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SUMMARY 

GM-CSF-induced bone marrow derived dendritic cells (G-BMDCs) have been 

shown by our lab to be able to induce preferential Treg proliferation when co-cultured with 

CD4+ T cells. Interestingly, this Treg proliferation was shown to be TCR-independent but 

OX40L/OX40-dependent. We studied the signaling that drives the G-BMDC-induced Treg 

proliferation.  

Firstly, we confirmed the critical role of OX40L/OX40 signaling in Treg expansion 

by using CD4+ T cells from OX40 deficient mice. We also showed, using suppression 

assay and treatment of NOD mice, that these induced Tregs maintained their phenotype 

and suppressive function ex vivo and in vivo.  

PKC-ϴ was shown to play an important role downstream of OX40 signaling in the 

absence of TCR stimulation in earlier studies, therefore we investigated the role of PKC-

ϴ in G-BMDC-induce Treg expansion. Interestingly, CD4+ T cells from PKC-ϴ deficient 

mice, upon co-culture with WT G-BMDCs, show impaired Treg proliferation. However, 

supplementation of the co-culture with exogenous IL-2 rescued this impairment of Treg 

proliferation, suggesting that G-BMDC-induced Treg proliferation was PKC-ϴ-

independent. Our data further suggests that PKC-ϴ is likely required for optimum IL-2 

production by T effector cells.  

Finally, our data showed an upregulation of TRAF1 mRNA in Tregs compared to 

T effector cells. Our data also showed co-localization of TRAF1 and OX40 which 

suggested that OX40 mediated downstream signaling in Tregs is likely to involve TRAF1. 
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1.1 Background 

The origin of immunology as a science is typically linked to Edward Jenner, an 18th 

century English physician and scientist (1). He observed that inoculation with cowpox (or 

vaccinia), which typically causes a mild disease, could protect against the fatal disease 

of smallpox (1). This experiment, termed vaccination, demonstrated for the first time the 

concept of what we know today as the adaptive immune response. This immune response 

is the mechanism by which the host develops and improves its skills to fight against 

infectious diseases or malignancy. Therefore, the main function of the immune system is 

to provide protection against infectious diseases and to eliminate any potential cellular 

malignant development. This protection is achieved by non-specific means called innate 

immunity, and/or by specific responses with memory capability called adaptive immunity 

(1). 

The immune system executes its functions via four immunological tasks (1). The 

first task is recognition. In this stage the detection of infectious agents or abnormal cells 

takes place. The detection process involves phagocytic cells from the innate immunity 

and lymphocytes from the adaptive immunity. The second task is effector function. This 

task achieves the elimination of infected or malignant cells by means of blood proteins, 

antibodies, and the cytotoxic capability of lymphocytes. The third immunological task is 

the regulation process. This task is critical to maintain control of immune response to 

avoid self-damage which would cause allergy or autoimmunity. And, finally, the last task 

is memory development. This is the fundamental capacity of the immune system that 

makes vaccination possible. This memory function allows the host to protect itself from 

recurring disease from a pathogen that has been encountered previously (1). 
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1.1.1 T cells and Immunity 

T lymphocytes or T cells represent one of the main subtypes of lymphocytes which 

are essential for the adaptive immunity. T cell precursors generated in the red bone 

marrow migrate to the thymus to undergo development and maturation (1, 2). These T 

cell precursors and their development stages are recognized by the expression of two 

surface molecules, cluster of differentiation 4 (CD4) and CD8. At first they lack the 

expression of CD4, CD8, and T cell receptor (TCR) when they migrate into the thymus, 

and hence are termed double negative (DN) (CD4-CD8-) cells (1, 2). CD4 is a surface co-

receptor molecule, expressed on helper and regulatory T cells (CD4+) that binds to major 

histocompatibility complex (MHC) Class II during antigen recognition. It consists of four 

immunoglobulin-like domains in a single protein chain (1, 2). CD8 is also a surface co-

receptor molecule, expressed on cytotoxic T cells (CD8+), but it binds MHC Class I during 

antigen recognition. Structurally it is a heterodimer assembled with two protein chains; α 

and β which are linked together via disulfide bond (1, 2). TCR is the antigen receptor on 

the surface of mature T cells, and it is composed of α and β protein chains (1, 2).  

The DN precursors undergo cycles of proliferation and differentiation to pass 

through four stages of development (Fig-1) divided based on the expression of CD44, an 

adhesion molecule, and CD25, the α-subunit of IL-2-receptor (1, 2). The first stage is DN1 

which is phenotypically described as CD44+CD25-. DN2-stage is phenotypically 

described as CD44+CD25+, DN3-stage phenotypically described as CD44-CD25+, and 

DN4-stage phenotypically described as CD44-CD25- (1, 2). During the progression of 

these stages, precursors express and assemble pre-mature TCR (pre-TCR), consisting 

of non-rearranged α-chain and rearranged β-chain (1, 2). After successful expression of 



4 
 

 

the pre-TCR during the DN4-stage, precursors go through extensive proliferation and 

transition to become double positive (DP) precursors with a rearranged TCR α-chain, 

replacing the pre-TCR and yielding a complete αβ TCR (αβ-TCR+CD4+CD8+) (1, 2). 

Subsequently, the fate of the αβ-TCR+CD4+CD8+ DP thymocytes is dependent on the 

interaction of the thymocyte TCR with the self-peptide MHC ligands presented by 

epithelial cells in the thymic cortex that express self-peptide presented on MHC Class I 

and MHC Class II molecules (1, 2). Too weak of a signal induces delayed apoptosis of 

the αβ-TCR+CD4+CD8+ DP thymocytes (1, 2). Too strong of a TCR-signal to the DP 

precursors can induce acute apoptosis or negative selection (1, 2). Suitable ranges of 

TCR signaling is required for maturation or positive selection. Precursors that bind MHC 

Fig. 1: Development of T cell precursors in the thymus: Precursors from the bone 
marrow migrate to thymus where they undergo maturation to become T cells. Starting 
as double negative (DN), to double positive, then becoming mature as single positive 
(CD4+ or CD8+) naïve T cells. (Source: adopted from Germain, 2002) 
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Class II molecules or MHC Class I molecules in that suitable range, mature into single 

positive (SP) CD4+ T cells and SP CD8+ T cells, respectively. (1, 2).  

Once development is completed, these mature naïve T cells are exported from the 

thymic medulla to peripheral lymphoid sites. In the periphery, these naïve mature T cells 

can become activated via a two signal mechanism (1, 3, 4). The first main signal is 

triggered when the naïve T cell encounters its cognate antigen of their TCR, expressed 

on the MHC molecules, on the surface of other cells (1, 3). CD4+ T cells recognize 

antigens presented by professional antigen presenting cells (APCs) (1, 3). These 

antigens need to be presented by MHC class II, which are expressed only on the surface 

of APCs (1, 3). CD8+ T cells, however, recognize antigens presented by MHC class I 

which is expressed by all nucleated cells (1, 3). The second signal comes from the ligation 

of co-stimulatory molecules, like CD28, expressed on the surface of T cells (1, 3-7). In 

the presence of these signals, T cells become activated, proliferate, and become effector 

T cells (Teffs) initiating pathogen destruction and clearance. A subset of these cells form 

the memory T cells, providing the host with protection against re-infection from the same 

pathogen (1, 3-7).  

There are several subsets of T cells with their own functional attributes. Two major 

subsets of T cells that are generated as a result of T cell activation are cytotoxic CD8+ T 

cells, specifically capable of destroying cells infected with intracellular pathogens (1, 3-7) 

and CD4+ Helper T cells that facilitate the activation of other immunological cells like B 

lymphocytes (1, 3-7).  
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Amongst the CD4+ T cells there are several subsets and they include regulatory T 

cells (Tregs), and effector Th1, Th2, Th9, Th17, Th22, and Tfh cells (Fig-2) (8). The 

identification of Th1 and Th2 cells is based on their cytokine production profile (1, 8-11). 

Th1 induction is critically based on the transcription factor T-bet and the cytokine IL-12 

(1, 8-11). However, Th2 development requires the activation of the transcription factor 

Fig. 2: CD4+ T helper cells induction and development: Naïve CD4+ T cells 
when encounter activation environment in the periphery give rise to different 
subsets of cells dependent on the available cytokines and/or activated 
transcription factors. (Source: adopted from Sun and Zhang, 2014). 
  



7 
 

 

GATA3 and the cytokine IL-4 (1, 8-11). Fully developed Th1 cells produce interferon 

gamma (IFN-γ) and typically target intracellular infections (1, 8-11). On the other hand, 

activated Th2 cells produce IL-4 and IL-13 and target extracellular pathogens and could 

cause allergic inflammation (1, 8-11). Th9 cells, first described by Dardalhon et al. and 

Veldhoen et al. in 2008, requires activation of the transcription factor PU.1 in the presence 

of IL-4 and Transforming growth factor beta 1 (TGF-β1),  Th9 cells produce IL-9 and it is 

implicated in skin homeostasis and tissue inflammation (8, 12-15). Th17 polarization is 

induced by the transcription factor ROR-γt in the presence of TGF-β1 and IL-6 (8, 16, 17). 

