
 
 

TLR-4 agonism induces CD25+ MHCIIhigh dendritic cells in association with 

tolerogenic antigen recognition 

By 

Alexander Bastian 

(Under the direction of Mark D. Mannie, Ph.D.) 

December 2022 

Department of Microbiology and Immunology at East Carolina University Brody School of 

Medicine 

 

Autoimmune disease is a result of the breakdown in immunological self-tolerance leading 

to destruction of self-tissues mediated by the aberrant immune attack. In Multiple Sclerosis 

(MS), CD4+ T cells mediate destruction of myelin in the central nervous system (CNS) leading to 

debilitating symptoms in afflicted individuals. MS is the leading cause of non-injury disability in 

young adults, impacting nearly 1 million people in the United States alone. As is the case for 

many autoimmune diseases, there is no cure for MS, highlighting the urgent need for new 

therapeutic platforms.  A therapeutic approach to reestablish self-tolerance is likely to be more 

effective and have less side effects than current treatments, highlighting the importance for 

developing such an approach. At the center of this approach lies CD4+ FOXP3+ regulatory T 

cells (Tregs), which are a subset of T cells that suppress the immune system and play an integral 

role in controlling autoimmunity. Therapies aimed at increasing Tregs, especially in a disease-

targeted manner, have the potential to reestablish self-tolerance and cure autoimmunity. 



 
 

All T cells, including Tregs, must recognize antigen on antigen presenting cells (APCs) 

to perform effector functions. Therefore, targeting an APC niche that supports the development 

of Tregs is an effective approach for development of autoimmune therapeutics. Dendritic cells 

(DCs) are a class of APCs known to support Treg development and function. In this study, we 

show that agonism of Toll-like receptor 4 (TLR-4) with lipopolysaccharide (LPS) or 

monophosphoryl Lipid A (MPLA) on DCs leads to a CD25+ MHCIIhigh DC phenotype. We show 

that the expression of CD25 is unique to DCs and that it binds IL-2 from the environment 

without detectable downstream signaling. Importantly, we show that this bound IL-2 can be 

utilized by responder T cells, highlighting a potential function of CD25 on DCs. We then 

combined TLR-4 agonism with our lab’s DC-targeting tolerogenic vaccine, GMCSF-MOG, 

which we have previously shown leads to high levels of Tregs and amelioration of experimental 

autoimmune encephalomyelitis (EAE) in mice. When GMCSF-MOG is combined with MPLA, 

Treg levels are increased and extend out to 78 days post injection. The enhanced and extended 

Treg levels observed when MPLA is included in the vaccine likely play a role in accelerating the 

GMCSF-MOG-mediated amelioration of EAE and preventing observed EAE relapse. At the crux 

of DC-mediated tolerance induction is the efficiency of the antigen recognition event. Lower 

affinity TCR ligation supports tolerance through lower induction of costimulatory molecules 

(CD40L) and increased induction of inhibitory molecules (PD-1). Furthermore, inhibiting the 

CD40L/CD40 axis increases Treg induction. Overall, we show that TLR-4 agonism leads to 

CD25+ MHCIIhigh DCs and functions as a tolerogenic adjuvant when combined with the DC-

targeting GMSCF-MOG vaccine through support of low-efficiency Treg-favorable antigen 

recognition events.  
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 INNATE AND ADAPTIVE IMMUNITY 

The immune system is commonly divided into two categories, innate and adaptive. The 

innate immune system is responsible for quick recognition and destruction of invading foreign 

pathogens. Innate functions rely on evolutionary memory of pathogens. Receptors recognize 

patterns found on multiple pathogens, to provide a general protection against common pathogens 

(1). Cells that make up the innate immune system include dendritic cells (DCs), macrophages, 

neutrophils, among others (2). Neutrophils arrive first to the site of infection and use pattern 

recognition receptors (PRRs) to sense molecular markers such as bacterial lipids, viral RNA, and 

many other common antigens. Neutrophils then send out chemokines to attract other immune 

cells to the site of infection. Once pathogens are sensed by innate immune cells, they are 

engulfed, a process known as phagocytosis. Actin mobilization leads to membrane protrusions 

that surround the pathogen, leading to internalization. Macrophages, DCs and neutrophils are 

expert phagocytes (3). This internalized pathogen is shuttled along in a gradually maturing 

phagosome before the phagosome fuses with a lysosome. This phagolysosomal fusion leads to 

acidification of the compartment, as well as the introduction of several acid labile enzymes, 

usually enough to kill the pathogen (4, 5). The next step in an effective immune response is 

engaging the adaptive immune system. The bridge between the innate and adaptive immune 

response occurs through antigen presentation. The phagolysosome containing digested peptides 
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fuses with endosomes containing major histocompatibility complexes (MHC). These peptides 

from exogenous pathogens are loaded into MHCII complexes and put on the cell surface of 

professional antigen presenting cells (APCs) such as DCs, macrophages, and B cells. This 

presented antigen is then recognized by responder T cells which drive the adaptive immune 

response. This adaptive component of immunity is targeted, specific in nature, long-lasting, and 

generally considered to be performed by B cells and T cells (1). The specificity is achieved 

through the B cell receptor (BCR) and T cell receptor (TCR) which are randomly generated 

through recombination events leading to an estimated ~1012 different T and B cell clones with 

unique peptide-binding abilities in the body (6). This broad range of receptors allows the 

immune system to recognize the specific antigens involved in an infection so that the immune 

response can be highly targeted to attack only the antigens that are part of the infection. When T 

cells see their cognate antigen, they become activated and can bind to the antigen being 

presented by B cells (which also recognized the pathogen through BCR engagement). T cells can 

then activate B cells to produce antibodies specific for the pathogen, accelerating the clearance 

of the pathogen. These activated T and B cells can become memory cells, which provide long-

lasting memory to the specific antigens they encountered, accelerating the immune response 

when that pathogen is encountered in the future.  

 

1.2 IMMUNE HOMEOSTASIS 

The immune system must balance effective immune responses against foreign entities 

while avoiding attacking self-tissues. This delicate and finely-tuned balance of desired immune 

activation and immune suppression is driven by myriad cellular players and chemical factors and 
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is known as immune homeostasis (7). The ability to effectively respond to foreign antigens is 

crucial for an effective immune defense. T and B cells are required for antigen-specific adaptive 

immune responses to invading pathogens (8-12). Antigen specificity is determined by the TCR 

or BCR, respectively, which are generated from random gene rearrangement. The random 

rearrangement of TCR and BCR generates a myriad of unique receptors that can recognize a 

multitude of antigens and respond to any number of potentially harmful pathogens (13). TCR 

and BCR are also generated that can recognize self-antigens and cause loss of self-tolerance. 

Therefore, the immune system must purge or suppress these autoreactive lymphocytes in order to 

maintain self-tolerance, and the failure to do so results in the development of autoimmunity (14). 

At its core, autoimmunity is a destructive immune response targeted at self-antigens. This can 

lead to a wide range of clinical symptoms and pathologies, resulting in over 100 different known 

autoimmune diseases. Most autoimmune diseases are classified according to what organs and/or 

tissues the immune response is mounted against, such as Multiple Sclerosis (MS) against the 

central nervous system (CNS), Type 1 diabetes (T1D) against the pancreas, and Graves’ Disease 

against the thymus (15-22). Multiple self-antigens in the target tissue usually trigger the 

autoimmune attack, and the antigen to which tolerance was initially lost often remains unknown. 

Thankfully, there are many mechanisms at play to prevent the development of autoimmunity. 

Central tolerance is the main mechanism preventing the development of autoimmune 

disease. It is a mechanism by which autoreactive T cells and B cells are eliminated from the 

developing lymphocyte pool as the initial selection of the T and B cell repertoire is a 

fundamental mechanism for preventing the development of autoimmunity. Autoreactive B cells 

are purged during development in the bone marrow based on self-reactivity. B cells with BCRs 

that strongly bind to self-proteins are negatively selected and undergo apoptosis (23-25). Similar 
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to B cells, self-reactive T cell clones are also purged from the repertoire. During T cell 

development in the thymus, newly generated TCRs are tested against self-antigens presented on 

MHCI and MHCII. MHCI and MHCII  are presented on various cells, including thymic 

epithelial cells (TECs) (26). TECs express AIRE, a transcription factor that controls the 

expression of tissue-specific gene products that are not canonically expressed in the thymus, 

generating a comprehensive and systemic pool of self-antigens with which T cells are selected 

(27).  In the thymus, T cells with TCRs that strongly recognize self-antigen are eliminated 

through apoptosis, a process known as negative T cell selection (28). This mechanism eliminates 

the T cells at highest risk to engender autoimmunity. T cells with TCRs that do not interact with 

MHC molecules undergo death by neglect due to a lack of activation signals. T cells with TCRs 

that weakly recognize self-antigen are positively selected and compose the eventual peripheral T 

cell repertoire. Finally, T cells with TCRs that recognize self-antigen with an intermediate-

affinity differentiate into regulatory T cells (Tregs), the main suppressor cell subset (29).  

Negative thymic selection, however, is incomplete and autoreactive T cells are found in 

the peripheral T cell repertoire (30).  Therefore, any T cells with autoreactive potential must be 

curtailed in the periphery. Tregs prevent the activation of these possibly self-reacting T cell 

clones, a process known as peripheral tolerance.  

 

1.3 REGULATORY T CELLS 

Tregs are essential for the prevention of autoimmunity and are characterized by the 

expression of the master transcription factor, FOXP3. Humans and mice that lack Tregs as a 

result of mutation in FOXP3 develop a fatal autoimmune disease known as 
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immunodysregulation polyendocrinopathy enteropathy X-linked (IPEX) and Scurfy, respectively 

(31, 32). Furthermore, experimental deletion of Tregs can exacerbate or induce autoimmune 

diseases in animals (33). There are two main subsets of Tregs: thymically-derived Tregs (tTregs) 

which differentiate in the thymus and peripherally-induced Tregs (pTregs) that are generated 

from naive T cells in the periphery. Naïve T cells can differentiate into pTregs during antigen 

recognition in the presence of Treg-favorable molecules such as TGF-β, IL-2, and retinoic acid 

(RA) as well as through dominant low-efficiency antigen recognition (34). The differences 

between the subsets of Tregs are widely referenced but ultimately remain unclear (35-37). Tregs 

exist in higher proportions in anatomical compartments such as the mucosa, gut, lungs, skin, and 

liver as Treg induction is favored in order to maintain tolerance to harmless extended self-

antigens such as food, allergens, and the commensal microbiota (38-42). However, Tregs display 

high plasticity and have been reported to lose their immunosuppressive capacity in inflammatory 

environments (43). Tregs are maintained by pools of self-antigen/MHCII and low levels of IL-2 

which directly support FOXP3 expression and Treg effector function (44).  

In addition to FOXP3, Tregs are commonly characterized by elevated expression of 

CD25 (IL-2 receptor α-chain) (45-48).  Higher CD25 expression is associated with more stable 

and suppressive Tregs (49, 50). Tregs are activated by their cognate self-antigen and exert many 

effector functions in order to suppress immunogenic responses in the local microenvironment. 

Tregs enact several mechanisms, both direct and indirect, to achieve suppressive functions (51). 

One indirect mechanism Tregs employ is production of immunosuppressive and 

immunoregulatory molecules. Production of suppressive cytokines lead to an  anti-inflammatory 

response (52). Of these cytokines produced by Tregs, TGF-β exerts a multitude of actions in 

innate and adaptive immunity. First, TGF-β is a strong inducer of Tregs and influences the 
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induction of naïve CD4+ T cells into new Tregs, enriching the Treg pool in a localized 

environment (53). TGF-β can also suppress activation of several subsets of conventional T cells 

(Tcons). TGF-β also promotes differentiation of naïve T cells into Th17 cells which work with 

Tregs to maintain immune homeostasis in the gut where high levels of foreign antigens such as 

food and bacteria reside (54-59). Another regulatory cytokine expressed by Tregs is IL-35. This 

cytokine is secreted exclusively by regulatory subsets of cells, especially Tregs, and is an 

inhibitor of T cell proliferation. Tregs without IL-35 are less suppressive, highlighting the role of 

IL-35 in Treg-mediated suppression (60-62). Another regulatory cytokine produced by Tregs is 

IL-10. IL-10 dampens the expression of various pro-inflammatory cytokines such as interferon-γ 

(IFN- γ) and tumor necrosis factor-α (TNF- α) (63, 64). IL-10 also upregulates CD25 expression 

on many cells (65, 66).  

In addition to regulatory cytokine secretion, the elevated expression of CD25 is one of 

the main indirect suppressive mechanisms utilized by Tregs. Activated Tregs express much 

higher CD25 on their surface compared to Tcons. This increase in CD25 can lead to 

sequestration of IL-2 from the environment which allows Tregs to have preferential access to IL-

2, a necessary survival and proliferative factor for many T cells (67, 68). This overexpression of 

CD25 allows Tregs, despite only comprising about 5-10% of the CD4+ T cell pool, to control 

access to IL-2 and maintain tolerance in quiescent environments. Resource sequestration by 

Tregs is not limited to IL-2. Tregs are known to sequester and consume other necessary survival 

factors such as glucose. Elevated expression of glucose receptors allows Tregs to outcompete 

nearby Tcons for glucose, leading to Tcon senescence (69).  
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Tregs are also capable of various contact-dependent mechanisms of suppression, both 

directly on Tcons as well as indirectly by impacting APCs. Tregs have several mechanisms to 

downregulate APCs in the environment, thereby limiting the potential of these APCs to activate 

other nearby T cells to help maintain immune tolerance in the microenvironment. One way that 

Tregs achieve this type of inhibitory activity is by constitutively expressing the coinhibitory 

molecule CTLA-4 on the cell surface upon TCR activation (70). The indispensable role for 

CTLA-4 in maintaining tolerance was elucidated through experimentation identifying that 

CTLA-4 deficiency in mice led to spontaneous autoimmunity which was later ameliorated by 

adoptive transfer of Tregs (71). The mechanism of suppression by CTLA-4 involves binding to 

and blocking Tcon access to the costimulatory molecules CD80 and CD86 on the surface of 

APCs, which are necessary for activation of T cells. In the presence of CTLA-4, the CD28-

CD80/CD86 axis is disrupted, preventing T cells from accessing the necessary costimulation. 

Additionally, downregulation of CD80 and CD86 on APCs induced by Tregs was shown to be 

dependent on CTLA-4 (72). Similarly, Tregs can inhibit access of nearby Tcons to MHCII/Ag 

complexes through expression of LAG-3 on the surface of Tregs. LAG-3 is a CD4-like molecule 

capable of binding MHCII independently of antigen that inhibits MHCII access by other T cells 

(73). Antibodies against LAG-3 inhibited the regulatory roles of Tregs thus functionally 

implicating LAG-3 in Treg function. LAG-3 binds and sequesters MHCII to inhibit antigen 

presentation to other T cells. Through this blockade of costimulatory molecules and MHC 

complexes, Tregs indirectly inhibit T cell stimulation via the modulation of the APC. 

Additionally, Tregs can sequester both MHCII and CD80/86 from the surface of APCs via 

endocytosis or trogocytosis, a mechanism through which immune cells exchange membrane 

components (70, 74). Tregs engage with DCs presenting the cognate antigen in an interaction 



8 
 
 

quantified by a greater surface area of contact and a longer contact duration, initiated by Tregs’ 

higher average affinity for a certain cognate self-antigen which is established during thymic 

selection. This interaction is antigen-dependent, allowing Tregs to decrease the antigen 

presentation to Tcons in an antigen-specific manner (74). Advantages in size, antigen affinity, 

and APC antagonism allow Tregs to dominate and physically block naïve and activated T cells 

from interfacing with APCs while depleting APC surface molecules needed for T cell activation. 

Tregs also express ectoenzymes, CD39 and CD73, which together can convert 

extracellular adenosine triphosphate (ATP) to adenosine (75, 76). Adenosine binds and signals 

via the A2A adenosine receptor on the surface of T cells and DCs to inhibit T cell proliferation 

and suppress the function of DCs (77). Additionally, at certain concentrations, extracellular ATP 

was shown to increase T cell proliferation. Therefore, conversion of ATP to adenosine eliminates 

a proliferative agent (ATP) while simultaneously creating an inhibitory molecule (adenosine) 

(78, 79).  

Tolerance to one antigen can be spread through a mechanism known as infectious 

tolerance. Through the Treg suppression mechanisms outlined above, Tregs form a suppressive 

microenvironment, spreading tolerance to adjacent T cells. Tregs that recognize their cognate 

antigen/MHCII on APCs are activated, inducing effector functions which reduce APC activation 

and suppress nearby T cells (80). Therefore, if two antigens are presented on the same APC, a 

Treg specific for one antigen can suppress T cells that recognize the other antigen at the surface 

of the APC. Not only can Tregs suppress Tcons specific for other antigens, Tregs can cause those 

Tcons to differentiate into Tregs through the production of TGF-β, therefore spreading the 

tolerance to other antigens (81). The newly generated Tregs can subsequently suppress antigen-

specific immune responses and further spread tolerance to yet other antigens. Therefore, immune 
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responses against numerous self-antigens presented on a single APC can be suppressed by a 

limited number of Tregs which recognize only a few of the total self-antigens presented (80).  

 

1.4 DEVELOPMENT AND PATHOGENSIS OF AUTOIMMUNITY 

Despite systemic surveillance from Tregs, autoreactive T cells are occasionally able to 

escape the control of Tregs and initiate autoimmunity. There are several mechanisms through 

which autoimmunity develops (82). Molecular mimicry is a mechanism by which memory T 

cells specific for antigens from a past pathogenic exposure have cross-reactivity with a self-

antigen. Upon recognition of the cross-reactive self-antigen, the T cell clone gets reactivated to 

mount an immune response against the self-antigen. Autoreactive T cells can then activate B 

cells and lead to production of autoantibodies accelerating the immune insult targeted at self-

tissue (83). The best-known example of molecular mimicry is in rheumatic fever. Afflication 

with strep throat causes an immune response against the etiological agent Streptococcus 

pyogenes. The streptococcal M protein structurally mimics myosin in the human heart and elicits 

T cells specific for the M protein that can cross-react with heart tissue, eliciting an immune 

response targeted at the heart and leading to rheumatic carditis (84). 

