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Abstract

FOXP3+ regulatory T cells (Tregs) constitute a critical barrier that enforces tolerance to both the 

self-peptidome and the extended-self peptidome to ensure tissue-specific resistance to 

autoimmune, allergic, and other inflammatory disorders. Here, we review intuitive models 

regarding how T cell antigen receptor (TCR) specificity and antigen recognition efficiency shape 

the Treg and conventional T cell (Tcon) repertoires to adaptively regulate T cell maintenance, 

tissue-residency, phenotypic stability, and immune function in peripheral tissues. Three zones of 

TCR recognition efficiency are considered, including Tcon recognition of specific low-efficiency 

self MHC-ligands, Treg recognition of intermediate-efficiency agonistic self MHC-ligands, and 

Tcon recognition of cross-reactive high-efficiency agonistic foreign MHC-ligands. These 

respective zones of TCR recognition efficiency are key to understanding how tissue-resident 

immune networks integrate the antigenic complexity of local environments to provide adaptive 

decisions setting the balance of suppressive and immunogenic responses. Importantly, deficiencies 

in the Treg repertoire appear to be an important cause of chronic inflammatory disease. 

Deficiencies may include global deficiencies in Treg numbers or function, subtle ‘holes in the Treg 

repertoire’ in tissue-resident Treg populations, or simply Treg insufficiencies that are unable to 

counter an overwhelming molecular mimicry stimulus. Tolerogenic vaccination and Treg-based 

immunotherapy are two therapeutic modalities meant to restore dominance of Treg networks to 

reverse chronic inflammatory disease. Studies of these therapeutic modalities in a preclinical 

setting have provided insight into the Treg niche, including the concept that intermediate-

efficiency TCR signaling, high IFN-β concentrations, and low IL-2 concentrations favor Treg 

responses and active dominant mechanisms of immune tolerance. Overall, the purpose here is to 

assimilate new and established concepts regarding how cognate TCR specificity of the Treg 
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repertoire and the contingent cytokine networks provide a foundation for understanding Treg 

suppressive strategy.
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1. Introduction:

1.1. FOXP3+ Treg-based mechanisms of self-tolerance.

CD4+ CD25high FOXP3+ Tregs represent the main regulatory subset that suppresses 

excessive inflammatory responses and thereby protects the host from chronic autoimmune 

and allergic disorders [1–9]. FOXP3+ Tregs have also been implicated as beneficial 

mediators in broad categories of chronic inflammatory disorders including metabolic 

diseases [10], cardiovascular diseases [11], connective tissue diseases [12–14], 

musculoskeletal diseases [15], and neurodegenerative diseases [16–19] such as Alzheimer’s 

Disease, Parkinsonism, and Amyotrophic Lateral Sclerosis, among many other inflammatory 

disease categories. Conversely, excessive activity of Tregs has been implicated in cancer and 

chronic infectious disease [20–22].

FOXP3+ Tregs represent approximately 4–12% of circulating CD4+ T cells [23]. The 

FOXP3+ Treg lineage is defined in mice and humans by the stable, constitutive cell-lineage-

specific expression of the master transcription factor FOXP3 [24–26]. A central criteria of 

the Treg lineage includes expression of FOXP3 in both blastogenic and quiescent phases, 

because some human Tcons express FOXP3 transiently in the activated phase but 

downregulate FOXP3 during quiescence [27–30]. For example, Tregs are often demarcated 

by a CD25high CD127low FOXP3+ phenotype, but this phenotype marks activated human T 

cells in general and does not distinguish Treg versus activated Tcon subsets after in vitro 

blastogenesis or during inflammation in vivo. Given that human Tregs and activated Tcons 

show extensive overlap in phenotype, the distinction of Tregs and Tcons requires an 

immunologically quiescent host and is thereby dependent upon physiologic context.

In addition to CD4+ FOXP3+ Tregs, a minor population of CD8+ lineage Tregs (0.1 – 0.5% 

of peripheral blood T cells) also express a CD25+ CD127low FOXP3+ phenotype [23]. These 

CD8+ Tregs exist in both mice and humans and mediate regulatory functions similar to that 

of the CD4+ FOXP3+ Treg counterparts. Several FOXP3negative regulatory subsets also 

mediate important regulatory functions, including IL-10-producing type 1 Tregs (Tr1 cells), 

IL-35 producing iTr35 cells, FOXA1+ regulatory T cells, TGF-β-producing Th3 cells, 

myeloid-derived suppressor cells, NKT regulatory cells, regulatory dendritic cells (DCs), 

regulatory γδ T cells (γδ Tregs), and regulatory ILCs (innate lymphoid cells), and 

regulatory macrophages (e.g., tumor-associated macrophages [31–38]. With the potential 

exception of regulatory DCs [39], the FOXP3+ Treg subset is the only regulatory subset that 

is considered indispensable for immune homeostasis and required to preclude lethal 

systemic autoimmunity. Genetic deficiency of FOXP3 results in a lack of Tregs, and this 
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deficiency of Tregs causes the fatal systemic autoimmune diseases IPEX 

(immunodysregulation polyendocrinopathy enteropathy X-linked) in humans and scurfy in 

mice [40–42]. FOXP3 is primarily operative in Tregs because Treg-specific deletion of 

Foxp3 in adult mice leads to systemic lethal autoimmune disease [43–45].

Tregs arise from both intrathymic and extrathymic tissues and migrate into secondary 

lymphoid tissues. A significant contingent of Tregs reside as tissue-resident inhabitants of 

peripheral nonlymphoid tissues where these Tregs mediate tolerogenic immune function but 

also mediate specialized non-immune roles in tissue homeostasis [46–49]. These Tregs 

generally establish long-term residency in their respective tissues [50]. Thymic (tTregs) (i.e., 

also referred to as natural Tregs or nTregs) arise during thymic ontogeny upon recognition of 

self-peptides presented via MHCII [51, 52]. Peripheral Tregs (pTregs) differentiate de novo 

from naïve T cell precursors in secondary lymphoid organs and peripheral tissues upon 

recognition of tissue-specific self-antigens or foreign environmental antigens (e.g., extended 

self) [53, 54]. Peripheral pTregs might also differentiate from antigen-experienced Tcons, 

but permissible paths of differentiation are constrained by varying degrees of subset-specific 

plasticity and the depth of commitment of a particular Tcon cell to a conventional T cell 

lineage. To date, the field lacks convincing physiological data that committed antigen-

experienced Tcons trans-differentiate into FOXP3+ Tregs, although antigen-experienced 

Tcons can differentiate into IL-10 producing Tr1 cells that suppress autoimmunity [55]. The 

degree to which Tcons can morph into Tregs and vice versa is an area of active inquiry [56]. 

Induced Tregs (iTregs) are FOXP3+ Tregs induced in vitro during culture with a TCR 

agonist and TGF-β [57]. Together, tTregs and pTregs mediate active dominant tolerance to 

universal and tissue-specific self-antigens to prevent autoimmune disease [58]. Conversely, 

pTregs specific for innocuous foreign antigens, particularly those that are present in early-

life environments and chronically thereafter, are thought to establish tolerance to ‘extended 

self’ and thereby prevent allergic diseases against gut microbiota, food antigens, respiratory 

allergens, and other common environmental antigens that chronically permeate self-tissues 

[59]. In experimental settings, iTregs act similarly to tTregs and pTregs to control pathogenic 

inflammation [60, 61]. Although iTregs are generically considered to have less stable 

FOXP3 expression, issues of stability vary depending on the experimental setting [62].

To date, the most reliable FOXP3+ Treg marker is stable FOXP3 expression within quiescent 

environments in association with selective demethylation of a CpG-rich domain in the Treg-

specific demethylated region (TSDR), which is a conserved non-coding sequence within the 

first intron of the Foxp3 gene locus [63–65]. Demethylation of the TSDR is actively 

engraved during early stages of thymic Treg development and is subsequently maintained in 

response to TGF-β. TSDR demethylation enables binding of multiple transcription factors 

and enhancers that stabilize active transcription of the Foxp3 gene thereby ensuring stable 

constitutive expression of the tTreg phenotype coupled with maintenance of robust tTreg-

mediated suppressive activity. Due to TSDR demethylation, tTregs are considered more 

stable than pTregs, which are considered more stable than iTregs. However, additional 

research is needed to understand tTreg instability under strong destabilizing activation 

conditions as well as iTreg stability when iTregs are repeatedly boosted by multiple 

stabilizing in vitro activations with DCs, antigen, and TGF-β. Another important future 

research direction is to devise an effective feasible means to stabilize primary Treg responses 
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in vivo in the aftermath of Treg immunotherapy or tolerogenic vaccination. The issue of 

Treg stability is critical, because FOXP3+ Tregs represent a nonredundant checkpoint for 

maintenance of self-tolerance, and destabilization of FOXP3+ Tregs may be a central 

consideration in the etiology and progression of autoimmune disease [66].

CD4+ CD25high FOXP3+ Tregs, rather than CD4+ CD25low FOXP3+ Tregs, represent the 

critical immunosuppressive population [67–69]. For example, the anti-mouse CD25 mAb 

PC61 selectively eliminates CD25high Tregs and abrogates FOXP3+ Treg-mediated immune 

suppression but does not impair CD25low Tregs [67, 70, 71]. The CD25high subset is defined 

by constitutively high expression of CD25, which is the transmembrane IL2Rα low-affinity 

receptor. CD25 pairs with the intermediate-affinity IL2Rβ (CD122)/ common gamma-chain 

IL2Rγ (CD132) complex to form the high-affinity IL-2 receptor [72]. The CD4+ CD25low 

FOXP3+ subset is prevalent, consisting of approximately 20–50% of the FOXP3+ Treg 

population, but this Treg subset lacks strong suppressive activity and may transition into 

Tcon subsets [73, 74]. Immunosuppressive FOXP3+ Tregs require IL-2 signaling because 

mice lacking IL-2 receptor chains CD25, CD122, or the IL-2 receptor signaling molecule 

STAT5 have deficiencies in FOXP3+ Tregs and exhibit systemic autoimmunity [75–83].