Th17 cells produce IL-17 and target extracellular bacteria and fungi; they are also 

implicated in autoimmunity (8, 16, 17). Th22 phenotype requires the activation of genes 

associated with Th1 and Th17 phenotype, like IFN-γ, IL17A, T-bet and RORγt, and these 

cells produce IL-22 (8, 18). IL-6 and tumor necrosis factor alpha (TNF-α) have been found 

to promote the development of Th22 cells (8, 18). Ahr transcription factor is critically 

involved in IL-22 production by Th22 cells (8, 18). Th22 cells are believed to be involved 

in tissue inflammation (8, 18). Tfh (follicular helper CD4+ T cells) cells were first isolated 

from human tonsils. Bcl6 is the critical transcription factor for Tfh development in the 

presence of IL-6 and IL-21. Tfh helps follicular B cell in antibody production (8, 19). 

Unlike above described T effector cells, regulatory T cells (Tregs) are 

CD4+CD25high subset of T cells, first described by Sakaguchi et al. in 1995, which are 

capable of suppressing immune response (20). The surface marker CD25, IL-2 receptor 

α-subunit, is also upregulated on activated T cells which makes it a non-specific marker 

to be used for Treg identification (3, 8, 21). The need for Treg-specific marker, led to the 

discovery of the transcription factor forkhead box P3 (Foxp3) which was found to be 
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critical for Treg function and a specific marker for Tregs (8, 21-24). The importance of 

Foxp3 for sustaining Treg functional capacity which is to maintain immune tolerance is 

clearly demonstrated in scurfy mice and Immunodysregulation, Polyendocrinopathy, 

Enteropathy, X-linked (IPEX) syndrome in humans both of which are caused by a mutated 

nonfunctional Foxp3 (25). Both scurfy mice and IPEX patients suffer from severe 

autoimmune disorders (25, 26). It has been shown that Tregs could develop in the thymus 

and are referred to as thymic/natural Tregs (nTregs) (8, 21, 27). This thymic development 

of Tregs has been shown to be dependent on high-avidity of TCRs to self-antigens (8, 21, 

27, 28). Additionally, in the periphery, Tregs can be induced from naïve T cells and are 

called induced/peripheral Tregs (iTreg) (8, 21). The iTreg-induction could be achieved 

upon TCR stimulation accompanied by co-signaling through CD28 in the presence of 

TGF-β (8, 21). Several molecules have been identified as markers for Treg suppressive 

function and stable phenotype such as CTLA-4 (29, 30), Eos (31), CD39 (21, 32, 33), and 

CD44 (34). Treg suppression function could also be achieved via the secretion of 

immunomodulatory proteins such as IL-10 (21). Furthermore, IL-2 consumption by Tregs 

has been shown to be a mechanism of suppression used by Tregs (21, 35, 36). Treg 

production of IL-10 and TGF-β and their inhibition of the immune response are critical 

components required for the maintenance immunological self-tolerance. 

1.1.2 Immune Tolerance and Autoimmunity 

Autoimmunity that can lead to self-destruction is prevented mainly due to the ability 

of the immune system to differentiate between self and non-self. This ability is usually 

referred to as self-tolerance which is classified into central and peripheral tolerance (1). 
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Central tolerance refers to the mechanism of eliminating self-reactive lymphocytes in the 

thymus in the case of T cells, and in the bone marrow in the case of B cells (1, 28, 37, 

38). The peripheral tolerance is a mechanism by which self-reactive lymphocytes (T or B 

cells) that escape central tolerance are kept in check from causing disease in the  

periphery (1, 28, 37, 38). For the purposes of this study, self-tolerance will be explained 

in the context of T cells.  

Central tolerance is achieved in the thymus, during the maturation and 

development of T cell precursors (1, 2, 28, 37-39). Collectively, this central tolerance 

process involves two major steps; positive and negative selection. The DN T cell 

precursors arrive into the thymus. In the cortex region of the thymus, DN precursors 

undergo differentiation and proliferation, during which the rearrangement of the TCR β 

gene locus (Tcrb) takes place (1, 2, 28, 37-39). After successful rearrangement of the 

TCR β, TCR α gene locus (Tcra) rearrangement begins and continues during the DP 

(CD4+CD8+) stage (1, 2, 28, 37-39). DP precursors move from within the cortex into the 

medulla during which their fully assembled and functional TCR start to interact with self-

peptides presented on MHC molecules by cortical and medullary epithelial cells, and by 

dendritic cells (1, 2, 28, 37-39). During this interaction, precursors that bind strongly to 

self-peptide MHC complex will be eliminated due to their strong self-reactivity (negative 

selection). Interestingly, some degree of low reactivity is required for precursors to avoid 

elimination and achieve the positive selection (1, 2, 28, 37-39). Additionally, some 

precursors undergo receptor editing, a process by which they edit their self-reactive TCR 

to avoid negative selection (40). After negative and positive selection, precursors 
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differentiate into SP (CD4+ or CD8+) cells and are released to the periphery as 

mature/naïve T cells (1, 2, 28, 37-39).  

According to the classical affinity model of thymocyte selection, the fate of T cell 

precursors is determined by the reactivity-strength of their TCRs to self-peptide presented 

on MHC molecules (28). Positive selection requires weak reactivity from the TCR, 

indicating an ability to detect self-peptides presented on MHC molecules (28). On the 

other hand, TCRs that strongly react to self-peptides on MHC molecules induce activation 

induced cell death (apoptosis) resulting in negative selection of those T cells (28). 

However, previous research has shown a broad range of TCR affinities were capable of 

inducing Treg development. For example, high affinity, strong self-reactive, TCRs have 

been shown, using TCR-transgenic mice, to also lead to the development of self-reactive 

Tregs (28, 41). It has been shown that the probability of Treg induction increases as 

affinity increases. Furthermore, there has been evidence that there is an overlap between 

the TCRs specificities of nTregs and naïve T cells (28, 41). Therefore, a modified version 

of the classical affinity model in which Treg development is induced within a range of 

weak to strong reactivity of TCRs (28, 41) has been proposed.  

Peripheral Tolerance is a mechanism to regulate self-reactive effector 

lymphocytes which escape central tolerance. Failure of this peripheral tolerance 

mechanisms leads to the activation of self-reactive T cells and the development of 

autoimmune disease.  Tolerance in the periphery is achieved via cell-intrinsic, deletion 

and anergy, or cell-extrinsic mechanisms such as tolerogenic dendritic cells (DCs) and 

Tregs (1, 42).  
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Clonal deletion results when naïve T cells encounter their cognate antigen 

presented on MHC molecules by APCs under sub-optimal co-stimulatory environment 

(42). Optimum stimulation of naïve T cells requires encountering the cognate antigen 

presented by APC along with strong co-stimulation induced by molecules such as 

CD80/CD86 expressed on the surface of mature APCs (42). Maturation of APCs results 

from signaling molecules like pattern recognition receptors that are activated by 

pathogen-derived molecules. Therefore, in the absence of pathogens, T cells that bear 

self-reactive TCRs would recognize the cognate antigen presented by immature APCs 

but in the absence of the required co-stimulation, undergo deletion (42). 

Anergy is an unresponsiveness state in T cells despite being stimulated via their 

TCRs (1, 42-45). The conditions that stimulate anergy are similar to those that induce 

deletion; recognition of cognate antigen in the absence of required co-stimulation (1, 42-

45). The induction of deletion or anergy is decided by several factors including TCR 

affinity, antigen concentration, and antigen exposure time (1, 42-45).  

Cell-extrinsic mechanisms refer to the suppression of activated Teffs by regulatory 

cells, which include Tregs, Th3, and Type 1 regulatory T cells (1, 42-45). The mechanisms 

by which regulatory cells suppress Teffs include contact-dependent and contact-

independent mechanisms (1, 42-45). Contact-dependent mechanism includes binding of 

CTLA-4, expressed on surface of Tregs, to CD80/CD86 on APCs which inhibit generation 

of co-stimulation signals required for effector T cell activation (42-45). Contact 

independent mechanisms include the release of anti-inflammatory cytokines like IL-10, 

IL-35, and TGF-β or the consumption of IL-2 causing IL-2- deprivation of Teffs (42-45). 
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Autoimmunity represents one category of  disease conditions that could result 

from a disturbance of immune system function (1). The first category of the immune 

diseases is caused by insufficient immune-response or failure of immune-response 

mechanisms (1). The mechanism by which the immune system fails to respond could be 

a method used by invading pathogens to hide themselves from the immune system and 

therefore preventing appropriate immune response. Furthermore, the failure could result 

from congenital defects in the immune system that leads to immunodeficiency (1). The 

second category of immune related disease conditions results from the immune system 

sometimes over-responding to antigens from non-infectious agents, like antigens from 

pollen, food, and drugs, leading to an immune disease called hypersensitivity reaction 

(1). The third immune condition that leads to disease is autoimmunity which results from 

an immune-response to self-antigens. The mechanisms that prevent autoimmunity and 

restore self-tolerance can be considered a chain of checkpoints. These checkpoints 

prevent parts of the autoimmune attack individually, and they work synergistically to avoid 

the occurrence of autoimmune diseases (1, 46, 47). The prevention of autoimmune 

diseases by these checkpoints, however, do not inhibit the immune system from mounting 

strong and effective responses against invading infectious pathogens (1, 46, 47). 