Another mechanism underlying autoimmunity is through bystander activation of T cells 

(85, 86). This mechanism involves activation of bystander T cells during strong inflammatory 

insult, such as during a pathogenic immune response. In this case, high levels of inflammatory 

mediators in the microenvironment act on all T cells in the area. This level of stimulation is 

accompanied by low levels of antigen recognition that normally would be below the threshold 

for activation in noninflamed environments but is amplified above threshold within the 



10 
 
 

inflammatory environment.  Thus, an inflammatory environment can lead to T cell activation, 

clonal expansion, and autoimmune development by self-reactive clones (86). The role of 

bystander activation in autoimmunity has been shown experimentally in a model of hepatitis A 

infection. T cells not specific for the virus were activated by paracrine cytokines and contributed 

significantly to liver damage (87). As another example, activation of myelin-specific Th17 cells 

by high levels of paracrine IL-1β and IL-23 exacerbated experimental autoimmune 

encephalomyelitis (EAE), a rodent model of multiple sclerosis (MS). This bystander activation 

was shown to be independent of antigen-recognition of the bystander T cells. Activating T cells 

without TCR ligation bypasses a major regulatory checkpoint to prevent development of 

autoimmunity. 

Another mechanism by which autoimmunity can develop is through aberrant activation 

of T cells. This mechanism relies on a genetic or environmental defect leading to the abnormal 

activation of T cells. Several examples are notable. An imbalance of leukocytes, such as elevated 

inflammatory cell subsets and decreased regulatory cell subsets, can lead to T cell activation. 

This can be due to genetic factors, environmental factors, or a combination of both. An example 

is seen in a lupus model, where elevated levels of a B cell subset supported aberrant activation of 

T follicular helper cells (Tfh) in the germinal center of lymph nodes, leading to autoantibody 

production. Another mechanism of aberrant activation is due to a specific MHC haplotype 

favoring the presentation of a particular self-antigen. The hallmark example of this is in T1D, 

where individuals with the allele for HLA-DR3 and HLA-DR4 are more likely to develop 

diabetes (88). 
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All these mechanisms of autoimmune initiation highlight the balance between 

environmental stimuli and genetic factors in the development of autoimmune disease. Numerous 

genome studies have identified more than 200 genetic loci associated with the susceptibility to 

one or more autoimmune diseases (66, 89-92). Most autoimmune diseases are associated with 

multiple susceptibility genes working together to produce the abnormal phenotype. Some loci 

show association with multiple different autoimmune diseases, indicating the loci are important 

for pathways maintaining general self-tolerance (93). Several genetic risk factors are directly 

associated with gene products involved in adaptive and innate immune responses (93, 94). In 

many cases, patients afflicted with a particular autoimmune disease report family members who 

have been diagnosed with other autoimmune diseases (95). These findings demonstrate a 

common underlying genetic basis for many autoimmune diseases. However, in identical twins, 

the cooccurrence of autoimmune disease ranges depending on the particular disease and never 

reaches 100%. Therefore environmental factors must also play an important role in the etiology 

of autoimmune diseases (96). 

While autoimmune diseases vary in clinical and pathophysiologic presentation, the 

common mechanistic underpinning involves a breakdown in immune tolerance leading to an 

inflammatory immune attack targeted at self-antigens, leading to destruction of tissue. In MS, 

this presents as an inflammatory demyelinating disease of the CNS and is the leading cause of 

non-traumatic disability in young adults (97). MS presents differently from patient to patient 

with the most common symptoms being weakness, fatigue, pain, depression, and visual 

impairments along with varying levels of paralysis. The diverse presentation of symptoms 

correlates with timing and location of the inflammatory lesion within the brain (98). MS often 

begins as a relapsing-remitting disease with relapses gradually increasing in severity. After 
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several years, the disease often turns into a secondary progressive phase marked by continuous 

white and gray matter degeneration and increasing severity of physical and cognitive symptoms 

(99). 

MS is a complex disease widely considered to be driven by CD4+ T cells. Researchers 

believe that autoreactive T cells are activated and clonally expanded in the periphery through 

molecular mimicry or bystander activation and subsequently cross the blood-brain barrier (BBB). 

Once in the CNS, T cells are reactivated by APCs presenting their cognate myelin antigens in the 

brain and draining lymph nodes (100). This presentation leads to reactivation of these myelin-

specific T cells, driving effector functions resulting in the recruitment of other inflammatory 

cells. The cell recruitment and infiltration results in the formation of inflammatory demyelinating 

lesions (101). EAE studies have shown that both Th1 and Th17 T cells have pathogenic roles, as 

EAE can be driven by adoptive transfer of myelin-reactive Th1 or Th17 T cells. Translationally, 

both Th17 and Th1 cells are found in lesions of MS patients and increase in the blood during the 

development of MS and relapses (100, 102, 103). Furthermore, skewing T cells away from 

disease-driving Th1 and Th17 lineages and toward a Th2 phenotype has therapeutic benefit in 

both EAE and MS (104, 105). 

B cells have also been shown to play a complex role in MS. The pathogenic nature of B 

cells in MS is highlighted by the presence of B cells and autoantibodies in the CNS of MS 

patients. Additionally, ectopic lymphoid follicles are known to form in the CNS of MS patients 

and support the persistence of B cells and plasma cells (106, 107). The clinical success of anti-

CD20 B cell-depleting mAbs in the treatment of MS has demonstrated an important role for B 

cells outside of antibody production because these treatments spare plasma cells. Conversely, B 
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cells including Bregs have been shown to have regulatory function through the production of 

anti-inflammatory cytokines IL-35 and IL-10 (108, 109). A regulatory B cell role is further 

highlighted by B cell knockout mice getting more severe EAE (110). 

Myeloid cells such as resident microglial cells and infiltrating macrophages, monocytes, 

and DCs are found in MS lesions in high numbers (111). Myeloid cells are important APCs 

driving disease progression through activation of pathogenic Th17 and Th1 cells in the CNS and 

draining lymph nodes. Additionally, myeloid cells can potentiate inflammation by increasing 

permeability of the BBB via production of extracellular metalloproteases. This allows for an 

increased infiltration of immunocytes that can further drive CNS inflammation (111-113). 

However, myeloid cells can also relieve CNS inflammation by removing CNS debris from 

damaged cells, preventing inflammation often associated with cell damage. Additionally, 

myeloid cells can produce anti-inflammatory cytokines. For example, M2-like macrophages can 

express regulatory cytokines such as IL-10 and TGF-β that can help resolve ongoing 

neuroinflammation (114). 

Propagation of the autoimmune attacks seen in MS are also due to an inhibition or 

dysfunction of regulatory subsets such as Tregs, Tr1 cells, and Bregs. Studies have reported that 

Treg numbers and suppressive ability are reduced in MS patients (102, 115). Tregs from MS 

patients are not as effective at controlling Tcon proliferation and express less FOXP3, indicative 

of a weaker regulatory capacity (116, 117). The suppressive capabilities of Bregs and Tr1 cells 

are also inhibited in MS patients due to reduced IL-10 production (118, 119).   

Treatment of MS starts with frontline therapies that are immunomodulatory in nature and 

have modest efficacy. Standard frontline therapies include IFN-β which has been shown to 
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reduce clinical symptoms and relapses. IFN-β is thought to achieve this by reducing 

inflammatory cytokines and increasing anti-inflammatory cytokines as well as reducing T cell 

proliferation and inducing Tregs (120, 121). Second line therapies are generally 

immunosuppressive and are employed after symptoms progress to the point that frontline 

treatments are no longer successful. Second line treatments include lymphocyte depletion, most 

commonly with B cell depleting anti-CD20 antibodies. Additionally, fingolimod is frequently 

used as a second line therapy. This drug is a sphingosine analog that leads to the internalization 

of the sphingosine-1-phosphate receptor (S1PR1) which prevents the egress of pathogenic T cells 

from the lymph nodes, preventing the migration of these T cells into the CNS (122). While 

treatments for MS continue to evolve, the efficacy of existing treatments highlights the need for 

more targeted therapies. 

Much of the research on MS for development of novel, targeted therapies is done using 

the animal model EAE. This disease model can present differently depending on the strain and 

species used but overall, it presents similarly to MS in that it is an inflammatory demyelinating 

disease driven by CD4+ T cells (123-125). EAE can either be induced by injecting an 

emulsification of an encephalitogenic peptide with an adjuvant like complete Freund’s adjuvant 

(CFA) to elicit active EAE, or by injection of myelin-specific T cells, known as passive EAE. 

EAE resembles MS immunologically and histologically but differences between the two exist. 

The substantial difference is that EAE is induced to a known etiological agent while MS is 

spontaneous and the pathogenic epitopes driving disease are unknown. These differences 

continue to provide hurdles for progress of MS treatments, but much of what is known about 

disease progression and interventions methods has come from use of the EAE model. 
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1.5 DENDRITIC CELLS 

DCs are a crucial APC lineage vital for activation and maintenance of the T cell pool as 

well as playing an important role in innate immunity. DCs have many functions crucial to a 

healthy functioning immune system (126). First, DCs play a key role in detecting pathogens. 

DCs can be found at all common pathogen entry points into the body and are even known to 

protrude through mucosal barriers to sample antigens in the gut and lungs for preliminary 

protection (127, 128). DCs use innate immune receptors such as cell surface toll-like receptors 

(TLRs) to detect pathogens they come across. DCs also utilize intracellular receptors to detect 

infecting viruses or other pathogens. Engagement of innate immune receptors results in 

downstream signaling that changes the DC phenotype, which regulates other nearby cells to 

initiate the adaptive immune system, especially responder T cells. A method through which DCs 

communicate with surrounding cells is through secretion of cytokines and chemokines. Under 

different conditions, this cytokine array can vary substantially. In general, inflammatory 

cytokines such as IL-12, IL-1 and TNFα are expressed together apart from anti-inflammatory 

cytokines such as IL-10 (129). DCs are also known to secrete chemokines that recruit CD8+ T 

cells, a crucial mechanism in proper anti-viral immune responses (130). In addition to changing 

cytokine profiles, a hallmark of DCs is their propensity to migrate to secondary lymphoid organs 

after activation. DCs upregulate chemokine receptor CCR7 which detects and follows a gradient 

concentration of CCL21, a chemokine secreted by the epithelial cells of draining lymph nodes 

(131). While the timing of this can vary, migration of DCs carrying foreign antigen occurs early 

in the stages of immune detection of a pathogen, as early as 8 hours post infection (132, 133).  
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DCs can become activated by environmental stimuli such as bacterial antigens triggering 

TLR signaling or by T cell engagement. Upon activation, DCs adopt a mature phenotype which 

involves upregulation of MHCII and costimulatory molecules on the surface. Immature DCs are 

known to frequently cycle MHCII to renew the antigens displayed on their surface. Upon 

activation, this cycling slows, and the antigens are presented continuously at high levels (134, 

135).  

After activation, DCs carrying antigen migrate to lymph nodes where they perform their 

crucial role of antigen presentation to T cells.  DCs present antigen to responder CD4+ and CD8+ 

T cells on MHCII and MHCI, respectively. This leads to the activation of T cells specific for the 

presented antigens and subsequent clonal expansion, resulting in an immune attack targeted at 

the pathogen. DCs are also known for a phenomenon known as cross-presentation. Cross-

presentation allows DCs to present extracellular antigens that have been internalized by the DC, 

which would normally be presented on MHCII molecules, on MHCI molecules for presentation 

to CD8+ T cells. This is a unique feature of DCs that is crucial for directing antiviral and 

antitumor immune responses without the DCs being afflicted with viral infection or oncogenic 

mutations (136). Additionally, DCs are experts in tolerogenic antigen presentation, as they are 

crucial for maintenance of the existing Treg pool as well as differentiation of naïve T cells into 

the Treg lineage (137, 138). 

DC can be divided into several subsets which induce diverse immune responses. 

Conventional or classical DCs (cDCs) are traditionally separated into cDC1 and cDC2 

phenotypes. cDC1s are characterized by their cross-presentation ability and high levels of IL-12 

production. cDC1 cells preferentially present antigen to Th1 cells as well as CD8+ T cells, 
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promoting polarization of T cells to battle intracellular pathogens (139, 140). cDC1 also promote 

differentiation of responder and bystander CD4+ T cells into the Th1 lineage by producing large 

amounts of IL-12. Conversely, cDC2 cells are less equipped to activate CD8+ T cells and 

specialize in presentation to CD4+ T cells, promoting differentiation into multiple helper T cell 

lineages including Th2, Th17, Tregs, and Th1 cells (141-143). 

Langerhans cells (LCs) are a unique subset of DCs. They are skin-resident DCs that scan 

the environment for pathogens. Upon inflammation, LCs lose their attachment to the skin 

epithelium and migrate to draining lymph nodes, similarly to other DCs (141). Uniquely, LCs are 

not continuously renewed from bone marrow differentiation; instead, they are differentiated 

during embryonic development and are largely a self-renewing cell population (144). LCs are 

often referred to as macrophages due to their similarities to other tissue resident macrophages. 

Plasmacytoid DCs (pDCs) secrete large amounts of type 1 interferons (IFN), proteins 

with diverse immune impacts but famous for their beneficial antimetabolic activities in 

combating viral infection. Unique features of these DCs are centered around IFN production. 

These cells play a vital role in rapid response to viral infection (141). pDCs contain high levels 

of innate immune receptors, such as TLR-7 and TLR-9, specializing in recognition of viral 

antigens (145). 

Follicular DCs (FDCs) are another unique subset of DCs. They play a major role in 

maintaining proper structural zones and germinal centers (GC) within lymph nodes. They form a 

physical structure for B cells to migrate through and secrete large amounts of the chemokine 

CXCL13 which is responsible for B cell recruitment. In the GC, FDCs present antigen in a 

unique way. Classical DCs process and present antigens to T cells on MHC; however, FDCs 
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present antigens to B cells, so the antigens must be in their native state. To do this, FDCs utilize 

complement receptors 1 and 2 (CR1 and CR2, respectively) and Fc receptors to capture 

pathogens that have been opsonized. This native antigen is then scanned by B cells in the GC. 

For years, the conventional view was that tolerance induction by DCs was achieved by 

DCs in an immature state. However, evidence has shown that activated DCs can exert robust 

tolerogenic T cell responses (146). For example, activated DCs were crucial for maintaining 

tolerance in a model of colitis (147, 148). Activated mature DCs that favor tolerance are known 

as regulatory DCs (DCregs) which mediate tolerance through decreased expression of 

inflammatory cytokines as well as lower levels of costimulatory surface markers. DCregs 

develop upon exposure to high levels of TGF-β. Neutralization of TGF-β in the gut diminishes 

the DCreg population and the consequent induction of Tregs (149). IL-10 and PGE2 have also 

been shown to play an important role in inducing DCregs (150, 151).  

Additionally, it has been occasionally reported that some DCs express CD25. CD25+ DCs 

appear to bind IL-2 from the environment (152), but many questions remain regarding the 

biological function of CD25 on DCs, including whether IL-2 mediates signaling upon interaction 

with CD25+ DCs (152-154).  A previous study showed that CD25 expression on DCs was 

induced in response to a cocktail consisting of prostaglandin E2 (PGE2), tumor necrosis factor 

alpha (TNFα), and lipopolysaccharide (LPS), but this analysis did not assess the individual 

activities of PGE2, TNFα, or LPS (151). Several previous studies noted the expression of CD25 

on distinct subsets of DCs.  For example, a subset of regulatory CD25+ DCs expresses 

indoleamine 2, 3-dioxygenase (IDO), a suppressive molecule secreted by DCs that converts 

tryptophan into kynurenine (151, 155). In addition, CD25 is expressed on IFN-β-producing 
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plasmacytoid DCs (pDCs) without the need for TLR-4 agonism. CD40L stimulation also 

induced CD25 levels on human pDCs in the presence of IL-3 (156). 

With all these subsets of DCs, it is not surprising that DCs can initiate a wide range of 

immune responses. DCs are implicated in immune responses ranging from highly inflammatory 

immunogenic attacks to robust induction of tolerance. DCs are required for proper clearance of 

pathogens; they are considered of major importance in the clearance of common viruses and play 

an indispensable role in combating bacterial infections (157, 158). Their role relies both on the 

initial recognition of pathogens but, more importantly, on their ability to activate antigen-specific 

T cells and form lasting memory. Conversely, DCs are also the main APC lineage responsible 

for differentiation of T cells into the Treg lineage and maintenance of the existing Treg pool 

through presentation of self-antigen (137). This diverse influence on the immune system is 

highlighted by the dual role of DCs in MS (159). DCs are implicated as APCs that can activate 

autoreactive T cells in the periphery and cause differentiation into pathogenic Th1 and Th17 cells 

in the propagation of EAE (160). Additionally, DCs in the CNS can reactivate these T cells and 

promote immune invasion of T cells into the CNS (161). Conversely, DCs are crucial for 

induction of Tregs that prevent EAE. DCs presenting the myelin peptide MOG caused an 

increase in the levels of Tregs and consequently reduced the induction of EAE (162). 

Additionally, depletion of DCs led to more severe EAE, highlighting the role of DCs in 

maintaining a functional Treg pool (163).  

 

1.6 ANTIGEN RECOGNITION 
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The diverse immune responses induced by DCs are often controlled through DC/T cell 

interaction, known as an antigen recognition event. Antigen recognition incorporates many 

cofactors beyond TCR/MHCII-Ag interaction that are integrated to dictate cellular responses in 

both responder T cells and APCs. T cells and APCs express adhesion molecules to assist in the T 

cell docking onto the surface of the APC. This allows T cells to spend enough time near the 

surface to interact with cognate antigen on the surface of APCs. For example, DCs express 

ICAM-1 that binds to LFA-1 on T cells, assisting in stable intercellular adhesion (164). DCs 

control the mobility of ICAM-1 on the cell surface to form ‘cluster adhesion zones’ which 

increase antigen recognition by T cells (165). Several homophilic cell adhesion interactions also 

take place and have been shown to play a vital role in natural killer (NK) cell function and B cell 

activation (166).  

In addition to adhesion molecules, costimulatory molecules play a vital role in T cell 

interaction. Classically known as ‘signal 2’ in standard antigen recognition models, CD28 on T 

cells interacts with CD80/CD86 on APCs, which leads to the activation of T cells. This signal 

licenses T cell activation in response to cognate antigen. On DCs, CD80/86 proteins are 

upregulated in response to T cell interaction and downstream of TLR stimulation (167). 