In murine experimental systems, activated CD25high FOXP3+ Tregs represent the key 

operative cell type responsible for the adoptive transfer of tolerance from tolerant donors to 

naïve recipients. In such adoptive transfer systems [61, 84, 85], Tregs can be used 

prophylactically to prevent the subsequent induction of autoimmune disease and can be used 

therapeutically to reverse ongoing chronic autoimmune disease. These adoptive transfer 

studies serve as the experimental foundation for contemporary efforts to use human Tregs in 

cell-based autologous immunotherapies [86–90].

1.2. FOXP3+ Tregs preserve tolerance to self and extended-self to inhibit autoimmunity 
and allergic disease.

The engagement of cognate TCR on Tregs is the critical event that selectively initiates 

tailored suppressive programs, each of which has a multiplicity of regulatory actions on 

local APCs, Tcons, and Tregs to favor active tolerance [33]. These mechanisms include 

Treg-derived soluble mediators such as TGF-β, IL-35, and IL-10 that facilitate Treg 

differentiation and effector function. Tregs also express cell-surface CD39 and CD73 

ectoenzymes that control purinergic signaling via catabolism of ATP/ ADP to AMP and then 

AMP to adenosine respectively, thereby converting an ATP-dominant proinflammatory 

environment to an adenosine-dominant anti-inflammatory environment [91]. Tregs express 

cell surface checkpoint regulators (CTLA-4, PD-1, LAG3, GITR, TIM-3) that impose T cell 

anergy and maintain localized Tcon cell populations in a sub-responsive state. Activated 

Tregs also produce cytotoxic proteins such as perforin and granzyme B that directly kill 

target cells including Tcons and immunogenic APCs. Treg-mediated sequestration of IL-2 

prevents neighboring Tcons from accessing a cytokine needed for survival, growth, and 

effector function. Tregs also downregulate APC-derived costimulatory molecules and 

sequester MHC/ peptide complexes from APC to inhibit cognate APC/ Tcon stimulatory 

responses [92, 93]. Tregs elicit differentiation of ‘regulatory’ DCs that in turn promote the 

differentiation of naïve T cells into new Tregs. By mechanisms that are incompletely 
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resolved, Tregs selectively orchestrate these diverse suppressive mechanisms to curtail 

inflammatory responses and impose harmony in local tissues.

Tregs express clonotypic self-reactive TCR specific for cognate self-peptides, which elicit 

Treg-mediated tolerogenic responses that prevent autoimmune disease [94]. Tregs also 

express clonotypic TCR for foreign-peptides of the ‘extended-self’ peptidomes, which is 

postulated to elicit Treg-mediated tolerogenic responses that prevent allergic disease [3, 95]. 

The concept of an ‘extended-self’ peptidome is a useful means to consider foreign 

environmental antigens that are chronically present during life, that persistently permeate 

self-tissues, and that are immunologically ‘accepted’ as ‘self’ by mechanisms of active 

tolerance and/ or passive immunological ignorance. Hence, ‘extended self’ should be 

considered herein as a conceptual construct intended to explain allergic disease. The 

postulate is that Tregs enforce tolerance to foreign environmental peptides of the extended-

self peptidome, otherwise the immune system would wage a chronic inflammatory war 

against innocuous foreign peptides of the environment [96]. Thus, the consideration is that 

foreign peptides representing ‘extended-self’ are treated immunologically as ‘self’ in 

accordance with the concept that these foreign peptides are constitutively present in self-

tissues such as the lung and gut mucosal tissues, particularly during early-life imprinting of 

immune tolerance [95]. Chronic recognition of ever-present self-peptides or ubiquitous 

environmental peptides as agonistic TCR ligands in conjunction with the FOXP3 

transcriptional program is believed to account for the constitutively activated CD25high 

phenotype of Tregs [97]. The defining functional hallmark of Tregs is the functional 

coupling of TCR specificity for agonistic self, chronic activation in response to self, and 

immune suppression of reactions against self (Figure 1). Some Treg clones also express 

clonotypic TCR specific for foreign peptides derived from infectious pathogens and control 

excessive inflammatory responses during infectious disease, thereby limiting disease when 

the immune response is a primary mediator of immunopathogenesis and tissue injury [98–

100].

2. The antigen-specific landscape of the T cell repertoire is the foundation 

of self-nonself discrimination (Figure 2):

Quantitative and qualitative parameters of TCR signaling efficiency control the antigenic 

niche that drives T cell differentiation in thymic environments [101–107]. These thymic 

recognition events are integrated to influence lineage fate decisions that commit 

differentiation of thymocyte precursors into the Treg versus Tcon lineages. TCR recognition 

efficiency is often used as a nondescript term to indicate parameters of affinity or avidity. 

Our perspective on TCR signaling efficiency is congruent with most pharmacological 

receptor systems, in which affinity refers to the strength of ligand-receptor binding 

interactions, and efficacy refers to ligand-receptor signaling activity. Affinity is a 

quantitative parameter of receptor occupancy dependent upon ligand concentration. Efficacy 

determines whether receptor occupancy translates into receptor signaling. Efficacy is a 

quantitative variable for a diverse set of receptor ligands but is a qualitative parameter for an 

individual ligand. That is, a given ligand that occupies a given receptor may be an 

antagonist, a mixed partial agonist/ antagonist, or a full agonist that will reliably stimulate 
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no response, an intermediate response, or a full response, respectively, by that receptor. 

Although a set of ligands may differ in efficacy ranging from antagonists to agonists, the 

efficacy of a single ligand is relatively constant for a given ligand-receptor pair. We 

previously argued that, among MHC-ligands that have sufficient affinity to mediate TCR 

binding, the efficacy of a MHC-ligand is a key qualitative parameter determining the 

efficiency of TCR interactions and outcomes of thymic and peripheral selection [108]. 

Affinity and avidity are contingent upon ligand concentration, which would be highly 

variable in vivo, and a set-point based on variable quantitative concentrations of an MHC-

ligand would be problematic as the foundation for self-nonself discrimination. However, the 

qualitative parameter of efficacy, which reflects the qualitative signaling activity of a given 

MHC-ligand, would provide a more reliable and valid foundation to faithfully interface 

thymic selection with accuracy in peripheral self-nonself discrimination, despite variations 

in ligand concentrations in different tissues.

During thymic ontogeny, CD4+ CD8+ double positive thymocytes use randomly-assembled 

clonotypic TCR to survey MHCII/ peptide and MHCI/ peptide ligands on thymic epithelial 

cells and DCs in the cortical and medullary regions of the thymus [109]. Thymocytes that 

lack effective recognition of any MHC/ peptide ligand are useless for the prospect of host 

defense and will die (i.e., death by neglect) due to the lack of requisite homeostatic TCR 

signaling (Figure 2A). Conversely, thymocytes that recognize cognate self-MHC ligands 

with strong efficacy pose an inherent danger for autoimmune disease and are purged from 

the repertoire via negative thymic selection (Figure 2D). Thymocytes that recognize cognate 

MHCII/ peptide and MHCI/ peptide ligands, respectively, will commit to the major CD4 or 

CD8 lineages. Within the CD4 T cell compartment, a qualitative and quantitative continuum 

of TCR signaling intensities distinguish the cues for differentiation of the Tcon and Treg 

repertoires. Thymocytes destined to seed the MHCII-restricted Tcon repertoire largely 

experience low TCR signaling efficiencies that are not overtly activating but rather provide 

homeostatic signaling necessary for thymocyte survival (Figure 2B). Thymocytes destined to 

seed the MHCII-restricted tTreg repertoire experience intermediate TCR signaling 

efficiencies that surpass agonistic activation thresholds but are below those that drive 

negative thymic selection (Figure 2C) [110]. We presume that the TCR recognition 

efficiencies that delineate Tcon and Treg thymic lineage fates reflects quantitative transitions 

rather than qualitative demarcations. Particularly for TCR signaling efficiencies within the 

Tcon/ Treg transition zone, the lineage fate of thymocytes is likely influenced by many other 

cues including the cytokine, adhesion, and costimulatory microenvironments that concur 

with relevant TCR antigen recognition events. Overall, a quantitative selectional model 

based on TCR signaling efficiency provides a simple model for selection of the T cell 

repertoire and an intuitive mechanism of self/ nonself discrimination.

The fundamental concept of host defense is based on the principal of TCR cross-reactivity 

[108, 111–114]. The CD4+ and CD8+ Tcon repertoire, in which each clone is selected to 

recognize allelic self-MHC glycoproteins complexed to cognate but non-activating self-

peptides, is ideally optimized to cross-react with the same self-MHC glycoprotein 

complexed with a foreign peptide. Even though cross-reactivity may be rare between a 

random T cell clone and a random MHC-restricted ligand (0.01 – 0.0001% probability), the 

immense diversity of the Tcon repertoire ensures a substantial number of Tcon clones will 
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cross-react to mediate host defense [115]. Thus, Tcons are selected to recognize self-MHC 

ligands as cognate non-activating ligands and are optimized to cross-react and recognize 

foreign-MHC ligands as strong activating ligands to drive clonal expansion and 

differentiation of effector/ memory functionalities (Figure 2E). Conversely, T cells that 

differentiate into Tregs recognize cognate self-MHC complexes as activating ligands [116]. 

Tregs may also cross-react more strongly with the same self-MHC glycoprotein complexed 

with a foreign peptide (Figure 2F) [117, 118]. However, the Treg phenotype is malleable, 

and in the presence of strongly activating MHC-foreign peptide ligands, many Tregs may 

differentiate into ex-Tregs and contribute to pro-inflammatory responses of the activated 

Tcon repertoire [119]. Alternatively, stable Tregs cross-reactive with foreign epitopes of 

infectious pathogens may modulate the intensity of active inflammatory responses to inhibit 

immunopathogenesis [104].

3. The antigen-specificity of the T cell repertoire determines tissue-

specific residence (Figure 3):

We would like to propose that three zones of TCR recognition efficiency also guide TCR-

dependent mechanisms of homing and tissue-residence of the respective T cell subsets to 

optimally position clones for adaptive tissue-specific responses. Upon TCR engagement, T 

cells exhibit gene expression programs that control survival and metabolic strategy together 

with tissue-specific homing receptors as part of overall differentiation programs enabling 

naïve, effector-memory, or tissue-resident memory subsets with the propensity for tissue 

residency in peripheral nonlymphoid tissues [120–123]. An attractive concept is that naïve T 

cells that home to the vicinity of cognate positively-selecting self-antigens in peripheral 

tissues would be ideally positioned to differentiate into pTregs to protect tissues if 

neighboring pathogenic Tcons wage an inflammatory war against those cognate self-

antigens in local tissues. Tissue-resident Tregs localized to the vicinity of cognate self-

antigens would be ideally positioned to inhibit pathogenic Tcons that target those cognate 

self-antigens in local self-tissues. Lastly, memory Tcons that remain in previously infected 

tissues are optimally localized to provide memory responses against future repeat exposures 

of the same foreign antigen in that same tissue, given that infectious pathogens often stage 

repeat infections via the same route of invasion (e.g., respiratory viruses). Co-localization of 

T cells and their cognate self-antigens provides an adaptive ‘guard’ function to stage 

protective responses that can be optimally mobilized when needed against autoimmune and 

infectious threats.