Negative selection mechanism in the central tolerance, for example, is the first checkpoint 

required for self-tolerance. Peripheral tolerance mechanisms are other examples of these 

checkpoints (1, 46, 47). Each checkpoint contributes to preventing autoimmunity. The 

exact mechanisms by which autoimmune diseases develop are not well defined. 

However, it is believed that autoimmune diseases are multifactorial and the susceptibility 
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to them could result from a mixture of genetic predisposition, impairment in tolerance 

mechanisms, and environmental triggers like infections (1, 46, 47).   

1.1.3 Regulatory T cells and Autoimmunity 

Regulatory T cells. In the late 1960s, the importance of the thymus for immune 

tolerance was shown via neonatal thymectomy in mice which led to autoimmunity (48, 

49). In the next decade, IL-2 was found to be important for immune response; however, 

during the early 1990s it was found that IL-2 and IL-2 receptor (IL-2R); (IL-2Rα (CD25) 

and IL-2Rβ (CD122) knockout mice suffered from autoimmune diseases (49). The 

description of CD4+CD25high subset of T cells, in the mid-1990s, with regulatory function 

could explain these findings. After the first description of CD4+CD25high by Sakaguchi 

which were called regulatory T cells (Tregs), Tregs have been studied intensively (20, 

49). IL-2 has been found to be essential for the survival of a subset of CD4+ T cells with 

regulatory function (20, 49). Since then, several subset of cells with regulatory function 

have been described, such as Th3, Tr1, CD8+ regulatory cells, and regulatory B cells (1, 

49, 50).  

However, our focus here will be on Tregs (CD4+CD25+Foxp3+). Tregs and 

regulatory cells in general, represent the dominant or cell-extrinsic mechanisms for 

gaining self-tolerance, compared to recessive mechanisms, like receptor editing and 

negative selection, that occur in the cell-intrinsic manner (51). IL-2 is a crucial cytokine 

for Tregs, as CD25 (IL-2Rα) has been shown to be functionally critical for Treg 

differentiation (51).  
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The cellular and molecular aspects of Treg function regulation is achieved by the 

involvement of homo-oligomer of Foxp3 molecules which interact with other molecules, 

such as nuclear factor of activated T cells (NFAT), acute myeloid leukemia-1/run-related 

transcription factor (AML1/Runx1), histone acetyl transferase/histone diacetyl transferase 

(HAT/HDAC), and perhaps NF-kB  (51).   

It has been shown that Foxp3 and NFAT interaction require cooperative binding to 

DNA. Disruption of the amino acid sequence of Foxp3-domain that is responsible for its 

interaction with NFAT causes impairment of Foxp3 functions.  Furthermore, NFAT-

subtypes (NFATc2 and NFATc3) deficient mice develop severe lymphadenopathy 

spontaneously with selective induction of Th2 cells associated with elevated levels of IgE, 

which may indicate that the NFAT subset deficiency interrupts the role of Foxp3 leading 

to interruption of Treg function (51). 

Treg activation and execution of suppression function in the context of TCR 

stimulation, in TCR-transgenic mice, requires 10-100 fold less concentration of their 

specific peptides, suggesting that Tregs could be activated by immature DCs which 

cannot activate naïve T cells. This could explain the ability of Tregs to suppress self-

reactive naïve T cells and prevent autoimmunity (51). Despite their being refractory to 

proliferation by antigenic stimulation in vitro, Tregs in vivo proliferate through antigenic 

stimulation and sustain their functional efficiency (51).  

Tregs achieve their regulatory function via four suppression mechanisms; i) 

affecting APC maturation and function, ii) destroying targeted cells, iii) disrupting 

metabolic pathways, and iv), secreting anti-inflammatory cytokines (1, 49, 50).   
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In the context of the first mechanism, CTLA-4 expression by Tregs was shown to 

induce down-regulation of CD80/CD86 expression on APCs. CD80/CD86 are important 

co-stimulatory molecules required for activation of naïve T cells after TCR stimulation (1, 

49, 50). The reduction of CD80/CD86 expression limits the capability of APCs to activate 

naïve T cells and to induce immune response (1, 49, 50). 

In the second mechanism, Tregs have been shown to be able to induce apoptosis 

on target cells (Teffs) (1, 49, 50) by releasing granzyme A and B and also perforin, which 

enter target cells and activate the caspase pathway leading to apoptotic cell death (1, 49, 

50). Furthermore, despite the controversy, Tregs have been shown to express the 

member of the extracellular matrix modulators galectin family; Galectin-9 which binds and 

induces apoptosis in activated T cells expressing T cell immunoglobulin and mucin 

domain-3 (TIM-3) (1, 49, 50, 52). TIM-3 is a type 1 membrane protein that is expressed 

on activated Th1 cells, but not on naïve T cells (53). 

 The key molecule in the third mechanism is CD39 which is an ectonucleotidase 

(1, 49, 50). CD39 degrades ATP into ADP and AMP (1, 49, 50). The evidence for 

importance of CD39 came from studies with CD39 deficient mice. In CD39-deficient mice, 

Tregs showed 50-60% reduction in their suppressive capability when compared to Tregs 

from wild type mice (1, 49, 50). ATP/Adenosine hydrolysis cascade started by CD39 is 

believed to be involved in hindering Teffs activation and proliferation (1, 49, 50). Also, 

CD39pos Tregs are suggested to be specialized in suppressing IL-17 production (1, 49, 

50). 

For the last mechanism, Tregs have been shown to produce and secrete anti-

inflammatory cytokines (1, 49, 50). These anti-inflammatory cytokines such as TGF-β, IL-
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10, and IL-35 secreted by Tregs were shown suppress inflammation in organs like the 

gut, skin, and lungs (1, 49, 50). 

The frequencies of circulating Tregs in autoimmune diseases is controversial.  For 

example in SLE, MS, and RA, Tregs frequencies compared to healthy controls were 

reported to be decreased, normal, or increased in different studies (1, 49, 50). In the case 

of IBD majority of the reports showed numerical defects in Tregs (1, 49, 50). The reason 

behind this inconsistency is not clearly understood, however, the lack of standardization 

of Treg identification markers between studies could explain the discrepancies between 

these studies (1, 49, 50). Also, the time of sampling is important, because Tregs 

frequencies in autoimmune diseases are affected by the stage of the disease and the 

treatment regimen in use (1, 49, 50). Impaired Tregs frequencies and function were found 

in draining pancreatic lymph nodes (PLN) of type 1 diabetes (T1D) which may suggest 

the importance of studying Tregs in localized target organs rather than the peripheral 

blood which might help address the discrepancy regarding Treg frequency and function 

in autoimmune diseases (1, 49, 50). 

1.2.1 Current Autoimmunity treatments, Maintenance not a Cure 

According to the American Autoimmune Related Diseases Association (AARDA), 

the number of Americans suffering from autoimmune diseases is about 50 million (54, 

55). Autoimmune diseases are diverse and include more than 100 diseases, and 

represent the third most common disease category after heart diseases and cancer (54, 

55). Also, in American women, autoimmune diseases are the leading cause of morbidity 

(54, 55). Autoimmune diseases could affect specific tissue or they could be systemic 
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affecting multiple targets (54, 55). Almost all cells, tissues, or organs could be targeted 

by autoimmune diseases, however, the most common tissue targets of autoimmune 

diseases include blood vessels, red blood cells, connective tissues, endocrine organs, 

skin, muscles, and joints (54, 55). According to National Institute of allergy and Infectious 

Diseases the autoimmune diseases treatment consumes annually more the $100 billion 

(54, 55). Therefore, autoimmune diseases aggravate significantly the cost of health care 

and the morbidity and mortality annually (54, 55). 

Currently, global immune-suppressive medications are the backbone of 

autoimmune disease treatment regimens (54, 55). However, these global immuno-

suppressive drugs render patients more susceptible to fatal opportunistic infections and 

malignancy in the long term when used in high doses (54, 55). Additionally, the use of 

these drugs is associated with toxicity and severe undesirable side effects (54, 55). 