Interactions of costimulatory molecules typically do not directly lead to high levels of 

downstream signaling; instead, CD28/CD80 ligation enhances the interaction of all members of 

the immunological synapse, increasing  their ability to interact and signal (168). CD28 ligation 

on T cells is crucial in the activation of all T cell lineages ranging from pathogenic T cells to 

Tregs (169, 170).  
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Many other cofactors that contribute to T cell and APC activation have been identified. 

The interaction between CD40-ligand (CD40L) on T cells and CD40 on APCs in the 

immunological synapse is crucial for licensing T cell responses. CD40L is upregulated on T cells 

after TCR recognition, and the engagement of CD40L and CD40 controls activation of both T 

cells and APCs. Engagement of CD40L leads to proliferative responses in T cells, and T cell 

expression of CD40L is required for the sustained polarization of Th1 immune responses (171, 

172). The interaction between CD40 on B cells and CD40L is crucial for activation of B cells. 

CD40 engagement triggers B cell adhesion, proliferation, differentiation, and isotype switching 

(173-175). A defect in CD40 or CD40L leads to Hyper IgM syndrome, because B cells are not 

properly activated by T cells (176, 177). The CD40/CD40L axis is crucial for activation of APCs 

to assist in activation of other nearby T cells. CD40-dependent maturation of DCs is far more 

complex than simply the upregulation of costimulatory molecules. After CD40 engagement by 

CD40L, downstream CD40 signaling in DCs leads to increased expression and stabilization of 

the TCR/MHCII-Ag complex (178-180). Additionally, CD40 triggering in DCs leads to an 

extended lifespan of the DC, a major factor in driving cell-mediated immunity (181, 182). 

Additionally, the CD40/CD40L axis plays a crucial role in determining T cell fate. High levels of 

CD40L engagement favors immunogenic responses, while lower levels support Treg responses. 

Strong costimulation by DCs after treatment with agonistic CD40 diminished regulatory T cell 

expansion, and CD40-deficient DCs or blocking with anti-CD40L antibody enhanced Treg 

development and function in vitro and in vivo (175, 183-185).  

Another important costimulatory interaction that is part of the antigen recognition event 

is the inducible T cell costimulatory molecule (ICOS) on APCs with its ligand (ICOSL) on T 

cells (186). ICOS is structurally very similar to CD28, and engagement leads to proliferation of 
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T cells (187, 188). This axis plays a role in determining the polarization of responder T cells. 

Impaired ICOSL/ICOS interaction diminished Treg and Th17 levels while strongly supporting 

Th1 responses (189, 190). The exact mechanisms underlying the complex impact of 

ICOS/ICOSL have yet to be fully uncovered. Several other molecules also engage in the 

immunological synapse to assist in the fine-tuned antigen recognition event.  

A major component dictating the downstream impact of the antigen recognition event in 

the immunological synapse is the affinity of the TCR/MHC-Ag complex. As described earlier, a 

low affinity TCR ligation event is indicative of a self-antigen and therefore induces a more 

tolerant T cell response characterized by non-activation, anergy induction, or Treg differentiation 

of responder T cells (191, 192). When interacting with mature APCs, low affinity TCR ligation 

leads to anergy or lower activation potential in responder naïve CD4 T cells (192, 193). Lower 

affinity TCR ligation mediates decreased effector potential in responder T cells through 

phosphorylation of specific serine residues of downstream signaling components.  These 

phosphorylated residues then recruit phosphatases that negatively regulate TCR signaling to 

impact downstream gene activation (191, 194, 195). This negative regulation leads to lower 

expression of T cell activation markers and less effector functionality in responder T cells (196). 

In addition to inducing lower activation state of Tcons, low affinity TCR recognition events 

favor differentiation into Tregs and support Treg function (197-199). 

High affinity recognition is indicative of a foreign antigen and strong TCR ligation elicits 

immunogenic T cells. T cells remain in the lymph node longer following high affinity 

recognition to clonally expand and activate APCs before differentiating into tissue-infiltrating 

effector T cells (193, 196, 200). Additionally, higher levels of activation markers are expressed 
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on T cells following high affinity TCR ligation, allowing for more immunogenic T cell 

responses. These responder T cells often have higher proliferative potential and adopt a more 

pathogenic T cell phenotype during autoimmunity (199, 201, 202). Ultimately, affinity of 

TCR/MHC-Ag interaction plays a crucial role in determining T cell fate, with low affinity 

interactions supporting tolerogenic T cell responses and high affinity interactions encouraging 

immunogenic T cell responses. 

 

1.7 VACCINES 

Vaccination is the clinical induction of a desired immune response. Classic views of 

vaccination focus on the immunogenic responses to targeted pathogens leading to immune 

memory and protection from infection. The strength and duration of the immune memory 

depends largely on the amount of T cell engagement in response to the vaccine (203). The 

strongest, longest lasting immune response is induced by live attenuated vaccination. This 

vaccine class involves the administration of a live virus or bacteria that has been weakened so 

that it cannot lead to dangerous infection. Since the pathogen is alive, the immune response to 

the pathogen is complete and closely mimics infection by the pathogen without the danger of 

severe disease (204). This immune response leads to the most robust T cell and B cell 

engagement and memory, and live attenuated vaccination often leads to life-long memory. Live 

attenuated vaccines have been used to eradicate diseases, such as smallpox and polio, and 

continue to be effective at providing life-long immunity today in the measles, mumps, and 

rubella (MMR) vaccine (205).  
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Inactivated vaccines provide the next highest level of protection. These vaccines consist 

of injection of a dead pathogen, not capable of infection. This class of vaccine still engages a 

diverse T cell pool given it contains all pathogenic antigens but does not benefit from enhanced 

T cell engagement that accompanies infection. Currently used inactivated vaccines include 

vaccines against Hepatitis A, rabies, and influenza.  Inactivated vaccines are generally not 

thought to provide life-long immunity but  remain quite effective clinically at prevention of 

disease (206). 

The other classes of vaccination can be grouped into a larger category known as 

component vaccines, which contain a particular molecular component of the pathogen. These 

vaccines vary significantly in the protection they provide, depending on how much T cell 

engagement they induce (207). Vaccines that contain a protein component or nucleic acid 

component that gets translated into protein, induce the highest level of protection among 

component vaccines. This is because protein components are presented to T cells on MHC 

glycoproteins and lead to T cell activation, downstream B cell activation, and associated immune 

memory. These include toxoid vaccines which contain an altered, harmless form of dangerous 

toxins produced by bacteria. Among this class is the tetanus toxoid vaccine which provides 

effective protection but requires a booster every ten years as only T cells and B cells specific to 

the toxin are activated during vaccination, leading to a relatively narrow protective T cell pool. 

Anti-tetanus toxoid B cells and the continued production of cross-reactive anti-toxin IgG 

antibodies provide ongoing immune protection against any subsequent exposure to tetanus toxin.  

Similarly, recombinant protein vaccines, which contain peptide fragments such as the hepatitis B 

and the human papilloma virus (HPV) vaccines, as well as RNA vaccines, which encode a 
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specific protein such as in some SARS-CoV-2 vaccines, elicit effective but shorter-lived 

immunity (203, 208).  

The component vaccine class that elicits the lowest level of protective immunity is 

polysaccharide vaccines. These vaccines elicit very minimal T cell involvement, leading to weak 

B cell activation and poor memory (203, 207). The pneumococcal vaccine is a polysaccharide 

vaccine and is known to provide weak immune memory when used alone (209). To get around 

the lack of T cell engagement of polysaccharide vaccines, a protein component is often fused to 

the polysaccharide component to elicit T cell-dependent activation of polysaccharide-specific B 

cells which causes more robust immune memory and protection (207). This type of vaccine is 

known as a conjugate vaccine and has been shown to increase the immune protection to 

associated polysaccharide epitopes above that induced by polysaccharide vaccines (210, 211). 

While vaccines are classically used to elicit targeted immunogenic responses against 

pathogens, several vaccines elicit tolerogenic immune responses for protection or treatment of 

autoimmune diseases (212).  Tolerogenic vaccine strategies often focus on diminishing the 

autoreactive CD4+ T cell response that carry out autoimmune attacks. This can be accomplished 

through reduction in pathogenic Th1 or Th17 subsets as well as induction of Tregs (213). The 

primary approach for tolerogenic vaccination is peptide-based vaccines. The most successful use 

of peptide-based vaccines has been in the treatment of allergic diseases. This treatment directs 

antigens of interest to anatomical compartments that favor tolerance such as the skin and gut 

(214). As previously mentioned, the skin and gut express increased levels of anti-inflammatory 

molecules such as IL-10 and TGF-β and have specialized APC subsets that favor Treg 

differentiation, making them effective compartments to target for tolerance induction (215-218). 
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The successful treatment of allergic diseases has enhanced the development of 

tolerogenic peptide-based vaccines for the treatment of MS. A substantial impediment for 

tolerogenic peptide-based vaccines for MS is that self-antigens driving disease appear to vary 

from patient to patient. Myelin basic protein (MBP), MOG, and proteolipid protein (PLP) 

epitopes appear involved in MS because MS patients have increased levels of antibodies and 

activated T cells against these myelin peptides (219, 220). However, the pathogenic epitopes that 

drive disease exhibit substantial inter-patient variation. This is likely explained by the fact that 

each MS patient inherits different sets of polymorphic MHC genes that encode MHC 

glycoproteins that present different arrays of self-peptides.  Furthermore, epitopes driving 

disease may change as the disease progresses through a mechanism known as epitope spreading.  

The autoimmune attack might be initiated against an epitope of MOG, but as autoimmune-

mediated tissue damage increases, other epitopes of MOG and additional CNS peptides also 

become targeted therefore spreading the autoimmune response.  

Due to the dynamic and variable nature of the driving epitopes, designing antigen-

specific vaccines is difficult (221, 222). It may be possible to overcome this hurdle by 

reinforcing immunological tolerance to multiple CNS proteins through the induction of myelin-

specific Tregs which can resolve inflammation to unrelated CNS antigens through infectious 

tolerance (80, 223, 224). A common strategy to accomplish this is to target myelin antigens to 

APC subsets that favor tolerogenic responses. Our lab has worked for years on such a vaccine. 

The GMSCF-MOG vaccine is a fusion protein consisting of a GM-CSF domain on the N-

terminus fused to a MOG35-55 antigenic domain on the C-terminus. This vaccine has been 

shown to be an effective prophylactic and therapeutic treatment for rodent models of EAE (225-

229). The efficacy of the GMCSF-MOG therapy for EAE mechanistically lies in the induction of 
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MOG-specific Tregs. One subcutaneous dose of GMCSF-MOG in transgenic TCR 2D2-FIG 

mice leads to robust expansion of Tregs, growing from 2% to ~40% of the circulating T cell pool 

(230). Through the GM-CSF domain, the vaccine is believed to target MOG35-55 presentation 

to DCs, a Treg-favorable APC niche. The targeting nature is highlighted by the required covalent 

linkage of GM-CSF and MOG. The antigenic domain is also crucial as GMCSF-NFM, or 

GMCSF-OVA do not elicit tolerance induction (229, 230).  

Vaccination, both tolerogenic and immunogenic, rely on adjuvants to enhance the 

immune response elicited by the vaccine. The most common adjuvants used clinically are 

precipitated aluminum salts, collectively known as Alum (231). Alum enhances the immune 

response in two ways. First, associated antigens adsorb to Alum concentrating the antigen in the 

targeted site and leading to higher antigen load in the microenvironment and higher immune 

recognition (232). Second, Alum functions as a mild irritant, enhancing recruitment of 

leukocytes to the site. Through these mechanisms, Alum has been shown to increase the immune 

response to associated antigens, measured by higher antibody titers. For this reason, Alum is 

included in nearly all clinically used component vaccines (232, 233). Alum has also been shown 

to be vital for tolerogenic vaccine activity. IFN-β-based tolerogenic vaccines rely on the presence 

of Alum to elicit tolerogenic activity, and Alum has been shown to adsorb self-antigen and 

support activation of Tregs (121, 228, 234-236). 

In addition to Alum, FDA-approved adjuvant formulations containing squalene and 

monophosphoryl lipid A (MPLA) in oil emulsions have been used clinically as adjuvants (237). 

MPLA is derived from LPS, a potent stimulator of the immune system. LPS, also known as 

endotoxin, is the main component of gram-negative bacterial cell walls (238). LPS binds to TLR-
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4 and elicits robust intracellular signaling and subsequent activation of the immune system and 

associated inflammation. LPS is pyrogenic and represents the main cause of bacterial sepsis, 

making it too dangerous to be used as an adjuvant (239, 240). MPLA is a detoxified form of LPS 

that maintains many functions needed for stimulation of the immune system without the 

dangerous pyrogenic side effects associated with LPS (240, 241). MPLA (referred to as MPL in 

the context of adjuvants) was used in older HPV vaccines and provides a novel approach to 

enhancing the immune response. Typically studied in the context of vaccination, the exact 

mechanisms of action of MPLA are not completely understood although MPLA has the potential 

to elicit more targeted immune responses than Alum in the context of viral or bacterial 

vaccination (240, 241). 



 

CHAPTER 2 

 

MATERIALS AND METHODS 

 

2.1 Mice 

C57BL/6J (000664), B6.Cg-Foxp3tm2Tch/J (FIG Foxp3-IRES-GFP 006772), C57BL/6-

Tg(Tcra2D2,Tcrb2D2)1Kuch/J (2D2 MOG35-55-specific TCR transgenic 006912) mouse 

strains were obtained from the Jackson Laboratory (Bar Harbor, ME) and were housed and bred 

in the Department of Comparative Medicine at East Carolina University Brody School of 

Medicine. 2D2-FIG mice were obtained through cross breeding of FIG and 2D2 mice. Animal 

use and animal care were performed in accordance with approved Animal Use Protocols and 

guidelines of the East Carolina University Institutional Animal Care and Use Committee., 2D2-

FIG, mice were derived through intercross breeding and routinely screened by FACS analysis of 

peripheral blood mononuclear cells (PBMCs) with antibodies for the 2D2 Vβ11 and Vα3.2 TCR 

proteins. GFP expression from FIG mice was used as a surrogate marker of FOXP3 expression.  

FIG mice were screened via PCR, with positive mice determined via a single 325 base pair band 

measured on a 1% agarose gel.  

 

2.2 Reagents and generation and purification of recombinant proteins  

Lipopolysaccharide (Escherichia coli, J5 (Rc Mutant)) was acquired from List Labs (Campbell, 

CA). Monophosphoryl Lipid A (Salmonella minnesota, R595) was acquired from Invivogen 
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(San Diego, CA). Peptides MOG35-55 and NFM13-37 were obtained from Genscript 

(Piscataway, NJ). Monoclonal antibody MR-1 (hamster anti-mouse CD40L IgG) was purchased 

from BioXcell (West Lebanon, NH). Fusion proteins GMCSF-MOG and GMCSF-NFM were 

comprised of the murine GM-CSF cytokine as the N-terminal domain and the relevant antigenic 

peptide as the C-terminal domain, with a 8-histidine tag for purification. Recombinant proteins 

GM-CSF and IL-2 contained the 8-histidine tag C-terminus but did not contain an antigenic 

peptide domain.  These recombinant proteins were produced by stably-transfected human 

embryonic kidney (HEK) cells or from Chinese hamster ovary (CHO-S) cells. Expression 

supernatants were collected every 3-4 days and cells were reseeded under selection pressure by 

G418 (Biovision, Waltham, MA). For purification, the collected supernatants were incubated 

with resin of Ni-NTA Agarose beads. Expression supernatant was incubated for 1 hour with 

resin followed by gravity drip through a column containing a resin bed. The resin bed was then 

extensively washed with wash buffer (50 mM NaH2PO4, 500 mM NaCl, pH 8.0) with increasing 

amounts of imidazole (10-, 20-, or 60-mM imidazole, pH 8.0). Recombinant proteins were then 

eluted with 250 mM imidazole (pH 8.0) and were concentrated and diafiltrated in Amicon Ultra-

15 centrifugal filter devices (EMD Millipore, Billerica, MA). Recombinant rat TGF-β was 

expressed by use of HEK cells and purified in the same method as above with use of a different 

buffer (150 mM NaCl, 50 mM Tris-HCl, pH 8.0) with increasing amounts of imidazole (10 mM, 

20 mM, 40 mM, 60 mM imidazole). Elution was performed with the same wash buffer 

containing 250 mM imidazole.  Protein quantity was assessed by absorbance at 280 nm, and 

purity was assessed by SDS-PAGE. Bioactivity of each GM-CSF domain preparation was 

determined by the ability to drive proliferation of bone marrow cells, and the antigenic peptide 

domain was assessed in proliferative assays of 2D2 T cells (MOG35-55 and NFM13-37). 
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Bioactivity of IL-2 was assessed by the ability to induce proliferation of SJL-PLP T cells. 

Bioactivity of TGF-β was assessed by the ability to induce Tregs from splenocyte cultures. 

 

2.3 Flow cytometric analyses of lymphocytes, splenocytes, and PBMCs 

Inguinal lymph nodes and spleen were dissected from mice and placed into 10 ml of HBSS. 

Dissected spleens were pressed through a wire mesh screen and a 70 μm cell strainer (Corning, 

NY) to obtain single-cell suspensions. Lymph nodes were digested with collagenase type II (100 

U/ mL or 400 U/ mL) in HBSS supplemented with Mg2+ and Ca2+. Cells were then passed 

through a 70 μm cell strainer. Blood was obtained via submandibular vein puncture and was 

added to 200 μL sodium citrate (130 mM). Cells were washed in 3 ml HBSS with 2% FBS and 

stained with cocktails of respective fluorochrome-conjugated antibodies for 1 hour at 4°C in the 

dark. For staining, 0.5-1.0 µL of each fluorochrome conjugated antibody was added to a master 

mix tube with 100 µL of cRPMI for each tube. After all antibodies were added, 100 µL of the 

mix was added to each sample tube. Just one antibody was added for each single stain control 

tube. For blood, erythrocytes were lysed by incubating samples for 10 min on ice with 3 ml of 

ammonium chloride lysis buffer (150 mM NH4Cl, 10 mM NaHCO3, 1.2 mM EDTA- pH 7.2). 