The Tcon repertoire during homeostasis:

The naïve Tcon repertoire that was derived via low-efficiency, positively-selecting self-MHC 

ligands in the thymus will continue to recognize the same cognate self-MHC ligands in the 

periphery, and these TCR interactions provide homeostatic survival signals that maintain 

naïve Tcon viability [124]. Based on the tissue locations of the relevant cognate self-

peptides and mechanisms of TCR-guided tissue migration and retention, individual Tcon 

clonotypes are postulated to establish tissue-specific residence in tissues bearing high 

concentrations of the relevant cognate self-peptides that are presented by resident APCs 

(Figure 3C). Because abnormal states such as inflammation or lymphopenia may alter TCR 
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signaling intensity, the naïve Tcon repertoire may perceive their positively-selecting non-

activating self-ligands instead as intermediate-efficiency agonistic self-MHC ligands in 

various disease states (Figure 3E). For example, changes in the relative expression of CD4 or 

CD8 coreceptor affects T cell perception of a MHC-ligand as either an agonist or antagonist 

[125, 126]. Thus, tissue-resident naïve Tcons may serve as a seed population for pTregs if 

naive T cell recognition of self transforms from a low-efficiency mode to an intermediate-

efficiency mode, given that agonistic intermediate-efficiency self-ligands favor Treg 

differentiation [127–130]. Via this perspective, the naïve tissue-resident Tcon repertoire is 

ideally placed to differentiate into protective pTreg populations that maintain self-tolerance 

in local tissues during inflammation. This potential mechanism of de novo Treg 

differentiation during local inflammatory responses may represent a significant obstacle for 

‘epitope spread’ [131] and may thereby preclude recruitment and differentiation of 

clonotypically-diverse naïve Tcons as autoimmune effector T cells during inflammatory 

events in peripheral tissues. Indeed, induction of diverse self-specific Tregs during 

inflammation may explain why epitope spread may be of limited importance in some 

autoimmune conditions [132].

The Treg repertoire:

The nascent Treg repertoire was selected to recognize agonistic intermediate-efficiency self-

MHC ligands as positively-selecting ligands in the thymus, and the mature Treg repertoire 

will continue to recognize the same cognate self-MHC ligands in the periphery [102, 105, 

133–136]. These Treg-TCR interactions are believed to guide TCR-dependent migratory/ 

tissue retention responses to localize Tregs as tissue-specific residents in those tissues that 

express those cognate self-antigens (Figure 3B) [13, 50, 128, 137]. Because self-antigen is 

more efficiently recognized by Tregs than Tcons, constant self-antigen recognition events 

help maintain tolerance in peripheral tissues [116]. These TCR/ self-MHC ligand 

interactions are thought to provide critical survival signals that sustain Treg viability. The 

chronic recognition of intermediate-efficiency agonistic TCR ligands may also preserve Treg 

functional and phenotypic stability as an anergic (lack IL-2 production capacity), CD25high, 

FOXP3+ regulatory population [138]. These mechanisms place the tissue-resident Treg 

population adjacent to tissue-specific self-antigens so that the resident Treg population is 

positioned to counter-balance Tcon-mediated autoimmune responses during inflammation 

within that tissue. Co-localization of tissue-specific antigen-reactive Tregs with the tissue-

specific self-antigens may also represent a critical barrier for ‘epitope spread’ by precluding 

Treg-targeted self-antigens from driving clonotypic diversification of an autoreactive, 

pathogenic Tcon repertoire.

The Tcon repertoire in host defense:

Naïve Tcons that interface with strongly efficacious foreign MHC-peptide ligands 

differentiate into CD44high effector/ memory Tcons, and these TCR recognition events guide 

migration of Tcons from secondary lymphoid organs into local tissues bearing those foreign 

antigens (Figure 3A, D) followed by retention of antigen-ligated Tcons as tissue-resident 

memory T cells [139, 140]. That is, Tcon recognition of fully agonistic high-efficiency 

cognate foreign-MHC ligands is hypothesized to guide TCR-dependent migratory patterns 

and tissue-specific residence such that activated Tcons are strategically positioned locally to 
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contain the infectious agent during ongoing and future infection of that tissue [141]. 

Memory Tcon and B cell subsets may form ectopic lymphoid structures in local tissues if 

foreign antigens exhibit recurrent or chronic exposure in those tissues [142]. The coherence 

of Tcon TCR specificity strategically positioned in routes of likely infectious disease 

invasion is highly adaptive for prevention of future infection. However, this adaptation may 

be problematic in autoimmune disease, because ectopic lymphoid structures may form 

adjacent to target tissues bearing high concentrations of the relevant auto-antigens to 

facilitate local re-activation of autoreactive pathogenic Tcons [143–145].

The interesting aspect of this model is that three pivotal T cell subsets (naïve Tcons, Tregs, 

and effector/ memory Tcons) are postulated to exhibit TCR-dependent homing to locales 

bearing high concentrations of the respective cognate antigens so that these subsets are 

optimally positioned to preempt autoimmune responses while promoting host defense. In 

antigen-bearing tissues, these three zones of TCR recognition efficiency may be cross-

integrated based on T cell subset frequencies, the antigenic composition of the local 

environment, and the respective frequencies/ durations of the relative TCR/ MHC-ligand 

interactions. TCR-guided migration may reflect a classical model of immune surveillance 

whereby T cells migrate from blood into peripheral tissues based on tethering, rolling, and 

diapedesis across post-capillary endothelium, based on antigen-independent interactions of 

T cells with selectins, integrins, and chemokines. Once within the tissue, T cells that 

perceive cognate MHCII/ peptides on local immature DCs are thought to upregulate 

retention signals that maintain antigen-ligated T cells in that tissue whereas non-ligated 

clonotypes exit and traffic to secondary lymphoid tissues and then recirculate to the blood, 

peripheral tissues, and secondary lymphoid organs as part of immune surveillance and the T 

cell search for cognate antigens [146]. A related possibility is that cognate MHCII/ peptide 

complexes presented on post-capillary endothelium may direct particular clonotypes into 

antigen-bearing tissues [147]. In addition, MHCII/ peptide complexes on exosomes, upon 

release by tissue-resident DCs, may help guide antigen-specific clonotypes into antigen-

bearing tissues. Tissue residence and co-localization of T cell clonotypes with tissue 

concentrations of cognate antigen may be facilitated by many mechanisms as a core aspect 

of T cell biology.

4. APCs integrate ‘antigenic complexity’ to determine immune outcomes 

(Figure 4):

The antigenic complexity model is an extension of the original Bretscher and Cohn two-

signal model of T cell activation [148, 149], which postulated that two independent but 

concurrent antigen recognition events were needed to produce a positive immunogenic 

output. This two-signal model is distinct from the contemporary two-signal model wherein 

signal 1 is a cognate TCR stimulus and signal 2 is a generic co-stimulatory signal. The 

Bretscher and Cohn two-signal model serves as the foundation of the antigen complexity 

model, which is designed to incorporate the full complexity of self and nonself antigens 

presented by APCs [126, 150, 151]. That is, immune decisions are not simple binary 

decisions per an isolated interaction of a single T cell and a single APC. Rather, the immune 

system is thought to integrate ‘antigen complexity’ of a local tissue to provide orchestrated 
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responses among many T cell clonotypes and APCs during recognition of complex arrays of 

self and foreign antigens. This integrated response is not simply an averaging response, 

because regulatory mechanisms must persist in inflammatory environments. An integrated 

fenestrated mechanism must enable Tcon responses to foreign antigens while 

simultaneously inhibiting Tcon responses to self-antigens.

A central tenet of the ‘antigen complexity theory’ is that infectious agents are complex 

entities that produce multitudes of qualitatively diverse foreign epitopes (Figure 4A, Table 

1). Even small viral pathogens have multiple viral proteins, each of which may contain 

multiple foreign epitopes presented on host MHC molecules. Bacterial pathogens likely give 

rise to many thousands of foreign epitopes that are presented on host MHC glycoproteins. A 

pathogenic infection thereby results in the sudden appearance of multitudes of foreign 

strongly-agonistic MHC ligands. In contrast, uninfected tissues are marked chronically by 

multitudes of self-MHC ligands that are largely recognized by the local Treg repertoire, with 

only a few self-MHC ligands recognized as strong efficacious ligands by autoreactive Tcons 

with the potential to mediate autoimmune disease (Figure 4B, Table 1). Thus, the 

distinguishing features of infection are that infectious pathogens are often marked by a 

sudden, time-delimited appearance of highly complex MHC-ligands (i.e., high T cell 

frequencies and high clonotypic diversity of strongly efficacious MHC-ligands). Conversely, 

homeostatic non-infected environments may be marked by a gradual appearance and chronic 

presence of at most a few isolated strongly efficacious self MHC-ligands amidst a sea of 

cognate intermediate-efficiency self MHC-ligands that are constantly surveyed by the Treg 

repertoire allowing Tregs to dominate the recognition events in the non-infected 

microenvironment.

Integration of diverse antigenic signaling is thought to occur at two levels; clonotypic T cells 

integrate signals from a surface population of TCRs and subsequently DCs integrate signals 

from a clonotypically diverse population of T cells that dock onto a particular DC. 

