted into pPICσ1-1, a yeast expression cassette featuring the 

whole pσ1 coding region with an upstream EcoRI site.  In pPICσ1-1, pσ1 is produced as 

a His-tag fusion protein for affinity purification on Talon metal affinity resin (BD 

Bioscience, Palo Alto, CA).  Correct orientation of rMOG was determined by DNA 

sequencing.  The junction between the rMOG and pσ1 featured a flexible linker (Pro-

Gly) to minimize steric hindrance between the components.  To produce recombinant 

MOG (rMOG) without pσ1, MOG29-146 was amplified with 5' and 3' primers containing 

and EcoRI and SalI site, respectively.  The PCR product was gel-purified and cloned into 

an intermediate topocloning vector.  After digestion with EcoRI and SalI rMOG was 

cloned into pPICB vector cut with EcoRI and XhoI.  The resulting constructs were 

sequenced and expressed in the yeast P. pastoris, according to the manufacturer’s 
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directions (Invitrogen Corp.).  Recombinant proteins were extracted from yeast cells by a 

bead-beater (Biospec Products, Bertlesville, OK) and purified on a Talon metal affinity 

resin (BD Biosciences), according to manufacturer’s instructions.  Proteins were assessed 

for purity and quality by Coomassie-stained polyacrylamide gels and by Western blot 

analysis, using a monoclonal mouse anti-His C-terminal (Invitrogen) or a polyclonal 

rabbit anti-pσ1 Ab (produced in-house).  All recombinant proteins migrated as a single 

band of the expected MW and showed proper immuno-reactivities.  

 
Mice  

 Female six-week old C57BL/6N mice (Frederick Cancer Research Facility, 

National Cancer Institute, Frederick, MD) were used thought the study.  IL-10-/- mice 

breeder pairs were obtained from The Jackson Laboratory to establish our breeding 

colony.  Mac-1-/- and µMT mice were a generous gift from Dr. Allen Harmsen at 

Montana State University, Bozeman, Montana.  All mice were maintained at Montana 

State University Animal Resources Center under pathogen-free conditions in individual 

ventilated cages under HEPA-filtered barrier conditions and were fed sterile food and 

water ad libitum.  The mice were free of bacterial and viral pathogens, as determined by 

antibody screening and histopathological analysis of major organs and tissues.  All 

animal care and procedures were in accordance with institutional policies for animal 

health and well-being. 
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Tolerance Induction, and MOG-pσ1 Treatment 

 For tolerance induction, mice (5 mice/group) were nasally dosed before EAE 

challenge, as described in the text, with a single dose of 50 µg of MOG-pσ1.  Control 

groups were nasally dosed with PBS, or with rMOG (50 µg or 12.5 µg). 

 For MOG-pσ1 treatment, mice were nasally dosed with 50 µg of MOG-pσ1 10, 

11, 17, or 20 days after EAE induction, as designated in the text. Control groups were 

treated with PBS.  MOG-pσ1 was administered nasally in a volume of no more than 20 

µl / dose up to four times a day, with no less than 2.5 hour intervals between each 

administration (89).   

 
EAE Induction 

 For EAE induction, mice were challenged s.c. in flank with 150 µg of the 

encephalitogenic MOG peptide (MOG35-55; MEVGWYRSPFSRVVHLYRNGK; Global 

Peptide Services, LLC, Ft. Collins, CO; HPLC-purified to > 90 %) in 100 µl of CFA 

(Sigma-Aldrich) containing 4 mg/ml Mycobacterium tuberculosis (Difco Laboratories, 

Detroit, MI, USA) on day 0.  On day 7, mice received second 150 µg dose of MOG35-55 

peptide in CFA containing 1.5 mg/ml of M. tuberculosis. On days 0 and 2 post-primary 

challenge, mice received i.p. 200 ng of Bordetella pertussis toxin (PT; List Biological 

Laboratories, Campbell, CA) as described (235).  Mice were monitored and scored daily 

for disease progression (78): 0, normal; 1, a limp tail; 2, hind limb weakness; 3, hind limb 

paralysis; 4, quadriplegia; 5, death.   
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Ab ELISA  

 Serum and fecal samples collection was performed, as previously described (89).  

rMOG-specific endpoint Ab titers were measured by ELISA, as previously described 

(46), using purified rMOG as coating Ag.  Specific  reactivity to rMOG was determined 

using HRP conjugates of goat anti-mouse IgG-, and IgA-specific Abs (1.0 µg/ml; 

Southern Biotechnology Associates, Birmingham, AL), and ABTS (Moss Inc., Pasadena, 

CA) enzyme substrate.  The absorbences were measured at 415 nm on a Kinetics Reader 

model ELx808 (Bio-Tek Instruments).  Endpoint titers were expressed as the reciprocal 

dilution of the last sample dilution, giving an absorbence of 0.1 OD units above the OD415 

of negative controls after 1 h incubation (78, 357). 

 
Measurement of Delayed-Type  
Hypersensitivity (DTH) Responses  

 To measure MOG35-55- specific DTH responses in vivo (46), 10 µg of MOG35-55 

were injected into the left ear pinna, and PBS alone (20 µl) was administered to the right 

ear pinna as a control.  Ear swelling was measured 24 h later with an electronic digital 

caliper (World Precision Instruments, Sarasota, FL).  The DTH response was calculated 

as the increase in ear swelling after Ag injection following subtraction of swelling in the 

control site injected with PBS. 

 
Histological Evaluation of Spinal Cords 

 For histological evaluation of tissue pathology, spinal cords were removed 18 

days after challenge and fixed with neutral buffered formalin (VWR International, West 

Chester, PA), embedded into paraffin, and sectioned at 5 µm.  Cross sections of spinal 



 203

cords were stained with H&E for pathological changes and inflammatory cell infiltration.  

Adjacent sections were stained with luxol fast blue (LFB) and examined for loss of 

myelin.  Pathological manifestations were scored separately for cell infiltrates and 

demyelination.  Each H&E section was scored from 0 to 4: 0, normal; 1, cell infiltrate 

into the meninges; 2, one to four small focal perivascular infiltrates; 3, five or more small 

focal perivascular infiltrates and/or one or more large infiltrates invading the 

parenchyma; 4, extensive cell infiltrates involving 20 % or more of the white matter (33, 

78).  In each LFB stained section, myelin was also scored from 0 to 4: 0, normal; 1, one 

small focal area of demyelination; 2, two or three small focal areas of demyelination; 3, 

one to two large areas of demyelination; 4, extensive demyelination involving 20 % or 

more of white matter (33, 78).  

 
Cytokine ELISA  

 Spleens, mesenteric lymph nodes (MLNs), and head and neck LNs (HNLNs) 

were aseptically removed 18 - 21 days after EAE induction from PBS-, MOG-pσ1- and 

rMOG- dosed mice.  Lymphocytes were prepared, as previously described (33), and 

resuspended in complete medium (CM) (34).  Lymphocytes were cultured in 24-well 

tissue plates at 5 x 106 cells/ml in CM alone or in the presence of MOG35-55 (30 µg/ml) in 

a total volume of 1 ml for three to five days at 37º C.  Bead-isolated CD4+, CD25+CD4+ 

or CD25-CD4+ T cells were cultured for the total of 3 days in the presence of 1:1 ratio of 

T cell-depleted splenic feeder cells with or without Ag re-stimulation (89).  The 

supernatants were collected by centrifugation and stored at -80º C.  Capture ELISA was 

employed to quantify, on at least triplicate sets of samples, the levels of IFN-γ, IL-4, IL-
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10, IL-13, IL-17, and TGF-β produced by lymphocytes, as previously described (33).  

For detection of IL-21 IL- 22 , IL-27, or IL-28 , microtiter wells were coated with 2 

µg/ml of purified Abs: goat anti-mouse IL-21 pAb, goat anti-mouse IL-22 pAb, goat anti-

mouse IL-27p28 pAb, and anti-mouse IL-28B/IFN-λ3 mAb (clone 244716) (all from 

R&D Systems, Minneapolis, MN).  After blocking with PBS + 1% BSA for 2h at 37º C, 

washed wells were incubated with cell culture supernatants at 4º C for 24 h.  After 

washing, 0.5 µg/ml biotinylated Abs: goat anti-mouse IL-21 pAb, goat anti-mouse IL-22 

pAb, goat anti-mouse IL-27p28 pAb, or rat anti-mouse IL-28 mAb (clone 244707) (R&D 

Systems) was added, respectively, for 90 min at 37º C.  Following washing, 1:500 HRP-

goat anti-biotin Ab (Vector Laboratories, Inc., Burlingame, CA) was added for 1h at 

room temperature (RT).  After washing, ABTS peroxidase substrate (Moss, Inc.) was 

added to develop the reaction. 

 
FACS Analysis 

 Lymphocytes from the HNLNs, MLNs, and spleens were isolated 18 days after 

challenge and single cell suspensions were prepared, as described above (33).  Cells were 

stained for FACS analysis using conventional methods.  T cell subsets were analyzed 

using fluorochrome-conjugated mAbs for CD4, CD25, B220, CTLA-4 (all from BD 

Pharmingen), and PE-conjugated CD73 (eBiosicence), and biotinylated TGF-β (R&D 

Systems).  Purified rabbit polyclonal CD39 Ab was purchased from Santa Cruz 

Biotechnology and biotinylated in-house.  Intracellular staining for FoxP3 was 

accomplished using FITC-, Cy-, or PE-anti-Foxp3 mAb (clone FJK-16s; eBioscience, 

San Diego, CA), PE, or APC- anti-IL-10 and anti-IL-4, (all from BD Pharmingen).  
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Bound fluorescence was analyzed with a FACS Canto (BD Biosciences, Mountain View, 

CA).  

 
Adoptive Transfer Studies  

 Following MOG-pσ1 immunization, total CD4+ T cells from spleens, HNLNs, 

and MLNs were obtained (negative CD4+ T cell isolation kit, Dynal Biotech ASA, Oslo, 

Norway).  CD25+CD4+ and CD25-CD4+ T cells were isolated from total CD4+ T cells 

with > 94 % and 97 % purity, respectively, by positive selection using CELLection 

Biotin Binder Kit (Dynal Biotech; Invitrogen) and biotin-conjugated anti-mouse CD25 

mAbs (PC61, eBioscience), according to manufacture’s instructions.  

 B cells were isolated (negative B cell isolation kit, Dynal Biotech) from spleens, 

HNLNs, and MLNs of C57BL/6 mice 14 days after nasal administration of MOG-pσ1 or 

PBS.  To test the efficacy of MOG-pσ1-primed T and B cells in rescuing diseased mice 

from EAE, 6 x 105 of CD25-CD4+ T cells or CD25+CD4+ Treg cells, or 2 x 107 of B cells 

were i.v. injected into naïve recipients.  Group of control mice was i.v. injected with 

sPBS.  

 
Statistical Analysis  

 The ANOVA followed by posthoc Tukey test was applied to show differences in 

clinical scores in treated vs. PBS mice.  The student t test was used to evaluate the 

differences between variations in cytokine level production, and p-values < 0.05 are 

indicated, unless specified otherwise. 
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Results 

 
Single Nasal Dose of Pσ1-Delivered rMOG,  
Protects Mice from Clinical Manifestation  
of EAE via Induction of MOG-Specific Tolerance 

 Previously, we demonstrated that nasal administration of a single dose of OVA-

pσ1 can induce long-lasting and sustainable tolerance to OVA (89).  When applied to 

prevent autoimmunity, pσ1-based delivery system was proven efficient in mediating 

auto-Ag-specific tolerance and in generating protection against PLP139-151-induced 

relapsing-remitting (RR) EAE in susceptible SJL mice.  
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Figure 4.1.  Schematic representation of MOG-pσ1 protein and rMOG.  (A) MOG-pσ1 contains from the 
N-terminus: MOG29-146, pσ1 (shaft and head), 6 histidine-tag, and Myc Ag-tag.  
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Figure 4.1. – continued.  Recombinant MOG (rMOG) contains from the N-terminus: MOG29-146, 6 
histidine-tag, and Myc Ag-tag (components are not drawn to scale) (B) Western immunoblot of MOG-pσ1 
(64 kDa) and pσ1 (51 kDa) probed with rabbit anti-pσ1 polyclonal Ab (left panel), and rMOG (15 kDa) 
probed with mouse IgG anti-histidine tag mAb (left panel). 
 

 To test the efficacy of pσ1-based vaccine in treating acute EAE, the extracellular 

domain of myelin oligodenrocyte glycoprotein (MOG29-146) was genetically fused to pσ1, 

termed MOG-pσ1 (Figure 4.1A and C-left panel) and tested in susceptible C57BL/6 

mice.  Mice were nasally dosed with PBS, 50 µg of MOG-pσ1 or recombinant MOG 

(rMOG) (Figure 4.1B and C-right panel), or with 12.5 µg rMOG, which represents an 

equimolar amount of MOG delivered by pσ1.  Three weeks later, all mice were 

challenged with MOG35-55 peptide to induce EAE, as previously described (235).  In 

contrast to severe relapsing-remitting onset of EAE in SJL mice, C57BL/6 mice, when 

challenged with MOG35-55 peptide, develop acute disease that is less severe and not 

characterized by clinical relapses (164, 400).  Unlike SJL mice that often succumb at the 

peak of the acute disease, MOG35-55-challenged C57BL/6 mice usually reach the maximal 

clinical score of three, and generally all mice recover from the disease.  In our 

experiments, C57BL/6 mice that received PBS prior to EAE induction developed 

classical onset of the acute EAE.  The initiation of clinical symptoms occurred around 

day 13 post-primary challenge (p.p.ch) in PBS-dosed mice, and progression was observed 

until the peak (around day 19, p.ch) when mice exhibited the average clinical score of 3 

(Figure 4.2A, Table 4.1).  After day 21, p.ch, clinical signs gradually declined, and all 

mice entirely recovered from acute disease around day 33, p.ch, (Figure 4.2A, Table 4.1).  

Nasal administration of 50 or 12.5 µg of rMOG did not prevent clinical manifestation of 
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EAE in mice.  C57BL/6 mice dosed with 12.5 µg of rMOG developed EAE around day 

12, p.ch, and even though the disease progressed faster in these mice when compared to 

PBS-dosed mice, both groups reached the peak of the disease and remitted from EAE at 

the similar time.  Ameliorated, although not statistically relevant, was the disease 

observed in mice dosed with 50 µg of rMOG, when compared to PBS-dosed mice (Figure 

4.2A, Table 4.1).  In contrast to PBS- and rMOG-dosed diseased mice, nasal 

administration of 50 µg of MOG-pσ1 almost entirely prevented the occurrence of clinical 

EAE, and in fact only one out of five mice in this group developed the clinical score of 1 

on day 16, p.ch, (Figure 4.2A, Table 4.1).   
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Figure 4.2.  Nasal administration of MOG-pσ1 protects mice against MOG35-55-induced acute EAE.  
C57BL6 mice were dosed with 50 µg of MOG-pσ1 or rMOG, 12.5 µg of rMOG, or sterile PBS on 3 wks 
prior to EAE induction.  Mice were challenged with MOG35-55 peptide on day 0 and seven days later, and 
were monitored for the development of clinical disease.  (A) Mice dosed with PBS and different doses of 
rMOG developed fully pronounced EAE and recovered by day 30 p.ch.  In contrast to these mice, MOG-
pσ1 immunization prior to EAE induction rendered mice resistant to the clinical disease, except one mouse 
that developed clinical score of 1 on day 16 p.ch.  Average of 5-10 mice per group is shown.  *, p < 0.001 
vs. MOG-pσ1-dosed mice.  (B, C) C57BL/6 mice were dosed with 50 µg of MOG-pσ1 or rMOG, 12.5 µg 
of rMOG, or with PBS one wk prior to EAE induction with MOG35-55 peptide.  (B) Anti-MOG35-55 DTH 
response measured two weeks after EAE induction confirmed that unlike in PBS- or rMOG-dosed mice, 
MOG-pσ1-dosed mice showed striking reduction in MOG35-55-specific Th1 cells.  Mean ± SEM of 10 mice 
per group is depicted. *, p < 0.001 vs. MOG-pσ1-dosed mice.  (C) Presence of rMOG-specific Abs in 
serum of these mice was analyzed by ELISA 28 days after EAE induction.  Unlike MOG-pσ1-protected 
mice that showed significant reduction in rMOG-specific IgG Ab titers in serum, mice dosed with PBS or 
different doses of rMOG exhibited significant increase in rMOG-specific IgG Abs.  Average ± SEM of 5 
mice per group is shown.  *, p < 0.001, **, p < 0.05 vs. MOG-pσ1-dosed mice.  (D)  Mice dosed with 50 
µg of MOG-pσ1, 12.5 µg of rMOG, or with PBS 7 days before EAE induction were sacrificed at the peak 
of the disease (day 19, p.ch) and histopathology of their spinal cords was determined by staining with H&E 
(mononuclear cell infiltration) and LFB (demyelination).  Mice dosed with MOG-pσ1 showed significant 
reduction in the CNS tissue pathology (designated by arrows) comparing to PBS- and rMOG-dosed not 
protected mice. Representative images of 5 mice/group are depicted.  * p < 0.001 vs. MOG-pσ1-dosed 
mice. 
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Table 4.1.  Nasal administration of MOG-pσ1 prior to MOG35-55 challenge protects C57BL/6
mice from EAEa 

 Treatmentbb    EAE/Totalcc   Onsetdd      Max. scoreee     CSff       Inflammgg     Demyelinhh

      

PBS 5/5 13.8 ± 1.3* 3.5   21.7 2.2 ± 0.3*  2.7 ± 0.37*

MOG-pσ1 1/5 16 ± 0 1    1.6 0.1 ± 0.03  0.008 ± 0.001

rMOG 50 µg 5/5 13.6 ± 1.1* 3   18.3 2 ± 0.45*  2.5 ± 0.64*

rMOG 12.5 µg 5/5 13 ± 1* 3.5   24.3 2.8 ± 0.54*  3.2 ± 0.6*

Table 4.1.  Nasal administration of MOG-pσ1 prior to MOG35-55 challenge protects C57BL/6
mice from EAEa 

 Treatmentbb    EAE/Totalcc   Onsetdd      Max. scoreee     CSff       Inflammgg     Demyelinhh

      

PBS 5/5 13.8 ± 1.3* 3.5   21.7 2.2 ± 0.3*  2.7 ± 0.37*

MOG-pσ1 1/5 16 ± 0 1    1.6 0.1 ± 0.03  0.008 ± 0.001

rMOG 50 µg 5/5 13.6 ± 1.1* 3   18.3 2 ± 0.45*  2.5 ± 0.64*

rMOG 12.5 µg 5/5 13 ± 1* 3.5   24.3 2.8 ± 0.54*  3.2 ± 0.6*

 Treatmentbb    EAE/Totalcc   Onsetdd      Max. scoreee     CSff       Inflammgg     Demyelinhh

rMOG 12.5 µg 5/5 13 ± 1* 3.5   24.3 2.8 ± 0.54*  3.2 ± 0.6*  
 

a C57BL/6 mice were challenged s.c. with 150 µg MOG35-55 emulsified in complete Freund’s adjuvant on 
day 0, and with 150 µg MOG35-55 emulsified in incomplete Freund’s adjuvant on day 7.  Mice received also 
200 ng PT i.v. on days 0 and 2. 
b Mice were nasally immunized 21 days prior to challenge with 50 µg of MOG-pσ1 or rMOG, 12.5 µg of 
rMOG, or with PBS 
c Number of mice with EAE/total in group.     
d Mean day ± SD of clinical disease onset.  
e Maximum (Max.) daily clinical score.        
f Cumulative scores (CS) were calculated as the sum of all scores from disease onset to day 33 post-
challenge, divided by the number of mice in each group. 
g Mean score ± SEM of inflammation: the infiltration of nucleated cells into spinal cords was scored from 0 
to 4 in each mouse separately, and the mean score and SEM were calculated. 
h Mean score ± SEM of demyelination: the demyelination in spinal cords was scored from 0 to 4 in each 
mouse separately, and the mean score and SEM were calculated. 
 *, p < 0.001 for PBS vs. MOG-pσ1-dosed mice. 
 