Collectively, these current modalities of autoimmune disease treatment are aimed 

primarily to manage, maintain and control autoimmune responses and avoid fatal 

complications. In other words they are only maintenance regimens and none of these 

treatments has any potential of curing the disease. Therefore, it is very important to 

develop a new modality of treatment that could have the potential of curing autoimmune 

disease or restoring the loss of self-tolerance (54, 55).  

The objective of new modalities of treatment should be to achieve the following 

four goals; 1) high specificity and targets only the pathogenic components or cells while 

sparing normal immunological functions (54, 55), 2) Restore long-term tolerance or self-

tolerance to avoid the need for continuous treatment (54, 55), 3) Reduce toxicity and 
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undesirable side effects to a minimum (54, 55), and 4) Must meet the cost-effectiveness 

compared to the other regimens (54, 55). 

An example of a potential new modality of treatment is the use of Treg therapy, 

which involves induction in vivo or ex vivo expansion of purified Tregs isolated from a 

patient followed by adoptive transfer to the same patient (54, 55). Additionally, a potential 

approach is the use of an allergen-specific immuno-therapy (allergen-SIT) in the case of 

autoimmune diseases with known self-antigen(s) (54, 55). This approach uses the 

specific administration of allergens to inhibit immune responses rather than induce them 

which has been in clinical practice as the only curative treatment for allergic diseases (54, 

55). Furthermore, co-signal blockade represents another potential new treatment. Naïve 

T cell activation requires a co-signal in addition to the signal derived from TCR when it 

encounter its cognate antigen presented on MHC molecules (54, 55). Without the co-

signal T cells do not undergo activation, and these co-signals are received via surface 

expressed molecules like CD28 when it binds to its ligand (CD80/CD86) expressed by 

APCs. Targeting these co-signals could induce anergy in autoreactive T cells and 

suppress autoimmunity (54, 55). However, this approach is non-specific since its effect is 

to cause general blockade and not specific targeting of self-reactive/pathogenic T cells 

(54, 55). 

1.2.2 Potential Application of Regulatory T cells in Autoimmunity Treatment 

The expansion of Treg is gaining increasing importance because of the potential 

use of Tregs to manage autoimmune disease and transplantation-rejection, and several 

approaches have reached Phase I/Phase II in clinical trials (55-57). The use of Tregs in 
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clinical trials started based on the successful application of Tregs-based therapies in the 

treatment of animal models of autoimmune diseases and transplantation rejection (55-

57). In clinical trials to treat T1D, autologous Tregs expanded ex vivo were used. Treg-

based cell therapy has also been used in clinical trials to treat graft-versus-host diseases 

(GVHD) in which Tregs were isolated from either cord blood or peripheral blood. 

Additionally, autologous Tregs were used to treat kidney transplant rejection (55-57). 

Furthermore, it has been shown that ectopic over-expression of WT Foxp3 in Foxp3-

mutant-CD4+ T cells isolated from IPEX patients led to the development of Treg-like 

functional cells that exhibited efficient suppressive function ex vivo and in vivo, and 

demonstrated the capability to control autoimmune manifestations of IPEX patients (58). 

This ability of inducing Tregs ex vivo would add an important layer to the applications of 

Treg-based cell therapies especially in patients suffering from the deadly IPEX 

autoimmune disease. Furthermore, in the case of IPEX patients, it has been proposed to 

use molecular techniques like CRISPR/Cas9 to replace the mutated Foxp3 with a WT 

Foxp3 gene in the hematopoietic stem cells isolated from IPEX patient, and subsequently 

re-transfused back into the same patient (58). Finally, because Tregs exist in low numbers 

in physiological conditions and are hard to maintain in cell culture, the expansion of Tregs 

in vivo has gained more importance in an attempt to overcome these obstacles (55-57).  

1.3 Expansion of Regulatory T cells, Approaches and Pitfalls 

 The majority of the approaches using Treg-based cell therapy is based on the 

isolation of Tregs from patients or donors, expanding them ex vivo through the use of 

anti-CD3/anti-CD28 stimulation, and supplementing with other factors like IL-2 and 
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retinoic acid, then re-transfusing the expanded Tregs back to patients aiming to achieve 

suppression of self-reactive Teffs and treat autoimmunity (55-57). 

In order to expand Tregs ex vivo for subsequent re-transfusion, we first need to 

isolate them, which is not an easy task considering that Tregs are in low frequency and 

lack a unique surface marker (55-57). The use of magnetic activated cell sorting (MACS) 

and fluorescence activated cell sorting (FACS) provides a method of Treg isolation based 

on the surface expression of CD4+CD25+ in mice, and CD4+CD25+CD127lo/- in human 

(note that Foxp3 is not used because it is a transcription factor i.e. not expressed on the 

cell surface) (55-57). Although most of the Tregs express CD25, since CD25 is also 

expressed on activated effector T cells, it does not serve as a unique marker for Tregs. 

This highlights the need to further study of Treg biology and identify potential unique 

surface markers that could be used for the isolation of pure Tregs. 

Unfortunately, these approaches of Treg-based cell therapy is progressing slowly 

because of the required accumulation of knowledge regarding the fundamental biology of 

Tregs (1, 55). Current Treg therapies used in clinical trials encounter serious obstacles 

because of the technical challenges such as the refractory nature of Tregs to proliferation 

ex vivo and the difficulty of producing enough numbers of Tregs to achieve therapeutic 

effect (51, 55-57). Furthermore, the high cost of these current Tregs therapies used in 

clinical trials is estimated to be $48,000 for a single treatment of a patient (55-57). For 

these reasons, it is of great importance to investigate potential alternative approaches for 

the selective expansion of Tregs in vivo as a treatment for autoimmune diseases. 

Interestingly, our lab has shown earlier a TCR-independent preferential Treg expansion 
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protocol that has the potential to be the basis for investigation that could subsequently 

lead to use in humans.  

The TCR-independent Treg expansion in our lab began with the observation that 

treatment of mice with low dose GM-CSF prevented the development of multiple 

autoimmune disease in animal models (59-65). GM-CSF treatment protected NOD mice 

from developing T1D (59), CBA mice from developing experimental autoimmune 

thyroiditis (EAT) (60-62), and prevented the development of experimental autoimmune 

myasthenia gravis (EAMG) in C57Bl/6 mice (63-65). Furthermore, GM-CSF 

administration was used to successfully treat ongoing EAT and EAMG (60, 63). Upon 

investigation of the GM-CSF-treatment, it was found to mobilize “tolerogenic” dendritic 

cells (DCs) which expressed little or no pro-inflammatory cytokines, but produced large 

amounts of TGFβ. Moreover, it resulted in an increase in IL-10-producing Tregs that 

suppressed the Teff cells (61, 62). 

On the other hand, ex vivo treatment of bone marrow (BM) precursors with GM-

CSF induced the development of a DC subset, GM-CSF-induced BM derived DCs (G-

BMDCs). Co-culture of these G-BMDCs with naïve splenic CD4+ T cells caused a 

preferential expansion of Tregs. However, DCs isolated from spleen (SpDCs) and further 

treated with GM-CSF ex vivo failed to induce a similar selective expansion of Tregs (66). 

Additionally, by using G-BMDCs derived from MHC Class II deficient mice our lab had 

shown that the Treg expansion induced upon G-BMDC-CD4+ T cell co-culture is 

independent of the canonical TCR stimulation, but required IL-2 supplementation and G-

BMDC-CD4+ T cell contact (66).  
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Further, the ex vivo expansion of Tregs was found to be dependent on expression 

of high levels of OX40L, a TNF superfamily member, on G-BMDCs (66). Using anti-

OX40L blocking antibodies G-BMDC-induced Treg expansion could be blocked, and 

using OX40, TNF-receptor superfamily member and the exclusive receptor for OX40L, 

agonist, the blockade of G-BMDC-induced Treg expansion could be rescued (66). 

Furthermore, we have shown that Jagged-1, a notch ligand, expressed on G-BMDCs is 

required for Treg expansion induced by G-BMDCs (67). In support of our data, it has been 

shown previously that Tregs were decreased in OX40-/- mice and increased in OX40L-

over-expressing mice (68), and it has been shown also that Jagged-1 expressed by 

mesenchymal stromal cells is involved in Treg expansion (69). Collectively, these data 

suggested that OX40L and Jagged-1 expression on G-BMDCs have a critical role in their 

capability to induce Treg expansion (66).  

Recently, we have shown that soluble OX40L and Jagged-1 ex vivo treatment 

supplemented with IL-2 induced Treg expansion in CD4+ T cells, and these expanded 

Tregs sustained their suppressive phenotype (70). Further, treatment of 12-week old, pre-

diabetic NOD mice, with soluble OX40L and Jagged-1 increased Treg and delayed the 

onset of hyperglycemia when compared to untreated control mice (70).   

Based on these data we believe we are approaching the potential of developing a 

therapeutic, OX40L and Jagged-1, that could induce Treg expansion preferentially in the 

absence of canonical TCR stimulation which could be used to treat autoimmune diseases. 