According to this model, clonotypically diverse T cells simultaneously dock onto individual 

DCs over time to survey MHC-ligands and sequester relevant cognate MHC-ligands in the 

confines of an immunological synapse [93, 152] . TCR signals must be integrated by an 

individual T cell clone because a given T clone may simultaneously recognize qualitatively 

distinct MHC-ligands. For example, the 2D2 TCR recognizes Myelin Oligodendrocyte 

MOG35–55/ I-Ab as an intermediate-efficiency ligand but also recognizes Neurofilament 

Medium NFM13–37/ I-Ab as a high-efficiency ligand [129, 153]. The central concept is that 

each T cell integrates the quality and quantity of TCR signaling to provide feedback signals 

to the DC. If a T cell perceives integrated TCR signals that surpass a given threshold, then 

the T cell will express signaling molecules (e.g., CD40L) to regulate activation of the APC 

[130]. Diverse T cell clonotypes are thereby postulated to gauge perceptions of cognate 

antigens presented in a local environment by tissue-resident DCs and respectively provide 

feedback signals across an immunological synapse back to that DC. These signals are in turn 

integrated by DCs to set the balance of costimulatory or coinhibitory signaling back to 

antigen-engaged T cells, thereby controlling the scope and nature of the local immune 

response. Tissue-resident DCs are thereby well situated to provide a level of integration 

needed to balance tolerogenic versus immunogenic responses.
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In environments marked by a novel appearance of highly diverse, highly agonistic ligands, 

such as an infected tissue, a suprathreshold of T cells express CD40L and other activating 

signals to drive DCs to express high levels of costimulatory molecules that in turn drives a 

dominant immunogenic response, which dominates until the infectious source of the 

antigenic stimulus is cleared from the system. Conversely, in homeostatic environments 

marked by the gradual appearance of a just few high-efficiency agonistic ligands, most 

engaged T cells are Tregs which continue to see their cognate self-antigens whereas a 

minority are pathogenic autoimmune Tcons that perceive fully agonistic MHC-ligands. In 

this case, the supermajority of Tregs suppresses DC activation and enforces active dominant 

tolerance, which results in the suppression of pathogenic Tcons. Overall, APCs are thought 

to be critical integrators of the local antigen-engaged Treg and Tcon repertoires, and these 

integrative events may be the critical parameters controlling the dominance of either 

tolerogenic or immunogenic outcomes in local tissues, respectively.

5. IL-2 integrates the balance of Tregs and Tcons to determine immune 

outcomes (Figure 5):

The differential regulation of IL-2 production and IL-2 responsiveness also balances Treg-

mediated suppression with Tcon-mediated immunity, based on the following tenets. TCR 

engagement, cellular activation, and the FOXP3 transcriptional program elicits higher CD25 

expression on Tregs compared to Tcons, which engenders Tregs with superior 

responsiveness to low doses of IL-2. Tregs however lack IL-2 production capacity but 

require IL-2 for survival, which is supplied as paracrine IL-2 derived from antigen-

stimulated Tcons [154, 155]. Thus, Tregs require two signals to maintain tissue dominance 

including; (a) chronic recognition of self-antigen in combination with the FOXP3 

transcriptional program to maintain superlative CD25 expression and (b) Tcon-derived 

paracrine IL-2 to maintain Treg survival and function. This mechanism ensures that the 

depth and diversity of Treg repertoire in local tissues is proportional to the degree of Tcon-

mediated inflammation in that tissue. Treg numbers and function will be optimal during 

smoldering inflammation due to the presence of paracrine IL-2 whereas Treg numbers will 

be more limited in noninflammatory quiescent environments due to the lack of paracrine 

IL-2. This mechanism thereby scales Treg-mediated defenses in proportion to the 

autoimmune threat in that tissue.

The IL-2 signaling pathways of Tregs and Tcons also differ due to the differential expression 

of the PI(3)K inhibitor PTEN, which is preferentially expressed in Tregs rather than Tcons 

[156–159]. In that IL-2 signaling is translated via parallel activation of the PI(3)K and JAK/

STAT signaling cascades, PTEN represents a partial brake on the IL-2 signaling cascade. In 

Tregs, IL-2 stimulation acts in synergy with the FOXP3 transcriptional program to elicit 

high levels of PTEN expression, which inhibits the activation of PI(3)K and thereby limits 

IL-2 signaling intensity. In Tcons, TCR or IL-2 stimulation downregulates PTEN 

expression, activates PI(3)K, and thereby enables full IL-2 signaling intensity. When IL-2 is 

limiting, antigen-stimulated Tregs dominate because superior CD25 expression and higher 

IL-2 potency enables Tregs to sequester the available IL-2, which in turn stimulates Tregs 

unilaterally through the JAK/STAT signaling pathway to mediate survival and expansion. 
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When IL-2 is abundant, antigen-stimulated Tcons dominate because the responsive PI(3)K 

and JAK/STAT signaling pathways confer superior clonal Tcon expansion compared to 

Tregs which bear PTEN-repressed PI(3)K pathways. In pharmacological terms, Tregs 

engage IL-2 with superior potency, whereas Tcons engage IL-2 with superior efficacy.

Rested and chronically-activated Tcon subsets are also distinguished by differential 

regulation of IL-2 production [160–172]. Stimulation of Tcons with optimal antigen and 

costimulation drives a phasic bout of IL-2 production that is followed by a post-activation 

refractory phase wherein restimulation with optimal antigen plus costimulation results in 

little or no IL-2 production. Thus, naïve and rested effector/ memory Tcons exhibit robust 

IL-2 production when stimulated with immunogenic antigen, whereas chronically-activated 

Tcons lack IL-2 production capacity when restimulated with immunogenic antigen, and like 

Tregs, must depend upon paracrine sources of IL-2 for survival and maintenance of effector 

function. Indeed, the post-activation refractory period of activated Tcons is prolonged by 

exposure to IL-2, whereas exposure of rested Tcons to IL-2 augments subsequent 

responsiveness to restimulation with antigen or IL-2 [170]. Post-activation refractoriness 

appears to be a special attribute of the IL-2 pathway rather than other T cell growth factors 

such as IL-4 [171]. Although blastogenic Tcons exhibit a refractory phase defined by the 

lack of IL-2 production capacity, activated Tcons nonetheless fully recover antigen-

stimulated IL-2 production capacity when these lymphoblasts revert to a quiescent rested 

phenotype.

The consideration is that antigenic complexity may be translated via localized IL-2 

production to control tolerogenic versus immunogenic outcomes. The main concept is that 

high or low antigenic complexity, reflecting the presence or absence of an active infection, 

respectively, will proportionally determine the relative numbers of immigrating Tcons 

capable of IL-2 production. The immigration rate of rested/ naïve Tcons that enter, activate, 

and produce IL-2 determines local IL-2 concentrations available to competing populations of 

tissue-resident Tregs and effector Tcons, both of which require paracrine IL-2. During an 

active infection marked by high levels of antigenic complexity (Figure 5A), high frequencies 

of immigrating Tcons will be restimulated upon entering antigen-bearing local tissues and 

will produce high IL-2 concentrations to favor pre-established effector Tcon populations 

over PTEN-limited Treg populations. Conversely, in noninfected tissues (i.e., low antigenic 

complexity, Figure 5B), the occasional immigration of a naïve Tcon with pathogenic 

autoimmune potential will be quantitatively limited in frequency, and re-stimulation with 

autoantigen in the local tissue will stimulate limited IL-2 concentrations which will be 

sequestered by local Tregs. Thus, in non-infected tissues, newly-immigrating and established 

effector Tcons would be starved of the IL-2 needed for survival, thereby terminating any 

autoimmune threat. Even in inflamed tissues, clearance of the infection (i.e., the antigenic 

stimulus) will result in the gradual attenuation of IL-2 concentrations due to cessation of 

antigen-driven IL-2 production and the emergence of a dominant Treg response. Thus, 

during resolution of inflammation, the high IL-2 sensitivity of the CD25high Treg phenotype 

will help restore tissue homeostasis.
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6. Thwarting immune tolerance: the molecular mimicry hypothesis of 

autoimmune pathogenesis.

Molecular mimicry is a widely-accepted hypothesis used to explain etiology of autoimmune 

disease and is exemplified here to portray how molecular mimicry may confer susceptibility 

to Multiple Sclerosis (MS). Most normal individuals have circulating naïve myelin-specific 

clonotypes [173–175], but these autoreactive T cells normally lack pathogenic activity due 

to limitations imposed by a variety of mechanisms, including ‘immunological ignorance’ 

and Treg-mediated tissue-specific regional tolerance. Approximately 33% of Tcons are 

estimated to have pathogenic potential that is constrained by Tregs [176]. Active and passive 

inhibitory mechanisms presumably preempt clonal expansion and effector T cell 

differentiation and thereby preclude CNS autoimmune disease. Nonetheless, myelin-reactive 

naïve clonotypes may be primed at sites distant from regional Treg-mediated defenses of the 

CNS via a cross-reaction with foreign epitopes from infectious pathogens in peripheral 

immunogenic environments. Thus, stochastic TCR cross-reactivity during infectious illness, 

essentially a rolling of the dice, may prime expansion and differentiation of myelin-reactive 

clonotypes into effector T cells that have pathogenic activity capable of invading the CNS 

and mediating MS.

Yet, the intersection of molecular mimicry and peripheral T cell autoreactivity may not be 

the primary culprit that confers susceptibility to autoimmune disease. Mimicry appears to be 

a common mechanism of immune evasion due to a strong evolutionary drive for infectious 

pathogens to mimic self-peptides as camouflage [177, 178], and peripheral T cells with 

autoreactive potential appear ubiquitous [176, 179]. But infectious disease is only rarely 

accompanied by autoimmune disease. According to this perspective, insufficient numbers, 

function, or stability of tissue-resident Tregs may represent a breach or a ‘hole in the Treg 

repertoire’ as a key immunodeficiency that seeds tissue-specific autoimmune disease [94, 

180]. Alternatively, the magnitude of the autoimmune attack may overwhelm a normal 

repertoire of tissue-resident Tregs. Of these three variables (i.e., the mimicry antigen, the 

Tcon repertoire, and the Treg repertoire), special consideration should be given to 

strengthening the Treg repertoire via tolerogenic vaccination or adoptive Treg-based 

immunotherapy.

7. Tolerogenic vaccines: a new generation of disease-specific 

interventions for inflammatory disease.