 

 Extracellular domain of MOG present in MOG-pσ1 contains both T and B cell 

epitopes (399).  To test whether MOG-pσ1-mediated protection against EAE is due to the 

induction of rMOG-specific tolerance, mice nasally dosed with MOG-pσ1, rMOG, or 

PBS were induced with EAE seven days later.  Presence of MOG35-55-specific DTH 

responses was measured in mice two weeks, p.ch, with MOG35-55.  Consistent with 

protection against EAE, mice that received MOG-pσ1 exhibited virtual lack of MOG35-55-

specific memory Th1 cells, whereas the MOG35-55-specific DTH response was very 

pronounced in unprotected PBS- or rMOG-dosed mice (Figure 4.2B).  Presence of 

rMOG-specific Abs in serum was evaluated up to the fourth week p.ch in these mice.  In 
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contrast to diseased PBS- and rMOG-dosed mice that showed significant increases in 

rMOG-specific IgG Ab titers in serum, MOG-pσ1-protected mice exhibited significant 

reduction in rMOG-specific IgG Abs even four weeks after challenge (Figure 4.2C).  

rMOG-specific IgA Abs were not detected in serum collected from mice in any 

experimental group (data not shown).  These results indicate that MOG-pσ1-mediated 

protection against EAE is generated after just a single dose of the vaccine, and this 

protection is due to the long-lasting MOG-specific tolerance generated after nasal 

administration of MOG-pσ1. 

 
Nasal MOG-pσ1 Prevents  
EAE-Associated CNS Pathology  

 Clinical manifestation of EAE is associated with the destruction of the CNS 

myelin by infiltrating inflammatory cells.  To determine if nasally given MOG-pσ1 can 

prevent the CNS inflammation, spinal cord sections obtained from MOG-pσ1-protected 

and rMOG- or PBS-dosed diseased mice were examined for demyelination and 

mononuclear cell infiltration.   Histological analysis revealed that mice dosed with MOG-

pσ1 seven days before EAE induction showed virtually no inflammation and 

demyelination in the CNS when compared to PBS-dosed diseased mice (Figure 4.2D, 

Table 4.1).  Interestingly, mice dosed with 12.5 µg of rMOG prior to EAE induction 

showed more severe infiltration of mononuclear cells and demyelination when compared 

to PBS-dosed mice, even though there were no significant differences between these two 

groups in clinical onset of EAE (Figure 4.2A and D).  Mice that received 50 µg of rMOG 

before EAE induction exhibited similar levels of inflammation and demyelination when 



 212

compared to PBS-dosed mice and significantly more pronounced CNS histopathology 

when compared to MOG-pσ1-protected mice (Table 4.1). 

 
MOG-pσ1-Induced Protection against EAE Is  
Associated with Suppression of Th1- and  
Th17-Type Proinflammatory Responses and  
Induction of Anti-Inflammatory Response 

OVA-pσ1-induced tolerance to OVA (89) and PLP:OVA-pσ1-mediated 

protection against RR EAE were characterized by enhanced production of IL-10 and IL-

4, and concomitant reduction in levels of proinflammatory Th1- and Th17-type 

cytokines.  To determine if MOG-pσ1-mediated protection against acute EAE was 

associated with a similar cytokine response, we evaluated the cytokine profiles of 

lymphocytes isolated from HNLNs, MLNs, and spleens of mice dosed with  MOG-pσ1, 

rMOG, or with PBS one week prior to EAE induction, and sacrificed at the peak of the 

clinical EAE (around day 20, p.ch).  Lymphocytes obtained from MOG-pσ1-dosed mice 

did not produce IL-17, or IL-27, but secreted a marginal amount of IL-21 and IFN-γ 

(Figure 4.3A).  In contrast to MOG-pσ1-protected mice, cells from PBS-dosed 

unprotected mice produced predominantly Th17-related cytokines, as evidenced by at 

least 8-fold enhancement in secretion of IL-17 and almost 2-fold increase in IL-21 when 

compared to MOG-pσ1-protected mice (Figure 4.3A).  Negligible amounts of anti-

inflammatory cytokines IL-4, IL-10, and also Th1-type cytokines, IFN-γ and IL-27, were 

secreted by cells isolated from PBS-dosed mice (Figure 4.3A and B).  Mice given various 

doses of rMOG exhibited the very unique cytokine profile characterized by significant 

enhancement of Th1-type cytokines, IL-27 and IFN-γ, and concomitant depression of 
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Th17-type cytokines, IL-17 and IL-21, as well as a very pronounced reduction of anti-

inflammatory IL-4 and IL-10 (Figure 4.3A and B).  Consistent with our previous findings, 

MOG-pσ1-protected mice produced significantly more IL-4 and IL-10 in response to 

MOG35-55 stimulation than any diseased PBS- or rMOG-dosed mice (Figure 4.3B).  When 

compared to PBS-dosed mice, lymphocytes isolated from MOG-pσ1-protected mice 

produced at least 3-fold more of IL-4, and over 3-fold more of IL-10.  Minor 

concentrations of IL-13 were secreted by lymphocytes isolated from any experimental 

group, and no differences were observed in IL-13 production between protected and 

diseased mice (Figure 4.3B).  These results indicate that MOG-pσ1-mediated protection 

is associated with increased production of IL-10 and IL-4 with concomitant inhibition of 

Th17- and Th1-type cytokines.  Interestingly, what we have learned is, unlike the disease 

in PBS-dosed mice that is clearly mediated by encephalitogenic Th17 cells, EAE in 

rMOG-dosed mice is associated with the enhancement of Th1-type immune responses. 
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Figure 4.3.  MOG-pσ1-mediated protection against EAE is associated with increased production of 
regulatory cytokines and depressed secretion of proinflammatory cytokines.  Mice were immunized and 
challenged as described in Figure 4.2 B and C legend.  At the peak of clinical disease, mice were sacrificed 
and lymphocytes from their HNLNs, MLNs, and spleens were isolated, in vitro (A) proinflammatory and 
(B) anti-inflammatory cytokines.  Lymphocytes acquired from PBS-dosed mice produced mostly Th17-
associated proinflammatory cytokines (IL-17 and IL-21), whereas cells from mice dosed with rMOG (50 
and 12.5 µg) secreted predominantly Th1-type proinflammtory cytokines (IFN-γ and IL-27).  In contrast to 
these mice, lymphocytes obtained from MOG-pσ1-protected mice produced IL-10, IL-4, but no 
inflammatory cytokines.  Results show mean ± SD of 5 mice per group.  *, p < 0.05 for MOG-pσ1 vs. PBS; 
‡, p < 0.05 for MOG-pσ1 vs. rMOG (50 µg).  

 

Single Nasal Dose of MOG-pσ1 Provides  
Immediate Relieve against EAE Clinical  
Symptoms in an Antigen-Dependent Manner 

 Our results described in a previous chapter of this manuscript indicated that as 

little as 100 µg of PLP:OVA-pσ1 given to the mice in the pre-clinical stage of EAE is 

sufficient to suppress clinical manifestation of the disease.  Additionally, we showed here 

that 50 µg of nasally given MOG-pσ1 can almost entirely prevent clinical manifestation 
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and the CNS histopathology when given to mice prior to EAE induction.  Here we asked 

whether MOG-pσ1 can be applied to treat ongoing clinical EAE.  To answer this 

question, mice were induced with EAE, and when they reached the peak of the clinical 

disease, mice were treated with 50 µg of MOG-pσ1 or PBS nasally.  Significant, almost 

2-fold reduction in clinical symptoms was observed in MOG-pσ1-treated mice 24 h after 

treatment (Figure 4.4A).  This immediate and dramatic drop in EAE clinical onset by 

MOG-pσ1-treated mice was followed by an 8-day recovery phase in which MOG-pσ1-

treated mice exhibited an average clinical score of 1.  All MOG-pσ1-treated mice 

recovered by day 30 p.ch.  In contrast to MOG-pσ1-dosed mice, nasal administration of 

PBS did not improve clinical occurrence of EAE, and these mice followed the normal 

course of disease characterized by a gradual decline that led to complete recovery around 

33 days after EAE induction (Figure 4.4A).   

 We previously reported that in vitro OVA-pσ1 induced clonal deletion of OVA-

Tg CD4+ T cells by apoptosis in a time and dose-dependent manner (89).  To determine if 

this dramatic improvement in clinical disease after MOG-pσ1 treatment was due to the 

pσ1-induced apoptosis of encephalitogenic MOG-reactive CD4+ T cells, mice challenged 

with MOG35-55 peptide were nasally treated with 50 µg of MOG-pσ1, rMOG, or pσ1, 50 

µg of rMOG + 50 µg of pσ1, or with 100 µg of PLP:OVA-pσ1 on day 18 after EAE 

induction (Figure 4.4B).  Mice were monitored daily for the development of clinical 

disease.  Nasal treatment with 50 µg of MOG-pσ1 prevented progression of the disease.  

All MOG-pσ1-treated mice underwent dramatic remission within the first 24 hrs, and by 

the day 28, p.ch entirely recovered from EAE (Figure 4.4B-left panel).  In contrast to 
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MOG-pσ1-rescued mice, mice that received PBS or rMOG on day 18, p.ch developed 

normal clinical disease and remitted gradually until completely recovered on day 30, 

p.ch.  EAE onset in PLP:OVA-pσ1-treated mice resembled EAE observed in PBS-dosed 

mice (Figure 4.4B-right panel).  However, mice that received pσ1 or pσ1 + rMOG on day 

18, p.ch developed more severe clinical symptoms than PBS-dosed mice (Figure 4.4B-

right panel).  These results suggest that pσ1-mediated tolerance to the fused protein Ag is 

Ag-specific, and further confirm that N terminal fusion of protein Ag to pσ1 is critical for 

induction of pσ1-mediated tolerance. . 
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Figure 4.4.  Nasal administration of MOG-pσ1 suppresses ongoing EAE.  (A) C57BL/6 mice were dosed 
nasally with 50 µg of MOG-pσ1 or PBS at the peak of clinical disease (20 days after challenge with 
MOG35-55 peptide).  Mice were monitored daily for the development of clinical EAE.  Administration of 
PBS did not affect acute EAE.  In contrast to PBS-treated mice, nasal administration of MOG-pσ1 at the 
peak of the disease drastically ameliorated clinical manifestation of EAE within 24 h.  Average of 10 mice 
per group is depicted.  *, p < 0.05 vs. PBS-dosed mice.   
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Figure 4.4. – continued.  (B) C57BL/6 mice challenged with MOG35-55 were treated 18 days later with one 
of the following: PBS, 50 µg of MOG-pσ1, pσ1, or rMOG, 50 µg of rMOG + 50 µg of pσ1, or with 100 µg 
of PLP:OVA-pσ1.  Mice were monitored daily for the development of clinical disease.  Clinical 
manifestation of acute EAE was not altered in mice by nasal treatment with PBS, rMOG, or PLP:OVA-
pσ1.  In contrast to PBS-dosed mice, MOG-pσ1 given nasally to mice significantly reduced the average 
clinical score within first 24 h after treatment.  Treatment with pσ1 or with rMOG + pσ1 induced further 
progression of EAE, and these mice developed more severe EAE than PBS-dosed unprotected mice.  
Average of 5 mice per group is depicted. *, p < 0.05 vs. PBS-treated mice.  

 
 
MOG-pσ1-Mediated Protection  
against EAE Was Subverted in IL-10-/- Mice 

Previously we reported that OVA-pσ1-mediated tolerance to OVA could not be 

induced in IL-10-/- mice (89).  Additionally, we have shown that PLP:OVA-pσ1-mediated 

protection against RR EAE was compromised in the absence of IL-10-producing 

CD25+CD4+ Treg cells.  To determine whether IL-10 is essential for MOG-pσ1-mediated 

protection against acute EAE, we examined if MOG-pσ1 treatment during pre-clinical 

phase of EAE will suppress the disease in IL-10-/- mice.  IL-10-/- and C57BL/6 mice were 

challenged with MOG35-55 and treated with 50 µg of MOG-pσ1 or with PBS on day 11, 

p.ch.  MOG-pσ1 treatment of C57BL/6 mice entirely prevented development of clinical 

EAE (Figure 4.5A, Table 4.2).  In contrast, the PBS-dosed C57BL/6 mice developed EAE 

around day 16, p.ch, and exhibited peak clinical score of 3 and recovered by day 30, p.ch.  

Clinical manifestation of EAE exhibited by PBS- or MOG-pσ1-treated IL-10-/- mice was 

more severe than the disease in PBS-dosed C57BL/6 mice (Figure 4.5A, Table 4.2).  The 

average peak clinical score in MOG-pσ1- and PBS-dosed IL-10-/- mice was almost 4, and 

in contrast to PBS-dosed wt mice, MOG-pσ1- and PBS- treated IL-10-/- mice did not 

recover completely from acute disease (Figure 4.5A).  On day 21, p.ch serum samples 

were collected from each group.  In contrast to MOG-pσ1-dosed wt mice that showed 
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significant reduction in rMOG-specific IgG Abs in serum, PBS-dosed wt mice, as well as 

MOG-pσ1- and PBS-dosed IL-10-/- mice, exhibited significant enhancement in rMOG-

specific IgG Ab titers in serum (Figure 4.5B).  Additionally, in contrast to MOG-pσ1-

dosed wt mice that after challenge with MOG35-55 remained unresponsive to this peptide, 

PBS-dosed wt mice, as well as IL-10-/- mice dosed with MOG-pσ1 or PBS, developed 

MOG35-55-specific DTH response (Figure 4.5C).  Consistent with the more pronounced 

EAE observed in IL-10-/- mice, these mice independent of treatment developed 

significantly higher MOG35-55-specific DTH response than PBS-dosed wt mice (Figure 

4.5C). 

 Next we analyzed the cytokine profiles of CD4+ T cells isolated from HNLNs, 

MLNs, and spleens of MOG-pσ1- or PBS-dosed C57BL/6 and IL-10-/- mice, stimulated 

in vitro with MOG35-55.  CD4+ T cells obtained from MOG-pσ1-treated wt mice produced 

2-fold more of IL-4, and 4-fold more of IL-10 when compared to the CD4+ T cells 

acquired from PBS-dosed C57BL/6 mice (Figure 4.5D-right column).  On the other hand, 

these CD4+ T cells isolated from MOG-pσ1-treated C57BL/6 mice produced marginal 

amounts of proinflammatory cytokines, and when compared to CD4+ T cells obtained 

from the PBS-dosed C57BL/6 mice, MOG-pσ1-derived CD4+ T cells produced at least 5-

fold less IL-17, and IFN-γ and significantly less IL-21 (Figure 4.5D-left column).  There 

were no significant differences in production of pro- or anti-inflammatory cytokines 

between IL-10-/- mice treated with MOG-pσ1 or with PBS (Figure 4.5D).  CD4+ T cells 

isolated from IL-10-/- mice independent of treatment produced at least 5-fold more IL-17, 

IL-21, and IFN-γ, when compared to CD4+ T cells acquired from MOG-pσ1-treated 
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C57BL/6 mice (Figure 4.5D).  Consistent with the higher average clinical score observed 

in MOG-pσ1- or PBS-dosed IL-10-/- mice when compared to PBS-dosed C57BL/6 mice, 

the C57BL/6 CD4+ T cells obtained from PBS-dosed mice produced significantly less of 

IFN-γ and IL-21, but more IL-4 and IL-10  when compared to CD4+ T cells isolated from 

PBS-dosed IL-10-/- mice.  In contrast to CD4+ T cells isolated from MOG-pσ1-treated 

C57BL/6 mice, > 4-fold reduction was observed in secretion of IL-4 and IL-10 by the IL-

10-/- CD4+ T cells isolated from PBS- or MOG-pσ1-dosed mice (Figure 4.5D-right 

column).  Significantly more IL-13 was produced by CD4+ T cells isolated from 

C57BL/6 mice when compared to IL-10-/- mice, and no difference in production of this 

cytokine was detected between MOG-pσ1- and PBS-dosed IL-10-/- mice (Figure 4.5D-

right column).  No difference in IL-22 and TGF-β secretion was observed by CD4+ T 

cells obtained from C57BL/6 or and IL-10-/- mice (data not shown). 