This potential therapeutic was developed and investigated, so far, in mice especially NOD 

mice, therefore, our future plan is to continue investigating this potential therapeutic in 
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two parallel direction. First, optimizing the dosing and frequency of OX40L and Jagged-1 

administration and testing their applicability to induce Treg expansion and manage other 

animal models of autoimmune diseases like EAE and EAMG. Additionally, our plans 

include investigating the capability of human OX40L and Jagged-1 to induce Treg 

expansion in humanized NSG mice.  

1.4 Foxp3 and Regulatory T cell Phenotypic and Functional Markers 

 Tregs were identified first as a subset of CD4+ T cells that express CD25+ (20). 

CD4, as we mentioned earlier, is a co-receptor molecule expressed on the surface of 

conventional (Teff) and regulatory T cells and binds major MHC Class II during its 

engagement with TCR (1, 2). The function of CD4 molecule as a co-receptor that 

facilitates the interaction between MHC Class-II on APCs and TCR on CD4+ T cells is not 

specific for Tregs, but common to all CD4+ T cells (1, 2). CD25 is one of three chains of 

a heterotrimeric complex that forms the IL-2R; these chains are IL-2Rα (CD25), IL-2Rβ 

(CD122), and IL-2Rγ (CD132) (71). CD25, or IL-2Rα, is the specific receptor chain for IL-

2; CD122 and CD132 receptor chains are common between IL-2 and other cytokines 

such as IL-15 (72, 73). Since IL-2 is critical for Treg homeostasis and activation, therefore, 

the expression of its receptor is essential to Tregs (72). CD25 expressed on the surface 

of Tregs (74) and activated, but not naïve, conventional CD4+ T cells (3, 8).  

Foxp3 is a member of forkhead proteins, these proteins resemble a large family of 

transcription factors that were first discovered in drosophila, and they possess diverse 

functions and are involved in multiple cellular processes (75). It was found to be required 

and sufficient to induce Treg phenotype and function and, therefore, Tregs are usually 
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referred to as CD4+Foxp3+ T cells (8, 21-24, 76). Foxp3 gene is located on the X 

chromosome and its mutated variant was first cloned in 2001 by Brunkow et al. from 

scurfy mouse. Scurfy in mice were known to be caused by an X-linked recessive mutation 

that is lethal in hemizygous males (77).  

CD28, ICOS, and CTLA-4 are members of B7-CD28-superfamily costimulatory 

molecules representing a critical and best-characterized co-signaling pathway in T cell 

activation and tolerance (78). In the context of Tregs CD28 has been suggested to be 

involved in controlling the thymic differentiation and peripheral maintenance of Tregs (79, 

80). ICOS has been suggested to regulate the development and function of Tregs in 

CTLA-4-dependent manner (81). Also, it has been shown to control the proliferation, 

homeostasis, and IL-10 production in Tregs in the context of helminth infection (82).  

CTLA-4 has been shown to be expressed constitutively on Tregs, but only upon 

activation on conventional T cells; it has been suggested that Foxp3 induces the 

expression of CTLA-4 on Tregs (29). However, it is worth mentioning here that, because 

of the discrepancy in the data regarding Treg function and CTLA-4, CTLA-4 has been 

suggested to function in a non-Treg compartment. However, Tregs have the ability to use 

mechanisms of suppression in both CTLA-4-dependent and CTLA-4-independent 

manners (83). 

TIGIT, also known as Vstm3, is co-inhibitory receptor that involved in a pathway 

closely parallels the CD28/CTLA-4 pathway (84). Subset of Tregs express TIGIT and its 

expression is upregulated upon activation of conventional T cells and (85-88). It has been 
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shown that Tregs expressing TIGIT were capable of suppressing pro-inflammatory Th1 

and Th17 cell responses, however failed to suppress Th2 cell response (88).  

The signaling through the TNFRSF molecules; TNFR2, GITR, and OX40 were 

suggested to provide a critical role in the differentiation of Treg from thymic precursors 

after strong TCR signals that could otherwise lead to negative selection of these 

precursors (89). TNFR2 (TNFRSF1B or CD120b) has been shown to be constitutively 

expressed by Tregs, but its expression is upregulated rapidly on conventional T cells upon 

TCR stimulation (90, 91). Also, TNFR2 has been suggested to play an essential role in 

the stability of Tregs phenotype and function within the inflammatory environment (92). 

GITR (TNFRSF18 or CD357) expression is high on Tregs and upregulated on activated 

T cells compared to poor expression on naïve T cells, also GITR has been found to be 

involved in the enhancement of Treg proliferation and function (93). OX40 (TNFRSF4), 

also known as CD134, is believed to be expressed constitutively by Tregs, but 

conventional T cells express OX40 upon activation only (94). However, the role of OX40 

in Tregs and Teffs will be further discussed later. 4-1BB (TNFRSF9), also known as 

CD137, another TNF-receptor superfamily member has been shown to play a role in 

regulating Treg development and function (95, 96), however, others have suggested that 

4-1BB stimulation plays a negative regulation role in Tregs suppression (97). 

CD39 is a phenotypic marker of Tregs that have been discussed in details 

previously in page 15 in this thesis. Briefly, it is been shown to be important for Treg 

suppression function (33, 50) and also suggested to give Tregs specialized ability to 

suppress IL-17 production (50, 98).  
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CD44, a transmembrane glycoprotein, acts as a cell adhesion molecule and is 

believed to be involved in cell signaling cascades (99). Its relative expression has been 

shown to correlate with Foxp3 expression by Tregs and their suppression function (34, 

100, 101). In Tregs, CD44 promotes Foxp3 expression by inducing TGF-β expression in 

a partially IL-2-dependent context (34). 

CD62L, also known as L-selectin, is a critical T cell homing receptor and a marker 

used to indicate T cell development stage; CD62L is highly expressed by naive T cells 

and rapidly down-regulated upon TCR stimulation. CD62L-expressing Tregs were shown 

to protect from lethal acute GVHD (102). 

The zinc-finger protein family that includes Ikaros, Helios, Aiolos, Eos, and 

Pegasus were believed to be important for development of lymphocytes (103). Helios was 

proposed as a marker to identify Tregs developed in thymus from Tregs induced in 

periphery (103-105), but this proposal was challenged (103, 106). The expression of 

Helios in Tregs was mostly associated with the immune suppressive activity (103, 107).  

In Tregs, Eos was found to cooperate with Foxp3 to promote chromatin 

modification that leads to gene silencing (31, 103, 108). Eos was shown to control the 

transformation of Tregs to helper T cells. Upon downregulation of Eos, not the loss of 

Foxp3 expression, a rapid induction of Treg reprogramming takes place as a response to 

inflammation (109). In this study, they used CD38, a surface antigen expressed on a 

subset of Tregs, and CD103, a maturation marker, as indicators proposed to be used to 

describe subsets of Tregs based on their plasticity to convert to Helper T cells (109). 
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Labile Treg phenotype are described as CD4+Foxp3+CD38+CD103- and a stable Tregs 

phenotype CD4+Foxp3+CD38-CD103+ (109).  

1.5 OX40L/OX40 Signaling and Regulatory T cells 

OX40, TNF-receptor family (TNFRSF) member 4 (TNFRSF4) also known as 

CD134, was first described and named OX40 by Paterson et al. in 1987 (110). It is about 

50 kD and is a type I transmembrane glycoprotein consisting of 249 amino acids of which 

186 amino acids are in the extracellular domain and 49 amino acids are in the cytoplasmic 

domain (94). The gene encodes for OX40 is located on mouse chromosome 4 and human 

chromosome 1, which clusters with other TNFRSF molecules  (94). OX40 is believed to 

be expressed by activated T cells, such as CD4+ and CD8+ T cells, along with Tregs (94). 

However, naïve and memory T cells do not express OX40 (94). 

OX40L, TNFSF4, also known as CD252, was first identified in 1985 (111), and 

subsequently cloned for the first time as the ligand for OX40 in 1994 by Baum et al. (112). 

The OX40 is a 26-28 kD type II glycoprotein that consists of a total of198 amino acids, 

with 150 amino acids in the extracellular domain and 28 amino acids in the cytoplasmic 

domain (112). The gene encoding OX40L is located on chromosome 1 in both mouse 

and human (94). The cells that express OX40L is believed to include, but not exclusively, 

professional APCs, mature-conventional and plasmacytoid dendritic cells (cDCs and 

pDCs, respectively), Langerhans cells (94).  

It has been shown that OX40L and OX40 can only bind to each other while other 

members of TNF family can bind several partners. In other words, OX40 is the exclusive 
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receptor for OX40L (94). OX40L in a trimeric configuration binds to OX40 molecules (94, 

113). 

In the context of naïve T cell activation via TCR signaling (Fig-3A), OX40 

expression is detected starting after 12 hours of TCR ligation, however, memory T cells 

upon TCR stimulation start expressing OX40 within 1-4 hours of activation (94, 113, 114). 