7.1. General considerations:

Tolerogenic vaccines are meant to unilaterally expand Tregs without expanding pathogenic 

Tcon repertoires as interventions for chronic autoimmune disease. Tolerogenic vaccines 

represent diverse technologies that are rationally designed based on our emerging knowledge 

of the Treg niche, including the antigenic, cytokine, and APC niches that comprise 

preferential Treg microenvironments [181–184]. Given that Tregs may be numerically or 

functionally deficient in autoimmune disease [185], the overriding question is whether new 

tolerogenic vaccine technologies can effectively reverse potential Treg deficiencies to 

remedy autoimmune disease. Tolerogenic vaccines intended for the treatment of MS will 
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need to restore CNS-specific immune tolerance by eliciting CNS-specific Tregs to inhibit 

autoimmunity and ensure long-term remission.

Because tolerogenic vaccines are autoantigen-specific, these interventions preserve host 

defense and avoid severe opportunistic infections associated with broad-spectrum 

immunosuppression. As opposed to conventional immunogenic vaccines that are 

preventative and drive humoral immunity, tolerogenic vaccines exhibit therapeutic action by 

reversing pre-established autoimmune disease via the direct inactivation of pre-existing 

pathogenic effector/ memory T cells together with induction and/or expansion of suppressive 

Tregs to maintain long-lasting immune tolerance. Examples of tolerogenic vaccines include 

the following technologies; (a) peptide-based vaccines which are composed of naked myelin 

peptides or proteins delivered via various routes with or without various adjuvants, (b) 

nucleic acid-based vaccines comprised of genetic or viral vectors, (c) nanoparticles 

embedded with autoantigens and immunomodulatory agents such as cyclosporin or 

rapamycin, and (d) cell-based passive vaccines that utilize infusion of leukocytes including 

tolerogenic DCs or polyclonal Tregs to induce autoantigen-specific tolerance [186]. 

Currently, tolerogenic vaccines are being vetted in early phase clinical trials, but tolerogenic 

vaccines have not yet been approved as clinical interventions for autoimmune disease.

7.2. Tolerogenic vaccines and infectious tolerance (Figure 6):

A central issue underlying tolerogenic vaccination is that the etiological antigens responsible 

for most autoimmune diseases are not known with any precision [187]. Thus, the prospect of 

directly targeting pathogenic T cells lacks feasibility. Not only do we lack knowledge of 

self-protein targets in autoimmune disease, the specific pathogenic epitopes likely exhibit 

substantial inter-patient variability due to the polymorphic variability of the MHC genes. 

Also, due to potential mechanisms of epitope spread, the causative pathogenic epitopes may 

diversify during disease progression and may exist as a complicated array of pathogenic 

epitopes unique to each patient. For example, MS might be initiated against an epitope of 

MOG. As CNS damage progresses, other distinct epitopes of MOG and additional myelin 

proteins may prime additional pathogenic clonotypes to diversify encephalitogenic 

responses to multiple myelin and axonal antigens. The challenge of tolerogenic vaccination 

is to reverse years or decades of pathogenic T cell diversification, with the prospect that 

autoimmunity may be mediated by multitudes of autoreactive clonotypes with the caveat that 

the diverse pathogenic repertoire may be unique to each patient.

Due to uncertainties regarding identity of pathogenic epitopes compounded by epitope 

spread, a central question is whether tolerogenic vaccines that include tissue-specific self-

antigens evoke tolerogenic mechanisms that curtail disparate unknown pathogenic epitopes 

that are not included in the vaccine. Central to this consideration is the concept that vaccine-

induced Tregs likely interface directly with pathogenic T cells, simply because both 

regulatory and pathogenic T cells share CNS-specificity. In consideration of a tolerogenic 

vaccine for MS, vaccine-induced neuroantigen (NAg)-specific Tregs are predicted to home 

into the CNS and CNS-draining lymphatics during MS where these Tregs interface with 

DCs that are presenting damage-associated CNS tissue antigens. The same DCs thereby 

present both endogenous CNS-derived mimics of the vaccine NAgs adjacent to the unknown 
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diverse pathogenic NAgs. By this mechanism, vaccine-induced Tregs dock onto the same 

APC surface adjacent to the pathogenic T cells that mediate autoimmunity, along with naïve 

tissue-resident T cells. Thus, DCs presenting damage-associated myelin antigens become the 

nexus for cross-regulation of the respective Treg and Tcon subsets and the intersection of 

tolerogenic vaccination with unknown pathogenic autoimmune antigens.

Two tolerogenic vaccine mechanisms include bystander suppression (Figure 6A) and 

infectious tolerance (Figure 6B) [188]. Bystander suppression implies the array of 

mechanisms by which an existing Treg clonotype inhibits terminally-differentiated, 

clonotypically-distinct pathogenic effector/ memory Tcons. Bystander suppression is 

considered a passive mechanism of tolerance in that the mechanism confers the passive loss 

of autoreactive T cells. Conversely, infectious tolerance implies the array of mechanisms by 

which existing Treg clonotypes recruit new Treg clonotypes to diversify the CNS-specific 

Treg response. Infectious tolerance includes mechanisms by which existing Tregs elicit de 

novo differentiation of clonotypically-distinct naïve T cells into nascent Tregs. Infectious 

tolerance represents a formative mechanism, because Tregs have the potential to recruit 

clonotypically diverse arrays of nascent Tregs when relevant Treg epitopes are presented 

concurrently with other damage-associated CNS antigens on the same regulatory DC. 

Infectious tolerance is considered an active dominant mechanism that enables the clonotypic 

diversification of a tolerogenic Treg response that parallels ‘epitope spread’, but in a 

suppressive mode [189–194].

7.3. Tolerogenic adjuvants:

Tolerogenic vaccines must reliably induce tolerance without inadvertently sensitizing 

autoantigen-specific immune responses that exacerbate autoimmunity. Many tolerogenic 

vaccine platforms thereby incorporate tolerogenic adjuvants to ensure safety and enhance 

efficacy by skewing the vaccine response toward tolerogenic outcomes. Tolerogenic 

adjuvants may be co-delivered with autoantigens in nanoparticles, microparticles, liposomes, 

among many other formulations. Tolerogenic adjuvants used in preclinical models include 

vitamin D, IL-10, TGF-β, retinoic acid, rapamycin, and aryl hydrocarbon receptor ligands 

[195–197]. A related vaccine strategy includes modalities that target vaccine autoantigens to 

specific APC subsets in the presence or absence of tolerogenic adjuvants. Vaccine 

autoantigens may be targeted to particular APC by fusion to cytokines, antibodies, or other 

biologics that bind subset-specific receptors on APC and induce receptor mediated 

endocytosis leading to enhanced antigen presentation by the targeted APC [198–201]. An 

additional criterion is that tolerogenic vaccines must be effective in inflammatory 

environments, because tolerogenic vaccines are intended for therapeutic use during ongoing 

inflammatory autoimmune disease. Many preclinical vaccine strategies rely on steady-state 

homeostatic environments to drive tolerance and prevent disease induction. However, these 

strategies are typically useful only as a pretreatment before the onset of autoimmunity and 

generally lack effectiveness in treating established inflammatory disease. Thus, tolerogenic 

vaccines contingent upon a rested steady-state environment will likely lack efficacy in 

disease states marked by the presence of systemic smoldering inflammation. Many 

tolerogenic vaccine platforms are currently in development and efforts should be directed to 
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developing vaccine platforms that induce robust long-lasting tolerance even in inflammatory 

environments.

7.4. Tolerogenic vaccines as tools to understand the Treg niche:

The study of tolerogenic vaccines and Treg-based immunotherapy has been invaluable for 

delineating the Treg niche (Table 2). For example, the study of GMCSF-antigen tolerogenic 

vaccines (i.e., single-chain granulocyte-macrophage colony-stimulating factor - antigen 

fusion proteins) showed that intermediate-efficiency self-antigens represented the key 

parameter for induction of tolerance [129, 130]. The study of IFN-β-based vaccines revealed 

that high concentrations of IFN-β were pivotal in amplifying Treg responses in vitro and in 

vivo [202–204]. The study of long-term cultures of murine Tregs showed that low IL-2 

concentrations favored immunosuppressive Tregs whereas high IL-2 concentrations favored 

Tcons [61]. Collectively, these studies provided evidence that the Treg niche is favored by 

intermediate-efficiency agonistic self-antigens, high concentrations of IFN-β, and low 

concentrations of IL-2.

8. GMCSF-based tolerogenic vaccines: evidence that intermediate-

efficiency TCR signaling defines a Treg niche.

8.1. GMCSF-NAg tolerogenic vaccines: the contemporary model:

The study of GMCSF-NAg tolerogenic vaccines has revealed a strategy to directly target 

covalently-tethered NAg to tolerogenic DCs and thereby target NAg for presentation to 

Tregs, based on the simple subcutaneous injection of GMCSF-NAg in saline [129, 130, 181, 

203, 205–207]. The model predicts that the GM-CSF domain of GMCSF-NAg exhibits high 

affinity interactions with GM-CSF (i.e., CD116/ CD131) receptors on myeloid cells to 

stimulate DC differentiation concurrent with upregulation of MHCII antigen processing and 

presentation activity. The GM-CSF domain also efficiently targets the NAg domain for 

enhanced presentation by these DCs. Because NAgs have been subject to central and 

peripheral tolerance, the MHCII/ NAg complexes on these DCs are predominantly 

recognized as intermediate-efficiency MHCII-ligands by the Treg repertoire, which converts 

these DCs to a tolerogenic phenotype and drives clonal expansion of Tregs to inhibit 

concurrent and future encephalitogenic responses [129, 130]. As a parallel mechanism, 

presentation of MHCII/ NAg by these GM-CSF-conditioned DCs to pathogenic MOG-

specific effector T cells stimulates production of nitric oxide and other mechanisms of 

bystander suppression to deplete the NAg-specific Tcon repertoire and inhibit ongoing 

pathogenesis [207].