 
Table 4.2.  MOG-pσ1-mediated protection against EAE cannot be established in IL-10-/- micea 

 Treatmentbb                       EAE/Totalcc     Onsetdd            Max. scoreee         CSff  

        

PBS IL-10+/+ 10/10 16.3 ± 1.79* 3    20.8

MOG-pσ1 IL-10+/+ 0/10 0 ± 0 0    0

PBS IL-10-/- 11/11 14.64 ± 1.15* 4    33.9

MOG-pσ1 IL-10-/- 11/11 14.7 ± 1.88* 4    29.2

Table 4.2.  MOG-pσ1-mediated protection against EAE cannot be established in IL-10-/- micea 

 Treatmentbb                       EAE/Totalcc     Onsetdd            Max. scoreee         CSff  

        

PBS IL-10+/+ 10/10 16.3 ± 1.79* 3    20.8

MOG-pσ1 IL-10+/+ 0/10 0 ± 0 0    0

PBS IL-10-/- 11/11 14.64 ± 1.15* 4    33.9

MOG-pσ1 IL-10-/- 11/11 14.7 ± 1.88* 4    29.2

 Treatmentbb                       EAE/Totalcc     Onsetdd            Max. scoreee         CSff  

MOG-pσ1 IL-10-/- 11/11 14.7 ± 1.88* 4    29.2
 

a WT C57BL/6 (IL-10+/+) and IL-10-/- mice were challenged s.c. with 150 µg MOG35-55 emulsified in 
complete Freund’s adjuvant on day 0, and with 150 µg MOG35-55 emulsified in incomplete Freund’s 
adjuvant on day 7.  Mice received also 200 ng PT i.v. on days 0 and 2. 
b Mice were nasally immunized 11 days after challenge with 50 µg of MOG-pσ1 or with PBS (Figure 4.5).  
c Number of mice with EAE/total in group.     
d Mean day ± SD of clinical disease onset.      
e Maximum (Max.) daily clinical score.        
f Cumulative scores (CS) were calculated as the sum of all scores from disease onset to day 30 post-
challenge, divided by the number of mice in each group. *, p < 0.001 for PBS vs. MOG-pσ1-dosed mice.   
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Figure 4.5.  MOG-pσ1-mediated protection against EAE cannot be established in IL-10-/- mice.  C57BL/6 
and IL-10-/- mice were treated with 50 µg of MOG-pσ1 or with PBS 11 days after EAE induction with 
MOG35-55 peptide.  (A) In contrast to MOG-pσ1-treated C57BL/6 mice that did not develop clinical 
symptoms of EAE, PBS-dosed IL-10+/+ and IL-10-/- mice, as well as MOG-pσ1-treated IL-10-/- mice 
developed acute disease.  Average of 10 mice per group is depicted. *, p < 0.001 vs. MOG-pσ1-treated 
C57BL/6 mice.  (B) Serum samples were collected from these mice at the peak of the disease (d 21 p.ch), 
and the presence of rMOG-specific IgG Abs was evaluated by ELISA.  MOG-pσ1-dosed C57BL/6 mice 
exhibited significantly depressed rMOG-specific IgG Abs in serum when compared to PBS-dosed IL-10+/+ 
mice or MOG-pσ1- or PBS-dosed IL-10-/- mice.  Mean ± SEM of 5 mice per group is depicted. *, p < 0.001 
vs. MOG-pσ1-dosed C57BL/6 mice.  (C) Presence of MOG35-55-specific DTH response was measured in 
MOG-pσ1- and PBS-dosed and challenged C57BL/6 and IL-10-/- mice on day 28, p.ch.  Virtual lack of 
MOG35-55-specific DTH response was observed in MOG-pσ1-dosed C57BL/6 mice.  In contrast to these 
mice, significantly stronger DTH response to MOG35-55 peptide was detected in PBS-dosed IL-10+/+ mice.  
Even more pronounced MOG35-55-specific DTH response was exhibited by MOG-pσ1- and PBS-dosed IL-
10-/- mice when compared to PBS-dosed wt mice.  Mean ± SEM of 5 mice per group is depicted.  *,  p < 
0.001 vs. MOG-pσ1-dosed C57BL/6 mice;  **, p < 0.05 vs. PBS-dosed C57BL/6 mice.  (D) At the end of 
clinical EAE (day 28, p.ch), mice were sacrificed and CD4+ T cells isolated  from their HNLNs, MLNs, 
and spleens were cultured with 1:1 ratio of feeder cells and 30 µg/ml of MOG35-55 peptide.  Cytokine 
production was measured from supernatants after 3 days of culture and corrected for cytokine levels 
produced by unstimulated cells.  C57BL/6 CD4+ T cells from mice dosed with MOG-pσ1 produced 
enhanced IL-13 when compared to CD4+ T cells from MOG-pσ1- or PBS-dosed IL-10-/- mice.  
Significantly more IL-10, IL-4 was produced by C57BL/6 CD4+ T cells from MOG-pσ1-dosed mice when 
compared to CD4+ T cells obtained from diseased IL-10+/+ and IL-10-/- mice.  Proinflammatory cytokines 
were produced by diseased IL-10-/- and IL-10+/+ mice.  Mean ± SEM of 5-6 mice per group are depicted. *, 
p < 0.001, **, p < 0.05 vs. MOG-pσ1-dosed C57BL/6 mice; ‡, p < 0.05 vs. PBS-dosed C57BL/6 mice.  
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Nasally Given MOG-pσ1 in the Absence  
of IL-10 Induces Proinflammatory Cytokines 

 To further verify cytokine profiles associated with MOG-pσ1-mediated protection 

against EAE in IL-10+/+ mice and lack of this protection in IL-10-/- mice, we examined the 

production of various pro- and anti-inflammatory cytokines by CD25+CD4+ Treg cells and 

CD25-CD4+  T cells obtained from these mice dosed with MOG-pσ1 or PBS one week 

prior to EAE induction.  Treg cells and CD25-CD4+ T cells were isolated from HNLNs, 

MLNs, and spleens of MOG-pσ1- or PBS-dosed C57BL/6 and IL-10-/- mice, and these 

were cultured for 3 days with equal ratio of feeder cells and MOG35-55 peptide.  C57BL/6 

CD25-CD4+ T cells from PBS-dosed mice produced significantly more IFN-γ, IL-17, and 

IL-21 when compared to CD25-CD4+ T cells from MOG-pσ1-dosed mice (Figure 4.6A).  

Consistent with lack of protection in MOG-pσ1-dosed IL-10-/- mice, CD25-CD4+  T cells 

isolated from these mice secreted significantly more of IFN-γ and IL-21 when compared 

to PBS-dosed C57BL/6 mice, and significantly more IFN-γ, IL-17, and IL-21 when 

compared to MOG-pσ1-dosed C57BL/6 mice (Figure 4.6A).  There were no significant 

differences in production of pro- or anti-inflammatory cytokines by CD25-CD4+ T cells 

from IL-10-/- mice dosed with MOG-pσ1 or PBS.  In contrast to proinflammatory 

cytokines, over 2-fold increase in secretion of IL-4 was observed in CD25-CD4+ T cells 

between MOG-pσ1-dosed and PBS-dosed.  Moreover, significantly less IL-4 was 

obtained in CD25-CD4+ T cells isolated from MOG-pσ1-dosed IL-10-/- mice when 

compared to PBS-dosed C57BL/6 mice.  Only a minute amount of IL-10 was derived 

from CD25-CD4+ T cells from either MOG-pσ1- or PBS-dosed C57BL/6 mice.  CD25-
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CD4+ T cells isolated from MOG-pσ1-dosed C57BL/6 mice produced significantly more 

IL-13  than  MOG-pσ1- or PBS-dosed  IL-10-/- mice; significantly more TGF-β than 

PBS-dosed C57BL/6 or IL-10-/- mice; and significantly more IL-28 than CD25-CD4+  T 

cells isolated from any other experimental group (Figure 4.6A).  

 Treg cells were also sorted and evaluated for their production of cytokines.  Treg 

cells obtained from MOG-pσ1-protected C57BL/6 mice produced 11-fold more of IL-10 

and 3-fold more of IL-28 than Treg cells obtained from their PBS-dosed C57BL/6 mice 

(Figure 4.6B).  Very little to no TGF-β, IL-13, nor IL-4 was produced by Treg cells 

isolated from any experimental group.  MOG-pσ1-derived C57BL/6 Treg cells did not 

secrete IL-17, IL-21, and secreted considerably less IFN-γ when compared to PBS-dosed 

C57BL/6 mice and IL-10-/- mice dosed with MOG-pσ1 or PBS (Figure 4.6B).  Equivalent 

amounts of IFN-γ and IL-17 produced by Treg cells were obtained from PBS-dosed 

C57BL/6 mice and PBS- or MOG-pσ1-dosed IL-10-/- mice.  Additionally, significantly 

more IL-21 was secreted by Treg cells obtained from MOG-pσ1- or PBS-dosed IL-10-/- 

mice when compared to PBS-dosed C57BL/6 mice.  

These results indicate that MOG-pσ1-mediated protection in C57BL/6 mice is 

associated with IL-10 production by Treg cells, and IL-4 production by CD25-CD4+ Th2 

cells. 
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Figure 4.6.  MOG-pσ1-mediated protection against EAE in C57BL/6 mice is mediated by IL-10-producing 
T cells, as evidenced by lack of protection in MOG-pσ1-dosed IL-10-/- mice.   
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Figure 4.6. – continued.  (A) CD25-CD4+ T cells and (B) Treg cells were purified from C57BL/6 and IL-10-/- 
mice that were dosed with 50 µg of MOG-pσ1 or PBS on day -7, challenged with EAE on day 0, isolated 
21 days after EAE challenge, and co-stimulated in vitro with 30 µg/ml MOG35-55 peptide in the presence of 
APCs.  Cytokine production was measured from supernatants after 3 days of culture and for cytokine 
produced by unstimmulated cells.  (A) CD25-CD4+ T cells from diseased PBS-dosed C57BL/6 mice 
produced significantly more of IFN-γ, IL-17, and IL-21, but less of IL-4, IL-28, and TGF-β when compared 
to CD25-CD4+ T cells from MOG-pσ1-protected C57BL/6 mice.  C57BL/6 CD25-CD4+ T cells from PBS- 
and MOG-pσ1-dosed mice produced more IL-13 than these cells from MOG-pσ1- and PBS-dosed IL-10-/- 
mice.  CD25-CD4+ T cells from diseased IL-10-/- mice produced predominantly IFN-γ, IL-17, and IL-21.  
(B) Treg cells from MOG-pσ1-protected C57BL/6 mice produced predominantly IL-10, but also IL-4 and 
IL-28.  Marginal amounts of these cytokines were produced by Treg cells from diseased IL-10+/+ and IL-10-/- 

mice.  IL-13 and TGF-β were not produced by Treg cells from MOG-pσ1- and PBS-dosed IL-10+/+ and IL-
10-/- mice.  Treg cells from diseased MOG-pσ1- and PBS-dosed IL-10-/- mice produced elevated  IL-21, IL-
17, and IFN-γ when compared to MOG-pσ1-protected IL-10+/+ mice.  Equivalent amounts of IFN-γ and IL-
17 were produced by Treg cells from diseased IL-10+/+ and IL-10-/- mice.  Results depict mean ± SEM of 4-6 
mice per group. *, p < 0.001; **, p < 0.05 vs. MOG-pσ1-dosed C57BL/6 mice, ‡, p < 0.05 vs. PBS-dosed 
C57BL/6 mice.  
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Table 4.3.  Characterization of lymphocytes from combined LNs and spleens of PBS- and MOG-
pσ1-dosed C57BL/6 micea

Treatmentbb       CD25++CD4++ Tregreg cellscc     CD25--CD4++ Th2 cellscc         B cellscc  

   

MOG-pσσσσ1 27.19 ± 1.23* 74.6 ± 3.18 38.7 ± 5.38

         FoxP3+ 96.28 ± 2.47 23.18 ± 1.58* 2.26 ± 0.37

FoxP3++ Tregreg cells FoxP3++CD25-- Th2 cells

TGF-β+ 3.69 ± 0.41 9.22 ± 1.08* 0.39 ± 0.54

CTLA-4+ 27.48 ± 1.31 2.56 ± 1.12 8.18 ± 0.93

IL-10+ 77.17 ± 2.17* 7.57 ± 1.78 18.49 ± 1.29*

IL-4+ 15.68 ± 1.29* 76.29 ± 1.84* 7.2 ± 0.78*

CD73+ 64.2 ± 2.58* 22.6 ± 1.25* 2.18 ± 0.64

CD39+ 3.72 ± 0.48 2.89 ± 1.42 25.5 ± 2.84** 

PBS 11.9 ± 1.18 89.73 ± 3.28 41.2 ± 4.18

         FoxP3+ 89.74 ± 3.98 8.18 ± 0.73 1.07 ± 1.04

FoxP3++ Tregreg cells FoxP3++CD25-- Th2 cells

TGF-β+ 3.44 ± 0.47 2.02 ± 0.34 0.94 ± 0.78

CTLA-4+ 25.82 ± 0.86 3.07 ± 1.28 9.18 ± 0.71

IL-10+ 11.54 ± 1.09 4.28 ± 2.69 4.16 ± 1.38

IL-4+ 4.53 ± 0.71 5.62 ± 1.12 3.48 ± 0.71

CD73+ 33.9 ± 3.29 10.7 ± 0.48 3.4 ± 1.16 

CD39+ 2.83 ± 0.48 2.18 ± 0.74 16.8 ± 2.78

Table 4.3.  Characterization of lymphocytes from combined LNs and spleens of PBS- and MOG-
pσ1-dosed C57BL/6 micea

Treatmentbb       CD25++CD4++ Tregreg cellscc     CD25--CD4++ Th2 cellscc         B cellscc  

   

MOG-pσσσσ1 27.19 ± 1.23* 74.6 ± 3.18 38.7 ± 5.38

         FoxP3+ 96.28 ± 2.47 23.18 ± 1.58* 2.26 ± 0.37

FoxP3++ Tregreg cells FoxP3++CD25-- Th2 cells

TGF-β+ 3.69 ± 0.41 9.22 ± 1.08* 0.39 ± 0.54

CTLA-4+ 27.48 ± 1.31 2.56 ± 1.12 8.18 ± 0.93

IL-10+ 77.17 ± 2.17* 7.57 ± 1.78 18.49 ± 1.29*

IL-4+ 15.68 ± 1.29* 76.29 ± 1.84* 7.2 ± 0.78*

CD73+ 64.2 ± 2.58* 22.6 ± 1.25* 2.18 ± 0.64

CD39+ 3.72 ± 0.48 2.89 ± 1.42 25.5 ± 2.84** 

PBS 11.9 ± 1.18 89.73 ± 3.28 41.2 ± 4.18

         FoxP3+ 89.74 ± 3.98 8.18 ± 0.73 1.07 ± 1.04

FoxP3++ Tregreg cells FoxP3++CD25-- Th2 cells

TGF-β+ 3.44 ± 0.47 2.02 ± 0.34 0.94 ± 0.78

CTLA-4+ 25.82 ± 0.86 3.07 ± 1.28 9.18 ± 0.71

IL-10+ 11.54 ± 1.09 4.28 ± 2.69 4.16 ± 1.38

IL-4+ 4.53 ± 0.71 5.62 ± 1.12 3.48 ± 0.71

CD73+ 33.9 ± 3.29 10.7 ± 0.48 3.4 ± 1.16 

CD39+ 2.83 ± 0.48 2.18 ± 0.74 16.8 ± 2.78

Treatmentbb       CD25++CD4++ Tregreg cellscc     CD25--CD4++ Th2 cellscc         B cellscc  

 

aC57BL/6 mice were challenged s.c. with 150 µg MOG35-55 emulsified in complete Freund’s adjuvant on 
day 0, and with 150 µg MOG35-55 emulsified in incomplete Freund’s adjuvant on day 7.  Mice received also 
200 ng PT i.v. on days 0 and 2. 
b Mice were nasally immunized 21 days prior to challenge with 50 µg of MOG-pσ1 or with PBS.  
cPercentages of CD25-CD4+ T cells, CD25+CD4+ Treg cells, and B cells were analyzed by FACS on day 20 
p.ch. CD25+CD4+ and CD25-CD4+ T cells are presented as a proportion of CD4+ T cells, B cells are 
presented as a proportion of lymphocytes 
Mean ± SEM of combined HNLNs, MLNs, and spleens from 3 mice per group is presented.  
*, p < 0.001, **, p < 0.05 for PBS vs. MOG-pσ1-dosed mice. 
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B Cells from MOG-pσ1-Treated Mice  
Produce IL-10 in Response to EAE Challenge  

 The presence of IL-10 seems to be critical for MOG-pσ1-mediated protection 

against EAE, as evidenced by the lack of protection in MOG-pσ1-treated IL-10-/- mice.  

Moreover, we have shown here that Treg cells isolated from MOG-pσ1-dosed C57BL/6 

mice produced predominantly IL-10, whereas CD25-CD4+ T cells obtained from these 

mice produced IL-4.  It has been demonstrated that in addition to CD4+ T cells, other cell 

types, including B cells, can produce anti-inflammatory cytokines (98, 241, 401), and IL-

10-producing B cells can be important in the recovery from EAE (236).  To determine if 

nasal administration of MOG-pσ1 induces production of anti-inflammatory cytokines by 

B cells, FACS analysis was performed.  C57BL/6 mice were dosed nasally with 50 µg of 

MOG-pσ1 or with PBS 21 days prior to EAE induction.  Lymphocytes isolated at the 

peak of the clinical disease (day 20, p.ch) from their HNLNs, MLNs, and spleens were 

cultured for 72 h with MOG35-55, stained for the expression of regulatory cells markers 

and analyzed by FACS.  As expected, MOG-pσ1-protected mice generated significantly 

more FoxP3+CD25+CD4+ Treg cells and FoxP3+CD25-CD4+ T cells than diseased PBS-

dosed mice (p < 0.01; Table 4.3).  Moreover, over 75 % of these Treg cells from MOG-

pσ1–protected mice produced IL-10, whereas as many FoxP3+CD25-CD4+ T cells 

produced IL-4.  Interestingly, we have observed nearly 50 % enhancement in expression 

of CD73 on CD25+ and CD25- CD4+FoxP3+ T cells isolated from MOG-pσ1-protected 

mice when compared with these cells from PBS-dosed diseased mice (Table 4.3). 
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Analysis of B cells revealed induction of IL-10 and IL-4 expression by these cells 

obtained from MOG-pσ1-protected mice.  MOG-pσ1-derived B cells produced over 4-

fold more of IL-10 and 2-fold more of IL-4 when compared to the B cells obtained from 

PBS-dosed diseased mice (Table 4.3).  Interestingly, B cells isolated from MOG-pσ1-

protected mice expressed significantly more CD39 activation marker than B cells 

acquired from PBS-dosed unprotected mice.   