The most significant function of OX40L/OX40 signaling is working as a co-signal  with 

TCR stimulation leading to division and survival of conventional T cells (94). It is believed 

that OX40L/OX40 signaling in activated T cells prolong their clonal division and increases 

their cytokine production (114, 115).  

OX40 signals through the TNF receptor associated factor (TRAF) family of 

phylogenetically conserved scaffold proteins (113, 116). OX40 signaling downstream 

events include the activation of MAPK, PI3K (117), AKT (117, 118), and NF-kB (119) (Fig-

3A). TRAF family members that have been shown to associate with OX40 for signal 

transduction are TRAF2, TRAF3 and TRAF5 (119-124) (Fig-3A). In the absence of TCR 

signaling it was shown that OX40-OX40L activation leads to the formation of a 

‘signalosome” that activates NF-kB (94, 125). In that signalosome protein kinase C-theta 

(PKC-) was shown to be critical for the level of NF-kB activation (94, 125) (Fig-3B).  

 In Tregs, it has been suggested that OX40L/OX40 signaling downregulates the 

expression of CTLA4 (120). It can also block the induction of IL-10-producing type 1 

regulatory T (Tr1) cells (126) and other Foxp3+ Tregs (127, 128). Furthermore, OX40 

signaling has been shown to be critical for survival and proliferation of autoreactive 

effector T-cells (Teffs) and blocking OX40 signaling can ameliorate T1D (129), 
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experimental autoimmune encephalomyelitis (130), and inflammatory bowel disease 

(IBD) (131). 

 However, we and others have shown that OX40-OX40L interaction is critical for 

the proliferation and function of Tregs (66, 67, 132, 133). We have shown that G-BMDCs 

generated from bone marrow precursors were capable of inducing Treg proliferation in a 

TCR-independent, but contact-dependent manner (66), and it critically required high level 

expression of OX40L on G-BMDCs (66). Furthermore, others have shown that Treg 

numbers are decreased in OX40-/- mice and increased in OX40L-over-expressing mice 

Therefore, OX40L expressed on G-BMDCs is suggested to play a critical role in Treg 

homeostasis. 

1.6 Objectives of This Study 

The immune suppressive function of Tregs have gained tremendous attention as 

a tool to manipulate the immune system for control of autoimmune diseases and immune 

rejection after transplantation. The focus on Tregs has led to the development of ex vivo 

expansion protocols that have been used in clinical trials (55-57, 134, 135). However, 

these protocols require, purification of Tregs, TCR-stimulation by antiCD4/CD28, and re-

introduction back to patients which require specialized facilities and high cost.  

Interestingly, we believe, based on our published and unpublished data, that we 

can develop a potential therapeutic using OX40L and Jagged-1. This therapeutic could 

preferentially induce Treg proliferation in a TCR-independent manner and could be used 

to increase Tregs and manage autoimmune diseases.  



30 
 

 

Therefore, the aim of the current study in this broader project was to further 

investigate signaling proteins downstream of OX40 that participate/facilitate the induction 

of Treg expansion. Understanding these signals is critical for better preparation to 

potential clinical utilization of Tregs proliferation, especially, in the management of 

autoimmune diseases. The significance of these signaling is due to the high demand for 

new modalities of autoimmune disease treatment. These high demands and the potential 

of our TCR-independent Tregs expansion protocol to be developed for in vivo usage 

Fig-3: OX40L/OX40 signaling in the presence or absence of TCR stimulation. A) In the 
presence of antigen stimulation OX40 provides the co-signaling which synergizes the 
AKT activation induced by TCR-stimulation resulting in enhancement of T cell 
proliferation and survival. B) OX40 signaling in the absence of antigen stimulation form 
signalosome that involve PKC-ϴ to induce activation of NF-kB and cause survival. 
(Source: adopted from M. Croft, 2010). 
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make the understanding of biological aspects of our protocol including OX40 signaling of 

great importance.  
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2. MATERIALS AND METHODS 
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2.1 Mice 

Mice purchased from Jacksons Labs include C57Bl/6 wild type, OX40 deficient, 

and NOD. From Taconic we purchased MHC Class II deficient mice. Dr. Zuoming Sun, 

Department of Molecular Immunology, City of Hope, Duarte, CA, kindly provided us the 

PKC-ϴ-deficient mice. Dr. Alan Epstein, Department of Pathology, University of Southern 

California Keck School of Medicine, Los Angeles, CA, kindly provided us the soluble 

OX40L. The infection free environment in the Biological Resources Laboratory (BRL) at 

the University of Illinois at Chicago (UIC) is used to keep all mice where food and water 

ad libitum is provided. All animal experiments described here were approved by the UIC 

animal care and use committee.  

2.2 Mice in vivo treatment 

C57Bl/6 WT, OX40-KO, and PKCϴ-KO treatment, OX40L was injected 

intraperitoneal three times (100µg/mouse/week). The week after the last OX40L 

treatment mice were euthanized and spleen, and thymus were harvested for analysis.  

For the NOD in vivo treatment, OX40L was administered intraperitoneal three times 

(200µg/mouse/week) into 6-weeks old NOD mice. Mice were either euthanized the week 

after the last treatment and spleen, thymus, and pancreatic lymph nodes were harvested 

for analysis or mice were kept alive and blood glucose was measured daily by tail vein 

bleed using Bayer Contour Blood Glucose Meter until 23 weeks age. At 23-weeks age 

mice were euthanized and pancreas were used for examination. 
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2.3 Antibodies, intracellular staining, and flow cytometry 

Flow cytometry samples were analyzed using CyAn ADP analyzer (Beckman 

Coulter) in UIC, Research Resources Center (RRC), Flow Cytometry Service. Anti-

Foxp3-APC, anti-CD39-PE, anti-OX40-APC, anti-pAKT-APC, anti-p-mTOR-PE, anti-

pERK-APC, anti-BCL2-APC, anti-CD4-FITC, Anti-CD4-eFluor 780, Anti-Foxp3-PE, anti-

Foxp3-PE-Cy5.5, anti-pIKBα-APC, and anti-OX40L-PE (eBioscience), Anti-phospho-

RelB-PE and anti-phospho-p65-Alexa(R)488 (Cell Signaling technologies). Anti-CD44-

FITC (Tonbobioscience). CellTrace violet from ThermoFisher Scientific was used as 

indication of cell division. Functional anti-CD3 was purchased from Tonbobioscience. 

Intracellular staining of cells were done using Foxp3 / Transcription Factor Staining Buffer 

Kit from Tonbobioscience. 

2.4 Splenic T cell isolation 

Isolation of total CD4+ T cells was performed using mouse CD4+ T cell Isolation 

Kit. Isolation of CD4+CD25+ T cells performed using mouse CD4+CD25+ Regulatory T cell 

Isolation Kit, from Miltenyibiotec. Cells were then counted, CellTrace labelled and used 

to setup co-cultures for ex vivo Tregs proliferation. 

2.5 G-BMDCs generation and cells co-culture 

G-BMDCs (both WT/II-KO-BMDCs) generation was described before (25). Briefly, 

from the mice femur and tibia bones, bone marrow was isolated, and cell suspension of 

bone marrow precursors were cultured in complete RPMI with 10% heat inactivated FBS 

and 20ng/ml GM-CSF for seven days, media were changed as required. WT-BMDCs 
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were generated using bone marrow from WT mice, and II-KO-BMDCs were generated 

using bone marrow from MHC Class II-deficient mice. Fresh splenocytes were used to 

isolate SpDCs. G-BMDCs to T cells ratio in the co-culture experiments was 1:2, and the 

media was complete RPMI containing 10% heat inactivated FBS. Dynabeads® Mouse T-

Activator CD3/CD28 from Life Technologies were used according to the manufacturer 

recommendation. Unless stated elsewhere, all co-culture experiments were kept for five 

days. 

2.6 Blocking antibodies 

Total CD4+ T cells were isolated from spleens of NOD mice. These isolated CD4+ 

T cells were CellTrace violate labelled, and then co-cultured with G-BMDCs generated 

from bone marrow precursors isolated from NOD mice. To the co-cultures of CD4+ T cells 

and G-BMDCs, blocking antibodies were added in 20 µg/ml final concentration. After five 

days of co-culture, cells were harvested and analyzed by flow cytometry for Treg 

proliferation. The blocking antibodies used were, anti-GITRL (MAB2177), anti-Neuropilin-

1 (AF566), and anti-OX40L (AF1236), and have been purchased from R&D Systems 

(Minneapolis, MN). 

2.7 Kinase inhibitors 

NOD mice splenic CD4+ or CD4+CD25+ T cells were isolated, CellTrace violate 

labelled, then incubated with Kinase Inhibitors (final conc.12.5µM) in 96 well plate. After 

six hours cells were washed and co-cultured with G-BMDCs for five days. In the case of 
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CD4+CD25+ T cells co-cultures, exogenous IL-2 is added. Cells were harvested and flow 

cytometry is used to investigate Treg proliferation. 