8.2. The experimental foundation for GMCSF-NAg tolerogenic vaccines.

The study of GMCSF-NAg tolerogenic vaccines was initiated in the monophasic Lewis rat 

model of EAE [205]. A fusion protein comprised of rat GM-CSF and the encephalitogenic 

69–87 peptide of myelin basic protein (MBP69–87) (i.e., the NAg) suppressed EAE in 

Lewis rats when administered as a prophylactic or therapeutic vaccine. The GMCSF-

MBP69–87 fusion protein exhibited exquisite antigen targeting to DCs and was 1000-fold 

more potent than the MBP69–87 peptide in assays measuring antigenic proliferation of 
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MBP-specific T cell clones. GM-CSF did not potentiate antigenic responses when GM-CSF 

and MBP69–87 were added as separate molecules, and the potentiated antigenic responses 

of GMCSF-NAg were inhibited by free GM-CSF but not by M-CSF. Similar studies of other 

cytokine-NAg fusion proteins including MCSF-NAg, IL4-NAg, IL16-NAg, and IL2-NAg 

showed that cytokine-NAg fusion proteins targeted the NAg domain for enhanced 

presentation by particular APC subsets but GMCSF-NAg nonetheless exhibited the most 

robust tolerogenic activity as measured by inhibition of EAE [203, 205, 208, 209]. This 

finding highlights a potentially special role of DCs in immunological tolerance [39].

GMCSF-NAg vaccines were also tolerogenic in murine models of EAE [129, 130, 181, 203, 

206, 207]. In the chronic C57BL/6 model of EAE, a murine GMCSF-MOG fusion protein 

comprised of GM-CSF and the MOG35–55 peptide blocked the development and 

progression of EAE when administered (subcutaneously in saline) before active induction of 

EAE or when administered after the onset of EAE in both active and passive models of EAE 

[203, 206, 207]. GMCSF-MOG was an effective therapeutic in an aggressive B cell-deficient 

model of EAE, which discounted any potential role of anti-GM-CSF antibodies in the 

resolution of EAE [207]. In the relapsing-remitting SJL model of murine EAE, a GMCSF-

Proteolipid Protein (PLP)139–151 fusion protein abrogated the subsequent induction of 

EAE [206]. In both Lewis rat and mouse EAE models, the single-chain fusion protein 

GMCSF-NAg elicited tolerance to EAE whereas control formulations including a mixture of 

“GMCSF + NAg”, GM-CSF alone, NAg alone, or saline had no effect [203, 205, 206]. 

Therefore, covalent linkage of GM-CSF and NAg domains was required for tolerogenic 

activity. The tolerogenic activity of GMCSF-NAg reflected the action of CD25+ Tregs, 

because treatment of mice with the Treg-depleting anti-CD25 mAb PC61 reversed tolerance 

[129]. In conclusion, these data showed that GMCSF-NAg fusion proteins are efficacious 

tolerogens in multiple models of rat and murine EAE.

8.3. The efficiency of TCR engagement determines the Treg/ Tcon balance:

The GMCSF-NAg platform is unique in that GMCSF-NAg elicits robust systemic induction 

of FOXP3+ Tregs in TCR transgenic (2D2), FOXP3-reporter (FIG) mice (2D2-FIG) mice, 

which have a transgenic T cell repertoire that recognizes MOG35–55 as an intermediate-

efficiency ligand and NFM13–37 as a high-efficiency ligand [153]. A single subcutaneous or 

intravenous vaccination of the intermediate-efficiency GMCSF-MOG vaccine in saline 

elicited a major population of FOXP3+ Tregs (20–40% of circulating CD4+ T cells) that 

appeared within 3–4 days, was sustained over several weeks, expressed canonical Treg 

markers, and was present systemically at high frequencies in the blood, spleen, and lymph 

nodes [129, 130]. Covalent linkage of GM-CSF with MOG35–55 was required for Treg 

induction, and repeated booster vaccinations with GMCSF-MOG elicited FOXP3 expression 

in over 40% of all circulating T cells. The ability of the vaccine to induce Tregs was 

dependent upon the efficiency of T cell antigen recognition, because vaccination of 2D2-FIG 

or Ovalbumin (OVA)323–339-specific transgenic OTII mice (OTII-FIG) mice with the high-

efficiency ligands GMCSF-NFM or GMCSF-OVA, respectively, did not elicit Tregs. Instead 

the high-efficiency GMCSF-NFM vaccine induced a robust Tcon memory response. In 

conclusion, these findings indicate that the GM-CSF domain was critical for DC 

conditioning and antigenic targeting whereas the NAg domain of the GMCSF-NAg 
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tolerogenic vaccine established the balance between regulatory and conventional T cell 

responses.

8.4. GMCSF-NAg fusion proteins mediate tolerogenic activity in inflammatory 
environments:

The GMCSF-NAg platform is also unique among the broad class of tolerogenic vaccines 

because GMCSF-NAg elicited tolerance in both quiescent and inflammatory environments. 

That is, GMCSF-MOG was an effective tolerogen even when injected subcutaneously in 

saline adjacent to an encephalitogenic Complete Freund’s Adjuvant (CFA)/ MOG35–55 

emulsion in C57BL/6 mice [203, 207]). GMCSF-MOG and GMCSF-PLP were also 

effective tolerogens when directly emulsified within an encephalitogenic CFA/ NAg 

emulsion in C57BL/6 and SJL models of EAE, respectively [207]. GMCSF-MOG also 

exhibited profound inhibitory activity when directly included in a CFA/ MOG35–55 

emulsion in B cell-deficient mice. As noted for tolerance induction [207], GMCSF-MOG 

also elicited high levels of circulating Tregs in 2D2-FIG mice when administered in 

immunogenic adjuvants such as CFA or Alum [129]. In conclusion, these data show that 

GMCSF-NAg elicited dominant tolerogenic regulation of EAE even in robustly pro-

inflammatory environments.

An important question in vaccinology is whether tolerogenic vaccines are sub-dominant 

when co-administered with immunogenic vaccines. A standard assumption is that a 

tolerogenic vaccine such as GMCSF-MOG would be subdominant when co-administered 

with an immunogenic vaccine, such as GMCSF-NFM. However, this was not the case [130]. 

Rather, the combined GMCSF-MOG/ GMCSF-NFM vaccine elicited percentages and 

numbers of circulating Tregs that were intermediate compared to vaccination with GMCSF-

MOG or GMCSF-NFM alone. GMCSF-MOG also caused an anergic phenotype among 

circulating CD3+ CD4+ MOG-specific Tcons including an enduring diminution of TCR 

expression on a per cell basis and persistent expression of CD44 [129, 130]. Importantly, the 

tolerogenic GMCSF-MOG vaccine was dominant compared to the immunogenic GMCSF-

NFM vaccine for induction of anergy in Tcons because a combined GMCSF-MOG/ 

GMCSF-NFM vaccine, like the GMCSF-MOG vaccine, elicited a long-term TCRlow 

CD44high CD62high Tcon phenotype whereas GMCSF-NFM lacked this activity [130]. Thus, 

a tolerogenic vaccine targeting NAg to DCs robustly altered both Treg and Tcon repertoires 

by mechanisms that were partially or completely dominant for the MOG-specific Treg and 

Tcon repertoires, respectively.

These studies also implicated CD40L as an integrative node because tolerogenic or 

immunogenic vaccines were demarcated by deficient or robust CD40L induction and the 

presence or absence of Treg induction, respectively. Mechanistic involvement of CD40L was 

shown in experiments wherein in vivo administration of an anti-CD40 agonist mAb inhibited 

the Treg-inductive activity of GMCSF-MOG. This study thereby supported the concept that 

T cells tally intermediate and high efficiency TCR signaling events to balance the expression 

of CD40L as part of an integrative system controlling adaptive output.
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8.5. Why GM-CSF?

Although GM-CSF is widely noted as a pro-inflammatory cytokine, an extensive literature 

supports the concept that GM-CSF has tolerogenic activity in many disease models. For 

example, administration of exogenous GM-CSF inhibits experimental autoimmune 

myasthenia gravis, experimental autoimmune thyroiditis, type I diabetes, and graft versus 

host disease via the induction of ‘tolerogenic DCs’ and regulatory T cell subsets [210–219]. 

As noted above, the study of GMCSF-NAg fusion proteins showed that GM-CSF 

conditioning of DCs, GM-CSF-mediated targeting of NAg to those conditioned DCs, and 

the consequent presentation of intermediate-efficiency NAgs to a NAg-specific T cell 

repertoire resulted in severe diminution of the Tcon repertoire and dominant outgrowth of 

the Treg repertoire [130]. Because the antigenic domain of GMCSF-antigen fusion proteins 

was a pivotal parameter in determining the Treg/ Tcon balance, GM-CSF may be considered 

an immune ‘amplifier’ that enhances the intrinsic activity of a local set of antigens.

9. IFN-β-based tolerogenic vaccines: High concentrations of IFN-β favor a 

Treg niche:

9.1. The experimental foundation for IFN-β-based tolerogenic vaccines.

Consistent with the use of IFN-β as a leading first-option therapeutic for MS for over 2 

decades and the strong therapeutic activity of IFN-β in multiple models of EAE, studies 

from our laboratory [202–204] implicated IFN-β as a formative cytokine in the FOXP3+ 

Treg lineage and as a potent Treg-biasing tolerogenic adjuvant. Initial studies determined 

that IFN-β-NAg fusion proteins were effective prophylactic and therapeutic vaccines that 

suppressed multiple rodent models of EAE [202–204]. Interestingly, vaccines comprised of 

the IFNβ-NAg fusion proteins or “IFN-β + NAg” as separate molecules suppressed the acute 

monophasic model of EAE in Lewis rats [202]. However, IFN-β-NAg fusion proteins 

required covalently-linked IFN-β and NAg domains to inhibit EAE in chronic C57BL/6 and 

SJL mouse models of EAE [203, 204]. The interpretation was that unlinked IFN-β and NAg 

domains were sufficient to inhibit acute EAE (i.e. the rat model) whereas covalently-linked 

domains were more robust tolerogens, which were required to mitigate chronic EAE (i.e., 

the mouse models) [204].

A second-generation IFN-β-based tolerogenic vaccine incorporated three components; IFN-

β, NAg, and the Alum adjuvant [204]. Given the requirement for covalent linkage in murine 

EAE models [203, 204], the vaccine platform was based on the concept that IFN-β and the 

NAg would bind Alum, which would provide indirect noncovalent linkage of IFN-β and 

NAg needed for tolerogenic activity. The “IFN-β + NAg in Alum” tolerogenic vaccine 

inhibited EAE in C57BL/6 mice in both pre-treatment and therapeutic regimens by a 

mechanism that was dependent upon IFN-β and the Alum adjuvant. Prophylactic treatment 

with the “IFN-β + NAg in Alum” vaccine inhibited the subsequent induction of EAE. The 

tolerogenic activity of this vaccine was reversed by an anti-CD25 Treg-depleting mAb, 

which restored full disease susceptibility. This finding implicated vaccine-induced CD25high 

Tregs as the operative subset responsible for inhibition of EAE. Vaccination with “IFN-β + 

MOG in Alum” impaired subsequent encephalitogenic sensitization with MOG35–55 

emulsified in CFA and thereby inhibited clonal expansion of MOG-specific effector T cells. 