 
B Cells Play Supportive Role in  
MOG-pσ1-Mediated Protection against EAE 

To investigate the role of B cells in MOG-pσ1-mediated protection against EAE, 

we evaluated if this protection can be established in µMT mice that lack functional B 

cells.  C57BL/6 and µMT mice were challenged with MOG35-55 peptide and 10 days later 

treated with 50 µg of MOG-pσ1 or with PBS.  C57BL/6 mice treated with MOG-pσ1 

were entirely protected against EAE development, and neither of MOG-pσ1-treated 

C57BL/6 mice showed clinical manifestation of EAE (Figure 4.7A, Table 4.4).  In 

contrast to MOG-pσ1-protected C57BL/6 mice, PBS-dosed mice developed EAE around 

day 13, p.ch, and exhibited an average clinical score of 3 at the peak of EAE (day 20, 

p.ch).  Unlike previous experiments, one C57BL/6 mice treated with PBS died at the 

peak of the disease (Table 4.4); however remaining mice from this group remitted 

entirely from EAE by day 28, p.ch (Figure 4.7A, Table 4.4).  The µMT mice dosed with 

PBS during the pre-clinical stage of EAE developed lower average clinical scores (2.5) at 

the peak of the disease when compared to PBS-dosed C57BL/6 mice.  However, these 

µMT mice did not remitted entirely from acute EAE, and one of the mice in this group 
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died at the peak of the disease (Figure 4.7A, Table 4.4).  MOG-pσ1-treated µMT mice 

developed clinical disease that was significantly more severe when compared to MOG-

pσ1-dosed C57BL/6 mice, though considerably less pronounced than EAE seen in PBS-

dosed C57BL/6 mice (Figure 4.7A, Table 4.4).  
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Figure 4.7.  B cells play a supportive role in MOG-pσ1-mediated protection against EAE.  (A) C57BL/6 
and µMT mice were challenged with MOG35-55 peptide on day 0 and nasally treated with 50 µg of MOG-
pσ1 or with PBS on day 10 after EAE induction.  C57BL/6 mice treated with MOG-pσ1 did not exhibit 
clinical symptoms of EAE, whereas PBS-dosed mice developed acute EAE.  MOG-pσ1-dosed µMT mice 
developed acute disease that was ameliorated when compared to PBS-dosed µMT and C57BL/6 mice, but 
significantly more pronounced when compared to MOG-pσ1-protected C57BL/6 mice.  The average of 5 
mice per group is shown. *, p < 0.05 vs. MOG-pσ1-dosed C57BL/6 mice.  (B) Schematic presentation of 
the adoptive transfer experiment.  The µMT mice were induced with EAE on day 0 and adoptively 
transferred with 2 x 107 of B cells isolated from MOG-pσ1- or PBS-dosed C57BL/6 mice.   
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Figure 4.7. – continued.  A group of C57BL/6 mice was adoptively transferred with 2 x 107 of MOG-pσ1-
primed C57BL/6 B cells 17 days after EAE induction with MOG35-55 peptide.  Control C57BL/6 mice were 
nasally treated with 50 µg of MOG-pσ1 or with PBS 10 days after challenge with MOG35-55 peptide.  (C) 
Nasal administration of MOG-pσ1 entirely protected wt mice against EAE, whereas PBS-dosed C57BL/6 
mice showed acute EAE.  Adoptive transfer of MOG-pσ1-primed C57BL/6 B cells inhibited progression of 
EAE in µMT mice and accelerated clinical remission; in contrast MOG-pσ1-primed C57BL/6 B cells into 
C57BL/6 mice inhibited disease progression though clinical remission from EAE was not accelerated in 
transferred wt mice.  Interestingly, µMT mice adoptively transferred with normal (B6) B cells developed 
more severe and prolonged disease than any other experimental group.  Average of 3-5 mice per group is 
depicted. *, p < 0.05 vs MOG-pσ1-dosed wt mice, ‡, p < 0.05 vs PBS-dosed wt mice.   

 

Table 4.4.  B cells play a supportive role in MOG-pσ1-mediated protection against EAEa 

  Treatmentbb                EAE/Totalcc           Onsetdd           Max. scoreee        CSff  

        

PBS B6 5/5 13.6 ± 1.14* 5    30.9

MOG-pσ1 B6 0/5 0 ± 0 0    0

PBS µMT 5/5 14.2 ± 2.17* 5    32.4

MOG-pσ1 µMT 5/5 13.4 ± 2.41* 3    20

Table 4.4.  B cells play a supportive role in MOG-pσ1-mediated protection against EAEa 

  Treatmentbb                EAE/Totalcc           Onsetdd           Max. scoreee        CSff  

        

PBS B6 5/5 13.6 ± 1.14* 5    30.9

MOG-pσ1 B6 0/5 0 ± 0 0    0

PBS µMT 5/5 14.2 ± 2.17* 5    32.4

MOG-pσ1 µMT 5/5 13.4 ± 2.41* 3    20

  Treatmentbb                EAE/Totalcc           Onsetdd           Max. scoreee        CSff  

MOG-pσ1 µMT 5/5 13.4 ± 2.41* 3    20  

a WT C57BL/6 (B6) and µMT mice were challenged s.c. with 150 µg MOG35-55 emulsified in complete 
Freund’s adjuvant on day 0, and with 150 µg MOG35-55 emulsified in incomplete Freund’s adjuvant on day 
7.  Mice received also 200 ng PT i.v. on days 0 and 2. 
b Mice were nasally immunized 10 days after challenge with 50 µg of MOG-pσ1 or with PBS (Figure 
4.7A).  
c Number of mice with EAE/total in group.   
d Mean day ± SD of clinical disease onset.  
e Maximum (Max.) daily clinical score.   
f Cumulative scores (CS) were calculated as the sum of all scores from disease onset to day 30 post-
challenge, divided by the number of mice in each group.  
*, p < 0.001 vs. MOG-pσ1-dosed C57BL/6 mice.   
 

 To further investigate the relevance of B cells in MOG-pσ1-mediated protection 

against EAE, µMT mice were treated with MOG-pσ1- or PBS-primed C57BL/6 B cells 

(Figure 4.7B).  Isolated B cells from HNLNs, MLNs, and spleens from MOG-pσ1- or 

PBS-dosed C57BL/6 mice were adoptively transferred 17 days after EAE induction into 

diseased µMT mice.  Additionally, MOG-pσ1-derived wt B cells were also transferred 

into diseased C57BL/6 wt mice 17 days after EAE induction (Figure 4.7B-lower panel).  
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Control C57BL/6 mice were treated with MOG-pσ1 or with PBS at the pre-clinical stage 

of EAE on day 10 after EAE induction (Figure 4.7B-upper panel).  C57BL/6 mice dosed 

with PBS in the pre-clinical phase of EAE were unprotected and developed an average 

clinical score of 3 at the peak of the disease (d 21 p.ch.).  In contrast to these mice, 

nasally given MOG-pσ1 prevented occurrence of clinical EAE onset and all the mice in 

this group remained protected throughout the study (Figure 4.7C, Table 4.5).   

Adoptive transfer of MOG-pσ1-primed B6 B cells into diseased wt mice inhibited 

further progression of EAE and these mice at the peak of clinical manifestation exhibited 

the average clinical score of 2 (Figure 4.7C, Table 4.5).  Moreover, the remission from 

EAE in C57BL/6 mice adoptively transferred with MOG-pσ1+ B6  B cells was not 

significantly accelerated when compared to their PBS-dosed C57BL/6 mice, and both of 

these groups recovered entirely by day 31, p.ch.  Adoptive transfer of MOG-pσ1-primed 

B6 B cells into diseased µMT mice prevented further progression of the disease, and 

induced accelerated remission when compared to PBS-dosed C57BL/6 mice (Figure 

4.7C).  On day 21, p.ch (peak of the clinical disease in PBS-dosed mice) MOG-pσ1+ B6 

B cell-treated µMT mice exhibited the average clinical score of 1 and 60 % of these mice 

never remitted below this clinical symptom (Figure 4.7C).  In striking contrast to µMT 

mice rescued by MOG-pσ1-primed B6 B cells, adoptive transfer of PBS-primed B cells 

significantly enhanced the disease in µMT mice (Figure 4.7C).  On day 21 after 

challenge, these B cells from PBS-dosed B6 mice adoptively transferred into µMT mice 

developed an average clinical score of almost 3 and the progression of a disease was 

observed until day 28, p.ch when the average clinical score in this group reached almost 4 
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(Figure 4.7C, Table 4.5).  The maximum clinical score observed in the µMT recipient 

mice given B cells from PBS-treated B6 mice was 4, meaning that none of the mice 

succumbed to EAE in this experimental group (Table 4.5).  Interestingly, none of these 

mice entirely recovered from the disease, but all mice remitted until they reached the 

clinical score of 1 on day 40 after EAE induction (Table 4.5; data not shown).    

 

Table 4.5.  Adoptive transfer of MOG-pσ1-primed wt B cells ameliorated clinical manifestation
of EAE in µMT micea 

     Treatmentbb                  EAE/Totalcc             Onsetdd              Max. scoreee         CSff  

        

B6 PBS 3/3 13.61 ± 1.53* 3    27

B6 MOG-pσ1 0/3 0 ± 0 0    0

B6 + MOG-pσ1+ B cells 3/3 13 ± 1* 2.5    25.7

µMT + MOG-pσ1+ B cells 3/3 12.67 ± 1.53* 2    18.2

µMT + PBS+ B cells 3/3 11.67 ± 1.15* 4    47.3

Table 4.5.  Adoptive transfer of MOG-pσ1-primed wt B cells ameliorated clinical manifestation
of EAE in µMT micea 

     Treatmentbb                  EAE/Totalcc             Onsetdd              Max. scoreee         CSff  

        

B6 PBS 3/3 13.61 ± 1.53* 3    27

B6 MOG-pσ1 0/3 0 ± 0 0    0

B6 + MOG-pσ1+ B cells 3/3 13 ± 1* 2.5    25.7

µMT + MOG-pσ1+ B cells 3/3 12.67 ± 1.53* 2    18.2

µMT + PBS+ B cells 3/3 11.67 ± 1.15* 4    47.3

     Treatmentbb                  EAE/Totalcc             Onsetdd              Max. scoreee         CSff  

µMT + PBS+ B cells 3/3 11.67 ± 1.15* 4    47.3
 

 

a WT C57BL/6 (B6) and µMT mice were challenged s.c. with 150 µg MOG35-55 emulsified in complete 
Freund’s adjuvant on day 0, and with 150 µg MOG35-55 emulsified in incomplete Freund’s adjuvant on day 
7.  Mice received also 200 ng PT i.v. on days 0 and 2. 
b Mice were nasally immunized 10 days after challenge with 50 µg of MOG-pσ1 or with PBS or were 
adoptively transferred with MOG-pσ1- or PBS-primed wt B cells on day 17, p.p.ch as described in Figure 
4.7B and C legend.  
c Number of mice with EAE/total in group.   
d Mean day ± SD of clinical disease onset.  
e Maximum (Max.) daily clinical score.   
f Cumulative scores (CS) were calculated as the sum of all scores from disease onset to day 30 post-
challenge, divided by the number of mice in each group.  
*, p < 0.001 vs. MOG-pσ1-dosed C57BL/6 mice 
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IL-10-Production by 
MOG-pσ1-Induced CD25+CD4+ Treg Cells  
Is Essential for Protection against EAE 

 Our results so far have implicated that IL-10 is essential for MOG-pσ1-mediated 

protection against acute EAE, as evidenced by lack of protection in MOG-pσ1-treated 

IL-10-/- mice.  We have demonstrated that MOG-pσ1-induced FoxP3+ Treg cells and B 

cells can produce IL-10 and MOG-pσ1-induced FoxP3+ CD25-CD4+ T cells produce IL-4 

in response to stimulation with MOG35-55 peptide.  Additionally, adoptive transfer of 

MOG-pσ1-primed B6 B cells ameliorated clinical onset of EAE in µMT mice.  To 

identify which cells are essential for MOG-pσ1-mediated protection against EAE, MOG-

pσ1-primed CD4+ T cells were adoptively transferred into IL-10-/- mice which were 

challenged with MOG35-55.  Seventeen days after EAE induction, mice were adoptively 

transferred with CD25+CD4+, CD25-CD4+ T cells or B cells sorted from MOG-pσ1-

dosed C57BL/6 mice (Figure 4.8A).  Control IL-10-/- mice treated i.v. with PBS 

developed EAE by day 10, p.ch and exhibited average clinical score of 4 at the peak of 

the disease (d 21 p.p.ch; Figure 4.8B).  In contrast to PBS-dosed mice, adoptive transfer 

of MOG-pσ1-primed Treg cells immediately inhibited progression of clinical disease, 

accelerated remission from EAE, and all these mice recovered by day 27, p.ch.  Adoptive 

transfer of MOG-pσ1-primed CD25-CD4+ T cells or B cells also suppressed progression 

of clinical disease.  Mice that received MOG-pσ1-primed CD25-CD4+ T cells started 

remitting from the disease significantly earlier when compared to PBS-dosed mice, but 

not as potently as mice adoptively transferred with Treg cells.  Mice given CD25-CD4+ T 

cells recovered entirely 3 days after those mice rescued with MOG-pσ1-derived Treg 
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cells.  Clinical remission from EAE in mice transferred with MOG-pσ1-primed B cells 

was just one day delayed when compared to CD25-CD4+ T cells-treated mice, though 30 

% of these B-cell transferred mice continued to show clinical score of 1 and never 

entirely recovered from acute EAE (Figure 4.8B).   
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Figure 4.8.  IL-10-producing Treg cells are essential for MOG-pσ1-mediated protection against EAE.   
(A) Schematic presentation of adoptive transfer experiment.  IL-10-/- mice were challenged with MOG35-55 
peptide on day 0 and 7 and were adoptively transferred on day 17 with cells obtained from C57BL/6 mice 
nasally dosed with MOG-pσ1.  IL-10-/- mice received one of the following populations of MOG-pσ1-
primed wt cells: B cell (2 x 107 cell per mouse), CD25-CD4+ T cells (6 x 105 cells per mouse), or 
CD25+CD4+ Treg cells (6 x 105 cells per mouse).  A separate group of IL-10-/- mice received i.v. injection of 
PBS as a control.  (B) PBS-dosed IL-10-/- mice developed acute EAE at day 10 p.ch, reached the average 
peak clinical score of 4, and never entirely recovered from the disease.  In contrast to these mice, adoptive 
transfer of MOG-pσ1-derived T and B cells inhibited progression of EAE. IL-10-/- mice that received 
MOG-pσ1-derived CD25-CD4+ T cells or Treg cells recovered entirely from acute disease.  However, only 
IL-10-/- mice transferred with MOG-pσ1-primed Treg cells remitted faster from the disease when compared 
to PBS-dose mice.  Average of 3-4 mice per group is shown. *, p < 0.05 vs. PBS-dosed mice.   
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MOG-pσ1-Mediated Protection 
against EAE Could Not Be Established 
in CD11b-Deficient (CD11b-/-) Mice 

 Expression of CD11b (Mac-1) on antigen presenting cells (APCs) was shown to 

be important for generation of low-dose mucosal tolerance (99).  To test whether CD11b 

expression is necessary for MOG-pσ1-mediated protection against EAE, Mac-1-/- and 

C57BL/6 mice were nasally dosed with 50 µg of MOG-pσ1 or with PBS 21 days prior to 

the challenge with MOG35-55 peptide.   

In our experiments, Mac-1-/- mice, independent of treatment, developed more 

severe acute EAE when compared to PBS-dosed C57BL/6 mice (Figure 4.9A).  MOG-

pσ1- and PBS-dosed Mac-1-/- mice displayed the average clinical score of 4 at the peak of 

the disease, whereas the average peak clinical score in PBS-dosed C57BL/6 mice was 3 

(Figure 4.9A).  In contrast to PBS-dosed C57BL/6 mice that recovered entirely from the 

acute disease by day 28, p.ch, MOG-pσ1- and PBS-dosed Mac-1-/- mice never recovered 

entirely from the acute disease, and exhibited the average score of 1 (mean ± SD for  

MOG-pσ1-treated Mac-1-/-, 1 ± 0.2; PBS-treated Mac-1-/-, 1 ± 0.3) until sacrificed.  In 

agreement with our previous data, MOG-pσ1-dosed C57BL/6 mice remained entirely 

protected against EAE throughout the experiment.  Consistent with lack of the disease in 

MOG-pσ1-dosed  C57BL/6 mice, serum samples collected from these mice at the peak of 

the disease showed very little rMOG-specific IgG Abs, when compared to diseased 

C57BL/6 or Mac-1-/- mice (Figure 4.9B).  In contrast to MOG-pσ1-protected C57BL/6 

mice, significant increases in rMOG-specific IgG Ab titers were detected in serum 
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samples from PBS-dosed C57BL/6 mice, as well as MOG-pσ1- and PBS-dosed Mac-1-/- 

mice (Figure 4.9B). 
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Figure 4.9.  CD11b (Mac-1)-deficient mice are not protected against EAE by nasally given MOG-pσ1.  
C57BL/6 and Mac-1-/- mice were nasally dosed with 50 µg of MOG-pσ1 or PBS three wks prior to EAE 
induction and were challenge with MOG35-55 peptide on days 0 and 7.  (A) MOG-pσ1-dosed wt mice were 
protected against EAE development, whereas PBS-dosed C57BL/6 mice developed EAE on day 12 p.ch 
and exhibited the average clinical score of 3 at the peak of the disease.  In contrast to MOG-pσ1-protected 
C57BL/6 mice, Mac-1-/- mice developed severe EAE independent of treatment.  Average of 10 mice per 
group is shown. *, p < 0.001 vs. MOG-pσ1-protected C57BL/6 mice.  (B) Serum samples were collected 
from immunized and challenged C57BL/6 and Mac-1-/- mice at the peak of the clinical disease (day 21 after 
EAE induction) and were analyzed by ELISA for the presence of MOG-specific Abs.  MOG-specific IgA 
Abs were not detected in any experimental group (data not shown).  MOG-pσ1-protected C57BL/6 mice 
showed significant reduction in rMOG-specific serum IgG Abs.  When compared to these mice, PBS-dosed 
wt mice as well as MOG-pσ1- and PBS-dosed Mac-1-/- mice produced significantly more MOG-specific 
IgG Abs.  Average of 10 mice per group is depicted. *, p < 0.001 vs. MOG-pσ1-dosed C57BL/6 mice.  (C) 
Purified CD4+ T cells were isolated from HNLNs, MLNs, and spleens from the immunized and challenged 
mice on day 28 after EAE induction.  Cytokine production was measured from supernatants after 3 days of 
culture with MOG35-55 and feeder cells, and basal cytokine levels produced by unstimulated cells were 
subtracted from the results.  CD4+ T cells from diseased PBS-dosed C57BL/6 mice and Mac-1-/- mice 
dosed with MOG-pσ1 or PBS produced predominantly proinflammatory cytokines.   