Lysis was repeated when necessary. For cell culture, cells were removed from culture conditions 

and washed once with HBSS + 2% FBS.  To obtain ‘count’ data, 10,000 reference beads were 

added to samples immediately before flow cytometric analysis (AccuCount blank particles or 

FITC-, PE-, or APC-conjugated EasyComp fluorescent particles 3.0-3.4 μm, Spherotech, Lake 

Forest, IL).  The use of reference beads enabled comparisons of absolute cell numbers among 

different samples.  
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For intercellular staining of FOXP3, blood was collected, and RBCs were lysed as previously 

described. PBMCs were fixed for 20 minutes using 2% paraformaldehyde (PFA) before addition 

of cRPMI to neutralize PFA. Cells were then permeabilized with a 20-minute incubation in 

permeabilization buffer (1x PBS + 2% FBS + 0.5% saponin + 0.1% tween-20). After 

permeabilization, cells were resuspended in staining buffer (1x PBS + 2% FBS + 0.1% saponin + 

0.1% tween-20) along with 5 µL of each fluorochrome-conjugated antibody and then incubated 

for 2 hours at 4°C in the dark. Cells were extensively washed between fixing, permeabilization, 

and staining treatments. 

For intracellular staining of pSTAT5, cells were taken out of culture and placed in tubes (1x105 

cells/ tube) in 200 μL of pre-warmed media. Cells were stimulated with 1 μM GM-CSF or 100 

nM IL-2 at 37°C for 40 minutes. Cells were fixed by adding 1 mL of cold 4% PFA to each tube. 

Cells were incubated for 40 minutes at room temperature and then were washed twice with 

HBSS + 2% FBS. Cells were permeabilized by resuspending cells in 100 μL ice cold methanol 

and incubated for 40 minutes at room temperature. Cells were washed twice with HBSS + 2% 

FBS before resuspending in cRPMI. 15 μL anti-pSTAT5 and 1 μL of all surface marker 

antibodies were added to each tube, vortexed, and stained for 1 hour at room temperature. 

To stain for CD40L, cells were cultured for 4 hours at 37°C before addition of fluorescently 

labeled anti-CD40L antibody. Cells were cultured for an additional 2 hours at 37°C before being 

washed and stained. Fluorochrome-conjugated mAbs were obtained from BioLegend and 

included CD3-BV421, PE/Dazzle 594, PE (17A2), CD4-BV785, BV421, APC (GK1.5), CD25-

BV421, PE, APC, APC/Cy7 (PC61 or 3C7), CD44-BV421 (IM7), TCR-Vβ11-PE, APC (KT11), 

CD86-FITC (GL-1), I-Ab- APC (AF6-120.1). CD19-BV421, PE (6D5), CD11c-BV21, BV785 
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(N418), CD11b- FITC, BV421 (M1-70), CD40L-PE (MR-1), CD40-PE/Cy7 (3/23), FOXP3-

Alexa Fluor 488 (150D). Flow cytometry was performed on either an LSR II from Becton 

Dickinson (San Jose, CA) or an Aurora 5 laser from Cytek (Fremont, CA). Analysis of flow data 

was done on either FlowJo Software (Ashland, OR) or FCS Express from De Novo Software 

(Pasadena, CA). 

 

2.4 Dendritic cell culture 

GM-CSF and IL-4 were obtained by use of baculovirus expression systems in Sf9 cells. The 

supernatants from this culture system were sterile filtered before use. DC cultures were started 

with bone marrow from the tibias and femurs of C57BL/6 mice between 6-8 weeks of age. Bone 

marrow cells were added to untreated petri dishes in complete RPMI (cRPMI; 10% heat-

inactivated fetal bovine serum, 2 mM glutamine, 100 μg/mL streptomycin, 100 U/mL penicillin, 

50 μM 2-mercaptoethanol) and supplemented with 1 U/mL murine GM-CSF. Cells were 

cultured for 4 days before a full media change and then supplemented with 1 U/mL GM-CSF and 

1 U/mL IL-4. Cells were cultured 2 more days before another media change. Cells were then 

supplemented with GM-CSF and IL-4 with or without 100 ng/ mL LPS. Cells were then cultured 

for another 24 hours before analysis. To remove cells from the dishes, cells were incubated for 

10 minutes at room temperature with release buffer (1x PBS + 2.5 mM EDTA, 0.5% BSA) and 

then blasted off with a pipette. cRPMI was then added to the release buffer to neutralize the 

EDTA.  

 

2.5 Treg culture 
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For initial activation, 2D2-FIG splenocytes were harvested and cultured at 2 x 106 cells / mL in 

cRPMI with 1 μM MOG35-55, and 10 nM TGF-β. Cells were cocultured for 3-4 days before a 

full media change. Cells were then reseeded in cRPMI with 1 nM CD25-IL2 fusion protein as 

described previously (242). Media was changed every 3-4 days supplemented with 1 nM CD25-

IL2 until Tregs reach 90% purity as determined by flow cytometry. When Treg numbers began 

to decline, the line was reactivated by adding Tregs at a 10:1 ratio with irradiated DCs cultured 

as described above along with 1 μM MOG35-55, 10 nM TGF-β and 1 nM CD25-IL2. Cells were 

then removed from reactivation after 3-4 days and kept in 1 nM CD25-IL2. 

 

2.6 Induction and assessment of EAE 

CFA (Incomplete Freund's Adjuvant with 4 mg/ml heat-killed Mycobacterium tuberculosis 

H37Ra, BD Biosciences, Franklin Lakes, NJ) was mixed 1:1 with MOG35-55 in PBS. The 

CFA/antigen mixture was emulsified by sonication. EAE was elicited by injection of 200 μg 

MOG35-55 in a total volume of 100 μl emulsion via two subcutaneous injections of 50 μl across 

the lower back. Each mouse received separate intraperitoneal injections (200 ng) of Pertussis 

toxin in PBS on days 0 and 2. All immunizations were performed under isoflurane anesthesia 

(Abbott Laboratories, Chicago, IL). Mice were assessed daily for clinical score and body weight. 

The following scale was used to score the clinical signs of EAE: 0, no disease; 0.5, partial 

paralysis of tail without ataxia; 1.0, flaccid paralysis of tail or ataxia but not both; 2.0, flaccid 

paralysis of tail with ataxia or impaired righting reflex; 3.0, partial hind limb paralysis marked by 

inability to walk upright but with ambulatory rhythm in both legs; 3.5, same as 3.0 but with full 

paralysis of one leg; 4.0, full hindlimb paralysis; 5.0, total hindlimb paralysis with forelimb 
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involvement or moribund. A score of 5.0 was a humane endpoint for euthanasia. When mice 

were at or above a score of 2.0, they received subcutaneous injections of saline and manual 

bladder expression twice daily. Mice that did not exhibit EAE had a score of zero, and these 

scores were included in the group average. Mice that exhibited humane endpoints as assessed by 

body weight loss, body score, or clinical score of 5.0 were subjected to humane euthanasia and 

were omitted from scoring thereafter.  

2.7 Preparation of vaccines 

MPLA is dissolved in dimethyl sulfoxide (DMSO). For control purposes, all vaccines given 

when at least one group was administered MPLA contained equal amounts of DMSO. “MPLA + 

GMCSF-MOG” vaccines contained 80 µL of 1 mg/ mL MPLA in DMSO + 2 nmoles GMCSF-

MOG in 20 µL of PBS for a total volume of 100 µL/ mouse. In the same experiment, “saline” 

mice received 80 µL DMSO and 20 µL PBS, and “GMCSF-MOG alone” mice received 80 µL 

DMSO + 2 nmoles GMCSF-MOG in 20 µL PBS. All solutions were combined and mixed to 

give one homogeneous vaccine.  

2.8 Statistical Analysis  

To determine statistical significance, comparisons among three groups or more were analyzed 

via use of ANOVA with the Holm-Sidak multiple comparisons test unless otherwise noted.  

Comparisons between two groups were analyzed by Student’s t-test. A p-value <0.05 was 

considered significant. For experiments that obtained the same measurement over several 

timepoints, a repeated measures ANOVA was used unless otherwise stated. Error bars represent 

standard deviation (SD) of the group unless otherwise noted in the figure legends. 



CHAPTER 3 

 

TLR-4 AGONISM LEADS TO INCREASED EXPRESSION OF FUNCTIONAL CD25 

ON DENDRITIC CELLS COUPLED TO EXPRESSION OF MHCII AND CD86 

 

3.1 ABSTRACT 

 

CD25 is variably expressed on DCs, but functional consequences are unresolved. Here, 

we show that LPS and MPLA elicited CD25 expression on DCs, both in vivo and in vitro, 

concomitant with DC maturation as reflected by increased expression of MHCII and CD86.  

LPS-induced CD25 expression was unique to DCs as LPS exposure did not elicit CD25 

expression on B cells or macrophages. This increase in CD25, MHCII, and CD86 was rapid and 

was detected 45 minutes after LPS exposure. This CD25+ DC phenotype was stable for 3 days, 

even after removal of the stimulus. IL-2 bound to CD25 on the surface of DCs but did not induce 

signaling through phosphorylation of STAT5, and the IL-2 bound by these CD25+ DCs 

generated a concentration gradient sufficient to induce IL-2-dependent proliferation of CD25+ T 

cells. Altogether, we show that expression of functional CD25 induced by TLR-4 agonism is a 

unique feature of mature DCs.  
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3.2 RESULTS 

 

LPS led to increased expression of CD25 on DCs coupled to increased CD86 and MHCII 

expression in vitro 

We showed that LPS (50 ng/mL), when added to standard DC cultures, resulted in 

expression of CD25 on the surface of the DCs (Figure 3.1A-B). As a baseline control, we also 

showed LPS increased CD86 and MHCII expression on CD11c+ DCs, which denotes classical 

DC maturation (Figure 3.1A-B) (243-245). With addition of LPS, an average of 52% of CD11c+ 

DCs expressed CD25, compared to just 13% of DCs without LPS (Figure 3.1B) The same effect 

was seen with MHCII and CD86 expression, because CD86 expression increased from 6% to 

58% and MHCII expression increased from 29% to 69% with LPS addition (Figure 3.1B). We 

also showed that increases in CD25, CD86 and MHCII expression were coupled, presumptively 

as part of a coordinated gene expression program. Of the CD25+ DCs, 98% were CD86+ and 

95% were MHCII+ (Figure 3.2A-B).  These data revealed that CD25 is a marker of mature DCs 

much like CD86 and MHCII.  

 

TLR-4 agonism was the main driver of CD25 expression on DCs in vitro 

To show that TLR-4 agonism was the main driver of CD25 expression on DCs, we 

utilized a detoxified LPS derivative, MPLA, that also agonizes TLR-4. When immature DCs in 

culture were treated with LPS (50 ng/ mL) or MPLA (1 µg/ mL), DCs increased expression of 

CD25, CD86, and MHCII whereas immature DCs treated with the TLR-3 agonist Poly I:C (10 

µg/ mL) exhibited a marginal increase in CD25 (Figure 3.3A).  TLR-4 agonism led to an 

increased percentage of DCs expressing CD25 from 2% to 30% for LPS and 34% for MPLA, 
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whereas Poly I:C treatment resulted in 6% CD25+ DCs, an insignificant increase from 2% of 

untreated DCs. We also showed that MPLA and LPS increased CD86 (Figure 3.3B) and MHCII 

(Figure 3.3C) expression on CD11c+ DCs, while Poly I:C did not induce CD86 or MHCII 

expression. LPS led to higher CD86 levels than MPLA despite being at a 20-fold lower 

concentration. These data indicated TLR-4 agonism, but not TLR-3 agonism, is sufficient to 

induce high levels of CD25 on DCs by a mechanism coordinated with induction of the CD86 and 

MHCII maturation markers.  

Other groups reported that a cocktail of LPS, PGE2, and TNF-α induces CD25 expression 

on DCs, but this group did not dissect the individual actions of each mediator.  We showed that 

LPS alone was the main driver of CD25 expression on DCs in vitro. LPS was able to drive CD25 

expression from 9% to 36%, while PGE2 (1 µg/mL) and TNF-α (20 ng/mL) alone did not drive 

an increase in CD25 expression on DCs (Figure 3.4A-B). Additionally, while all three mediators 

led to the highest CD25 expression (53%), the four groups with the highest percentage of CD25+ 

DCs were all treated with LPS (Figure 3.4C). Thus, LPS, the main driver of CD25 expression, 

was utilized throughout the remaining experiments. These data together highlight the role of 

TLR-4 agonism in CD25 expression on DCs.  

 

CD25 expression in response to TLR-4 agonism was unique to the DC lineage in vitro 

We next hypothesized that CD25 expression in response to TLR-4 agonism was unique 

to DCs. Accordingly, when LPS (50 ng/mL) was added to splenocytes in culture, the DCs and 

not the B cells showed a significant elevation in CD25 expression (Figure 3.5A-B). In response 

to LPS, the percent of B cells expressing CD25 increased slightly but not significantly while the 

percent of DCs expressing CD25 increased significantly from 4% to 35% (Figure 3.5B). 
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Additionally, the CD25 MFI on LPS-stimulated CD25+ DCs increased about 3-fold while the 

CD25 MFI on CD25+ B cells was unaffected (Figure 3.5C). Although B cells did not show an 

increase in CD25 expression, they did show an increase in CD19 expression, as well as an 

increase in size indicating they were activated by LPS (Figure 3.5A) (246).  

CD25 was also largely absent on other APCs of the myeloid lineage (Figure 3.6A-C). M-

CSF was used to derive macrophages from the bone marrow while GM-CSF was used to derive 

DCs (247). In M-CSF cultures, CD25+ percentages and MFI values were not impacted by LPS 

treatment while GM-CSF cultures showed increases in CD25+ DC percentage from 3% to 30% 

(Figure 3.6B) and a 2-fold increase in CD25 MFI (Figure 3.6C) in response to LPS. To further 

test whether TLR4-induced CD25-expression is unique to DCs, we replaced GM-CSF with Flt3-

L, another DC differentiating factor (248, 249), and observed similar results (Figure 3.7A-B) in 

that addition of LPS to Flt3-L-treated cells caused an elevation in CD25, CD86, and MHCII 

expression compared to untreated controls (Figure 3.7B). In addition to differences in expression 

of observed markers, LPS-treatment of DCs (both Flt3-L and GM-CSF differentiated DCs) 

impacted the light scatter properties of the cells. When treated with LPS, cells displayed 

increased autofluorescence and increased internal complexity, presenting as a difference in 

fluorescence of the “negative” cells (Figure 3.6A (bottom) and 3.7A). These differences were 

more pronounced for DCs compared to macrophages. However, when single-stained controls 

were used for each treatment, the “positive” cells presented at the same fluorescence cut-off. 

Taken together, these data indicated that LPS treatment has a unique impact on DCs compared to 

other APCs, namely that LPS selectively induces CD25 expression on DCs and not on other 

APC subsets, at least under these culture conditions.  
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The CD25+ DC phenotype was induced rapidly and reflected a stable phenotype in vitro 

The importance of CD25 on DCs was supported by the rapid expression of CD25, 

MHCII, and CD86 after exposure to 100 ng/mL of LPS (Figure 3.8A-D). After just 30 minutes 

of exposure, all three markers increased above those levels noted at “zero” minutes. Statistical 

significance was reached at 45 minutes (Figure 3.8A-D). At the 45-minute time point, CD25+, 

CD86+ and MHCII+ cell percentages and MFIs increased above levels seen prior to LPS 

stimulation. This increasing expression of CD25, CD86 and MHCII plateaued around 3 hours 

after LPS treatment and remained steady for the remainder of the 8.5-hour experiment (Figure 

3.8B). This rapid increase in surface expression may reflect an initial mobilization from 

intracellular stores rather than new protein synthesis. Furthermore, the rapid increase of CD25, 

CD86, and MHCII together further support that these gene expression profiles are coupled 

together, likely in a protein expression and/or in intracellular storage. In addition to rapid 

expression, these markers were stably expressed on DCs. When LPS was removed from the 

culture after 1 day, cells remained positive for CD25, CD86, and MHCII for 2 additional days 

(Figure 3.9A-B). In fact, despite LPS being removed from the culture, CD25 and CD86 

expression increased on CD25+ cells increasing from 40% on Day 1 to 55% on Day 3 and CD86+ 

cells increasing from 68% to 85% (Figure 3.9B). MHCII expression stayed relatively stable. This 

finding suggested that the CD25+ CD86+ MHCII+ DC phenotype represented a stable, 

differentiated phenotype.  

DCs classically lose proliferative capacity in their mature state (250). We hypothesized 

TLR-4 agonism-based activation would inhibit proliferation of the DCs in response to GM-CSF. 

We found both TLR-4 agonists, MPLA (10 ng/ mL – 10 µg/ mL) and LPS (1 ng/ mL – 10 µg/ 

mL), inhibited DC proliferation in comparison to no treatment (Figure 3.10A). At 100 ng/ mL, 
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LPS inhibited DC proliferation about 20-fold compared to blank while MPLA inhibited DC 

proliferation by over 5-fold. MPLA inhibited DC proliferation in a more gradual manner 

compared to LPS which showed no inhibition at 100 pg/ mL and 8-fold inhibition at 1ng/ mL. 

This indicated LPS is a more potent inhibitor of DC proliferation, consistent with other data 

indicating LPS is a more potent DC activator compared to MPLA.  Overall, these data indicated 

that TLR-4 agonism induces a rapid and stable increase of CD25, CD86 and MHCII expression 

that reflected a mature DC phenotype. 

 

CD25+ DCs exhibited specific binding to IL-2 in vitro 

We next wanted to explore the role of CD25 on LPS-treated DCs in vitro. First, we 

explored the ability of CD25 on DCs to bind to its ligand, IL-2. DCs were pulsed with His-

tagged IL-2 then stained for surface bound IL-2 with a fluorescently labeled anti-His antibody. 

We found that LPS-treated DCs pulsed with IL-2 showed detectable binding of IL-2 to the 

surface (Figure 3.11A-B). When pulsed with IL-2, about 16% of LPS-treated DCs showed 

detectable IL-2 binding compared to about 3% of untreated DCs. Additionally, the MFI of IL-2 

bound to the surface was 1.4-fold higher on LPS-treated DCs compared to untreated DCs which 

strongly trended toward significance indicating LPS-treated DCs can bind more IL-2 (Figure 

3.11C). In a separate experiment, IL-2 and CD25 were co-stained via use of the anti-His-tag and 

anti-CD25 antibody clone 3C7, respectively. 3C7 antibody is an anti-CD25 mAb that does not 

disrupt IL-2/ CD25 interactions but binds CD25 near the binding pocket of IL-2. In this 

experiment, CD25 expression and IL-2 binding levels showed a strong positive correlation 

(Figure 3.12A). 55% of CD25+ DCs had IL-2 bound to the surface while under 3% of CD25- 

DCs had IL-2 bound (Figure 3.12B). The same trend was observed for IL-2 MFI, with CD25+ 
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DCs displaying nearly 3-fold higher MFI of bound IL-2 compared to CD25- DCs (Figure 3.12C). 