Mannie et al. Page 19

Cell Immunol. Author manuscript; available in PMC 2021 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



IFN-β/Alum-based vaccination exhibited hallmarks of infectious tolerance, because “IFN-β 
+ OVA in Alum” vaccination inhibited EAE elicited by “OVA + MOG in CFA” but not by 

“MOG in CFA”. The interpretation was that tolerogenic vaccination with “IFN-β + OVA in 

Alum” elicited OVA-specific Tregs that inhibited encephalitogenic sensitization, but only 

when OVA323–339 and the encephalitogenic MOG3–55 peptides were mixed in the same 

CFA emulsion to ensure co-presentation of the two antigens on the same DCs [204].

IFN-β also exhibited Treg-inductive activity in both in vivo and in vitro models [204]. “IFN-

β + MOG in Alum” vaccination of 2D2-FIG mice elicited elevated numbers and percentages 

of FOXP3+ T cells in blood and secondary lymphoid organs. Repeated boosters of the 

vaccine elicited an activated CD44high CD25+ FOXP3+ Treg population. The combination of 

IFN-β and MOG35–55 (in the absence of Alum) synergistically elicited suppressive 

FOXP3+ Tregs in vitro by a mechanism that was neutralized by an anti-TGF-β mAb. IFN-β-

induced Tregs that were induced in vitro suppressed EAE when these Tregs were adoptively 

transferred in actively-challenged recipients. Overall, these findings indicated that “IFN-β + 

NAg in Alum” vaccination elicited NAg-specific, suppressive FOXP3+ CD25+ Tregs that 

inhibited EAE. These data are consistent with the concept that IFN-β has an activity 

spectrum that favors suppressive FOXP3+ Tregs [220–223]. The mechanisms by which IFN-

β elicits Treg dominance are unknown, and both direct and indirect mechanisms may be 

relevant. IFN-β has also been shown to promote a FOXP3negative FOXA1+ regulatory T cell 

subset that resolves CNS inflammation at least in part through PD-L1-mediated killing of 

activated T cells [31, 224, 225]. Possibly, FOXA1+ and FOXP3+ Treg subsets act 

cooperatively to control CNS autoimmunity.

9.2. Why would IFN-β inhibit adaptive immunity?

As the prototypic driver of innate immunity, why would IFN-β inhibit adaptive immunity? 

Several overlapping possibilities deserve consideration. First, the IFN-β/ Treg axis may have 

evolved to concurrently inhibit viral dissemination via IFN-β while also inhibiting excessive 

anti-viral immunopathogenesis via Tregs as complementary mechanisms to preserve tissue 

integrity. Second, the IFN-β/ Treg axis may inhibit or kill infected leukocytes and thereby 

prevent leukocyte emigration away from virally infected tissues to prevent the systemic 

spread of the virus. Third, one might surmise that Tregs may represent an evolutionary 

magnet for infectious agents because immunosuppressive activity of virally-infected Tregs 

might provide a protected niche for an infectious agent. The idea is that viral pathogens or 

other infectious agents may specifically target Tregs as part of a protected infectious niche 

and thereby establish chronic infection under the cover of strong immunosuppression. The 

evolutionary patch for this immune system vulnerability may be a specialized IFN-β/ Treg 

axis that affords heightened innate defenses for an immunosuppressive Treg lineage that 

otherwise would be a favored niche for infectious agents.

10. Continuous stable lines of murine FOXP3+ Tregs: Low concentrations 

of IL-2 constitute a Treg niche.

FOXP3+ Tregs represent a promising platform for cell-based interventions and tissue-

specific therapy to treat autoimmune disease and other inflammatory disorders [87–90, 226–
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228]. Contemporary Treg immunotherapy would be advanced by new technologies that 

enable long-term expansion and activation of stable polyclonal, antigen-specific FOXP3+ 

Tregs in cell culture. To realize this goal, we studied whether anti-CD25 mAbs such as PC61 

differentially affected the IL-2 dependent growth and survival of mouse Treg and Tcon 

subsets in vitro. These studies revealed that the inhibitory the PC61 anti-CD25 mAb 

partially inhibited IL-2 dependent responses by CD25high Tregs but strongly blocked IL-2 

dependent growth by Tcons. This differential inhibition resulted in the predominant 

outgrowth of Tregs and the establishment of highly-enriched, continuous Treg lines, 

presumably because higher levels of cell surface CD25 on Tregs conferred partial resistance 

to the inhibitory mAb [61]. Although the PC61 anti-CD25 mAb is used to deplete murine 

FOXP3+ Tregs in vivo by a mechanism of antibody-dependent cytotoxicity (ADCC) [70], 

PC61 lacked cytotoxic activity in vitro in T cell maintenance and activation cultures, due to 

the absence of ADCC-competent macrophages. This study revealed a ‘Treg window’ that 

was operationally defined by relatively low IL-2 concentrations coupled with high 

concentrations of an anti-CD25 mAb. These conditions enabled dominant survival and 

expansion of murine Tregs that stably expressed high levels FOXP3 over several months of 

continuous propagation without any indication of phenotypic instability.

Continuous FOXP3+ Treg lines were derived from MOG35–55-specific 2D2 transgenic 

mice, OVA323–339-specific transgenic OTII mice, and mitogen-stimulated FIG mice 

without physical purification or genetic modification. The FOXP3+ Treg lineage was stable 

and dominant in vitro when PC61 was included in culture during the IL-2 expansion phase. 

These antigen-specific and polyclonal lines contained approximately 90% - 99% FOXP3high 

Tregs and were maintained indefinitely (e.g., 3 months duration) without attenuation or loss 

of the Treg phenotype [61]. A reiterative activation-rest strategy was used for the continuous 

propagation and expansion of stable FOXP3+ Treg lines with one cycle comprised of a 3-day 

activation culture followed by several 3-day rest cultures in IL-2 and PC61. During the 

resting phase, cell numbers were static or were modestly expanded (~2 fold) over the course 

of a week. During activation with mitogen/ antigen and irradiated DCs, Tregs required TGF-

β to maintain FOXP3 expression during exponential expansion. During a 3-day activation 

culture and the subsequent 3-day passage in IL-2/ PC61activation, Treg numbers expanded 

10–25-fold. A long-term Treg line derived from transgenic 2D2 mice exhibited suppressive 

activity in both prophylactic and therapeutic adoptive transfer studies of EAE. In the 

therapeutic model, blastogenic FOXP3+ Tregs were prepared by activation for 3 days with 

DCs, Con-A, MOG35–55, IL-2, and TGF-β, and approximately 97% of T cells expressed 

high levels of FOXP3. Adoptive transfer of these activated Tregs on day 15 during severe 

EAE significantly alleviated disease. These data provided evidence that blastogenic MOG-

specific Tregs mitigate EAE when administered in therapeutic and prophylactic treatment 

regimens.

In conclusion, low IL-2 concentrations coupled with high PC61 concentrations constrained 

IL-2 signaling to a low-intensity range that enabled dominance of suppressive CD25high 

FOXP3+ Tregs in vitro [61]. These findings provide a significant advance in our 

understanding of the cytokine ‘Treg niche’ which exists within the confines of a low IL-2 

concentration range that is unique to CD25high FOXP3+ Tregs. These findings represent a 

significant technical advance that may provide a foundation for clinical development of 
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feasible antigen-specific Treg-based immunotherapies with the potential to treat broad 

classes of human inflammatory disease. These data parallel the emerging field of low-dose 

IL-2 therapy which has beneficial activity for induction of FOXP3+ Tregs and alleviation of 

autoimmune inflammatory disease [229]. The use of an anti-CD25 mAb has qualitative 

advantages because the combination of an anti-CD25 mAb and low IL-2 concentrations 

provides a consistent clamp on IL-2 signaling and a stringent window for selective Treg 

responses.

11. Conclusions:

The stratification of TCR recognition efficiencies by which TCRs on FOXP3+ Tregs 

recognize self and extended- self MHC-ligands are centrally important for understanding the 

modus operandi of Tregs, including thymic and peripheral selection, maintenance of the 

peripheral Treg repertoire, tissue-residency, phenotypic stability, and suppressive function. 

The stratification of TCR recognition efficiencies that distinguish the Treg and Tcon 

repertoire, in combination with antigen complexity theory, provides a foundation to 

understand how DCs may integrate signals from tissue-resident Treg and Tcon repertoires to 

provide adaptive tolerogenic and immunogenic responses. Differential regulation of IL-2 

production and IL-2 responsive pathways among the Treg and Tcon repertoires provides an 

understanding of the relative sources and sinks for paracrine IL-2 in a local tissue, which in 

combination with antigen complexity theory may also underlie adaptive mechanisms 

controlling the balance of tolerogenic and immunogenic outcomes. The study of tolerogenic 

vaccination and continuous lines of stable murine Tregs provide insight into the Treg niche, 

including evidence that zones of antigenic and cytokine signaling appear operative for 

definition of the Treg niche, including an intermediate-efficiency zone of TCR signaling, a 

high concentration zone of IFN-β signaling, and a low concentration zone of IL-2 signaling 

(Table 2). The Treg field is reaching an inflection point where advances in basic scientific 

understanding fuel clinical applicability and vice versa.
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Abbreviations:

APC Antigen Presenting Cell

CNS Central Nervous System

CFA Complete Freund’s Adjuvant

Tcon Conventional T Cell

DC Dendritic Cell

EAE Experimental Autoimmune Encephalomyelitis
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FOXP3 Forkhead Box P3

Tregs FOXP3+ Regulatory T Cells

GMCSF Granulocyte-Macrophage Colony Stimulating Factor

IFN-β Interferon-β

IL-2 Interleukin-2

CD25 Or IL2Rα Interleukin-2 Receptor-Alpha

MHC Major Histocompatibility Complex

MHCI or MHCII Major Histocompatibility Complex Class I or Class II

MBP Myelin Basic Protein Peptide 69–87

MOG Myelin Oligodendrocyte Glycoprotein Peptide 35–55

MS Multiple Sclerosis

Nag Neuroantigen

NFM Neurofilament Medium Peptide 13–37

OVA Ovalbumin Peptide 323–339

PLP Proteolipid Protein Peptide 139–151

TCR T Cell Antigen Receptor
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Highlights:

TCR recognition efficiencies shape the repertoire of CD4+ CD25high FOXP3+ regulatory 

T cells.