 236

Figure 4.9. – continued.  In contrast to these mice, C57BL/6 CD4+ T cells from MOG-pσ1-protected mice 
produced mostly anti-inflammatory cytokines (IL-4, IL-10, and IL-13).  CD4+ T cells from Mac-1-/- mice 
independent of treatment produced significantly more of IL-6, IL-17, and IL-21 than CD4+ T cells from 
MOG-pσ1-protected wt mice.  Additionally, CD4+ T cells from PBS-dosed C57BL/6 mice produced more 
IFN-γ than CD4+ T cells obtained from other experimental groups.  Results show mean ± SEM of 
combined HNLNs, MLNs, and spleens from 8-10 mice per group. *, p < 0.05 vs. MOG-pσ1-dosed 
C57BL/6 mice; **, p < 0.05 vs. PBS-dosed C57BL/6 mice.   
 

We have analyzed the cytokine profiles of CD4+ T cells sorted from HNLNs, 

MLNs, and spleens of C57BL/6 and Mac-1-/- mice dosed with MOG-pσ1 or with PBS.  

CD4+ T cells isolated from MOG-pσ1-protected wt mice produced very little to no 

proinflammatory cytokines (Figure 4.9C).  When compared to PBS-dosed C57BL/6 mice 

and MOG-pσ1- and PBS-dosed Mac-1-/- mice, CD4+ T cells from MOG-pσ1-protected 

C57BL/6 mice showed significant reduction in secretion of IL-21, and they did not 

produce any IL-17 and IL-6.  Interestingly, CD4+ T cells from MOG-pσ1-protected 

C57BL/6 mice produced as much of IFN-γ as CD4+ T cells from diseased MOG-pσ1- or 

PBS-dosed Mac-1-/- mice, but significantly less when compared to PBS-dosed C57BL/6 

mice.  CD4+ T cells from Mac-1-/- mice dosed with MOG-pσ1 or PBS produced more of 

IL-6, than CD4+ T cells from PBS-dosed C57BL/6 mice, and MOG-pσ1-dosed Mac-1-/- 

CD4+ T cells secreted more IL-17 than PBS-dosed C57BL/6 CD4+ T cells.  In agreement 

with the lack of the clinical disease in MOG-pσ1-protected C57BL/6 mice, CD4+ T cells 

isolated from these mice showed over 2-fold enhancement in secretion of IL-4, and over 

4-fold increase in IL-10 when compared to the CD4+ T cells isolated from their PBS-

dosed C57BL/6 mice (Figure 4.9C).  IL-13 was produced by CD4+ T cells from MOG-

pσ1- and PBS-dosed C57BL/6 mice, and a significant depression of IL-13 production 

was exhibited by CD4+ T cells from MOG-pσ1- or PBS-dosed Mac-1-/- mice.  Virtually 
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no TGF-β was produced by any experimental group.  These results indicate that lack of 

MOG-pσ1-mediated protection in Mac-1-/- mice is associated with increased production 

of Th17-type cytokines and dramatic suppression of IL-10 and IL-4.  

 
Discussion 

 
EAE is a severe neurological disorder initiated by myelin-reactive 

encephalitogenic T cells that secrete proinflammatory mediators to activate local CNS 

cells and recruit peripheral inflammatory cells for destruction of the CNS myelin (3, 6, 

22, 56, 58).  Inhibition of these autoreactive T cells and suppression of EAE has been 

achieved by vaccination with altered peptide ligands (APLs) (267, 278), induction of a 

Th2 cell bias (33, 78), and by treatment with DNA vaccines encoding encephalitogenic 

peptides (141, 266).  Additionally, systemic injection with Ig chimera-coupled with 

encephalitogenic peptide (144, 146), or adoptive transfer of Treg cells from diseased 

animals (384) has been successfully used to ameliorate EAE severity.   

Significant efforts have been focused on treating EAE by induction of myelin-

specific (35, 67), or -nonspecific (33, 34) mucosal tolerance.  Additionally, successful 

down-regulation of autoimmune responses has been reported following multiple mucosal 

administrations of autoreactive Ags chemically coupled (67, 68), or genetically fused 

(35) to cholera toxin B subunit (CTB).  Along these lines, we have demonstrated in the 

previous chapter that protection against relapsing-remitting EAE can be achieved by just 

a single nasal dose of pσ1-based tolerogen (PLP:OVA-pσ1).  PLP:OVA-pσ1 prevented 
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development of fully pronounced  EAE by inducing Treg cells that specifically down 

regulated encephalitogenic PLP139-151-activated T cells.   

Here we show that similar strategy can be applied to treat acute EAE in C57BL/6 

mice.  Just a single 50 µg nasal dose of MOG-pσ1 entirely protected susceptible 

C57BL/6 mice from development and clinical manifestation of MOG35-55-induced EAE.  

Moreover, these MOG-pσ1-protected mice showed virtually no mononuclear cell 

infiltration and affiliated CNS demyelination, which are the hallmarks of ongoing EAE.  

We have determined that MOG-pσ1-mediated protection against EAE induced with 

MOG35-55 peptide is due to generation of MOG-specific tolerance, as evidenced by the 

striking reduction in rMOG-specific IgG Abs in serum of MOG-pσ1-dosed mice and 

virtual lack of MOG35-55-specific DTH responses after challenge with encephalitogenic 

peptide.  Consistent with the mechanism of PLP:OVA-pσ1-mediated protection against 

RR EAE, we  have demonstrated that MOG-pσ1-protected mice exhibited increased 

production of IL-10 and IL-4 and consequent depression of proinflammatory Th1- and 

Th17- type cytokines.   

In agreement with reported apoptosis of OVA-Tg CD4+ T cells induced by OVA-

pσ1 in vitro (89), and clonal deletion of OVA-specific CD4+ T cells following 

tolerization with OVA-pσ1 (397), we demonstrated that nasal administration of a single 

low dose of MOG-pσ1 to mice exhibiting pronounced clinical disease rapidly and 

significantly improved EAE symptoms.  We have reported previously, that even though 

OVA-pσ1 and pσ1 induce comparable levels of OVA-Tg CD4+ T cell apoptosis in vitro, 

only OVA-pσ1, but not pσ1alone or pσ1 + OVA induces these Tg CD4+ T cells to 
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produce regulatory cytokines (89).  Consistent with this finding, when mice exhibiting 

pronounced clinical MOG35-55-induced EAE, instead of MOG-pσ1, were treated with pσ1 

alone or co-delivered with rMOG, the disease became more severe.  These results 

implicate that fusion of an Ag to pσ1 is pivotal for the induction of Ag-specific tolerance 

mediated by pσ1, and further confirm the Ag-specificity of pσ1-delivered tolerance and 

protection against EAE. 

OVA-specific nasal tolerance induced by OVA-pσ1 (89), and PLP139-151-specific 

protection against EAE generated by PLP:OVA-pσ1 were dependent on the presence of 

IL-10 and/or IL-10-producing Treg cells.  Consistent with these findings, MOG-pσ1-

mediated protection against acute EAE could not be established in IL-10-/- mice, and lack 

of protection in these IL-10-/- mice was associated with significant production of 

proinflammatory cytokines and depression of anti-inflammatory cytokines.  In agreement 

with OVA-pσ1-mediated tolerance to OVA, and PLP:OVA-pσ1-dependent protection 

against PLP139-151-induced EAE, we have learned that Treg cells isolated from MOG-pσ1-

protected mice produced predominantly IL-10, whereas CD25-CD4+ T cells from these 

mice produced mostly IL-4.   

Consistent with the reported ability of B cells to generate anti-inflammatory 

cytokines (98, 236), nasal MOG-pσ1 induced IL-10- and IL-4-expressing B cells that 

supported MOG-pσ1-mediated protection against EAE.  We have demonstrated that 

nasally given MOG-pσ1 ameliorates, but fails to entirely prevent clinical manifestation of 

EAE in mice deficient of functional B cells.  Moreover, adoptive transfer of B cells from 

MOG-pσ1-tolerized C57BL/6 mice only partially rescued diseased µMT or C57BL/6 
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mice.  Adoptive transfer of naive B cells from PBS-dosed C57BL/6 mice exacerbated 

clinical manifestation of EAE in µMT mice.   

To further determine the importance of IL-10 production by Treg cells and/or by B 

cells for MOG-pσ1-mediated protection against EAE, studies were performed using Treg 

cells from MOG-pσ1-dosed C57BL/6 mice adoptively transferred into diseased IL-10-/- 

mice.  Even though adoptive transfer of MOG-pσ1-derived C57BL/6 B cells, CD25-

CD4+ T cells, or Treg cells prevented further progression of EAE in diseased IL-10-/- mice, 

only MOG-pσ1-derived Treg cells greatly accelerated recovery from the acute disease.   

The role of CD11b-expressing antigen presenting cells (APCs) has been well-

documented in induction of mucosal tolerance (47, 99), but their role in EAE has been 

controversial (393-396).  In our hands, Mac-1-/- mice developed more severe MOG35-55-

induced EAE than C57BL/6 mice, and MOG-pσ1-mediated protection against EAE 

could not be established in these mice.   

Even though suppression of EAE by mucosal administration of encephalitogenic 

peptides has been achieved, it usually requires multiple and/or large doses of an Ags (24, 

56-58).  More importantly, although successful in a small open label study, feeding with 

bovine myelin preparations to patients with RR MS did not significantly improved the 

disease onset during clinical trial (22).  Additionally, in our hands nasal administration of 

12.5 or 50 µg of rMOG did not inhibit CNS histopathology and clinical manifestation of 

MOG35-55-induced EAE.  Continued efforts have been focused on improving mucosal 

delivery for protection against EAE.  A strategy of delivering auto-Ags chemically 

coupled (67, 68) or genetically fused to CTB (35) has been well-explored, and although 
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successful, multiple dosed of CTB-delivered auto-Ags are required.  Additionally, 

chemical modifications of a carrier molecule are associated with the risk of altering 

immunogenecity of delivered Ag (discussed in ref. 35, 82, 154).  Moreover, CTB can be 

used as mucosal adjuvant since it is not associated with  the toxicity of native CT (64), 

and mucosally administered CTB-coupled Ag was shown to induce either immunity or 

tolerance dependent on the presence of preexisting immunity to CTB (73, 74).  Mucosal 

delivery of CTB-coupled auto-Ag produced varied results and induced production of 

IFN-γ (67), or TGF-β and IL-10 (68).  Therefore, treatment of inflammatory disease by 

CTB-delivered auto-Ags can be unsafe, although the concept of inducing Ag-specific 

tolerance by mucosa-binding molecule is very attractive.  In contrast, just a single nasal 

dose of pσ1-delivered vaccine can entirely prevent, as well as treat mice against EAE.  

The genetic modification of pσ1 renders it tolerogenic to both the fused protein Ag and 

pσ1 (89).  Moreover, as demonstrated in a previous chapter, pσ1-induced nasal tolerance 

to a fused protein Ag can be successfully applied to prevent PLP139-151-induced RR EAE 

in susceptible SJL mice.  Here we show that the strategy of generating pσ1-mediated 

tolerance can be ubiquitously applied to treat other autoimmune diseases, as evidenced by 

suppression of MOG35-55-induced acute EAE in C57BL/6 mice by nasally administered 

recombinant MOG-pσ1.  Additionally, we determined that pσ1-mediated protection 

against EAE is specific to the fused Ag, since nasal administration of PLP:OVA-pσ1 had 

no effect on clinical onset of MOG35-55-induced EAE.  Due to a better availability of 

various mouse knockout models on C57BL/6 genetic background, we further determined 

the mechanism of pσ1-delivered tolerance and protection against EAE.   
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 Single 50 µg dose of MOG-pσ1 efficiently prevented EAE development in 

C57BL/6 mice.  In contrast to MOG-pσ1-protected mice, nasal administration of various 

doses of rMOG did not inhibit development of clinical disease and CNS histopathology.  

Interestingly, in contrast to PBS-dosed diseased mice that developed “classical” EAE 

mediated by Th17-type cells (168, 169), the disease in rMOG-dosed mice exhibited 

evident Th1-type bias.  When compared to diseased mice dosed with PBS, mice that 

received rMOG prior to EAE induction produced over 5-fold more of IL-27 and > 3-fold 

more of IFN-γ, but very little of IL-17 and IL-21.  This discovery is intriguing given the 

controversial role of Th1-type cytokines in EAE pathogenesis.  Even though increased 

production of IFN-γ has been reported during clinical phase of EAE (6, 24, 172), others 

have demonstrated that neutralization of IFN-γ with anti-IFN-γ mAb (203), or using IFN-

γ
-/- or IFN-γR-/- mice (182, 204) resulted in exacerbation of EAE.  Moreover, IL-27 

originally described as a proinflammatory cytokine that induces Th1-type cells (186, 

202), recently has been implicated in supression of Th17-type cells (202).  Therefore, the 

evident Th1-type bias observed in diseased mice nasally dosed with rMOG and 

challenged with MOG35-55 peptide can provide new insights into the role of Th1-type 

cells in EAE.  

 Consistent with our previous findings, we learned that MOG-pσ1-mediated 

protection against acute EAE is associated with a significant increase of 

FoxP3+CD25+CD4+ Treg cells that produce predominantly IL-10 and IL-4-producing 

FoxP3+CD25-CD4+ Th2 cells.  These results are not surprising, since induction of FoxP3+ 

CD25+CD4+ (33, 34, 107, 112, 115, 116) and FoxP3+ CD25-CD4+ (116, 122) regulatory 
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cells has been associated with suppression of autoimmune responses and/or recovery 

from EAE.  Alternatively, these FoxP3-expressing CD25-CD4+ T cells can represent a 

population of peripheral CD25-CD4+ T cells undergoing conversion to the CD25+ 

phenotype (117, 122, 123, 127).  

 Interestingly, we have learned that MOG-pσ1-induced FoxP3+ Treg cells and 

FoxP3+CD25-CD4+ Th2 cells express significantly more CD73 when compared to these 

respective cell types isolated from PBS-dosed diseased mice.  CD73 (ecto-5'-

nucelotidase) is an enzyme that catalyzes dephosporylation of purine and pyrimidine 

ribo- and deoxyribonucleoside monophosphates to their corresponding nucleotides (402).  

CD73 can mediate costimulatory signals for T cell activation (402, 403), though the 

predominant function for CD73 is regulation of adenosine availability for interaction with 

cell surface adenosine receptors, by converting adenosine monophosphate (AMP) into 

adenosine (402).  Extracellular ATP (404) and cAMP (405) have been shown to promote 

apoptosis.  In contrast, adenosine converted from AMP by CD73 is known to exhibit a 

strong anti-inflammatory and immunomodulatory potential when interacting via 

adenosine receptors (406-408).  Engagement of the high affinity adenosine receptor A2AR 

expressed on T and B cells has been demonstrated to downregulate production of IL-12 

and other proinflammatory cytokines, but stimulates secretion of IL-10 (406, 407).  

Furthermore, CD73 expression has been demonstrated on suppressive T cells, and CD73-

mediated synthesis of adenosine has been linked to the anti-inflammatory function of 

these cells (408) and induction of anti-inflammatory phenotype of uncommitted primed 

precursor Thpp cells (407).  Interestingly, CD73-/- mice, with the deletion restricted to 
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their T cells were shown to be resistant to development of EAE and exhibited reduced 

CNS infiltration when compared to wild-type mice (403).  This discovery indicates that 

expression of CD73 on encephalitogenic CD4+ T cells may be required for the 

penetration through the blood brain barrier and eventual access into the CNS (403).  Co-

expression of FoxP3 and CD73 was evident by regulatory T cells (CD25+ and CD25-) 

isolated from MOG-pσ1-protected mice.  In contrast to FoxP3+CD25+CD4+ and 

FoxP3+CD25-CD4+ T cells obtained from PBS-dosed mice, over 50 % of FoxP3+CD25+ 

Treg and FoxP3+CD25- Th2 cells isolated from MOG-pσ1-dosed mice expressed CD73, 

implicating the role of these cells in suppression of inflammatory response at the 

pheriphery and possibly also within the CNS via convertion of AMP into anti-

inflammatory adenosine.   

CD73, together with another ecto-nucleotidase, CD39, has been implicated in the 

suppressive function of Treg cells (408, 409).  The enhanced expression of CD73 by 

FoxP3+CD25+ or CD25-CD4+ T cells from MOG-pσ1-protected mice was not followed 

by an increase in CD39 expression by these cells.  However, we have seen enhanced 

CD39 expression on B cells derived from MOG-pσ1-protected mice.  CD39 has been 

described as an early activation marker for B cells (410), but it is expressed also by NK 

cells, DCs, subsets of activated T cells, and monocyte-macrophages (409, 411).  The role 

of CD39 in humoral and cellular responses is still being investigated, and it has been 

suggested that CD39 may play a role in Ab affinity maturation (409).  CD39null mice 

were shown to spontaneously develop Th1 type autoimmune diseases and exhibit 

impaired B cell memory responses to T cell-dependent Ags (409).  CD39 ATPDase 
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rapidly hydrolizes ATP and ADP to AMP, a substrat for CD73-mediated synthesis of 

adenosine (406).  It is plausible that induction of CD39 on B cells from MOG-pσ1-

protected mice, but not on B cells from diseased PBS-dosed mice, suggests the 

supportive function of these cells in MOG-pσ1-mediated tolerance.  Taken together our 

results suggest that administration of MOG-pσ1 induces regulatory T and B cells capable 

of altering the inflammation to anti-inflammatory response, possibly via CD73- and/or 

CD39-dependent pathway.   

For a number of years, the major attention has been focused on the pathogenic 

role of B cells and Abs in EAE (6, 235, 236, 391).  Recently, B regulatory (Breg) cells 

have been implicated in the recovery from autoimmune diseases (98, 236).  B cells 

isolated from MOG-pσ1-protected mice, but not from PBS-dosed diseased mice, produce 

significant amounts of IL-10 and IL-4.  Production of anti-inflammatory cytokines IL-10 

(236) and IL-4 (401) by Breg and Be2 cells, respectively, has been demonstrated.  Up 

regulation of IL-4 by Be2 cells has been shown to rely on the presence of T cell and IL-4 

(401).  Additionally, the regulatory function of Breg cells during autoimmune 

inflammation has been associated with production of IL-10 (236), or TGF-β (242), as 

well as with a direct interaction between Breg cells and pathogenic T cells (98).  IL-10-

producing B cells have been associated with enhanced recovery from EAE (236), and 

induction of a low-dose oral tolerance (242).  Consistent  with  the supportive role of B 

cells in regulating autoimmune inflammation, mice lacking functional B cells (µMT 

mice) were shown to develop similar (235) or more severe and prolonged onset of EAE 
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when compared to the wild-type mice (236, 238).  On the other hand, one study has 

reported resistance of H-2b µMT mice to development of rMOG-induced EAE (240).   