2.8 Ex vivo suppression assay 

Conventional CD4+ T cells were isolated from diabetic NOD mice by depleting 

CD4+CD25+, the depletion was done using CD4+CD25+ Regulatory T cell Isolation Kit 

from Miltenyibiotec Inc. Isolated conventional CD4+ T cells were CellTrace violet 

(ThermoFisher Scientific) labelled then seeded into round bottom 96-well plate with anti-

CD3 (2µg/mL) and splenic APCs. OX40L-treated and untreated control mice were used 

to isolate Tregs (CD4+CD25+). Isolated Tregs were co-cultured with the CellTrace violet 

labeled conventional CD4+ T cells at different ratios for 48 hours. Cells were harvested 

for flow cytometry investigation of the inhibition of division of conventional CD4+ T cells. 

2.9 Pancreatic Islets examination (H&E and confocal microscopy) 

At the end of experiments mice were euthanized, pancreata were collected, fixed 

in formalin, and then embedded in paraffin. Tissue sections were prepared from the fixed 

embedded pancreases. Hematoxylin and eosin (H&E) staining of tissue sections is done 

using fixed-embedded pancreata followed by microscopic examination to evaluate the 

degree of islet infiltration. For confocal microscopy examination, tissue sections from the 

fixed-embedded pancreata were processed and then stained with anti-Insulin antibody 

(ab7842) from abcam, antibodies against Guinea Pig IgG coupled with TRITC (T7153), 

and DAPI (D9542) both from Sigma-Adlrich. Examination of slides was done using Zeiss 
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Laser Scanning Microscope; LSM 710, confocal microscopy in UIC, RRC, Core Imaging 

Facility. 

2.10 OX40-TRAF1 co-localization (Confocal Microscopy & ImageJ analysis) 

Isolated wild type (C57Bl/6) splenic CD4+ T cells were cultured in the presence of 

IL-2 (10U/ml) with or without OX40L (7.5µg/ml) for 48 hours. Cells were harvested, 

fixed/permeabilized using Foxp3 Transcription Factor Staining Buffer Kit from 

Tonbobioscience, then transferred onto glass slides using Cytospin 2 centrifuge 

(SHANDON, ThermoFisher Company). Cells were stained using anti-Foxp3-Alexa Fluor 

647 (sc-130666), anti-OX40 (sc-11403), and anti-TRAF1-FITC antibody (sc-6253) 

purchased from Santa Cruz (Dallas, TX). Anti-OX40-rabbit polyclonal antibodies were 

used for staining and the antibody binding was detected using TRITC-conjugated Anti-

Rabbit IgG antibody (ab6718), purchased from abcam (Cambridge, MA). DAPI (D9542), 

purchased from Sigma-Adlrich (St. Louis, MO). Confocal microscopy examination was 

done using Zeiss Laser Scanning Microscope; LSM 710, in UIC, RRC, Core Imaging 

Facility. Images obtained were analyzed using ImageJ software (ImageJ 1.51h, National 

Institute of Health,USA). Foxp3 and DAPI Staining was used as identification markers for 

Tregs. On those identified Tregs OX40 and TRAF1 staining were merged and the median 

intensity of merged color from each cell was measured. The analysis includes at least ten 

cells in the OX40L/IL-2 treated group and eleven in the IL-2 alone treated group. 

Statistical analysis was done between the median intensity of merged color between the 

two groups. 
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2.11 RNA isolation and Quantitative Real-Time PCR 

Tregs (CD4+CD25+) and Teffs (CD4+CD25-) were freshly isolated from spleen as 

described previously. Total RNA was isolated from Tregs and Teffs using RNeasy mini 

kit (Qiagen) and used for cDNA synthesis by iScript cDNA synthesis kit (BioRad). The 

cDNA synthesis and iQ SYBER Green Supermix used RT-PCR were done using CFX 

Connect Real-Time PCR Detection System (BioRad). The primers specific for TRAF1-7 

Genes were listed in Table-I. Calculation of fold change of gene expression values was 

done using comparative ΔCt method following normalization to GAPDH then presented 

in bar graphs as fold change of TRAF gene in Treg over respective Teff. 

2.12 RNA Microarray analysis 

Total RNA was isolated from proliferating Tregs (CD4+CD25+) after five days of co-

culture with G-BMDCs. Dilution of CellTrace violet was used as a marker of cell division 

to sort proliferating Tregs by flow cytometry (MoFlo Astrios, Beckman coulter). Affymetrix 

GeneChip Mouse Genome 430 2.0 microarray screening was done at UIC, RRC, Core 

Genomics Facility. In summary, using biotinylated dNTP to synthesize biotinylated cDNA 

was then used in the hybridization with microarrays. Following the array scanning only 

arrays that passed the quality control were used. Arrays were then normalized to 

housekeeping gene and subsequently gene expression analysis was carried out using R-

package software. Student’s T-Test was applied to find differential expressed genes. 

Microarray was submitted to NCBI-Gene Expression Omnibus database, and available 

publicly (Accession No. GSE81051). In heat map graphs colors represent the relative 

expression values compared to the average expression value per gene in the data. Blue 
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represent downregulation while red represent upregulation relative to average value. 

RStudio software (Version 1.0.44) was used to generate the heat map graphs.  

2.13 Western blot 

Soluble OX40L or IL-2 was used to stimulate thymocytes ex vivo. Cells were 

harvested, after the indicated time, washed with PBS, and then lysed with Laemmli buffer 

(BioRad). Cell Lysates were resolved in 10% SDS-PAGE gels, transferred to PVDF 

membranes (BioRad). Blocking was done at 4°C overnight using TBST containing 5% 

skimmed milk, 3% BSA. Anti-pp65/RelA rabbit antibodies, from Cell Signaling 

Technology, was used followed by anti-rabbit-HRP-conjugated antibodies. Development 

step were done using ECL detection kit (Pierce Scientific). 

2.14 Statistical analysis 

Statistical analysis was carried out using MS-Excel from MS-Office application 

software. These analyses include the calculation of average, standard deviation, p-

values, and Chi-square. Student T-Test was used as the method of calculating p-values, 

and considered statistically significant when p-value is ≤ 0.05. Chi-square test was used 

for comparison of normoglycemia at 23 weeks of mice age. 
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3. OX40 SIGNALING IS REQUIRED FOR EX VIVO EXPANSION OF TREGS 
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3.1 Introduction 

In the context of conventional T cells, upon TCR stimulation, OX40L/OX40 

signaling has multiple roles: it acts as the co-signal required for T cell activation (Fig-3A), 

increases cytokine production by Teffs and prolongs their activation (136). This TCR-

associated OX40 stimulation is known to involve the activation of MAPK, PI3K, and AKT 

(117, 118). Additionally, OX40 signaling in the presence of TCR stimulation has been 

shown to induce activation of the NF-kB signaling pathway (94). Therefore, it is thought 

that the activation of OX40 upon TCR signaling increases self-reactivity via increasing the 

survival and expansion of self-reactive Teffs and, conversely blocking OX40L/OX40 

signaling could have the potential to prevent or treat experimental autoimmune diseases 

(129-131).  

In contrast, in the absence of antigen engagement (no TCR-stimulation), 

OX40L/OX40 interaction has been shown to activate NF-kB, without activation of the 

MAPK, PI3K, and AKT signaling pathways (Fig-3B) (94, 125). Additionally, OX40L/OX40- 

signaling have been shown by us and others to be critical for the proliferation and function 

of Tregs (66, 67, 132, 133). OX40 signaling is known to contribute to both Treg expansion 

and function based on the cytokine milieu (137). We have shown previously that G-

BMDCs, generated from BM precursor cells cultured in GM-CSF, preferentially expands 

Tregs when co-cultured with splenic CD4+ T cells (66). Futhermore, through transwell 

experiments and using G-BMDCs derived from MHC Class II-/- mice, we found this treg 

expansion to be TCR-independent, but contact-dependent and requires IL-2 

supplementation (66). Furthermore, we observed G-BMDC-induced Treg expansion 
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critically required the expression of OX40L (66) and Jagged-1 (67) on G-BMDCs. In 

support of our finding, it has been reported that OX40-/- and OX40L-over-expressing mice 

have decreased and increased Tregs respectively (68). Recently, we have shown that 

soluble OX40L and Jagged-1 treatment ex vivo and in vivo were capable of inducing Treg 

expansion (70). Treatment of 12-week age, pre-diabetic NOD mice, with soluble OX40L 

and Jagged-1 not only increased Tregs, but also delayed the onset of hyperglycemia in 

treated compared to untreated control mice (70). These studies further showed that 

OX40L primarily promoted Treg proliferation while Jagged-1 facilitated sustained 

expression of FoxP3. Therefore, in this study, I investigated the role of OX40L/OX40 

interaction and the phenotype and functionality of ex vivo and in vivo expanded Tregs. 