The Treg antigenic niche controls tissue-residency, stability, and regulatory function in 

peripheral tissues.

Tolerogenic vaccination and Treg-based immunotherapy reverse chronic autoimmune 

disease.

Tregs mediate tolerance by mechanisms of bystander suppression and infectious 

tolerance.

Intermediate-efficiency MHC-ligands, high-zone IFN-β, and low-zone IL-2 favor Treg 

responses.
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Figure 1: The modus operandi of CD4+ FOXP3+ CD25high Tregs:
The defining hallmark of FOXP3+ Tregs is the functional coupling of TCR specificity for 

agonistic self, chronic activation in response to self, and suppression of Tcon-mediated 

reactions against self. Quiescent Tregs (green) are selected in the thymus and periphery to 

recognize self-MHC ligands as intermediate-efficiency agonistic ligands, which is postulated 

to maintain viability of FOXP3+ Tregs and elicit high surface expression of CD25. Rogue 

Tcons (red) that have the potential to mediate autoimmune pathogenesis recognize agonistic 

self-MHC ligands and produce IL-2, which is a source of paracrine IL-2 for Tregs. In this 

environment, Tregs receive two signals including agonistic TCR ligation and paracrine IL-2 

stimulation. Due to their superlative CD25 expression, Tregs monopolize the local IL-2 

supply to drive Treg growth while depriving Tcons of the IL-2 needed for effector function 

and survival. Aside from sequestering IL-2, activated effector Tregs use multiple direct and 

indirect mechanisms to block Tcon-mediated autoimmune pathogenesis.
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Figure 2: The antigen-dependent selection of the T cell repertoire:
A quantitative continuum conceptualized by four zones of TCR ligation efficiencies shape 

the emerging T cell repertoire during thymic selection with each zone associated with a 

unique fate. (A) Death by neglect: Thymocytes that lack recognition of any self-MHC/ 

peptide complex die in the thymus due to the lack of homeostatic signaling. (B) Positive 
thymic selection: Thymocytes that experience relatively weak, non-activating TCR 

engagement receive requisite homeostatic signaling and emerge from the thymus as the 

mature Tcon repertoire. These Tcons continue to recognize positively-selecting self MHC/ 

peptide ligands in peripheral tissues as requisite survival signals. Many Tcons are thought to 

establish tissue residence at sites where these clones detect high concentrations of cognate 

self MHC/ peptide complexes. (C) Agonist selection: Thymocytes that experience 

intermediate-efficiency agonistic TCR engagement receive requisite survival signaling and 

emerge from the thymus as the mature Treg repertoire. These Tregs continue to recognize 

cognate self MHC/ peptide ligands in peripheral tissues as requisite survival signals. Many 

Tregs are thought to establish tissue residence at sites where these clones detect high 

concentrations of cognate self MHC/ peptide complexes. (D) Negative thymic selection: 

Thymocytes that recognize self-MHC/ peptide complex as high-efficiency agonistic ligands 

die in the thymus due to excess agonistic signaling. (E-F) Tcons and Tregs may cross-react 

and recognize foreign antigens as strong agonists and contribute to host defense.
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Figure 3: T cell tissue-specific residency strategized by TCR specificity and antigen recognition 
efficiency.
TCR specificity and antigen recognition efficiency are thought to guide T cell homing, tissue 

residency, and function in peripheral tissues. (A, D) Tcon recognition of high-efficiency 

agonistic antigens is hypothesized to maintain immunogenic sentinel memory T cells at sites 

that will likely become routes of future infection. (B) Treg recognition of intermediate-

efficiency agonistic self-antigens is hypothesized to provide homeostatic survival signals that 

guide homing and survival while maintaining phenotypic and functional stability of tissue-

resident Tregs. (C) Tcon recognition of peripheral self-antigens as low-efficiency non-

agonistic ligands (i.e. the positive-selecting MHC-ligands of positive thymic selection) is 

hypothesized to provide homeostatic survival signals that guide homing and survival of the 

Tcon repertoire. (E) Inflammatory conditions may amplify a low-efficiency homeostatic 

TCR recognition into an intermediate TCR efficiency signaling mode that favors naïve Tcon 

differentiation into Tregs to counter epitope spread to tissue-specific self-antigens.
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Figure 4: Antigen complexity theory:
Most foreign pathogens are antigenically complex entities that present MHC-peptide ligands 

that are highly diverse and strongly-agonistic to collectively stimulate the robust activation 

of a diverse polyclonal Tcon repertoire. Rather than reflecting independent binary decisions 

between a single APC and a single Tcon, antigen complexity theory postulates that the 

immune system integrates decisions encompassing inputs from local T cell and APC 

populations to provide a consensus output. According to this postulated mechanism, Tcons 

or Tregs recognize cognate MHC-ligands on the surface of an APC and provide stimulatory 

or inhibitory feedback signals to the APC. The APC in turn collectively integrates the 

diverse signals and provides consensus costimulatory or tolerogenic signaling to the T cells 

in direct contact with that APC or to T cells in the local environment via cytokine 

production. (A) High diversity of strong agonistic peptides drives high frequencies of 

activated Tcons that provide collective feedback to the APC to drive robust costimulatory 

signaling by APCs, thereby overcoming inhibitory inputs from the Treg population. (B) 

Conversely, in the presence of low frequencies of strong agonistic peptides, the low 

frequencies of activated Tcons do not surpass thresholds requisite for costimulatory 

signaling by APCs, and dominant inhibitory inputs from the Treg population drive 

tolerogenic Treg responses. When Tregs are dominant, tolerogenic APCs and local Tregs 

mediate bystander inhibition of activated Tcons and mediate de novo differentiation of naïve 

Tcons into Tregs (i.e., infectious tolerance).
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Figure 5: Antigenic complexity and IL-2 dependent control of the Tcon/ Treg balance.
Naïve Tcons and rested memory/ effector Tcons respond to agonistic antigen by producing 

IL-2, whereas chronically activated Tcons and Tregs lack capacity for antigen-stimulated 

IL-2 production. (A) Given persistence of high antigenic complexity in a local tissue, newly 

immigrating naïve and rested effector/ memory Tcons represent the main sources for the 

local supply of paracrine IL-2 needed to sustain pre-existing populations of tissue-resident 

effector Tcons and Tregs. In the presence of high antigenic complexity, the sustained 

consistent immigration of new Tcons will provide an abundant supply of IL-2 to establish 

high-zone IL-2 concentrations ensuring Tcon dominance and immunogenic responses. (B) 

In the presence of low antigenic complexity, the sporadic inconsistent immigration of new 

Tcons will provide a limited supply of IL-2 to establish low-zone IL-2 concentrations 

ensuring Treg dominance and tolerogenic responses.
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Figure 6: Tolerogenic vaccination: bridging holes in the Treg repertoire to enhance bystander 
inhibition and infectious tolerance.
Tolerogenic vaccination must target pathogenic T cell clonotypes without knowledge of the 

pathogenic epitopes. For example, if pathogenesis in MS is driven by NAg3, 4, 5, and X, 

then CNS-derived DCs will present these pathogenic NAgs together with myriads of other 

NAgs because CNS tissue destruction releases diverse NAgs including endogenous versions 

of the vaccine NAgs. As a result, local DCs will present diverse NAgs including the 

unknown pathogenic NAgs and the known vaccine-specific NAgs (i.e., not derived from the 

vaccine per se but derived from damaged myelin). Upon tolerogenic vaccination with 

nonpathogenic NAg1 and NAg2, peripheral DCs will drive expansion of NAg1/2-specific 

Tregs, which will migrate throughout the body and home into tissues bearing high 

endogenous concentrations of NAg1 and NAg2. DCs presenting damage-associated CNS 

NAg3, 4, 5, and X represent the interface of vaccine-generated Tregs with pathogenic Tcons. 

This interface is the checkpoint that re-establishes tolerance (A) by reinforcing bystander 

inhibition of pathogenic Tcons and (B) by eliciting infectious tolerance via de novo 

differentiation of naïve tissue-resident Tcons into Tregs.
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Table 1.

Antigen Complexity Theory

Immunogenic responses/Host defense Tolerogenic responses/ Self tolerance

TCR recognition of high-efficiency agonists by Tcons TCR recognition of intermediate efficiency agonists by Tregs

Sudden appearance of antigen Gradual appearance of antigen

High diversity of new agonistic determinants Low diversity of new agonistic determinants

Abbreviated presence/ rapid immune clearance of antigen. Chronic presence of antigen

Foreign epitopes are not recognized in isolation. Rather, foreign entities (viruses, bacteria, fungi, parasites, pollen, etc.) are recognized by an 
integrated process including multitudes of foreign epitopes that are presented simultaneously at the surface of individual APCs to polyclonal T cell 
populations. Antigenic complexity of local environments is measured by the clonal diversity of Tcons perceiving of high-efficiency TCR signaling 
relative to the clonal diversity of Tregs perceiving intermediate-efficiency TCR signaling.
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Table 2.

Experimental contributions to the understanding of the Treg niche

Experimental modality Contributing knowledge

GMCSF-NAg tolerogenic vaccine An intermediate-efficiency antigenic domain favors Treg dominance in vivo.

IFN-β + NAg in Alum tolerogenic vaccine High-zone IFN-β signaling favors Treg dominance in vivo.

IFN-β + NAg induction of murine Tregs High-zone IFN-β signaling favors Treg dominance in vitro.

Continuous stable lines of murine Tregs Low-zone IL-2 signaling favors Treg dominance in vitro.

Zones of antigenic and cytokine signaling appear operative for definition of the Treg niche, including intermediate-efficiency TCR signaling (i.e., 
intermediate quality of TCR signaling efficacy), high-zone IFN-β signaling (i.e., contingent upon high IFN-β concentrations), and low-zone IL-2 
signaling (i.e., contingent upon limiting concentrations of IL-2).
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