 Consistent with the majority of reports, µMT mice in our study developed more 

severe EAE than C57BL/6 mice when challenged with MOG35-55 peptide.  Additionally, 

nasal administration of MOG-pσ1 in the pre-clinical phase of EAE did not prevent 

development of EAE in µMT mice, but when compared to PBS-dosed C57BL/6 or µMT 

mice, MOG-pσ1-dosed µMT mice exhibited a significant reduction in the severity of 

clinical symptoms, suggesting a supportive, but not pivotal, role of B cells in MOG-pσ1-

mediated protection against EAE.  Furthermore, adoptive transfer of MOG-pσ1- but not 

PBS-primed C57BL/6 B cells to diseased µMT mice prevented further progression of 

clinical EAE and accelerated remission from the acute disease.  Interestingly, when PBS-

primed B cells were transferred to diseased µMT mice, exacerbation of clinical EAE was 

obtained, suggesting that MOG-pσ1-tolerization also induces regulatory properties of B 

cells.  In contrast to these results, Lyons et al showed that passive transfer of B cells from 

MBP-primed or naive mice did not reconstitute the ability to develop EAE in MOG-

challenged, but EAE-resistant µMT mice (240).  Adoptive transfer of MOG-pσ1-primed 

B cells into diseased C57BL/6 mice prevented further progression of EAE, but had only a 

minor effect on recovery from acute disease.  The important role of IL-10 in induction of 

mucosal tolerance (87, 89, 90) and protection against EAE (3, 22, 56, 105) has been well 

described.  IL-10 production has been demonstrated by suppressive Tr1 cells (105), 

FoxP3+ CD25+CD4+ Treg cells (89, 114), FoxP3- CD25+CD4+ T cells (114, 128), as well 

as tolerogenic B cells (236), and DCs (248).  
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 In contrast to diseased PBS- or rMOG-dosed mice, lymphocytes from MOG-pσ1-

protected mice secreted predominantly IL-10 and IL-4, but virtually no proinflammatory 

cytokines, IFN-γ, IL-17, IL-21 or IL-27.  The pivotal role of IL-10 in MOG-pσ1-

mediated protection against EAE was demonstrated by inability to prevent development 

of EAE in MOG-pσ1-dosed IL-10-/- mice.  Consistent with previous reports, IL-10-/- mice 

induced with EAE by s.c. injection of MOG35-55 developed more severe disease than 

C57BL/6 mice (90, 132).  Further evaluation of diseased MOG-pσ1-treated IL-10-/- mice 

revealed significant enhancement in rMOG-specific IgG Ab titers and MOG35-55-specific 

DTH response when compared to MOG-pσ1-protected C57BL/6 mice.  Secretion of 

proinflammatory cytokines, IL-17, IL-21 and IFN-γ, and evident depression in IL-4 were 

observed in these mice when compared to MOG-pσ1-protected C57BL/6 mice.  

Therefore, reduction of IL-4 secretion by IL-10-/- mice may be related to the activation of 

proinflammatory Th1 and Th17 cells, which has been demonstrated by others (168, 169, 

197).   

Additionally, in contrast to MOG-pσ1-protected C57BL/6 mice, unprotected IL-

10-/- mice dosed with MOG-pσ1 or PBS, and PBS-dosed C57BL/6 mice produced 

virtually no IL-28.  IL-28 secreted by innate immune cells was reported to display anti-

viral activity (223).  Moreover, this cytokine exhibits a genetic similarity to IL-10, and 

structural resemblance to type I IFNs used successfully in MS therapy (223).  It has been 

demonstrated that IL-28-treated DCs acquire a phenotype characterized by the high 

expression of MHC I and II, but down regulation of co-stimulatory molecules, and these 

IL-28-treated DCs were shown to promote IL-2-dependent proliferation of 
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FoxP3+CD25+CD4+ Treg cells (224).  Interestingly, increased production of IL-28 was 

observed by CD25+CD4+ and CD25-CD4+ T cells from MOG-pσ1-protected wild-type 

mice.  Additionally, as shown in Chapter 3 of this manuscript, only mice protected 

against PLP139-151-induced EAE by nasally administered PLP:OVA-pσ1 produced IL-28 

(see Chapter 3, Figure 3.8).   Therefore, our results suggest that IL-28 exhibit anti-

encephalitogenic potential and that it can be produced by regulatory (CD25+ and/or 

CD25-) CD4+ T cells.  Consistent with OVA-pσ1-induced tolerance to OVA (89) and 

PLP:OVA-pσ1-mediated protection against PLP139-151-induced RR EAE, MOG-pσ1-

induced Treg cells secreted predominantly IL-10, whereas CD25-CD4+ T cells obtained 

from these MOG-pσ1-protected C57BL/6 mice secreted the majority of IL-4.  The 

further argument for the importance of IL-10+ Treg cells in MOG-pσ1-mediated 

protection against EAE came from the adoptive transfer studies.  We demonstrated that 

adoptive transfer of Treg cells, but not B or CD25-CD4+ T cells, from MOG-pσ1-dosed 

C57BL/6 mice significantly ameliorated disease and accelerated recovery from MOG35-

55-induced EAE in IL-10-deficient mice, implicating that IL-10 secreted by MOG-pσ1-

primed Treg cells is essential for MOG-pσ1-mediated protection against EAE.  Even 

though adoptive transfer of MOG-pσ1-primed C57BL/6 CD25-CD4+ T cells or B cells 

was not as effective as transfer of MOG-pσ1-primed Treg cells in inducing recovery from 

EAE, these cells also inhibited progression of EAE and triggered complete recovery of 

diseased IL-10-/- mice when compared to PBS-dosed IL-10-/- mice.  Therefore, IL-10 

produced by MOG-pσ1-primed B cells and IL-4-secreted by MOG-pσ1-derived CD25-

CD4+ T cells are supportive in MOG-pσ1-mediated protection against EAE.   
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 The role of IL-4 in mucosal tolerance and EAE has been well described.  IL-4 

secreted by Th2 cells has been shown to support inhibition of inflammatory response to 

PLP139-151 peptide (33) and OVA (89).  Additionally, IL-4-mediated induction of Treg 

cells from naive peripheral CD25-CD4+ T cells has been reported (117).  IL-4 being a 

major Th2 type cytokine can inhibit differentiation of Th17 cells (168, 169) and has been 

shown to negatively regulate production of IFN-γ (194).  Moreover IL-4 can induce B 

cells to perform the APC function, which has been shown to promote development of 

anergy (3, 22).  Interestingly, IL-4-/- mice are not more predisposed to develop 

autoimmune disorders than wild-type mice (6, 130).  We have demonstrated IL-4 

production by CD25-CD4+ T cells isolated from OVA-pσ1-tolerized (89) and PLP:OVA-

pσ1-protected mice.  Additionally, as reported in the previous chapter, in vitro blockade 

of IL-4 partially restored PLP:OVA-pσ1-mediated suppression of CD4+ T cell 

proliferation, and in vivo neutralization of IL-4 partially reversed PLP:OVA-pσ1-

mediated protection in PLP139-151-challenged SJL mice.  Therefore, IL-4 can support IL-

10-dependent protection against EAE as observed in MOG-pσ1-dosed C57BL/6 mice via 

induction of Th2-type bias, which previously was shown to support mucosal tolerance 

(76, 117).  Alternatively, IL-4 secretion induced by IL-10 can enhance conversion of 

CD25-CD4+ T cells into Treg cells (117).   

It has been demonstrated that certain APCs, especially DCs, can be involved in 

mediation of mucosal tolerance (47).  CD11b+ CD8α- DCs or myeloid DCs were shown 

to induce regulatory T cells (47), but also to stimulate differentiation, IL-4- and IL-10-

production of Th2 cells in vitro (248).  The supportive role of CD11b+CD8α- DCs in 
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recovery from EAE has been attributed to IL-10 production by these cells (31, 207).  It 

has been reported that oral tolerance cannot be established in CD11b-/- mice, and a 

deficiency in CD11b triggers the induction of Th17 cells via IL-6-dependent mechanism 

(99).  In contrast to these findings, Mac-1-/-, but not Mac-1+/- mice were shown to develop 

significantly delayed onset and attenuated EAE, and upon adoptive transfer of MOG35-55-

restimulated wild-type T cells into Mac-1-/- mice, disease was ameliorated; transfer of 

MOG35-55-restimulated T cells from Mac-1-/- mice failed to induce disease in Mac-1+/+ 

mice (396).  The crucial role for induction of peripheral tolerance to i.v. injected MOG35-

55 peptide and protection against passively transferred EAE were recently demonstrated 

for IL-10-producing myeloid DCs (393).  Consistent with this report was another study 

demonstrating that CD11b+Ly-6Chi monocytes play an important role in suppression of 

encephalitogenic T cells during EAE (395).  In addition to these findings, CD11b+ 

monocytes were shown to inhibit experimental autoimmune myocarditis mediated by 

Th17 cells via IFN-γ-dependent mechanism (394).  In agreement with the established role 

of CD11b in inhibition of Th17 cell-mediated inflammatory response, in our studies, 

Mac-1-/- mice developed more severe clinical onset of MOG35-55-induced EAE than 

C57BL/6 mice.  Consistent with reported resistance of Mac-1-/- mice to induction of 

mucosal tolerance (99), nasal MOG-pσ1 failed to generate MOG-specific tolerance in 

Mac-1-/- mice, which resulted in lack of protection against EAE in MOG-pσ1-dosed Mac-

1-/- mice.  It has been reported that T cells from MOG35-55-primed Mac-1-/- mice, which 

developed a less severe EAE produce elevated levels of TGF-β and IL-10, but reduced 

levels of IFN-γ, IL-12, and IL-4 (396).  CD4+ T cells obtained from diseased MOG-pσ1- 
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and/or PBS-dosed Mac-1-/- mice produce mostly IL-6, IL-17, and IL-21 when compared 

to diseased PBS-dosed or MOG-pσ1-protected C57BL/6 mice, and displayed reductions 

in IL-4, IFN-γ, IL-10, and IL-13, when compared to MOG-pσ1-protected C57BL/6 mice.  

Therefore, our results are consistent with the previous findings that mucosal tolerance in 

Mac-1-/- mice cannot be established due to induction of Th17 cell response (99).  

 We have demonstrated that nasal treatment with MOG-pσ1 at the peak of clinical 

EAE induced with MOG35-55 peptide immediately reduces the average clinical score of 

diseased mice and leads to the accelerated recovery from acute disease.  Since activation 

of elevated numbers of regulatory T cells would likely occur over a number of days, we 

attributed this drastic and immediate reduction in clinical onset of EAE to apoptosis of 

autoreactive cells induced by nasal MOG-pσ1.  Induction of apoptosis has been 

associated with modulation of an immune response by pσ1 (375, 376).  Apoptosis of 

OVA-specific CD4+ T cells has been demonstrated in vivo following oral tolerization 

with OVA-pσ1 (397).  We have shown that OVA-pσ1, pσ1 and co-administered OVA + 

pσ1 induce apoptosis of OVA-Tg CD4+ T cells in vitro in time- and dose-dependent 

manner (89).  To further determine the Ag specificity of pσ1-induced apoptosis, we 

treated diseased C57BL/6 mice two days before the peak of clinical MOG35-55-induced 

EAE with MOG-pσ1, PLP:OVA-pσ1, rMOG, pσ1, pσ1 plus rMOG, or with PBS.  

Treatment with rMOG did not significantly improve clinical onset of the disease when 

compared to PBS-treated mice.  On the other hand, nasally delivered MOG-pσ1 very 

rapidly depressed the average clinical score and significantly accelerated recovery from 

EAE.  In contrast to treatment with MOG-pσ1 that significantly ameliorated EAE, nasal 
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delivery PLP:OVA-pσ1 did not improve the clinical manifestation of EAE when 

compared to PBS- or rMOG-treated mice.  Surprisingly, nasal pσ1 administered alone or 

in combination with rMOG enhanced the progression and severity of EAE in C57BL/6 

mice.  Combined evidences suggest that pσ1-induced apoptosis may be mediated by 

sialic acid binding domain (49, 159, 160).  Therefore, it is plausible that nasal 

administration of pσ1 alone, pσ1 co-delivered with rMOG, or MOG-pσ1 induce 

apoptosis of effector encephalitogenic CD4+ T cells in mice exhibiting MOG35-55-induced 

EAE.  However, in contrast to nasal administration of pσ1 alone or co-delivered with 

rMOG that resulted in exacerbation of clinical disease, administration of MOG-pσ1 

inhibited disease progression and accelerated recovery from EAE.  The disease 

amelioration in MOG-pσ1-treated mice suggests involvement of Ag-specific mechanism 

for pσ1 action, like CD73/CD39/adenosine –mediated suppression of inflammation, 

and/or Ag-specific cell lysis by nasally administered MOG-pσ1 interacting with MOG-

specific Abs.  This result is consistent with our in vitro data that have shown that even 

though OVA-pσ1, pσ1, and OVA plus pσ1, induced apoptosis of OVA-Tg CD4+ T cells, 

only OVA-pσ1 induced production of regulatory cytokines by these Tg CD4+ cells (89). 

Alternatively, the extent of pσ1-mediated apoptosis may be dose-dependent, since mice 

dosed with pσ1 or pσ1 plus rMOG, received twice the amount of pσ1 molecules when 

compared to PLP:OVA-pσ1 or MOG-pσ1-dosed mice.  The lack of recovery after nasal 

administration of PLP:OVA-pσ1 suggests the Ag-specificity of pσ1-mediated tolerance, 

in which pσ1-delivered PLP139-151 peptide and OVA are not recognized by MOG35-55-
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responsive cells.  Since C57BL/6 mice are not susceptible to EAE induction by PLP139-151 

peptide (178, 412), it is possible that this peptide was simply not recognized by H-2b 

restricted immune cells during the acute disease when the epitope spreading is perhaps 

not advanced enough (380, 413).  

 In summary, we have demonstrated here that single nasal dose of MOG-pσ1 

fusion protein entirely protects mice against development of clinical onset and the CNS 

histopathology of MOG35-55-induced EAE.  In contrast to MOG-pσ1, nasal administration 

of various low-doses of rMOG alone is unable to prevent EAE development in C57BL/6 

mice.  This MOG-pσ1-mediated protection against EAE was due to induction of rMOG-

specific peripheral tolerance that was mediated by IL-10-secreting FoxP3+ Treg cells and 

supported by IL-4-producing CD25-CD4+ Th2 cells, both of which showed enhanced 

expression of ecto-5'nucleotidase CD73.  Nasal MOG-pσ1 markedly inhibited production 

of proinflammatory Th1- and Th17-type cytokines.  Moreover, we have shown here that 

MOG-pσ1-mediated protection against EAE is also associated with induction of IL-10- 

and IL-4-producing B cells that express early activation marker CD39.  The pivotal role 

of IL-10 in MOG-pσ1-mediated protection against EAE was evidenced by the inability of 

MOG-pσ1 to induce protection in IL-10-/- mice.  Furthermore, the essential role of MOG-

pσ1-induced Treg cells in production of IL-10 was demonstrated in adoptive transfer 

studies in which only the injection of MOG-pσ1-primed Treg cells, but not CD25-CD4+ T 

cells or B cells, significantly enhanced the recovery of IL-10-/- mice from EAE.  

Additionally, we demonstrated that MOG-pσ1-primed CD25-CD4+ T cells and B cells 

support Treg cells in MOG-pσ1-mediated protection against EAE, since adoptive transfer 
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of these cells prevented further progression of EAE in IL-10-/- mice.  Moreover, lack of 

functional B cells in µMT mice prevented generation of full MOG-pσ1-mediated 

protection against EAE, and adoptive transfer of wild-type MOG-pσ1-primed B cells into 

diseased µMT mice resulted in amelioration of EAE, but did not entirely suppressed the 

disease.  Remarkably, treatment of C57BL/6 mice with single nasal dose of MOG-pσ1 

resulted in dramatic and immediate remission from MOG35-55-induced EAE, whereas 

treatment with PLP:OVA-pσ1 had no effect on clinical onset of EAE in these mice. 

When pσ1 alone was used as a treatment, exacerbation of MOG35-55-induced disease was 

observed, suggesting Ag-specificity of pσ1-mediated protection against EAE.  Future 

studies need to be performed to determine the mechanism and possible restrictions of 

pσ1-mediated apoptosis.  Nonetheless, the efficacy of a single nasal dose of MOG-pσ1 in 

recovery from ongoing EAE remains valid and makes a pσ1-based system very attractive 

for delivery of tolerance, protection and treatment against autoimmune diseases.   

NOTE: Histology slides presented in Figure 4.2D and incorporated into Table 4.1 were 

made by Gayle Callis.  
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SUMMARY 

 
Mucosal tolerance is an intensively studied strategy to suppress autoimmune 

diseases.  The mucosal route of tolerance induction is clinically more attractive than the 

peripheral route means because of the ease of needle-free application.  Even though 

inhibition of autoiummune diseases has been demonstrated after mucosal administration 

of auto-Ags, induction of sustainable and long–lasting protection often requires large 

and/or repeatable doses of an Ag.  Administration of much smaller doses of auto-Ags 

delivered by mucosa-binding molecules is an attractive alternative.  In this regard, 

chemically modified cholera toxin B subunit (CTB) have been described, although 

potential risks of applying chemically modified molecule and mucosal adjuvant for 

treatment of proinflammatory autoimmune diseases may circumvent the benefits of this 

approach.   

Previously, we demonstrated that chemically modified pσ1 binds to murine M 

cells in the NALT and significantly enhances immunity to encoded DNA.  Here we show 

that recombinant pσ1, when genetically modified, can be successfully applied to prevent 

and treat autoimmune diseases.  Efficient tolerance to auto-Ags is induced by 

administration of a single, very low dose of pσ1-delivered auto-Ag.   

As proof of concept, in Chapter 2, we show that recombinant fusion protein, 

OVA-pσ1, induces OVA-specific and pσ1-specific tolerance when applied nasally to 

mice.  In contrast to OVA-pσ1, nasal administration of OVA alone, which is known to be 

a poor mucosal immunogen, elicits greater Ag-specific Ab responses.  Results presented 

in Figure 2.7A and B clearly show that a single nasal administration using ~ 1000-fold 
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molar less of OVA, when genetically fused to pσ1, was sufficient to induce OVA-

specific tolerance.  Remarkably, tolerance induced by OVA-pσ1 circumvented the 

immunostimulatory effect of CT, and even though at this point we cannot provide a clear 

explanation for this phenomenon, it is plausible that OVA-pσ1 resisted co-treatment with 

CT due to the pσ1-adhesive properties, which may influence different receptors than CT.  