Together these data provided evidence that CD25 on LPS-treated DCs bound to IL-2.  

We next sought to determine if the DCs signal in response to IL-2. Using pSTAT5 as an 

indicator of canonical IL-2 signaling, we did not detect signal transduction in response to IL-2 in 

LPS-treated DCs (Figure 3.13A-C). IL-2 stimulation did not lead to an increase in either 

pSTAT5 MFI of pSTAT5+ positive cells (Figure 3.13B) or percentages of pSTAT5+ cells (Figure 

3.13C) in LPS-treated or untreated DCs. Positive controls of pSTAT5 signal transduction 

included GM-CSF-induced pSTAT5 signaling in DCs and IL-2-induced pSTAT5 signaling in an 

SJL derived IL-2 dependent T cells line. Both GM-CSF stimulated DCs and IL-2 stimulated T 

cells showed high levels of detectable pSTAT5 (Figure 3.13.A). These data provide evidence 

that IL-2 binds but does not efficiently signal in CD25+ DCs.  

We next hypothesized that the bound IL-2 could be utilized by responder T cells. We 

found that IL-2 bound to LPS-treated DCs elicited IL-2-dependent proliferation of responder T 

cells, even when it was the only source of IL-2 in culture (Figure 3.14A). When IL-2 was bound 

to the surface of LPS-treated DCs, responder T cell proliferation increased 16-fold compared to 

proliferation with no IL-2 present. In comparison, T cells did not proliferate when cultured with 

IL-2 pulsed untreated-DCs that lacked CD25. These results indicated that IL-2 bound to CD25+ 

DCs and that this IL-2 pool was accessible for T cell utilization and growth. The SJL T cell 

proliferation observed was independent of antigen recognition. Therefore, the IL-2-induced 

proliferation is likely a result of IL-2 released from CD25 on DCs. Likewise, these results 

suggest that CD25+ DCs can act as a source of IL-2 to support local T cell growth.  
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3.3 CONCLUSIONS 

 

LPS and MPLA elicit CD25 expression concomitant with DC maturation. CD25 is 

coregulated with antigen presentation machinery such as MHCII and the costimulatory molecule 

CD86. Additionally, CD25 on DCs can bind IL-2 and supply IL-2 to T cells, highlighting a 

possible role in the immunological synapse for CD25 expression on DCs in regulating T cell 

proliferation.   
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FIGURE 3.1 | TLR4 agonism elicited CD25 expression on DCs together with CD86 and 

MHCII expression. DCs were generated as described in the Materials and Methods. (A-B) LPS 

(50 ng/ mL) was added for 24 hours to LPS-treated groups on day 6 of culture. Cells were 

removed from petri dishes with 2.5 mM EDTA release buffer and stained for CD11c, CD86, 

MHCII, and CD25.  (A) Shown are representative dot plots comparing CD25, CD86 and MHCII 

expression. Plots are gated on CD11c+ cells. Bar graphs were generated from replicate 

experiments. Each experimental replicate represents DC cultures derived from different 

individual mice. Shown are the average percentage of CD11c+ cells expressing CD25 (LPS-

treated n=23, untreated n=25), CD86 (LPS-treated n=9, untreated n=9) or MHCII (LPS-treated 

n=16, untreated n=16). Statistical significance was determined by use of a two-tailed t-test 

comparing LPS-treated vs. untreated for each marker. (***p < 0.001) 
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Figure 3.1 
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FIGURE 3.2 | CD25 expression was coupled to CD86 and MHCII expression. DCs were 

generated as described in the Materials and Methods. LPS (50 ng/ mL) was added for 24 hours to 

LPS-treated groups. Cells were removed from petri dishes with 2.5 mM EDTA release buffer 

and stained for CD11c, CD86, MHCII and CD25.  (A) Shown is a representative dot plot of 

CD86 and MHCII expression gated on CD11c+CD25+ cells. (B) Shown are bar graphs also gated 

on CD25+ CD11c+ cells in the LPS-treated group (n=2). Replicate experiments represent DC 

cultures derived from individual mice.   
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Figure 3.2 
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FIGURE 3.3 | TLR-4 but not TLR-3 agonism increased CD25 on DCs. DCs were generated 

as described in the Materials and Methods. Concentrations of 50 ng/ mL LPS, 1 μg/ mL MPLA, 

or 10 μg/ mL Poly I:C were added to DC cultures for 24 hours. (A-C) Representative dot plots 

show (A) CD25, (B) CD86 and (C) MHCII expression on CD11c+ DCs together with respective 

corresponding bar graphs (n=3) to highlight differences between treatment groups. Replicates 

represent DC cultures derived from individual mice. Statistical significance was determined by 

use of a one-way ANOVA and post-hoc t-tests. (**p < 0.01 and ***p < 0.001) 
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Figure 3.3 
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FIGURE 3.4 | LPS was the main driver of CD25+ DCs. DCs were generated as described in 

the Materials and Methods. Every combination of 50 ng/ mL LPS, 20 ng/ mL TNF-α, or 1 μg/ 

mL PGE2 was added for 24 hours.  Representative dot plots (A) and compiled bar graphs (B-C) 

are gated on CD11c+ DCs to highlight the impact of each individual mediator on CD25 

expression (n=2). Replicates represent DC cultures derived from individual mice.  Statistical 

significance was determined by use of a one-way ANOVA and post-hoc t-tests. (**p < 0.01) 
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Figure 3.4 
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FIGURE 3.5 | TLR-4 agonism led to CD25 expression on DCs but not B cells. Splenocytes 

were harvested from C57BL/6 mice and pressed though a 70 µm cell strainer to obtain a single 

cell suspension. Cells were then plated at 1 x 106 cells/ mL in cRPMI with or without 50 ng/ mL 

LPS in the presence of murine GM-CSF and IL-4. Cells were cultured for 3 days and then 

harvested and stained for CD11c, CD19 and CD25. (A) Representative dot plots shown are gated 

on CD19+ cells (top) or CD11c+ cells (bottom). (B) Bar graphs are shown depicting the 

percentage of CD25-expressing cells with B cells (n=2) defined as CD19+ and DCs (n=2) 

defined as CD11c+.  (C) MFI is shown gated on CD25+ cells for B cells (CD19+) and DCs 

(CD11c+). Replicates represent DC cultures derived from individual mice. Statistical significance 

was determined by use   of two-tailed t-tests comparing LPS-treated and untreated for each cell 

type. (*p < 0.05) 
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Figure 3.5 
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FIGURE 3.6 | TLR-4 agonism elicited CD25 expression on DCs but not macrophages. DC 

and macrophage cultures were generated as described in the Materials and Methods. DCs were 

derived with GM-CSF and macrophages were derived with M-CSF. For both groups, 50 ng/ mL 

LPS was added for 24 hours before cells were removed with 2.5 mM EDTA release buffer and 

stained for CD11b, CD11c, F4/80 and CD25. (A) Representative dot plots shown are gated on 

CD11b+ F4/80+ cells representing macrophages (top) or CD11b+ CD11c+ DCs (bottom). (B) Bar 

graphs are shown depicting the percentage of CD25-expressing macrophages (n=2) and DCs 

(n=2).  CD25 MFI is shown (C) gated on CD25+ cells for M-CSF cultures (F4/80+) and GM-CSF 

cultures (CD11c+). Replicates represent cultures derived from individual mice.  Statistical 

significance was determined by used of two-tailed t-tests comparing LPS-treated and untreated 

samples for each cell type. (**p < 0.01 and ***p < 0.001) 
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Figure 3.6 
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FIGURE 3.7 | TLR-4 agonism stimulated CD25 expression on FLT3-L-differentiated DCs. 

DCs were obtained from bone marrow cultures as described in Materials and Methods. For this 

experiment, 100 ng/ mL FLT3-L rather than GM-CSF was used as a DC differentiation factor. 

Cells were cultured for 6 days, and then 50 ng/ mL LPS was added for 24 hours before cells were 

removed with 2.5 mM EDTA release buffer and stained for CD11c, F4/80, CD25, CD86 and 

MHCII. (A) Representative dot plots of CD25 and MHCII expression are gated on CD11c+ DCs. 

(B) Bar graphs depict the percentage of cells positive for each marker gated on CD11c+ cells 

(n=3). Replicate experiments represent DC cultures derived from individual mice. Statistical 

significance was determined by use of two-tailed t-tests comparing LPS-treated and untreated 

samples for each marker. (***p < 0.001) 
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Figure 3.7 
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FIGURE 3.8 | TLR-4 agonism led to rapid expression of CD25 coupled to CD86 and 

MHCII. DCs were cultured as described in the Materials and Methods section. LPS (100 ng/ 

mL) was added to DCs in pre-warmed media in petri dishes. Cells were incubated at 37°C until 

the designated time point had elapsed. Cells were then removed from the petri dish with cold 2.5 

mM EDTA release buffer and washed twice with cold media to remove LPS. Cells were kept on 

ice for the remaining duration of the experiment. Cells in the “0 Minutes” group were 

immediately washed with cold media following LPS addition. Cells were stained for CD11c, 

CD25, MHCII and CD86. (A) Shown are representative dot plots of CD25 and FSC-A 

expression gated on CD11c+ DCs. (B) Shown is a cumulative timecourse graph gated on CD11c+ 

cells that are positive for CD25, CD86, and MHCII at each timepoint from time 0 to 480 

minutes. (C-D) Differences at the “45 minutes” timepoint are highlighted for percentages (C) and 

MFI (D) for CD25, CD86 and MHCII. (B) Statistical significance was assessed for differences at 

each time point compared to “0 minutes” with a two-tailed t-test at each timepoint. Significance 

indicated highlights difference in CD25 expression (a), CD86 expression (b), and MHCII 

expression (c) as defined by p<0.05, compared to the “0 minutes” baseline control. (C-D) 

Statistical significance was determined by use of two-tailed t-test. (*p < 0.05, **p < 0.01, ***p < 

0.001) 
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Figure 3.8 
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FIGURE 3.9 | CD25+ DCs exhibited a stable mature DC phenotype. DCs were cultured as 

described in the Materials and Methods section. DCs were analyzed before any LPS addition on 

Day 0. LPS (100 ng/ mL) was added to designated cultures and after 24 hours, all cells were 

washed. Half of the DCs were analyzed that day as the “Day 1” groups while the other half were 

put back in incubation for 2 more days in only cRPMI. After 2 more days of culture, the 

remaining cells were analyzed as the “Day 3” groups. (A) Shown are representative dot plots of 

CD25, CD86 and MHCII expression gated on CD11c+ DCs for each indicated timepoint. (B) 

Shown are quantified timecourse graphs for expression of CD25, CD86 and MHCII (n=2). 

Replicates represent DC cultures derived from individual mice. Statistical significance was 

determined via two-tailed t-tests comparing each treatment group on each day. (*p < 0.05 and 

**p < 0.01) 
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Figure 3.9 
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FIGURE 3.10 | TLR-4 agonism inhibited DC proliferation.  DCs were cultured as described 

in the Materials and Methods section. DCs were placed in a 96 well plate with 1 μM GM-CSF in 

all wells. A full-log titration of LPS and MPLA was applied to the DCs ranging from 10 pg/ mL 

to 10 μg/ mL. Cells were cultured for 48 hours, then 1μC of [3H]thymidine was added to each 

well. Cells were cultured for another 24 hours before being harvested onto a filtermat and 

analyzed via a scintillation counter. (A) Shown is a titration curve showing proliferation based 

on thymidine incorporation at each concentration of each agonist (n=3). Replicates represent DC 

cultures derived from individual mice. Statistical significance is calculated by a two-tailed t-test 

comparing each concentration to the blank (i.e., the “0” group). The “*” indicates statistical 

significance for the LPS group compared to the blank and “^” indicated statistical significance 

for the MPLA group. Both significance markers are defined by p < 0.05.  
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Figure 3.10 
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FIGURE 3.11 | LPS-treated CD25+ DCs exhibited specific binding to IL-2.  DCs were 

cultured as described in the Materials and Methods section. DCs were treated with 50 ng/ mL 

LPS for 2 days. DCs were then pulsed with 100 nM His-tagged IL-2 for 1 hour at 4°C and 

washed extensively at 4°C to remove excess IL-2. Cells were then stained for the presence of 

surface bound His-tag and CD11c. (A) Shown are representative dot plots gated of surface bound 

IL-2 and FSC-A on CD11c+ DCs. (B) Shown are bar graphs of cell percentages that exhibited 

surface bound IL-2 (n=2). (C) Shown are bar graphs comparing MFI of His-tag IL-2 from the 

“IL-2 pulsed” group of each DC treatment. Replicate experiments represent DC cultures derived 

from individual mice.  Statistical significance was calculated by use of a (B) one-way ANOVA 

or (C) a one-tailed t-test. (*p < 0.05) 
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Figure 3.11 
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FIGURE 3.12 | In LPS-treated DC cultures, binding of IL-2 was positively correlated with 

CD25 expression. DCs were cultured as described in the Materials and Methods section. DCs 

were treated with 50 ng/ mL LPS for 2 days. DCs were then pulsed with 100 nM His-tagged IL-2 

for 1 hour at 4°C and washed extensively at 4°C to remove excess IL-2. Cells were then stained 

for presence of His-tag and CD11c as well as with the non-competing anti-CD25 antibody 3C7.  

(A) Shown is a representative dot plot of LPS-treated DCs pulsed with IL-2. The inset graph is a 

linear regression of IL-2 binding levels compared to CD25 expression levels of CD11c+ gated 

cells. (B-C) Shown are bar graphs, quantifying the percent (B) or MFI (C) of DCs with bound 

IL-2 gated on either CD25+ or CD25- cells. All cells are gated on CD11c+. Replicates represent 

duplicate wells in the same experiment. Statistical significance was calculated by use of a one-

tailed t-test. (**p < 0.01 and ***p < 0.001) 
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Figure 3.12 
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FIGURE 3.13 | IL-2 stimulation did not elicit detectable phosphorylation of STAT5 in 

CD25+ DCs. DCs were cultured as described in the Materials and Methods section. DCs were 

kept in media without GM-CSF for 24 hours, while SJL-PLP T cells were starved of IL-2 for 24 

hours. Cells were then stimulated with 2 μM GM-CSF or 100 nM IL-2 at 37°C for 40 minutes. 

Cells were fixed as described in materials and methods and stained for CD11b, CD11c, and 

pSTAT5. (A) Shown are representative histograms of CD11b+ CD11c+ DCs for pSTAT5 

expression for each treatment group and ungated SJL T cells. Samples stimulated with the 

cytokine (light blue) are compared to the respective unstimulated cells (red). (B-C) Shown are 

compiled bar graphs for each group (n=2) gated on CD11b+ CD11c+ DCs depicting (B) MFI of 

pSTAT5+ cells and (C) percent pSTAT5 positive cells. Replicates represent DC cultures derived 

from individual mice. Statistical significance was calculated by use of One-Way ANOVA 

comparing all stimulations in a treatment group. (*p < 0.05 and **p < 0.01) 

  



69 
 
 

Figure 3.13 
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FIGURE 3.14 | IL-2 bound to CD25+ DCs stimulated proliferation of IL-2 dependent  

SJL.PLP T cells. DCs were cultured as described in the Materials and Methods section. DCs 

were treated for 1 day with 100 ng/ mL LPS. DCs were then pulsed with 100 nM IL-2 at 4°C for 

1 hour. Cells were washed thoroughly to remove excess IL-2. DCs were placed at a 5:1 ratio 

with SJL T cells that had been starved overnight of IL-2. DCs and SJL T cells were cultured 

together for 2 days, and then 1 μCi/ well [3H]thymidine was added to each well. Cells were 

incubated for 24 more hours and harvested onto a filtermat and analyzed via a scintillation 

counter. (A) Shown is a bar graph (n=3) of DC treatment effects on the proliferation of responder 

T cells. Replicates represent DC cultures derived from individual mice. Statistical significance 

was calculated by use of a two-tailed t-test.  (**p < 0.01) 
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Figure 3.14 
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CHAPTER 4 

 

TLR-4 AGONISM POTENTIATES TOLEROGENIC T CELL RESPONSES 

 

 

4.1 ABSTRACT  

 

Here, we show that TLR-4 agonism is beneficial to tolerogenic T cell responses. LPS-treated 

DCs support a more suppressive Treg phenotype by increasing CD25 expression on responder 

Tregs. These DCs preferentially activate Tregs over Tcons. Likewise, MPLA addition to 

splenocyte cultures enriches the CD25+ Treg population in the culture, and MPLA injection into 

wild-type mice leads to an increase in Treg percentage. Because of its ability to potentiate 

tolerogenic T cell responses, MPLA was an effective tolerogenic adjuvant when combined with 

GMCSF-MOG, a DC-targeting tolerogenic vaccine. MPLA increased the Treg levels induced by 

GMSCF-MOG, and this increase was detectable out to day 78. MPLA also potentiated the loss 

of Tcons seen with the GMCSF-MOG vaccine. An observed increase in CD44 on Tcons 

indicated MPLA was leading to an enhanced T cell response and possible extended presence of 

cognate antigen which responder T cells can experience. Lastly, we show that MPLA was an 

effective tolerogenic adjuvant when combined with GMCSF-MOG that led to increased 

suppression of EAE. MPLA increased the rate at which paralytic symptoms resolved and 

prevented a relapse seen with the GMSCF-MOG vaccine alone. Altogether, we show that TLR-4 
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agonism can potentiate tolerogenic T cell responses by promoting tolerogenic antigen 

recognition events.           
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4.2 RESULTS 

 

CD25+ DCs supported responder Tregs in vitro 

We found that LPS-treated DCs elicited higher CD25 expression on responder Tregs 

compared to untreated DCs (Figure 4.1A-C). Because cultured Tregs are CD25+, we measured 

increases in CD25 expression by denoting a superlative CD25high gate on the FOXP3+ Treg 

population. About 45% of responder 2D2-FIG Tregs exhibited a superlative CD25high phenotype 

when I-Ab/ MOG was presented by LPS-treated DCs compared to control values of 

approximately 10% when MOG was presented by untreated DCs (Figure 4.1A and C). As 

expected, this increase in CD25 expression on Tregs was dependent on antigen recognition 

because only DCs presenting MOG elicited the superlative CD25high Treg phenotype (Figure 

4.1A and C). This same pattern was seen with CD25 MFI of responder Tregs in that LPS-treated 

DCs induced 1.6-fold higher CD25 expression upon cognate antigen recognition compared to 

untreated DCs (Figure 4.1B). Higher CD25 levels are associated with a more activated and 

suppressive Treg phenotype (251, 252).  

We also found that LPS-treated DCs favored blastogenesis (increased cell size as 

measured by FSC-A) of MOG-responsive Tregs compared to Tcons while untreated DCs showed 

no preference (Figure 4.2A-B). Forward scatter, a measurement of cell size, is a reliable marker 

of T cell activation (253, 254). Specifically, when MOG was presented by LPS-treated DCs, 

Tregs displayed higher forward scatter MFI compared to Tcons. This difference in MFI was not 

seen when MOG was presented on untreated DCs indicating that LPS-treated DCs more 

efficiently support the activation of MOG-reactive Tregs.  
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We next hypothesized that IL-2 on the surface of DCs is beneficial for responder Tregs 

by providing selective access to IL-2 during cell-cell contact and formation of the immunological 

synapse during antigen presentation. To test this possibility, we pulsed MOG-presenting DCs 

with IL-2 which were then cocultured with Tregs. We found that IL-2-pulsed DCs induced 

higher CD25 expression on responder Tregs that trended towards significance (Figure 4.3A-C). 

LPS-treated DCs pulsed with IL-2 induced “high” expression of CD25 on 54% of responder 

Tregs compared to 46% when DCs were not pulsed with IL-2 (Figure 4.3B). The IL-2 pulse of 

DCs also increased CD25 MFI on responder Tregs that trended towards statistical significance 

(Figure 4.3C). These data indicated that IL-2 bound to CD25 on the surface of DCs may be 

utilized by responder Tregs upon persistent cell-cell conjugation catalyzed via TCR/MHCII-Ag 

recognition.  This DC-sequestered pool of IL-2 may assist in activation of these Tregs. 

TLR-4 agonism enriched Treg populations in vitro and in vivo 

We found that LPS added directly to naïve, wildtype splenocyte cultures enriched the 

CD25+ Treg pool. The overall percentages of CD25+ T cells remained unchanged upon addition 

of LPS.  However, the makeup of the CD25+ T cell population was skewed toward FOXP3+ 

Tregs and a more tolerogenic phenotype (Figure 4.4A-E). Specifically, upon LPS addition, the 

CD25 MFI of CD25+ T cells was increased 1.4-fold (Figure 4.4C). LPS addition also increased 

the CD25 MFI of Tregs in the culture 3.3-fold which is indicative of a more suppressive Treg 

phenotype (Figure 4.4D). Additionally, the CD25+ T cell pool was enriched with Tregs as Tregs 

made up 42% of the CD25+ T cell population with the addition of LPS compared to just 21% 

without LPS (Figure 4.4E).  

Given these results, we next hypothesized that the LPS-derivative, MPLA, could elicit 

Tregs in vivo. We found that subcutaneous injection of MPLA leads to a slight increase in Treg 
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percentage in the blood measured 5-days and 8-days post injection (Figure 4.5A-B). On Day 5, 

in MPLA-treated mice, Tregs made up 7.2% of the circulating CD4+ T cell pool compared to 

5.9% in saline-treated mice (Figure 4.5B). This difference increased on Day 8 as Tregs made up 

an average of 9.7% of circulating T cells in MPLA-injected mice compared to 6.8% in saline-

injected mice. On both days, the difference trended towards statistical significance (Figure 4.5B).  

MPLA was an effective tolerogenic adjuvant when combined with the tolerogenic GMCSF-

MOG vaccine in vivo 

We hypothesized that in an antigen-independent system of Treg induction, T cells 

recognizing endogenous self-antigen/MHCII complexes on the surface of DCs were expanding, 

resulting in the observed Treg enrichment of the circulating T cell pool. Given this possible 

mechanism, we hypothesized that MPLA could function as an adjuvant when coupled with a 

DC-targeting, antigen-based tolerogenic vaccine. We hypothesized that MPLA would enhance 

the responses induced by a tolerogenic vaccine containing self-antigens by enhancing antigen 

presentation on DCs as observed in in vitro cultures (Chapter 3). To test this, we utilized the 

GMCSF-MOG tolerogenic vaccine, which has been shown to ameliorate EAE and induce robust 

Treg expansion in a MOG-specific FOXP3-GFP reporter, 2D2-FIG mice (225, 226, 229). When 

MPLA (20 µg) was combined with GMCSF-MOG (2 nanomoles), we found that the Treg 

inductive potential was increased (4.6A-B). Vaccination of 2D2-FIG mice with GMSCF-MOG 

alone, resulted in the increased circulation of FOXP3+ Tregs (21% of the total T cells in blood) 

compared to 1% FOXP3+ Tregs in saline-treated mice. However, when MPLA was included in 

the vaccine formulation, mean Treg percentages increased to 43% on day 8 after injection 

(Figure 4.6A-B). In this study, MPLA alone once again led to a modest increase in Treg levels, 

as Tregs made up 6% of the T cell pool compared to 1% in saline-treated mice.  
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In a separate experiment, we confirmed that MPLA increased the Treg inductive capacity 

of GMSCF-MOG, and this increase was persistent for 78 days. On each day measured from day 

12 to day 78, MPLA + GMCSF-MOG resulted in higher levels of Tregs compared to GMCSF-

MOG alone and saline (Figure 4.7B). On day 54 post-injection, Tregs made up 15% of the T cell 

population when MPLA was included in the vaccination compared to 5% when GMCSF-MOG 

alone was administered (Figure 4.7A, C). Treg counts were also higher when MPLA was 

included in the vaccine (Figure 4.7D-E). On day 16, there were 112 Tregs/ µL of blood when 

MPLA was included in the vaccine compared to 63 Tregs/ µL when GMCSF-MOG alone was 

administered (Figure 4.7E). This increase in absolute Treg numbers (Figure 4.7D) was short-

lived compared to the increase in Treg percentages (Figure 4.7B).  

These differences may reflect GMCSF-MOG-induced decreases in the total numbers of 

CD4+ T cells (Figure 4.8A-E). When MPLA was included with GMCSF-MOG vaccination, 

CD4+ T cells comprised lower percentages of circulating leukocytes compared to GMSCF-MOG 

alone. This decrease was similar for the first 16 days post-vaccination before the T cell pool 

steadily rebounded in the GMSCF-MOG group while remaining low in the MPLA + GMCSF-

MOG group.  This difference was noted throughout the entire 78-day timecourse (Figure 4.8B). 

On day 54, CD4+ T cells made up only 6% of the circulating leukocyte pool with MPLA 

included in the vaccine. However, mice that received GMSCF-MOG alone showed CD4+ T cell 

levels had rebounded to baseline with CD4+ T cells comprising 16% of circulating leukocytes 

compared to 17% in the saline control group (Figure 4.8C). This trend was also seen in total 

CD4+ T cell count data.  On day 38, MPLA + GMCSF-MOG mice averaged 439 T cells/ µL of 

blood compared to 1,360 T cells/ µL of blood for mice that received only GMCSF-MOG (Figure 

4.8D-E). Hypothetically, this decrease in absolute CD4+ T cell numbers may reflect two related 
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mechanisms, including the possibilities that MPLA-matured persistent DCs may facilitate the 

MOG-dependent entrapment of T cells in the lymph nodes by preventing their egress into 

circulation coupled with enhanced Tcon deletion due to MOG-induced Tcon death. These 

mechanisms, together with induction of Tcon anergy due to Treg-dominance may contribute to 

the increased reduction in CD4+ T cells. (122, 255).   

The persistence of elevated Treg percentages and decreased total T cell numbers provided 

suggestive evidence that a persistent pool of vaccine-dependent I-Ab/ MOG antigen provides 

continuing MOG-specific T cell stimulation thereby favoring CD44+ memory T cells, which 

would include prominent populations of FOXP3+ CD44+ memory Tregs.  A persistent antigenic 

MOG pool may also support CD44+ memory Tcons.  To assess this possibility, we used CD44 as 

a downstream marker of extended T cell activation and memory (256, 257). We found that CD44 

expression on Tcons (defined as FOXP3- T cells) was higher when MPLA was included in the 

vaccine. Over the course of 78 days, the CD44 expression on Tcons in mice that received 

GMCSF-MOG alone steadily decreased to levels similar to the saline-treated group (Figure 

4.9B). Specifically, mice that received GMCSF-MOG alone, CD44 expression on Tcons 

decreased from 42% on day 16 to 13% on day 54, similar to the mean 10% values of CD44+ 

Tcons seen in mice receiving saline (Figure 4.9A).  These two groups remained low at baseline 

levels for the remainder of the experiment (Figure 4.9B). In contrast, mice that received 

GMCSF-MOG + MPLA maintained high levels of CD44 expression on Tcons with 39% of 

Tcons expressing CD44 on day 54.  

Tcons were used as a measurement of persistent antigen presentation, T cell activation, 

and memory because Tregs require continual self-antigen recognition for long-term maintenance 

(258, 259) unlike memory Tcons (260).  Thus, Tregs predominantly express a CD44+ memory 
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phenotype.  In accordance with this concept, Tregs from all groups showed consistently high 

CD44 expression, ranging from 96-97% on Day 54 (Figure 4.10A, C). All groups also showed 

decrease in CD44 expression on Tregs starting on day 61 (Figure 4.10B). The reason for this was 

unknown, although a reason may relate to the extended nature of the experiment and repeated 

bleeding and associated stress on the mice. Altogether, the CD44 expression pattern on T cells, 

the extended levels of Tregs, and the extended lymphocytopenia provided suggestive evidence 

that the MPLA adjuvant conferred extended DC-mediated antigen presence throughout the time-

course.  

We also show that MPLA was an effective tolerogenic adjuvant paired with GMCSF-

MOG in an EAE model (Figure 4.11). Mice were treated at peak disease with either GMCSF-

MOG (4 nanomoles) + MPLA (10 µg), GMSCF-MOG (4 nanomoles) alone, or saline. When 

MPLA was included in the vaccine, symptoms resolved more quickly as mice started to improve 

about 3 days earlier compared to mice injected with GMCSF-MOG vaccine alone. On day 22, 

mice that received MPLA + GMCSF-MOG averaged a clinical score of 0.8, while mice that 

received GMCSF-MOG alone averaged a clinical score of 2.1, reaching statistical significance. 

Furthermore, mice that received only GMCSF-MOG as a treatment showed a relapse in 

symptoms around day 32 in contrast to mice that received MPLA + GMCSF-MOG which 

exhibited sustained remission.  These data provide additional evidence that the MPLA adjuvant 

may confer persistent DC-mediated MOG/ I-Ab presentation and a longer lasting Treg pool in the 

context of tolerogenic vaccination. Mice that received the negative control treatment of saline 

exhibited a mean clinical score of 2.7 for the 50-day duration of the experiment. Overall, these 

data indicated that the MPLA adjuvant extends the duration of a single tolerogenic vaccination.    
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4.3 CONCLUSIONS 

We showed that TLR-4 agonism potentiates tolerogenic T cell responses. LPS-treated 

DCs elicited a more suppressive CD25high Treg phenotype and favored blastogenesis of Tregs 

over Tcons. Importantly, MPLA elicited Tregs in combination with the DC-targeting vaccine, 

GMCSF-MOG. MPLA enhanced the tolerogenic response elicited by GMCSF-MOG, including 

the increased Treg persistence for 78 days. Based on CD44 expression, MPLA extended T cell 

activation which, in the context of tolerogenic vaccination, was favorable to Tregs over Tcons. 

When combined with the GMSCF-MOG tolerogenic vaccine, MPLA prevented disease relapse 

in a model of Multiple Sclerosis, indicating the extended presence of tolerogenic antigen 

presentation and a functional, disease-relevant Treg pool.   
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FIGURE 4.1 | LPS-treated DCs elicited superlative CD25 expression on responder Tregs. 

DCs were cultured as described in the Material and Methods section. DCs were treated with 100 

ng/ mL LPS for 1 day. DCs were then pulsed with 10 μM MOG35-55 at 37°C for 2 hours and 

washed thoroughly to remove excess MOG35-55. DCs were then placed at a 1:5 ratio with 2D2-

FIG Tregs that had been cultured as described in the Materials and Methods section. Tregs and 

DCs were cocultured overnight at 37°C and then washed and stained for CD4 and CD25. (A) 

Shown are representative dot plots of CD25 expression and FSC-A gated on CD4+ FOXP3+ 

Tregs. The gate drawn is for CD25high Tregs because all Tregs in the culture were CD25+. (B) 

Shown are bar graphs for each treatment group (n=2) comparing CD25 MFI on CD4+FOXP3+ 

Tregs.  (C) Shown are bar graphs comparing percentages of CD25high of CD4+ FOXP3+ Tregs in 

each treatment group (n=2). Replicate experiments represent cultures derived from individual 

mice. Statistical significance was calculated by use of one-tailed t-tests comparing the indicated 

groups on the graphs. (*p < 0.05) 
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Figure 4.1 
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FIGURE 4.2 | LPS-treated DCs favored blastogenesis of Tregs. DCs were cultured as 

described in the Material and Methods section. DCs were treated with 100 ng/ mL LPS for 1 day. 

DCs were then pulsed with 10 μM MOG35-55 at 37°C for 2 hours and washed thoroughly to 

remove excess MOG35-55. DCs were then cultured at a 1:5 ratio with 2D2-FIG T cells (~85% 

Tregs) that were derived as described in the Materials and Methods section. Tregs and DCs were 

cocultured overnight at 37°C. Cells were then washed and stained for CD4 and CD25. (A) 

Shown are representative dot plots of FOXP3 expression and FSC-A gated on CD4+ T cells. (B) 

Shown are bar graphs comparing the cell size of responder T cells as a function of LPS treatment 

of DCs. Replicates are duplicate wells in the same experiment. Statistical significance was 

calculated by use of one-tailed t-tests comparing the indicated groups on the graphs.  
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Figure 4.2 
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FIGURE 4.3 | Presence of IL-2 on CD25+ DCs caused an increased trend in CD25 

expression on responder Tregs. DCs were cultured as described in the Material and Methods 

section. DCs were treated with 100 ng/ mL LPS for 1 day. DCs were then pulsed with 10 μM 

MOG35-55 at 37°C for 2 hours and washed thoroughly to remove excess MOG35-55. DCs were 

then pulsed with 100 nM IL-2 for 1 hour at 4°C. DCs were thoroughly washed again to remove 

excess IL-2. DCs were then placed at a 1:5 ratio with 2D2-FIG T cells (~85% Tregs) that were 

derived as described in the Materials and Methods section. DCs/ Tregs were cocultured 

overnight at 37°C and were then washed and stained for CD4 and CD25. (A) Shown are 

representative dot plots of CD25 expression and FSC-A gated on CD4+ FOXP3+ Tregs. The gate 

drawn is for CD25high Tregs because all Tregs in the culture were CD25+. (B) Shown are bar 

graphs for each treatment group (n=2) comparing percentages of CD25high Tregs (B) and CD25 

MFI (C) on CD4+FOXP3+ gated cells. Replicates represent cultures derived from individual 

mice.   Statistical significance was calculated by use of one-tailed t-tests comparing the indicated 

groups on the graphs and p values are indicated in graph. 
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Figure 4.3 
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FIGURE 4.4 | LPS added to splenocyte cultures enriched the CD25+ Treg pool. Splenocytes 

from FIG mice were pressed through a 70 µm cell strainer to obtain a single cell suspension. 

Cells were plated at 1 x 106 cells/ mL and cultured with or without 50 ng/ mL LPS for 3 days. 

Cells were washed and stained for CD3, CD4, and CD25. (A) Shown are representative dot plots 

of CD25 expression and FSC-A of CD4+ CD3+ T cells. (B) Shown are representative dot plots of 

FOXP3+ expression in the CD25+ T cells. (C) Shown are bar graphs (n=2) quantifying the CD25 

MFI of CD25+ T cells. (D) Shown are bar graphs of the CD25 MFI of Tregs. (E) Shown are the 

quantified bar graphs (n=2) of Treg percentages in the total CD4+ CD3+ T cell pool. Statistical 

significance was calculated by use of one-tailed t-tests. (*p < 0.05, **p < 0.01 and ***p < 0.001) 
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Figure 4.4 
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FIGURE 4.5 | Injection of MPLA in wild-type mice caused an increased trend of Treg 

percentages in vivo. C57BL/6 mice (n=6/ group) were injected subcutaneously with 20 µg 

MPLA or saline (100 µL total). Blood was collected via submandibular vein puncture on Day 5 

and Day 8 post-injection. Blood was washed and stained for surface expression of CD3, CD4, 

and CD25 and intracellularly stained for FOXP3 as described in the Materials and Methods 

section. Erythrocytes were lysed and cells were analyzed. (A) Shown are representative dot plots 

of CD25 and FOXP3 expression of total CD4+ CD3+ T cells from mice Day 8 post-injection. (B) 

Shown are compiled data from all days showing FOXP3+ percentages in the CD3+ CD4+ T cell 

pool. Statistical significance was calculated via one-tailed t-test at each time point. Error bars 

represent SEM. 
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Figure 4.5 
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FIGURE 4.6 | MPLA increased the Treg-inductive potential of GMCSF-MOG. 2D2-FIG 

mice were injected with 2 nmoles GMCSF-MOG (n=3), 2 nmoles GMCSF-MOG + 20 µg 

MPLA (n=3), 20 µg MPLA (n=2), or saline (n=3). Detailed vaccine formulation is described in 

the Materials and Methods section. Blood was collected via submandibular vein puncture on day 

8 post-injection. Blood was washed and stained for CD3, CD4 and CD25. Erythrocytes were 

lysed and cells were analyzed using flow cytometry. (A) Shown are representative dot plots of 

FOXP3 and CD25 expression of CD3+ CD4+ T cells in the circulating PBMC pool. (B) Shown 

are the compiled data showing FOXP3+ percentages of the CD3+ CD4+ T cell pool. Statistical 

significance was calculated via one-way ANOVA. Error bars represent SEM.  (*p < 0.05 and 

**p < 0.01) 
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Figure 4.6 
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FIGURE 4.7 | Administration of MPLA augmented tolerogenic vaccination manifest as 

increased and extended Tregs levels in the PBMC pool. 2D2-FIG mice were injected with 2 

nmoles GMCSF-MOG (n=8), 2 nmoles GMCSF-MOG + 80 µg MPLA (n=4), or saline (n=4). 