Nasal treatment with OVA-pσ1 also resisted peripheral challenge with OVA and IFA, 

suggesting induction of sustainable mucosal and systemic tolerance to OVA.  

 Since chemically modified pσ1 stimulates enhanced immunity to itself, whereas 

genetically altered pσ1 induces tolerance to the fused protein Ag, we investigated if co-

administration of OVA-pσ1 with plasmid cDNA would dominate the OVA-specific 

tolerance.  Results presented in Figure 2.7C and D clearly demonstrate that this was not 

the case.   In contrast to mice that received OVA or OVA plus CpG-ODN, mice dosed 

with OVA-pσ1 with or without CpG-ODN exhibited significant reduction in OVA-

specific IgG Ab titers in serum and OVA-specific DTH response.  CpG-ODNs are known 

to activate an innate immune system to produce proinflammatory cytokines, and when 

administered mucosally, CpG-ODNs induce Th1-type immune responses.  Remarkably, 

lymphocytes isolated from OVA-pσ1 plus CpG-ODN-dosed mice produced significantly 

less Th1-type cytokines when compared to those obtained from OVA plus CpG-ODN-

dosed mice (Figure 2.8B).  Of interest, Th cells from OVA-pσ1 plus CpG-ODN-dosed 

mice produced enhanced amounts of IL-13 and TGF-β, when compared to Th cells from 

OVA-pσ1-dosed mice, which were more IL-4- and IL-10-dependant (Figure 2.8A).  This 

observation offers an exciting new direction of research to investigate how mucosal 
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adjuvants can augment or change the type of Treg cells induced.  These results clearly 

indicate that genetically modified pσ1 is a very efficient tolerance vehicle and suggest 

that tolerogenic effect of OVA-pσ1 is clearly dependent on genetic modification of pσ1. 

 Next we investigated if mucosal administration of pσ1 is required for tolerance 

induction.  In Chapter 2, we show that recombinant pσ1 efficiently binds to L cells in 

vitro (Figure 2.1C).  Previous reports have demonstrated that recombinant pσ1 binds M 

cells in NALT and interacts with murine L929 (L) cells, Caco-2 cells, RFL-6 cells, 

mammalian erythrocytes and intestinal epithelial cells.  Since pσ1 is capable of acting 

upon various cell types, we questioned if mucosal delivery of OVA-pσ1 would be 

required for induction of OVA-specific tolerance.  To address this question, we first 

evaluated the presence of OVA-specific immune responses in mice i.m. dosed with 

OVA-pσ1.  In contrast to mice i.m. administered with OVA or OVA plus CT, systemic 

administration of OVA-pσ1 or OVA-pσ1 plus CT did not induce OVA-specific IgG Abs 

in serum before peripheral challenge with OVA and IFA (Figure 2.9A, and B).  However, 

one week after challenge with OVA/IFA, OVA-pσ1- and OVA-pσ1 plus CT-dosed mice 

exhibited induced OVA-specific IgG titers.  Therefore, we concluded that mucosal 

delivery of OVA-pσ1 is required for induction of systemic tolerance to OVA.  Further 

confirmation that mucosal delivery is pivotal for pσ1-mediated tolerance came from the 

experiments in PPs-deficient LTα
-/- mice that lacked PP-associated M cells.  Results 

shown in Figure 2.9C, D and E clearly demonstrate that LTα
-/- mice are resistant to pσ1-

mediated tolerance.  When fed with OVA-pσ1, LTα
-/- mice develop significantly 
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elevated OVA-specific IgG and IgA Ab titers in serum and OVA-specific DTH responses 

when compared to C57BL/6 mice orally given OVA-pσ1 (Figure 2.9C, D and E).  

Therefore, M cells are essential for OVA-pσ1-mediated tolerance, and together these 

results suggest that induction of pσ1-mediated tolerance is limited to mucosal delivery. 

As demonstrated in our proposed model for pσ1 modulation of an immune reponse 

(Figure 5.1), our results implicate that nasally administered OVA-pσ1 is uptaken by M 

cells in NALT and transported into mucosal sites, where OVA-pσ1 encounters APCs.     

 In an attempt to determine the mechanism of pσ1-mediated tolerance to OVA, we 

learned, that OVA-pσ1-induced tolerance is CD4+ T cell-dependent.  OVA-specific 

tolerance could be adoptively transferred, as shown when CD4+ T cells isolated from 

CLNs of OVA-pσ1-tolerized mice were adoptively transferred into naïve mice (Figure 

2.2A).  Since induction of a low-dose tolerance has been associated with activation of 

regulatory T cells,  results presented in Figure 2.2D and E show that nasal administration 

of OVA-pσ1 induces more than a 40 % increase in FoxP3+CD25+CD4+ and over a 60 % 

increase in FoxP3+CD25-CD4+ T cells, when compared to naïve mice.  CD25+CD4+ and 

CD25-CD4+ T cells isolated from OVA-pσ1-tolerized mice were suppressive (Figure 

2.2B), and adoptive transfer of OVA-pσ1-primed CD25+CD4+ T cells very effectively 

suppressed proliferation of OVA-Tg CD4+ T cells in vivo, as evidence by only 15 % of 

these cells proliferating.  Moreover, almost equally effective suppression of Tg CD4+ T 

cells proliferation was also achieved by adoptively transferred CD25-CD4+ T cells 

obtained from OVA-pσ1-tolerized mice.   
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 To understand the mechanism by which OVA-pσ1-derived CD25+CD4+ and 

CD25-CD4+ T cells suppress OVA-specific immune responses, results shown in Figure 

2.3 demonstrate that adoptive transfer of CD25+CD4+ T cells induces IL-10-producing 

CD4+ T cells in OVA-Tg recipient mice.  Additionally, adoptive transfer of OVA-pσ1-

derived CD25-CD4+ T cells induces production of IL-4 and IL-10 by CD4+ T cells 

isolated from recipient mice.  Importantly, secretion of proinflammatory cytokines was 

depressed in OVA-Tg mice that received OVA-pσ1-primed CD25+CD4+ or CD25-CD4+ 

T cells.  Cytokine analyses performed on CD25+CD4+ and CD25-CD4+ T cells obtained 

from OVA-pσ1-tolerized mice revealed pronounced polarization of cytokine responses.  

As presented in Figure 2.4, CD25+CD4+ FoxP3+ Treg cells obtained from OVA-pσ1-

tolerized mice secrete predominantly IL-10, whereas CD25-CD4+FoxP3+ T cells from 

these mice primarily secrete IL-4.  IL-10 production by Treg cells from nasally tolerized 

mice is well-documented, whereas IL-4 is considered one of the major cytokines that 

characterizes the Th2-type anti-inflammatory cells.  Consistent with these findings, IL-

10-producing Treg cells and IL-4-producing CD25-CD4+ Th2 cells derived from OVA-

pσ1-tolerized mice were potent suppressors of OVA-specific proliferation of CD4+ T 

cells and significantly inhibited inflammation induced by systemic challenge with OVA 

in IFA.  Another regulatory cytokine, TGF-β, was only transiently expressed by OVA-

pσ1-derived regulatory T cells (CD25+ and CD25-) (Figure 2.4E), which may implicate 

this cytokine in conversion of CD25-CD4+ FoxP3+ T cells to CD25+ phenotype (122, 

123).   
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Processing and presentation of OVA-pσ1 by professional APCs, like DCs, can 

result in various outcomes (Figure 5.1).  It is now well established that certain subsets of 

mucosal DCs promote induction of tolerance over immunity.  Processing and 

presentation of OVA-pσ1 by these tolerogenic DCs may lead to induction of OVA-pσ1-

specific regulatory T cells (CD25+ and CD25- CD4+), that express FoxP3 and secrete 

anti-inflammatory cytokines (IL-10 and IL-4).  Alternativelly, presentation of processed 

epitopes of OVA-pσ1 by DCs may result in T cell anergy.  After nasal administration of 

pσ1-delivered protein Ag, limited numbers of naïve CD4+ T cells may undergo activation 

to proinflammatory phenotypes; however, we believe that these effector cells are 

effectively suppressed by OVA-pσ1-specific regulatory cells, resulting in induction of 

Ag-specific tolerance.  Along these lines, proinflamamtory immune response induced by 

systemic challenge of mice with OVA in IFA is efficiently inhibited by these OVA-pσ1-

induced regulatory T cells that spread to the systemic compartment after expansion in 

LNs (Figure 5.1).  
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Figure 5.1. Proposed mechanism for the pσ1 action as a mucosal delivery vehicle.  Nasally administered Ag-pσ1 fusion protein is internalized by M cells and 
translocated into the mucosal sites. 
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Figure 5.1. – continued.  Tolerogenic APCs (presumably DCs) process Ag-pσ1 and present its epitoped on 
MHC II to CD4+ T cells.  Due to the tolerogenic properties of Ag-pσ1 and/or DCs, induction of T 
regulatory cells occurs, whereas Ag-activated CD4+ T cells undergo anergy, and/or active suppression by 
Ag-pσ1-induced regulatory T cells, and/or pσ1-mediated apoptosis.  Additionally, via direct interaction 
with B cell receptor (BCR), Ag-pσ1 can induce regulatory characteristics of B cells, and suppress B cell 
immune response.  ATP/ADP released by apoptotic cells is hydrolized by CD39 expresed on B regulatory 
cells to AMP that is rapidly converted into anti-inflammatory adenosine byTreg/FoxP3 Th2 cell-associated 
CD73.  Regulatory T and/or B cells spread on the pheriphery, and suppress the immune response induced 
by systemic administration of Ag emulsified in adjuvant.  

 
 

Since IL-10 was predominantly produced by OVA-pσ1-primed Treg cells (Figure 

2.4) and these cells were the most effective in suppressing OVA-specific proliferation of 

OVA-Tg CD4+ T cell in vivo (Figure 2.2B), we next investigated the requirement for IL-

10 in OVA-pσ1-mediated tolerance to OVA.  Results presented in Figure 2.5 clearly 

indicate that IL-10 is essential for OVA-pσ1-mediated tolerance.  We show that OVA-

pσ1-mediated tolerance to OVA cannot be induced in IL-10-/- mice, which is consistent 

with another report showing that early production of IL-10 by CD4+ T cells is important 

for induction of a high-dose oral tolerance (370).  Moreover, we show that nasal 

administration of OVA-pσ1 does not induce Treg cells in IL-10-/- mice, further suggesting 

the importance of IL-10-secreting Treg cells is OVA-pσ1-induced tolerance.   

 It is well-established that induction of mucosal tolerance can occur by active 

suppression (33, 34, 78, 89), generation of anergy (22, 24), and/or clonal deletion of 

effector cells (22, 24, 397).  Results presented in Chapter 2 clearly show active 

suppression of OVA-reactive CD4+ T cells by OVA-pσ1-induced T regulatory cells.  

When investigating if pσ1-mediated tolerance utilizes additional inhibitory mechanism, 

results in Table 2.3 and 2.4 showed that OVA-pσ1 induces apoptosis of OVA-reactive Tg 

CD4+ T cells in vitro.  This discovery is in agreement with the well established ability of 
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reoviral and recombinant pσ1 to induce apoptosis (375, 376).  Additionally, apoptosis of 

OVA-reactive CD4+ T cells has recently been implicated in induction of oral tolerance by 

OVA-pσ1 (397).  Therefore, in addition to an active suppression, clonal deletion of 

effector CD4+ T cells is likely to contribute to nasally delivered OVA-pσ1.  Following M 

cell-mediated translocation, OVA-pσ1 encouters also T and B lymphocytes.  Based on 

our in vitro results presented in Chapter 2 (Table 2.3 and 2.4), our in vivo data presented 

in Chapter 4 (Figure 4.4), and results published by others (397), as well as established 

role of pσ1 in inducing apoptosis (375, 376), we speculate that pσ1 can induce apoptosis 

of OVA-reactive effector Th17 and Th1 cells, as well as other activated Th cells in vivo 

(Figure 5.1).   

 Ability of pσ1 and OVA-pσ1to induced apoptosis in vitro and in vivo triggered a 

question about the specificity of pσ1-mediated tolerance.  In Chapters 3 and 4, we 

showed that pσ1-mediated tolerance is specific to delivered protein Ag.  To fully address 

this question, we developed another pσ1-based fusion protein, which in addition to OVA, 

also carried the encephalitogenic PLP130-151 epitope (Figure 3.1).  In Figure 3.2, we show 

that nasal administration of PLP:OVA-pσ1 induces PLP-specific tolerance and protects 

mice against PLP139-151-induced EAE.  In contrast to PLP:OVA- pσ1-dosed mice, mice 

that received OVA-pσ1 developed EAE and showed significant increase of PLP139-151-

specific DTH response.  CD4+ T cells obtained from PLP:OVA-pσ1-protected mice 

produced only anti-inflammatory and  regulatory cytokines and no proinflammatory 

cytokines after in vitro re-stimulation with OVA or with PLP139-151, implicating that pσ1-

mediated tolerance is limited to pσ1-delivered Ag.  Importantly, even though OVA-pσ1-
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dosed mice were not protected against EAE, these mice remained tolerant to OVA 

(Figure 3.2D).  Analysis of their CD4+ T cells in vitro re-stimulated with OVA exhibited 

elevated production of anti-inflammatory and regulatory cytokines but not 

proinflammatory cytokines; however, when these cells were re-stimulation with PLP139-

151 peptide, they produced predominantly pro-inflammatory cytokines, further indicating 

Ag-specificity of pσ1-delivered tolerance.    

We showed in Chapter 2 that efficient tolerance to OVA can be accomplished 

using 1000-fold less OVA-pσ1 than OVA alone.  Consequently, we queried if protection 

against EAE can also be established after a single nasal dose using PLP:OVA-pσ1.  

Results presented in Figure 3.3B and C clearly show that a 100 µg dose of PLP:OVA-

pσ1 administered to mice before the disease induction or during its pre-clinical stage is 

sufficient to significantly reduce clinical manifestation of EAE.  This discovery is 

important because the ability to establish protection after a single administration of an Ag 

reduces the risk for development of allergies which is a serious concern if an Ag needs to 

be administered multiple times.   

It is believed that the CNS histopathology in EAE translates directly to the 

clinical manifestation of the disease, and we sought to determine if nasal administration 

of PLP:OVA-pσ1 prevents the CNS histopathology in mice.  Results presented in Figure 

3.3D clearly demonstrate that mice given a single dose of PLP:OVA-pσ1 exhibit 

profound reduction of mononuclear cells’ infiltration and associated demyelination of the 

CNS when compared to PBS-dosed diseased mice.    
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In Chapter 2, we provided evidence that OVA-specific tolerance induced by 

nasally administered OVA-pσ1 is mediated by IL-10-producing CD25+CD4+ Treg cells 

and IL-4-secreting CD25-CD4+ T cells.  Induction of IL-10-producing regulatory T cells 

has been linked with suppression of EAE (90, 95), and introduction of Th2 cell bias has 

been suggested as a supportive mechanism for EAE inhibition (33, 78).  Thus, we queried 

if enhanced activation of regulatory T cells protects mice against EAE when PLP:OVA-

pσ1 is nasally administered.  FACS analysis depicted in Figure 3.4A clearly demonstrates 

that nasally administered PLP:OVA-pσ1 induces significant enrichment in the 

percentages of FoxP3+CD25+CD4+ and FoxP3+CD25-CD4+ T cells.  Consistent with 

induction of IL-10-producing Treg cells and IL-4-producing FoxP3+ Th2 cells after OVA-

pσ1 tolerization, we show that > 85 % of Treg cells from protected PLP:OVA-pσ1-dosed 

mice produce IL-10, and almost as many CD25-CD4+FoxP3+ Th2 cells from these mice 

produce IL-4 (Figure 3.4A and B).  In agreement with the well-established role of IL-10 

in protection against EAE (90, 95), results in Figure 3.5A show that in vitro blockade of 

IL-10 reverses the PLP:OVA-pσ1-mediated suppression of CD4+ T cell proliferation in 

response to in vitro stimulation with PLP139-151 peptide.   

To investigate the relevance of IL-4 for PLP:OVA-pσ1-mediated protection 

against EAE, in Figure 3.5A,  in vitro inactivation of IL-4 partially abolishes PLP:OVA-

pσ1-induced suppression of PLP139-151-specific proliferation of CD4+ T cells.  Consistent 

with reported by others supportive role of Th2 cell bias in suppression of EAE (266-270), 

we determined that in vivo inhibition of IL-4 by anti-IL-4 mAb results in partial 

restoration of EAE in PLP:OVA-pσ1-dosed mice (Figure 3.5B).  Moreover, CD4+ T cells 
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from anti-IL-4 mAb-treated PLP:OVA-pσ1-dosed mice produced 2-fold less IL-10 and 

3-fold more IFN-γ when compared to PLP:OVA-pσ1-protected mice treated with isotype 

control Ab (Figure 3.5C).  This result is not surprising since it is well-established that 

Th1 and Th2-type cytokines counter-regulate each other (195-197) and is consistent with 

the supportive role of IL-4 in IL-10-mediated protection against EAE observed in 

PLP:OVA-pσ1-dosed mice.  

In an effort to further evaluate the mechanism of PLP:OVA-pσ1-mediated 

protection against EAE, we next investigated if PLP:OVA-pσ1-primed Treg and/or CD25-

CD4+ Th2 cell could prevent EAE development when adoptively transferred into naïve 

mice.  Results depicted in Figure 3.6A clearly show the importance of PLP:OVA-pσ1-

primed Treg cells in protection against EAE.  Adoptive transfer of these Treg cells provided 

complete protection against the development of clinical disease in recipient mice.  

Interestingly, consistent with the supportive role of Th2 cells in suppression of EAE, 

adoptive transfer of PLP:OVA-pσ1-derived CD25-CD4+ Th2 cells significantly delayed 

and ameliorated disease in mice.  To determine if PLP:OVA-pσ1-mediated protection 

against EAE could be established in the absence of functional CD25+CD4+FoxP3+ Treg 

cells, mice were nasally dosed with PLP:OVA-pσ1 and treated with anti-CD25 mAb 

concurrently.  These mice developed very severe clinical disease and all succumbed to 

peak clinical symptoms (Figure 3.6B).  Further investigation revealed that induction of 

Th17-type cells is responsible for the aggressive EAE observed in anti-CD25 mAb-

treated PLP:OVA-pσ1-dosed mice.  Interestingly, we show that CD4+ T cells from 

severely diseased PLP:OVA-pσ1-dosed, anti-CD25 mAb-treated mice produce 



 267

significantly more of proinflammatory cytokines and at least 2-fold more TGF-β than 

PLP:OVA-pσ1-protected mice (Figure 3.6C).   

The anti-inflammatory and anti-encephalitogenic potential of TGF-β has been 

well-established (33, 78, 104, 120, 267).  On the other hand, this cytokine has been also 

implicated in induction of Th17-type cells, which are now considered the major 

encephalitogenic cell population in EAE.  Thus, we questioned whether the increased 

production of TGF-β by cells isolated from severely diseased mice dosed with 

PLP:OVA-pσ1 plus treatment with anti-CD25 mAb is related to the lack of protection 

against EAE and to the strong proinflammatory phenotype observed in these mice.  We 

learned that simultaneous inhibition of TGF-β and inactivation of CD25 result in restored 

protection against EAE in mice nasally dosed with PLP:OVA-pσ1 (Figure 2.7).  

Interestingly, analysis of cytokines produced by lymphocytes isolated from these rescued 

mice revealed strong Th2 cells bias, as evidenced by > 6-fold increase in IL-4, 2-fold 

increase in IL-13, and almost 7-fold increase in IL-28, as well as the concomitant 

reduction in Th1 and Th17-type cytokines when compared to diseased mice dosed with 

PLP:OVA-pσ1 plus anti-CD25 mAb treatment (Figure 3.8).  When compared to anti-

CD25 mAb-treated PLP:OVA-pσ1-dosed mice, > 8-fold reduction in IL-6, 5-fold 

reduction in IL-17 and IL-23, and 3-fold reduction in IL-22 and IL-21 were observed in 

mice dosed with PLP:OVA-pσ1 plus treated with anti-CD25 and anti-TGF-β mAbs 

(Figure 3.8).  

In addition to TGF-β, other cytokines, including IL-23, can induce Th17-type 

cells.  To evaluate if induction of Th17 cells and abrogation of PLP:OVA-pσ1-mediated 
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protection against EAE in mice treated with anti-CD25 mAb are dependent on IL-23, we 

queried what happens if IL-23 is neutralized.  Results shown in Figure 3.9 clearly suggest 

that IL-23 is not essential for induction of Th17-type cells in these mice, as evidenced by 

the lack of effect of IL-23 neutralization on the disease course in mice dosed with 

PLP:OVA-pσ1 and treated with anti-CD25 mAb.   

 EAE induced by PLP139-151 peptide in SJL mice mimics relapsing-remitting MS 

observed in human patients, whereas MOG35-55-induced EAE resembles the secondary 

progressive MS (6, 172).  PLP:OVA-pσ1 when nasally administered to mice prevents 

development of PLP139-151-induced EAE.  When investigating if MOG-pσ1 fusion protein 

would efficiently suppress MOG35-55-induced acute EAE in C57BL/6 mice, results 

presented in Chapter 4 clearly demonstrated that MOG-pσ1 is very effective in 

preventing MOG35-55-induced EAE.  As little as 50 µg of MOG-pσ1 prevented any 

clinical manifestation of acute EAE and the CNS histopathology (Figure 4.2).  

Importantly, nasal administration of rMOG(29-146) alone did not have the same effect and 

did not prevent EAE development.  Results of cytokine analysis presented in Figure 4.3 

clearly demonstrate that cells obtained from MOG-pσ1-protected mice produced > 8-fold 

less of IL-17, 3-fold less of IL-21, but displayed > 3-fold increase in IL-4, and 6-fold 

increase in IL-10 when compared to PBS-dosed diseased mice (Figure 4.3).  

Interestingly, we learned that rMOG- and PBS-dosed mice develop similar clinical EAE, 

although the disease mechanism is dramatically different between these groups.  

Consistent with the general opinion of EAE being mediated predominantly by Th17-type 

cells (168, 169, 187, 190), PBS-dosed diseased mice produce predominantly IL-17 and 
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IL-21, and almost no IL-4 or IL-10.  On the other hand, disease in rMOG-dosed mice 

exhibits a strong Th1 cell bias, as evidenced by prominent production of IFN-γ and IL-27 

and concomitant reduction in Th17- and Th2-type cytokines (Figure 4.3).  This discovery 

is especially interesting given the controversial role of IFN-γ and other Th1-type 

cytokines in the progression of EAE, and may provide a new insight into the mechanism 

of EAE pathogenesis.  In agreement with our results is a recent finding by Kroenke et al, 

demonstrating that either IL-12p70-polarized Th1 cells or IL-23-polarized Th17 cells can 

induce clinical EAE when adoptively transferred into mice (414).  Even though no 

clinical differences were exhibited by mice transferred with PLP139-151-specific Th1 or 

Th17 cells, these mice displayed different patterns and composition of CNS infiltrates. 

EAE caused by adoptively transferred encephalitogenic Th1 cell was associated with the 

CNS infiltration by macrophages/monocytes, whereas neutrophiles predominantly 

penetrated the CNS in mice that received encephalotogenic Th17 cells (414).  

 Treg cells induced in mice tolerized with OVA-pσ1, or protected against EAE with 

PLP:OVA-pσ1, produce predominantly IL-10.  Moreover, results shown in Chapter 2 

clearly demonstrate that OVA-pσ1-mediated tolerance cannot be established in IL-10-/- 

mice (Figure 2.5).  Furthermore, as reported in Chapter 3, in vitro inactivation of IL-10 

abolishes PLP:OVA-pσ1-mediated suppression of PLP139-151-specific proliferation of 

CD4+ T cells.  Upon determining if MOG-pσ1-mediated protection against acute EAE 

cannot be established in IL-10-/- mice (Figure 4.5), it was quickly learned that in EAE-

induced IL-10-/- mice, MOG-pσ1 was not protective.  In fact, it was associated with an 

increased production of proinflammatory cytokines IFN-γ, IL-17, and IL-21 and 
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concomitant reductions of IL-4 and IL-13, when compared to MOG-pσ1-dosed C57BL/6 

mice.    

 To analyze potential phenotypic traits for MOG-pσ1-induced regulatory cells, in 

agreement with our results presented in Chapters 2 and 3, MOG-pσ1-induced Treg cells 

produce predominantly IL-10, and FoxP3+CD25-CD4+ T cells secrete IL-4 (Figure 4.6).  

Moreover, we have determined that FoxP3-expressing regulatory T cells (CD25+ and 

CD25-) exhibit ~ 50 % increase in expression of CD73 (Table 4.3).  Interestingly, B cells 

isolated from MOG-pσ1-dosed mice produce increased amounts of IL-10 and IL-4 and 

express over 30 % more of CD39, when compared to B cells from PBS-dosed mice 

(Table 4.3).  CD39 (ATPDase) hydrolizes extracellular pro-apoptotic ATP and ADP 

(404, 405) to AMP, which is then converted to anti-inflammatory immunemodulator, 

adenosine, by CD73 (ecto-5’-nucleotidase) (406).  Expression of CD73 and CD39 has 

been associated with the suppressive / anti-inflammatory potential of regulatory T cells 

(409).  Production of IL-10 and IL-4 by anti-inflammatory B cells has been established 

(98, 236, 241, 401), although expression of CD39 has not yet been associated with 

regulatory B cells phenotype.  The importance of this discovery for our model has been 

presented in Figure 5.1.  We propose that ATP/ADP released by activated CD4+ T cells 

directed to undergo apoptosis by pσ1, may be hydrolyzed to AMP by CD39 expressed by 

regulatory B cells.  Furthermore, CD73 expressed by regulatory CD4+ T cells activated 

by nasal administration of MOG-pσ1 can plausibly convert AMP into anti-inflammatory 

adenosine, providing anti-inflammatory environment, and further supporting activation of 

Treg and anti-inflammatory Th2 cells. 
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 To further investigate the role of B cells in MOG-pσ1-induced protection against 

EAE, consistent with the reported regulatory function of IL-10-producing B cells (98), 

our results show in Figure 4.7A that B cells play a supportive role in MOG-pσ1-mediated 

protection against EAE.  Mice lacking functional B cells (µMT mice) are only partially 

protected against EAE when nasally dosed with MOG-pσ1 (Figure 4.7A).  Moreover, 

adoptive transfer of B cells from MOG-pσ1-dosed C57BL/6 mice to diseased C57BL/6 

mice prevents further progression of the disease but does not accelerate the recovery from 

EAE (Figure 4.7B).  When B cells obtained from MOG-pσ1-dosed C57BL/6 mice were 

adoptively transferred to diseased µMT mice, further progression of the disease was 

ameliorated, and these mice remitted faster from the disease, though did not recover 

completely (Figure 4.7B).   Interestingly, when diseased µMT mice received B cells from 

PBS-primed C57BL/6 mice, the disease progression was accelerated, and these mice 

developed significantly more severe EAE when compared to PBS-dosed C57BL/6 mice.  

In agreement with the work of others suggesting supportive role of regulatory B cells 

against inflammatory diseases, we determined that nasally administered MOG-pσ1 

induces regulatory potential of B cells exhibited by production of anti-inflammatory 

cytokines and/or expression of CD39 (Figure 5.1).   

 Results described in Chapter 4 indicate that MOG-pσ1-induced Treg cells produce 

predominantly IL-10, and MOG-pσ1-mediated protection against EAE cannot be 

established in IL-10-/- mice.  Moreover, as determined in Chapter 3, PLP:OVA-pσ1-

mediated protection against RR EAE is abolished when mice are depleted of functional 

Treg cells at the time of the disease induction.  Therefore, IL-10 plays a crucial role in 
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pσ1-mediated tolerance to delivered Ag.  B cells from MOG-pσ1-protected mice produce 

elevated amounts of IL-10 when compared to B cells obtained from diseased PBS-dosed 

mice.  Thus, we questioned whether the source of IL-10 is important for MOG-pσ1-

mediated protection against EAE and, if so, which IL-10-producing cells are pivotal for 

this protection.  The answer to this question was provided by the results of another 

adoptive transfer experiment.  As depicted in Figure 4.8, adoptive transfer of Treg cells 

from MOG-pσ1-primed C57BL/6 mice to diseased IL-10-/- mice inhibits progression and 

significantly accelerates recovery from EAE.  Even though adoptive transfer of B cells 

from MOG-pσ1-primed C57BL/6 mice also prevents further progression of EAE, IL-10-/- 

mice that received MOG-pσ1-primed B cells did not recover from EAE significantly 

earlier when compared to PBS-dosed control mice.  Therefore, IL-10-producing Treg cells 

are pivotal for pσ1-mediatd tolerance, but B cells and Th2 cells can play a supportive 

anti-inflammatory role.  

 Induction of a low-dose mucosal tolerance is not restricted to T cells.  There is a 

growing body of evidence suggesting that APCs, especially certain subset of DCs, are 

necessary for providing a “regulatory” signal to T cells (31, 47).  We took advantage of 

the available CD11b-/- mouse model to determine if APCs play a role in pσ1-mediated 

tolerance to the fused protein Ag and MOG-pσ1-mediated protection against acute EAE.   

Results shown in Figure 4.9 suggest that CD11b expression is required for pσ1-mediated 

tolerance, and mice lacking this molecule are not tolerized to MOG and are not protected 

against EAE by nasally administered MOG- pσ1.  This discovery is consistent with the 

reported inability to induce tolerance in CD11b-/- mice by mucosally applied Ag (99).  In 
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agreement with the clinical disease exhibited by CD11b-/- mice nasally dosed with PBS or 

with MOG-pσ1, these mice produced significantly more of proinflammatory cytokines, 

but showed major depression in anti-inflammatory cytokines when compared to protected 

MOG-pσ1-dosed C57BL/6 mice (Figure 4.9C).  These results further support our 

hypothesis, that nasally administered MOG-pσ1, after being transported by M cells to 

mucosal sites, is processed by “tolerogenic” subpopulation of DCs, resulting in activation 

of regulatory T cells that suppress MOG-specific effector Th17 and Th1 cells via 

production of regulatory cytokines (Figure 5.1).  

 In Chapter 3, we reported that single dose of PLP:OVA-pσ1 administered to mice 

before EAE induction or during its pre-clinical phase significantly ameliorates PLP139-151-

indcued EAE (Figure 3.3).  As little as 50 µg of MOG-pσ1 entirely prevented clinical 

manifestation of MOG35-55-induced acute EAE (Chapter 4).  To investigate if MOG-pσ1 

can suppress ongoing clinical EAE, the results presented in Figure 4.4A clearly show that 

50 µg of MOG-pσ1 nasally administered to mice at the peak of clinical disease 

drastically improve EAE manifestation within the first 24 h after treatment.  This instant 

remission from the acute disease was attributed to the well-established ability of pσ1 to 

induce apoptosis.  We reported in Chapter 2 that OVA-pσ1 induces apoptosis of OVA-Tg 

CD4+ T cells in vitro.  In agreement with our results are findings of others suggesting that 

pσ1-induced apoptosis can be mediated by sialic acid binding domain on pσ1.  To verify 

the specificity of pσ1-mediated apoptosis, we treated mice that developed acute EAE 

with MOG-pσ1, PLP:OVA-pσ1, rMOG, pσ1, or with rMOG plus pσ1 (Figure 4.9B).  

Our results clearly indicate that immediate improvement in clinical manifestation of EAE 
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is achieved only after nasal administration of MOG-pσ1.  In contrast to MOG-pσ1-

mediated recovery, nasal treatments with PLP:OVA-pσ1, rMOG, or PBS have no effect 

on recovery from EAE.  Significantly, mice that received pσ1 or rMOG plus pσ1 

developed more restricted disease after treatment indicating unspecific deletion of CD4+ 

T cells by pσ1 not fused with encephalitogenic peptide.   Therefore, our results suggest 

that the mechanism of pσ1-delivered tolerance to the fused protein Ag relies on induction 

of active suppression and clonal deletion of effector cells.  Systemic administration of 

encephalitogenic MOG35-55 peptide emulsified in a potent adjuvant (CFA), results in 

activation of strong systemic proinflammatory response mediated by MOG35-55-reactive 

Th17 and Th1 cells (Figure 5.1).  Additionally, presence of activated CD4+ T cells and 

Ag, activates clonal expansion of B cells that differentiate into plasma cells and produce 

MOG35-55-specific Abs.  Since induction of MOG-specific suppression of the immune 

reponse by regulatory T cells would be unlikely after just 24 hours following nasal 

administration of MOG-pσ1, we hypothesize that this immediate amelioration of the 

disease in MOG-pσ1- but not PLP:OVA-pσ1-, pσ1-, or rMOG + pσ1-treated mice may 

be attributed to specific lysis of MOG-reactive effector CD4+ T cells by MOG-pσ1-Ab 

complexes (Figure 5.1).  The hypothesis proposing that MOG-specific Abs may play a 

role in MOG-pσ1-mediated recovery from EAE need to be confirmed; nonetheless our 

discovery opens an exciting new area of studies to determine other potential mechanisms 

of pσ1-mediated tolerance, and provides an argument that the type of protein Ag 

delivered by pσ1 can influence the type regulatory response mediated by pσ1. 
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 Although our results indicate that a pσ1-based delivery vehicle can be 

successfully applied to prevent and/or treat autoimmune diseases, several questions 

remain to be answered.  First, the potential toxicity of pσ1 needs to be evaluated in vivo 

in order to potentially test pσ1-based vaccines in primates.  Secondly, the direct effect of 

pσ1 on cells and tissues in the CNS has not been evaluated and is of importance given the 

pσ1’s ability to induce apoptosis.  As demonstrated in Chapter 4, MOG-pσ1-induced 

protection against EAE could not be established in CD11b-/- mice, suggesting the 

importance of APCs for generation of pσ1-mediated tolerance.  Future studies should 

address the influence of pσ1 on innate cells, especially DCs, since a growing body of 

evidence suggests the importance of these cells in induction of low-dose mucosal 

tolerance.  Nasal administration of MOG-pσ1 drastically improves MOG35-55-induced 

EAE.  On the other hand, nasally given PLP:OVA-pσ1 has no effect on clinical 

manifestation of EAE, and administration of not fused pσ1 exacerbates the disease.  

Future studies are needed to confirm that these effects are due to the pσ1-mediated 

apoptosis and to investigate the conditions under which pσ1-mediated apoptosis is 

restricted to effector CD4+ T cells.  Additionally, the potential role of B cells and auto-

Ags in pσ1-mediated tolerance need to be investigated, since our results in Chapter 4 

suggested the potential involvement of Ab-mediated lysis in pσ1-mediated recovery from 

EAE.  Finally, the initial interaction with mucosal cells can determine the fate of pσ1-

based mucosal vaccines.  Therefore, it is important to investigate if tolerogenic effect is 
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restricted to pσ1 interaction with M cells or if additional cell types are important for 

tolerogenic outcome of pσ1-based vaccine platform.   

In summary, our results have demonstrated the feasibility of pσ1-based protein 

vaccines to induce single-dose mucosal tolerance, which is restricted to the pσ1-fused 

protein Ag and can be utilized as a treatment and/or preventive drug against autoimmune 

inflammatory diseases and allergies.  Furthermore, the requirement for just a single-dose 

nasal administration overcomes the serious potential for health issues, such as the 

development of allergies.    

Aside of the great practical relevance of a pσ1-based delivery system, that 

provides a tool for single low-dose nasal tolerization, we have learned that genetically 

modified pσ1 can induce tolerance to fused protein Ag and to itself by at least two 

distinct mechanisms, namely active suppression of Ag-specific effector CD4+ T cells 

and/or clonal deletion of effector cells.  The proposed pro-apoptotic function of pσ1 

needs to be characterized in more details, to determine under what conditions pσ1-

mediated apoptosis is Ag-specific, and to investigate the possible involvement of Abs and 

their supportive role in pσ1-mediated tolerance.  We have identified new phenotype for 

regulatory B cells, the surface expressed CD39 ATPDase that may be linked to the 

suppressive function of these cells.  Moreover, we provided an argument that pσ1-

induced tolerance can be mediated by various regulatory T cells, depending on the 

experimental conditions.  

Furtheremore, as determined in Chapter 2, tolerance delivered by OVA-pσ1 in the 

presence or absence of mucosal adjuvant CpG-ODN, was mediated by potentially 
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different types of regulatory cells, that secreted wither IL-13 and TGF-β or IL-10 and IL-

4, respectively.  This discovery provides an exciting new direction in research on the role 

of mucosal adjuvants in alteration between different types of regulatory mechanisms.  

Likewise, in Chapter 4 we reported that in contrats to PBS-dosed mice that developed 

Th17 cell-mediated EAE, nasal administration of rMOG, resulted in induction of Th1 

type cytokines in response to MOG35-55 challenge, providing the new insights into the 

mechanism of EAE pathogenesis. 
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