Formulation of vaccines is given in detail in the Materials and Methods section. Blood was 

collected via submandibular vein puncture on all indicated days. On each day, blood was washed 

and stained for CD3, CD4, CD44, Vβ11 (2D2 TCR), and CD25. Erythrocytes were lysed and 

cells were analyzed using flow cytometry. (A) Shown are representative dot plots of CD25 and 

FOXP3 expression of CD3+ CD4+ Vβ11+ T cells that were obtained day 54 post-injection. (B) 

Shown are the compiled data of FOXP3+ percentages in the CD3+ CD4+ Vβ11+ T cell pool. The 

symbol ‘*’ indicates statistical significance between “MPLA + G-MOG” and “G-MOG” groups 

calculated via repeated-measures ANOVA. (C) Shown are cumulative bar graphs of percent 

Tregs of CD3+ CD4+ Vβ11+ T cells on day 54 for each treatment. (D) Shown are the compiled 

numbers of FOXP3+ Tregs/ µL of blood. Note that the symbol ‘*’ indicates statistical 

significance between “MPLA + G-MOG” and “G-MOG” groups calculated via one-tailed t-tests 

at each timepoint. (E) Shown is a bar graph of number of FOXP3+ Treg/ µL of blood on day 16 

for each treatment. Statistical significance was calculated via one-way ANOVA. Error bars 

represent SEM. (*p < 0.05) 
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Figure 4.7 
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FIGURE 4.8 | MPLA potentiated T cell lymphocytopenia caused by tolerogenic vaccination 

in vivo. 2D2-FIG mice were injected with 2 nmoles GMCSF-MOG (n=8), 2 nmoles GMCSF-

MOG + 80 µg MPLA (n=4), or saline (n=4). Formulation of vaccines is given in detail in the 

Materials and Methods section. Blood was collected via submandibular vein puncture on the 

indicated days. On each day, blood was washed and stained for CD3, CD4, CD44, Vβ11 (2D2 

TCR) and CD25. Erythrocytes were lysed and cells were analyzed using flow cytometry. (A) 

Shown are representative dot plots of CD4 and CD3 expression of total viable blood leukocytes 

from day 54 post-injection. (B) Shown are compiled data of CD4+ CD3+ T cell percentages of the 

total leukocyte pool. The symbol ‘*’ indicates statistical significance between “MPLA + G-

MOG” and “G-MOG” groups calculated via repeated-measures ANOVA. (C) Shown is a bar 

graph of the percent T cells of total viable leukocytes on day 54 for each treatment group. 

Statistical significance is calculated by use of one-way ANOVA. (D) Shown are compiled data 

of total number of CD4+CD3+ T cells per µL of blood over the course of 78 days for each 

treatment group. The symbol ‘*’ indicates statistical significance between “MPLA + G-MOG” 

and “G-MOG” groups calculated via one-tailed t-tests on each day.  (E) Shown is a bar graph of 

the total T cell count on day 38 for each treatment group. Statistical significance was calculated 

by use of one-tailed t-tests comparing each group. Error bars represent SEM. (*p < 0.05)  
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Figure 4.8 
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FIGURE 4.9 | MPLA extended CD44 expression on Tcons. 2D2-FIG mice were injected with 

2 nmoles GMCSF-MOG (n=8), 2 nmoles GMCSF-MOG + 80 µg MPLA (n=4), or saline (n=4). 

Formulation of vaccines is given in detail in the Materials and Methods section. Blood was 

collected via submandibular vein puncture on the indicated days. On each day, blood was 

washed and stained for CD3, CD4, CD44, Vβ11 (2D2 TCR) and CD25. Erythrocytes were lysed 

and cells were analyzed using flow cytometry. (A) Shown are representative dot plots of CD44 

expression and FSC-A of CD3+ CD4+ Vβ11+FOXP3- T cells on day 54 post vaccination for each 

treatment group. (B) Shown is a time course graph of the percent FOXP3- Tcons expressing 

CD44 across 78 days for each treatment group. The symbol ‘*’ indicates statistical significance 

between “MPLA + G-MOG” and “G-MOG” groups calculated via repeated-measures ANOVA. 

(C) Shown is a bar graph of CD44 expression on FOXP3- Tcons on day 54 for each treatment 

group. Statistical significance is calculated via one-way ANOVA. Error bars represent SEM. (*p 

< 0.05)  
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Figure 4.9 
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FIGURE 4.10 | Tregs expressed high levels of CD44 regardless of MPLA adjuvanticity. 

2D2-FIG mice were injected with 2 nmoles GMCSF-MOG (n=8), 2 nmoles GMCSF-MOG + 80 

µg MPLA (n=4), or saline (n=4). Formulation of vaccines is given in more detail in the Materials 

and Methods section. Blood was collected via submandibular vein puncture on all indicated 

days. On each day, blood was washed and stained for CD3, CD4, CD44, Vβ11 (2D2 TCR) and 

CD25. Erythrocytes were lysed and cells were analyzed using flow cytometry. (A) Shown are 

representative dot plots for day 54 post-injection showing cells gated on CD3+ CD4+ Vβ11+ 

FOXP3+ Tregs. (B) Shown are compiled time course graph of the percent FOXP3+ Tregs 

expressing CD44 across 78 days for each treatment group. Not significant (ns) refers to statistical 

comparison between “MPLA + G-MOG” and “G-MOG” groups calculated via repeated-

measures ANOVA. (C) Shown is a bar graph of the percent Tregs that are CD44+ in each 

treatment group on day 54. Statistical significance is calculated via one-way ANOVA. Error bars 

represent SEM. 
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Figure 4.10 
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FIGURE 4.11 | MPLA was an effective tolerogenic adjuvant in EAE. EAE was induced as 

described in the Materials and Methods section. Mice were treated with 4 nmoles GMCSF-MOG 

(n=6), 4 nmoles GMCSF-MOG + 10 μg MPLA (n=6), or saline (n=6) on day 13 as indicated by 

an arrow. Mice were weighed and scored each day. Statistical significance was calculated by a 

one-way ANOVA on each day. The symbol “*” indicates statistical differences between 

“GMCSF-MOG + MPLA” and “GMCSF-MOG” groups. Error bars represent SEM. (*p < 0.05)  
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Figure 4.11 

  



CHAPTER 5 

 

LOW-EFFICIENCY ANTIGEN RECOGNTION EVENTS FAVORS TOLEROGENIC T 

CELL RESPONSES 

 

 

5.1 ABSTRACT 

Here, we show that the efficiency of TCR antigen recognition was formative in 

determining the fate of responder T cells. TCR transgenic 2D2 T cells recognizing the low-

affinity antigen MOG exhibited elevated expression of the immunoregulatory molecule PD-1 

compared to 2D2 T cells recognizing high-affinity antigen NFM. In addition, we show that low-

affinity MOG recognition led to lower CD40L levels on responder 2D2 T cells compared to 

high-affinity NFM recognition. These data indicate that lower-efficiency antigen recognition 

events lead to lower immunogenicity via decreased co-stimulatory (CD40L) and increased co-

inhibitory (PD-1) molecule induction on responder 2D2 T cells. Additionally, MPLA treatment 

of DCs increased the CD40L inductive potential only in the context of the high-affinity antigen 

(NFM), further highlighting the importance of antigen recognition efficiency in determining T 

cell fate. We also show that inhibiting the CD40L/CD40 axis increased Tregs in vitro and led to 

a more stable and suppressive Treg phenotype. Altogether we show that low-efficiency antigen 

recognition events support tolerogenic T cell responses at least partly through lower 

CD40L/CD40 interaction.   
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5.2 RESULTS 

Low-affinity antigen led to less immunogenic T cell responses compared to high-affinity 

antigens in vivo and in vitro 

We compared NFM and MOG antigens to test the concept that low-efficiency antigen 

recognition events support tolerogenic T cell responses. The approach utilized the 2D2 TCR 

transgenic mouse strain that recognizes NFM as a higher affinity antigen and MOG as a lower 

affinity antigen (261). First, we injected 2D2-FIG mice with GMCSF-MOG or GMCSF-NFM 

and analyzed responder T cell phenotype. We found that, in comparison to GMCSF-NFM 

injection, GMCSF-MOG injection led to higher PD-1 expression, a major immunoregulatory 

molecule on the surface of T cells (Figure 5.1A-C) (262, 263). Over the course of 19 days, T 

cells from mice that received GMCSF-MOG had higher PD-1 expression compared to those 

from mice that received GMCSF-NFM (Figure 5.1B). On day 5 specifically, 38% of T cells from 

GMSCF-MOG-vaccinated mice were PD-1+ compared to 18% of T cells from GMCSF-NFM-

vaccinated mice (Figure 5.1A-C). Increased PD-1 on T cells indicated a lower immunogenic 

state of responder T cells following low-efficiency antigen recognition.  

In addition to PD-1, CD40L expression is a major costimulatory molecule that drives 

immunogenic T cell responses. We have previously shown that low-efficiency antigen 

recognition are typically below threshold for triggering the CD40L/CD40 axis (264). Here, we 

show that NFM leads to higher CD40L expression than MOG on responder 2D2-FIG T cells 

(Figure 5.2A-C). At every concentration measured ranging from 10 nM to 10 µM, NFM 

stimulated higher CD40L expression compared to MOG (Figure 5.2B). At 10 µM, NFM 

stimulated CD40L expression on 26% of T cells whereas MOG stimulated 7% of T cells to 

express a CD40L+ phenotype (Figure 5.2A-C). Indeed, MOG was an effective inducer of CD40L 
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expression only at concentrations of 320 nM or above. The data indicated that the efficiency of 

TCR antigen recognition is proportional to the efficiency of CD40L induction.  These data 

highlight the importance of low-efficiency antigen recognition in limiting immunogenicity of 

responder T cells, which in turn may enable more efficient tolerogenic responses.  

 

Antigen presentation by CD25+ DCs stimulates CD40L on T cells by a mechanism 

contingent upon high-affinity antigen recognition in vitro  

We next tested whether MPLA-treatment of DCs impacted the CD40L expression of 

responder T cells. Interestingly, we found that MPLA-treated DCs, which have higher MHCII, 

CD86 and CD25 expression, elicited higher levels of CD40L on responder T cells only in the 

context of high-affinity antigen. When NFM was presented by MPLA-treated DCs, responder 

2D2 T cells exhibited higher levels of CD40L expression compared to when NFM was presented 

by untreated DCs (Figure 5.3A-C). At 1 µM, MPLA-treated DCs presenting NFM led to CD40L 

expression on 19% of T cells compared to 13% when NFM was presented on untreated DCs. 

This difference was not seen in the context of MOG, as MPLA-treated and untreated DCs 

induced similar levels of CD40L on responder T cells. At 1 µM, MPLA-treated DCs presenting 

MOG led to 3% of T cells expressing CD40L in comparison to MPLA-treated DCs presenting 

NFM which induced 19% of T cells to express CD40L. These data highlight the impact of the 

antigen-recognition efficiency in the induction of the co-stimulatory molecule CD40L.  

DCs displayed less CD40 compared to macrophages in vitro 

To support the hypothesis that lower CD40/CD40L interactions facilitates DC induction 

of tolerogenic T cells, we assessed CD40 expression on APCs to determine which APC subset 
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may best support T cell interactions with lower CD40/CD40L engagement. We compared CD40 

expression of DCs and macrophages and found that macrophages expressed higher CD40 levels 

compared to DCs (Figure 5.4A-C). In addition, LPS-treatment increased CD40 expression on 

both DCs and macrophages, but macrophage CD40 levels were higher compared to that of DCs 

in both the presence and absence of LPS. Following LPS-treatment, 99% of macrophages 

expressed CD40 compared to 76% of DCs (Figure 5.4A-B). Following LPS-treatment, CD40+ 

macrophages had a 3-fold higher CD40 MFI than CD40+ DCs (Figure 5.4C). In addition, higher 

percentages of untreated macrophages expressed CD40 (56%) than untreated DCs (8%), and 

untreated macrophages had a higher CD40 MFI than untreated DCs. The lower CD40 expression 

of DCs compared to macrophages may be indicative of their ability to act as fine-tuned APCs 

that support tolerogenic or immunogenic T cell responses.  

Inhibiting the CD40/CD40L axis favored Treg dominance in vitro 

Since tolerogenic T cell responses were favored through low-efficiency recognition 

events and consequentially, low-efficiency CD40/CD40L interactions, we hypothesized that 

antagonizing this interaction would favor Treg responses. To test this hypothesis, we utilized 

MR-1, an antagonistic anti-CD40L mAb (265). In an initial Treg activation, we found that the 

addition of MR-1 to the culture increased the resulting percentage of Tregs (Figure 5.5A-B). 

With MR-1, Tregs comprised 85% of the T cell culture compared to 52% without MR-1 (Figure 

5.5A-B). In a separate experiment, MR-1 was found to increase Treg percentages with either 

MOG or NFM as the activating antigen (Figure 5.5C). Additionally, the resulting Tregs in 

cultures with MR-1 were found to have higher FOXP3 MFI values compared to cultures without 

MR-1 (Figure 5.5D). This observed increase in Treg percentages and FOXP3 MFI indicated that 
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inhibiting CD40L/CD40 interactions favors dominance of Tregs and stability of the resulting 

Tregs.  

We also found that MR-1 antagonism increased CD25 expression during Treg activation. 

When MR-1 was present, Tregs bearing a CD25high phenotype increased in frequency in both 

MOG-activated and NFM-activated 2D2 T cell cultures (Figure 5.6A-C). With MOG as the 

antigen, MR-1 antagonism increased Treg frequencies featuring high levels of CD25 (57%) in 

comparison to no antibody (25%) (Figure 5.6A-B). In NFM-stimulated cultures, MR1 

antagonism increased Treg frequencies featuring high levels of CD25 (43%) compared to 

controls without antibody (34%).  The finding that MOG induced higher levels of CD25 than 

NFM in the presence of MR-1 is consistent with the idea that less efficient CD40/CD40L 

interactions drives higher CD25 expression on Tregs. The same trends are seen for CD25 MFI 

values of Tregs (Figure 5.6A-B). In conclusion, when either MOG or NFM were used as 

activating antigens, MR-1 led to higher CD25 MFI on 2D2 Tregs compared to cultures without 

MR-1. Taken together, inhibition of the CD40/CD40L interactions during antigen recognition 

facilitates a more stable and suppressive Treg phenotype.  
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5.3 CONCLUSIONS 

As noted previously, enhancing antigen presentation via MPLA or LPS appeared to 

represent an amplifier, whereas high or low efficiency TCR-antigen ranges appeared to control 

functional outcomes (i.e., tolerance versus immunogenicity). For example, low-efficiency 

antigen recognition led to lower immunogenicity of responder T cells as measured by increased 

immunosuppressive PD-1 expression and decreased immunogenic CD40L expression. 

Specifically, increased antigen presentation of high-affinity antigen NFM led to increased 

CD40L expression on responder T cells, while increased antigen presentation of a low-affinity 

antigen, MOG, had little or no effect on CD40L levels. The differential immunogenicity of T cell 

responses effected T cell fate because, CD40L antagonism increased Treg levels and led to an 

enhanced Treg phenotype. Altogether, these data show the importance of the efficiency of the 

antigen recognition event in determining responder T cell fate. 
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FIGURE 5.1 | Low-affinity antigens led to higher PD-1 expression levels on responder T 

cells in vivo.  2D2-FIG mice (n=5/ group) were injected subcutaneously with 4 nmoles GMCSF-

MOG, 4 nmoles GMCSF-NFM, or saline in 100 µL. Blood was collected via submandibular vein 

puncture on days 5, 12 and 19 post-injection. Blood was washed and stained for surface 

expression of CD3, CD4, and PD-1. Erythrocytes were lysed, and cells were analyzed. (A) 

Shown are representative dot plots of PD-1 expression and FSC-A on CD3+ CD4+ T cells on day 

5 days post-injection. (B) Shown are compiled data from all days showing the percentages of 

CD3+ CD4+ T cells that are positive for PD-1.  The symbol “**” indicates differences between 

“G-MOG” and “G-NFM” as calculated by one-way ANOVA on each day. (C) Shown are bar 

graphs highlighting the difference in the percent of PD-1+ T cells on day 5 among the treatment 

groups. Statistical significance was calculated via one-way ANOVA. (**p < 0.01) 
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Figure 5.1 
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FIGURE 5.2 | Low-efficiency antigen recognition was associated with inefficient induction 

of CD40L on responder T cells in vitro. DCs were cultured as described in the Materials and 

Methods section. DCs were added at a 1:10 ratio to CD4+ 2D2-FIG T cells sorted via magnetic-

activated cell sorting. Antigen was added via half-log titration of MOG or NFM with 

concentrations ranging from 10 µM to 10 nM. Cells were co-cultured for 4 hours at 37°C before 

addition of fluorescently labeled anti-CD40L antibody. Cells were cultured for an additional 2 

hours at 37°C and then were washed and stained for CD3 and CD4. Cells were then analyzed via 

flow cytometry. (A) Shown are representative dot plots at 10 µM for CD40L expression on CD3+ 

CD4+ T cells. (B) Shown are compiled data from the entire titration curve highlighting 

percentages of CD3+ CD4+ T cells that are CD40L+. The symbol “*” indicates the difference 

between “NFM” and “MOG” as calculated via two-tailed t-tests at each concentration. (C) 

Shown are bar graphs of the percent CD3+ CD4+ T cells that are CD40L+ at 10 µM for each 

treatment group. Statistical significance was calculated via two-tailed t-tests comparing each 

group. (*p < 0.05 and **p < 0.01)  
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Figure 5.2 
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FIGURE 5.3 | MPLA treatment of DCs predominantly augmented CD40L expression in 

the context of high-efficiency antigen recognition. DCs were cultured as described in the 

Materials and Methods section, and 1 µg/ mL MPLA was added to DCs for 24 hours. DCs were 

added at a 1:10 ratio to CD4+ 2D2-FIG T cells purified via magnetic-activated cell sorting. 

Antigen was added via full-log titration of MOG or NFM with concentrations ranging from 1 

µM to 10 pM. Cells were co-cultured for 4 hours at 37°C before addition of fluorescently labeled 

anti-CD40L antibody. Cells were cultured for an additional 2 hours at 37°C then washed and 

stained for CD3 and CD4. Cells were then analyzed via flow cytometry. (A) Shown are 

representative dot plots representing CD3+ CD4+ gated T cells stimulated with 1 µM NFM or 

MOG antigen and measured for CD40L expression. (B) Shown are compiled data from the entire 

titration curve showing percentages of CD3+ CD4+ T cells that were CD40L+. The symbol “*” 

indicates differences between “MPLA-treated DCs NFM” versus “Untreated DCs NFM”. Not 

significant “ns” compares “MPLA-treated DCs MOG” and “Untreated DCs MOG” as calculated 

via one-tailed t-tests at each concentration. (C) Shown are CD40L+ T cell percentages in the T 

cell pool for each treatment group (1 µM MOG or NFM). Statistical significance was calculated 

via one-tailed t-tests comparing each group. (*p < 0.05, **p < 0.01) 
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Figure 5.3 
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FIGURE 5.4 | DCs express less CD40 than macrophages in vitro. DCs were cultured as 

described in the Materials and Methods section. GM-CSF was used to derive DCs, and M-CSF 

was used to derive macrophages. To induce maturation, 50 ng/ mL LPS was added to DCs or 

macrophages for 24 hours. Cells were released from plastic adherence via 2.5 mM EDTA release 

buffer and then were washed and stained for F4/80, CD11c, and CD40. Cells were then analyzed 

via flow cytometry. (A) Shown are representative dot plots highlighting CD40 expression. 

Macrophages were gated as F4/80+ cells, whereas DCs were gated as CD11c+ cells. Because 

macrophages and DCs displayed different autofluorescence and scatter properties, the positive 

gates shown were drawn based on unstained controls from the corresponding cell type. Shown 

are compiled bar graphs for each group (n=2) showing (B) percent CD40+ cells and (C) MFI of 

CD40+ macrophages or DCs simulated with or without LPS.  Replicates indicate duplicate wells 

in the same experiment. Statistical significance was determined by use of two-tailed t-tests 

comparing each group. (**p < 0.01) 

. 
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Figure 5.4 
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FIGURE 5.5 | Inhibition of the CD40L/CD40 axis favored Treg differentiation in vitro. (A-

B) MOG-stimulated Treg activation was performed as described in the Materials and Methods 

section. (C-D) In a separate experiment, 100 nM NFM was used in addition to 1 µM MOG in 

respective cultures. (A-D) Treg activation was performed in the presence or absence of 80 µg/ 

mL of the antagonistic anti-CD40L antibody MR-1. (A) Shown are representative dot plots of 

FOXP3 expression and FSC-A gated on MOG-stimulated CD4+ T cells. (B) Shown are bar 

graphs representing Treg percentages for each treatment group (n=3). (C) Shown are compiled 

data of Treg percentages gated on CD4+ T cells for each group with the added variable of antigen 

affinity (MOG and NFM = low and high TCR recognition efficiency respectively) (n=3/ group). 

(D) Shown is a bar graph of FOXP3 MFI of cells gated on CD4+ FOXP3+ Tregs for various 

treatment groups. Replicates indicate triplicate wells in the same experiment. Statistical 

significance was calculated via two-tailed t-tests. (*p < 0.05, **p < 0.01 and ***p < 0.001)  
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Figure 5.5 
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FIGURE 5.6 | Inhibition of the CD40L/CD40 axis increased CD25 on Tregs in vitro. Treg 

activation was performed as described in the Materials and Methods section with 100 nM NFM 

used in place of 1 µM MOG in respective cultures. Additionally, 80 µg/ mL of the antagonistic 

MR-1 anti-CD40L antibody was or was not added to respective cultures. (A) Shown are 

representative dot plots of FOXP3 and CD25 expression gated on CD4+ T cells. (B) Shown are 

compiled data of CD25high Treg percentages of CD4+ T cells for each group (n=3/ group). (C) 

Shown is a bar graph of CD25 MFI gated on CD4+ FOXP3+ Tregs. Statistical significance was 

calculated via one-tailed t-tests. (*p < 0.05) 
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Figure 5.6 
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CHAPTER 6 

 

DISCUSSION 

 

6.1 CD25 is part of the expression profile of mature DCs 

The consistent and robust increase of CD25 expression on DCs in response to LPS 

treatment indicates CD25 is a marker of mature DCs. In this study, we show that TLR-4 agonism 

preferentially induces CD25 expression on DCs rather than other APC subsets including B cells 

and macrophages (Figures 3.1-3.7). We also highlight the coupling of CD25 expression to 

MHCII and CD86, known markers of DC maturation (Figure 3.2). The coupled expression of 

CD25 with known maturation markers indicates CD25 is part of the maturation gene expression 

profile (266). The rapid upregulation of CD25, CD86, and MHCII indicates possible 

mobilization from intracellular endosome storage of these markers (Figure 3.8). Frequent cycling 

of surface molecules during an immature state is a hallmark of DCs (134). Activation of DCs has 

been shown to activate mobilization of MHCII from endosomes to the surface of the DC. Other 

receptors are also known to be shuttled via endosomes to cellular locations where they mediate 

signaling (267). Given the known mobilization of surface markers through endosomes in DCs, it 

is reasonable to hypothesize that coupled mobilization may take place with MHCII, CD86, and 

as we show, CD25 upon activation through TLR-4 agonism (268).  

Several previous studies have noted the expression of CD25 on DCs.  For example, a 

subset of regulatory CD25+ DCs expresses indoleamine 2, 3-dioxygenase (IDO), a suppressive 
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molecule secreted by DCs that converts tryptophan, a T cell stimulating factor, into kynurenine, 

a T cell inhibitory factor (151). In addition, CD25 is expressed on IFN-β-producing plasmacytoid 

DCs (pDCs) without the need for TLR-4 agonism (156). CD40L stimulation also induced CD25 

levels on human pDCs in the presence of IL-3. Altogether, our research unifies these diverse 

findings by indicating that CD25 expression may be part of the standard gene expression profile 

of mature DCs (244, 245, 269).  

 

6.2 CD25 on DCs is a reservoir of paracrine IL-2 

We show that IL-2 is preferentially captured on LPS-treated DCs and that captured IL-2 

levels on DCs are correlated with CD25 expression on DCs (Figure 3.11-3.12).  These findings 

suggest that IL-2 specifically binds to CD25 on the surface of DCs, in accordance with the idea 

that CD25+ DCs may sequester paracrine IL-2 (152) and thereby limit IL-2 in the local 

environment. Other studies provided evidence that quenching of IL-2 is beneficial for follicular 

T helper cells (Tfh), which thrive in the absence of IL-2 (270-272). The differentiation of T cells 

into Tfh cells was favored by CD25+ DCs, and IL-2 signaling in T cells decreased in the 

presence of CD25+ DCs. The quenching of IL-2 presumably leads to a low-zone IL-2 

environment which is also beneficial for Tregs (68, 242, 273). We propose a similar mechanism 

in which CD25+ DCs limit the available pool of free IL-2 leading to a low-zone IL-2 

environment where Tregs dominate access to IL-2 due to higher expression of CD25 compared 

to CD25 expression levels on naïve T cells and Tcons. This proposed mechanism varies from the 

concept of DCs quenching IL-2 from the environment because quenching IL-2 involves receptor 

mediated endocytosis and does not leave IL-2 in the immunological synapse.  
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Due to the relatively low-affinity of the interaction of CD25 and IL-2, we propose that 

CD25 on the surface of DCs binds paracrine IL-2 and maintains a low-zone pool in the 

immunological synapse (274). Our data showing responder T cells can utilize IL-2 bound to 

CD25 on DCs provides credence to this hypothesis (Figure 3.14). With IL-2 present in the 

immunological synapse of DCs, access to IL-2 may be coupled with antigen recognition. 

Because T cells spend more time on the surface of DCs during MHC-restricted antigen 

recognition, TCR-engaged T cells may have preferential access to the IL-2 in the immunological 

synapse which will assist T cell activation. This mechanism may also benefit Tregs that 

competitively dominate the DC-localized pool of IL-2 (275, 276). Tregs are known to have 

higher affinity for cognate autoantigen compared to Tcons (277, 278), which may enable Tregs 

to dominate antigen recognition at the surface of the DCs at the expense of Tcons.  In 

environments dominated by recognition of self-antigen, Tregs establish a larger area of 

interaction and a tighter physical opposition with DCs (276). In addition to dominating antigen 

recognition, Tregs also may dominate access to low levels of IL-2 in the immunological synapse. 

Higher levels of CD25 leads to higher levels of the heterotrimeric high affinity IL-2 receptor on 

Tregs compared to Tcons, allowing Tregs to dominate access to low levels of available IL-2. 

Overall, we propose a mechanism by which environmental IL-2 bound by CD25 on DCs 

preferentially binds to antigen-specific Tregs, assisting in their activation. 

 

6.3 DCs induce diverse T cell responses  

DCs are commonly thought of as the class of APC that specializes in antigen presentation 

to T cells. This specialized cell function is highlighted by diverse APC-focused mechanisms such 

as cross presentation of exogenous antigens to CD8+ T cells and chemotactic migration to T cell-



124 
 

enriched areas of lymph nodes. DCs induce a wide range of T cell responses. Under various 

conditions DCs have been shown to be instrumental in the differentiation of Th1, Th2, Th17, Tfh 

and Tregs highlighting a diverse niche as APCs (137, 279-284). This study particularly focuses 

on DCs ability to support Tregs. While other APC subsets play a role in the differentiation of 

CD4+ T cells, Tregs are generally considered to be dependent on the DC lineage. DCs are known 

to maintain an antigen pool with an extended longevity compared to other APC classes (285-

287). We used a DC-targeting vaccine (GMCSF-MOG) plus a DC maturation factor (MPLA) to 

show that T cells remain activated as measured by CD44 expression for 78 days, indicating a 

continued pool of cognate antigen for T cells to recognize (Figure 4.9). This continued activation 

is crucial to maintain the Treg pool as Tregs exhibit a mature, activated T cell phenotype that 

requires regular TCR ligation for survival in vivo.  Accordingly, Tregs maintain a memory 

phenotype with high levels of CD44 (Figure 4.10) (258, 288, 289). Furthermore, lower affinity 

antigens persist for longer periods of time on APCs as higher affinity antigens are often removed 

from the surface through trogocytic membrane exchange (276, 290-292), further supporting the 

existence and persistence of the peripheral Treg pool.  

For decades, the consensus was that lower levels of DC activation (i.e., immature DCs) 

supported tolerance while strongly activated mature DCs supported pathogenic T cell responses. 

More recently, this consensus has been revised in that mature DCs have been implicated in 

activation and maintenance of Treg populations (137, 151, 293). We corroborate the view that 

select mature DC subsets have a pronounced ability to support Treg responses. We provided 

evidence that activated CD25high DCs drove higher CD25 expression on responder Tregs, 

indicative of a more suppressive phenotype (Figure 4.1) wherein IL-2 binding to CD25 on 

presenting DCs may contribute to tolerogenic responses (Figure 4.3). We also show that these 
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mature DCs favor activation of Tregs over Tcons and enrich the CD25+ Treg pool in mixed 

splenocyte cultures (Figure 4.2-Figure 4.4). We further show that including a DC activating 

factor (i.e., MPLA) in a Treg-inductive DC targeting vaccine further enhances Treg levels 

(Figures 4.6-4.7). Altogether our data support the idea that mature DCs facilitate Tregs under 

select conditions and elicit a more suppressive Treg phenotype compared to immature CD25low 

MHCIIlow CD86low DCs. While we focus on a mature DC/ Treg axis in tolerance in this project, 

we note that under different conditions, mature DCs potently induce immunogenic responses.  

 

6.4 MPLA can function as a tolerogenic or immunogenic adjuvant 

This study provides evidence that MPLA can increase tolerogenic responses driven by 

the tolerogenic GMCSF-MOG vaccine. Effective adjuvants accelerate, enhance, and prolong the 

immune response. In the context of tolerance, MPLA increased tolerogenic responses of the 

GMCSF-MOG vaccine by augmenting FOXP3+ Tregs that persisted in circulation at higher 

frequencies through a 78-day time course (Figure 4.8). In the context of GMCSF-MOG 

vaccination, MPLA also conferred sustained remission in a chronic model of severe paralytic 

EAE (Figure 4.11) highlighting the ability of MPLA to potentiate tolerogenic vaccination. 

Conversely, MPLA is a clinically approved adjuvant for use in viral vaccines where the MPLA 

adjuvant increases antiviral immune responses (240, 294). We propose a mechanism of action by 

which MPLA as an adjuvant is not inherently tolerogenic or immunogenic. Rather, this study 

supports the concept that MPLA promotes immune responses that are consistent with the 

qualitative activities of particular antigens (Figures 5.2-5.3). Additionally, T cells are known to 

express TLR-4 so functional MPLA may also function through activation of T cells, which, in 

the context of self-antigen presentation, may further support Tregs (295, 296).  



126 
 

Similarly, the GM-CSF domain of GMCSF-antigen vaccines also has dual adjuvant 

potential in that the GM-CSF domain can augment tolerogenic or immunogenic activity 

dependent upon qualitative activities of antigens. In the context of GMCSF-MOG or GMCSF-

OVA vaccination, low-efficiency TCR/ MHCII antigen recognition of a self-antigen such as 

MOG35-55 versus high-efficiency antigen recognition of a foreign antigen such as OVA favors 

tolerogenic versus immunogenic responses, respectively (226, 229, 264). Whereas GM-CSF 

domain potentiates tolerogenic responses when attached to MOG35-55, GM-CSF is an 

immunogenic adjuvant in cancer, viral, and bacterial vaccines (297-300). The adjuvant activity 

of GM-CSF and MPLA may be associated, at least in part, with the potential to drive DC 

maturation and thereby increase the efficiencies of antigen presentation together with enhanced 

long-term persistence of unique MHCII-peptide complexes on the surfaces of long-lived mature 

DCs. This study thereby supports an emerging consensus is that the efficiency of TCR 

recognition determines downstream signaling that sets the balance of immunogenic versus 

tolerogenic responses (197, 199, 301-304). 

 

6.5 Antigen affinity determines responder T cell fate 

As indicated above, the efficiency of the antigen recognition event is a major player in 

determining responder T cell fate with low-efficiency antigen recognition supporting tolerogenic 

responses and high-efficiency supporting immunogenic responses. The efficiency of the antigen 

recognition event integrates many events including affinity of TCR/MHC-Ag complexes, 

inductive conformational events, assembly of signaling complexes, and recruitment of 

costimulatory molecules and adhesion molecules (164, 305, 306). In this study, we provide 

evidence that low-efficiency antigen recognition of MOG35-55 leads to lower levels of 
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immunogenicity in responder T cells compared to high-efficiency recognition of NFM13-37. 

Recognition of MOG induced higher levels of the immunoregulatory molecule PD-1 compared 

to NFM (Figure 5.1) and induced lower levels of CD40L, a driver of immune activation (Figure 

5.2). Even when cognate antigens were expressed on mature DCs presenting high levels of 

antigens, only NFM led to high levels of CD40L (Figure 5.3) highlighting the importance of the 

antigen recognition efficiency at driving T cell responses. We highlight the importance of the 

CD40/CD40L axis in driving T cell fate by specifically inhibiting this interaction with an 

antagonistic anti-CD40L antibody which increased Treg levels and favored a more suppressive 

Treg phenotype.  This concept that has been proposed previously but not in the context of high- 

vs low-efficiency antigens (307, 308). Overall, this study supports the concept that in the 

immunological synapse, the efficiency of the antigen recognition is driven at least in part by 

TCR/MHCII-Ag affinity in combination with CD40L costimulatory interactions which are 

integrated by both the presenting APC and responder T cells to determine the balance between 

immunogenicity and tolerance.  

 

6.6 Significance and conclusions                                 

We show that CD25 induction is part of the maturation profile of DCs in response to 

TLR-4 agonism, highlighting a role for CD25 in the function of DCs. CD25 on DCs binds IL-2 

which upon subsequent dissociation of IL-2 from DCs may be utilized by responder T cells to 

stimulate growth.  Thus, CD25 on DCs may enable targeting of IL-2 to antigen-specific T cells 

during antigen presentation. The role of CD25 on mature DCs has not been fully elucidated yet 

but this study highlights the presence of CD25 on DCs and broaches the possibility of novel 

functional mechanisms.  
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In addition to CD25 induction on DCs, the TLR-4 agonist MPLA stimulated tolerogenic 

T cell responses when combined with GMCSF-MOG, a DC-targeting tolerogenic vaccine.  This 

finding highlights the role of mature DCs in mediating tolerogenic T cell responses when 

presenting low-affinity self-antigens. Tolerogenic vaccination is an evolving field, and this study 

presents the novel finding that MPLA as an effective tolerogenic adjuvant. In the context of self-

antigen presentation on DCs, MPLA enhances tolerance through increased percentages of Tregs 

as well as accelerated and sustained autoimmune disease amelioration. This idea could be 

utilized to theoretically enhance tolerogenic treatments that use self-peptide recognition to 

engender tolerogenic responses. There is a significant need for the development of tolerogenic 

treatments, as current clinical options consist of immunosuppressive and immunomodulatory 

treatments that are moderately efficacious and are often associated with adverse side effects due 

to their untargeted nature (213, 309).  

In addition to the use MPLA as a tolerogenic adjuvant, this study reveals the importance 

of DC presentation of self-antigen in tolerogenic immunity. When presenting low-affinity myelin 

peptides, these DCs elicit robust tolerogenic T cell responses and ameliorate autoimmune-

mediated CNS inflammation. In the context of other diseases, presentation of low-affinity 

antigen associated with other tissues may lead to amelioration of inflammation in that tissue. For 

example, presentation of low-affinity antigens from pancreatic beta cells may foster tolerogenic 

T cell responses leading to reduction in T1D.  

Our data supports the model that the efficiency of the antigen recognition is an important 

parameter in determining responder T cell fate. We show lowering the efficiency of antigen 

recognition through CD40L blockade increases Treg percentage and the suppressive phenotype 

of these Tregs through elevated CD25 expression. Overall, our data contributes to the concept 
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that low-efficiency antigen recognition favors tolerance in responder T cells.  MPLA-

augmentation of these low antigen recognition events appears to potentiate tolerogenic T cell 

responses. This model provides a theoretical platform by which tolerance can be understood in T 

cell-mediated autoimmune disease.  
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