3.2 Experimental results 

3.2.1 OX40 signaling is indispensable for the induction of Treg proliferation by G-

BMDC. In multiple experimental autoimmune diseases, our lab and others have shown 

that GM-CSF-treatment can prevent the development of autoimmune diseases (59, 60, 

63, 138, 139). We found that tolerogenic dendritic cells, which are mobilized by GM-CSF 

treatment (59), induce the proliferation of Tregs. The increased IL-10 production by Tregs 

was found to cause the suppression of autoimmune diseases (61). Also, we have shown 

that G-BMDCs were capable of preferential induction of Foxp3+ Tregs proliferation upon 

ex vivo co-cultures (66). Furthermore, we found this Tregs proliferation required 

OX40L/OX40 signaling (66). 



43 
 

 

To further investigate the critical role of OX40L/OX40 signaling in the G-BMDCs 

induced preferential expansion of Tregs, we isolated splenic CD4+ T cells from WT mice 

and labelled these cells with CellTrace, a dye that is diluted by 50% following each cell 

division and is used as an indicator of cell division. We then subsequently co-cultured 

these CellTrace labelled CD4+ T cells with G-BMDCs, obtained from WT mice (WT-

BMDCs) in the presence or absence of blocking antibodies (Fig-4) and assessed for Treg 

proliferation. We used blocking antibodies against OX40L and another TNF-Superfamily 

member, TNFSF18, also known as GITRL which is implicated in T cell co-stimulatory 

function (140). We also used blocking antibodies against neuropilin-1, a cell surface 

molecule implicated in immunological synapse maintenance (141). Our results showed 

that only anti-OX40L antibodies had substantial amelioration of Treg proliferation induced 

upon co-culture with G-BMDCs (Fig-4). 

Fig-4: G-BMDC induced Treg proliferation was reduced in presence of 
anti-OX40L blocking antibodies. Splenic CD4+ T cells were isolated, 
CellTrace-labeled, co-cultured with G-BMDCs in the presence or absence of 
the indicated blocking antibodies. After five days, cells were harvested and 
analyzed by flow cytometry for Treg proliferation. 
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Subsequently, in order to determine the necessity of OX40L/OX40 signaling in G-

BMDC induced Treg expansion, we co-cultured CD4+ T cells isolated from the spleens of  

WT and OX4O-/- mice with WT-BMDCs (Fig-5A) and determind the effect on Treg 

proliferation. Contrary to the WT counterpart, Tregs isolated from OX40-/- mice showed a 

sever defect in proliferation capability (Fig-5A). As expected, when we analyzed the 

expression of OX40 on CD4+ T cells isolated from WT and OX40-/- mice, cells showed no 

expression of OX40 (Fig-5B) while almost all proliferating Tregs isolated from WT mice 

expressed OX40 (Fig-5C). 

Fig-5: OX40-KO Tregs showed impaired G-BMDC-induced proliferation. A-C) 
Splenic CD4+ T cells were isolated, CellTrace-labeled, and then co-cultured with G-
BMDCs. On 5d cells were harvested and stained for FACS. A) Representative dot plots 
(top) and summarization bar graphs (bottom) show Treg proliferation. B) Representative 
dot plots (top) and summarizing bar graphs (bottom) show the expression of OX40 on 
WT and OX40-KO CD4+T cells. C) Representative dot plots (top) and summarizing bar 
graphs (bottom) show the expression of OX40 on proliferating Tregs.  D) Splenic 
CD4+CD25+ T cells isolated from WT and OX40-KO mice, cultured in the presence of 
exogenous IL-2, with microbeads coated with anti-CD3/28, after 4 days cells were 
harvested and analyzed by flow cytometry for Treg proliferation. Representative dot plots 
(top) and summarizing bar graphs (bottom). * =P<0.05, ** = p<0.005, and *** = p<0.0005. 
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Furthermore, we investigated whether the failure of proliferation in Tregs isolated 

from OX40-/- mice upon co-culture with G-BMDCs could be overcome upon TCR-

stimulation. Therefore, we stimulated Tregs (CD4+CD25+), isolated from both WT and 

OX40-/- mice, with microbeads coated with anti-CD3 and anti-CD28, a common method 

of TCR stimulation (Fig-5D). Upon TCR-stimulation, Tregs isolated from OX40-/- mice 

proliferated as the WT counterpart (Fig-5D). These results showed that OX40 signaling 

is essential for G-BMDC-mediated Treg proliferation and not TCR stimulated Treg 

expansion. 

3.2.2 Ex vivo and in vivo expanded Tregs maintain their suppression phenotype 

and function. To investigate whether the induced proliferating Tregs sustained their 

suppression capability we studied the expression of known Treg phenotype markers on 

the G-BMDC-induced proliferating Tregs and compared the expression to resting Tregs. 

We used gene expression microarray to investigate the differential expression of targeted 

genes between proliferating and resting Tregs (NIH GEO; Accession No. GSE81051) 

(70).  Interestingly, genes whose proteins are known to correlate with Treg phenotype 

and function (e.g. Foxp3, CTLA-4, CD39, and CD44) were found to be upregulated in 

proliferating Tregs compared to resting (Fig-6A) (70). Also, all IL-2R (α, β and γ-chains) 

genes were upregulated in the proliferating Tregs indicating activation of IL-2 signaling, 

and we found increased expression of negative regulators of STAT5 activation such as 

SOCS1, SOCS3 and CISH, suggesting tight regulation of STAT5 expression, (Fig-6B) 

(70).  
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Furthermore, to confirm the gene expression array finding, we used flow cytometry 

to analyze the expression of CTLA4, Eos, and CD39, markers indicative of the 

suppressive phenotype of Tregs (Fig-7) (31, 32, 51, 83, 142). Compared to the resting 

Tregs, an increased proportion of proliferating Tregs sustain the expression of these 

markers (Fig-7). These results indicated that Tregs proliferated upon G-BMDCs co-

culture maintained their suppressive phenotype and, hence, likely their suppressive 

function.  

Secondly, to investigate whether this mechanism of Treg proliferation with 

increased suppressive markers could be reproduced in vivo, we treated 6-week old NOD 

Fig-6: Proliferating Tregs showed upregulation of genes suggesting 
its functional and phenotype fitness. Gene Microarray analysis of 
relative expression of mRNA between proliferating and resting Tregs. 
Heat maps showing positive relative upregulation in red presented in 
related groups. A) Tregs functional and phenotypic markers. B) IL-2-
related genes 
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mice with soluble OX40L or PBS, once a week for three weeks. After the fourth week 

mice were euthanized and organs harvested for analysis of Treg phenotype (Fig-8A).  Our 

analysis of the expression of suppressor function markers on Tregs showed that in the 

OX40L treated mice there is a substantial increase in Tregs that were positive for CD39 

and CD44, indicative markers of Treg stability and function (34, 143) (Fig-8B). To study 

the suppressive capability of in vivo expanded Tregs, we performed a Treg suppression 

assay using Tregs from OX40L treated mice. First, we isolated Teffs (CD4+CD25-) from 

untreated diabetic NOD mice, labelled them with CellTrace violet, and stimulated them 

with splenic APCs in the presence of anti-CD3. Tregs from the OX40L treated or untreated 

control mice were added to the Teffs-APCs mix in different ratios (Fig-8C & D) and the 

Fig-7: Ex vivo expanded Tregs maintain the phenotypic suppression 
function markers. Splenic CD4+ T cells isolated for NOD mice, CellTrace-
labeled, then co-cultured with G-BMDCs for 5 days then harvested and 
analyzed by flow cytometry for the indicated phenotypic markers. 
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suppression of Teff proliferation was assessed. As a result, we found that expanded Tregs 

isolated from OX40L treated mice showed comparable suppressive function to that of 

Tregs isolated from untreated control mice (Fig-8C & D). 

Fig-8: Tregs induced by OX40L-treatment in vivo maintained their 
suppressive function. NOD mice were injected i.p. with PBS or OX40L. In the 
fourth week mice were euthanized and organs harvested for investigation. A) 
Treatment scheme. B) Representative dot plots (top) and summarizing bar 
graphs show the percentage of Tregs and their CD39 (left) and CD44 (right) 
expression. C&D) Splenic Tregs from OX40L-treated and control mice were 
isolated then used in ex vivo suppression assay in different ratio with CellTrace-
labelled Teff isolated from diabetic mice in the presence of anti-CD3 and splenic 
DCs. C) summarizing bar graphs show the suppression of Teff-division. D) 
Representative histograms from data summarized in C are shown. * =P<0.05, ** 
= p<0.005, and *** = p<0.0005.   
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Furthermore, we investigated the capability of expanded Tregs induced by soluble 

OX40L-treatment to achieve in vivo suppression of autoimmune disease. In order to test 

this, we injected six-week old NOD mice with soluble OX40L or PBS, once a week for 

three weeks and monitored for disease progression. Blood glucose was measured weekly 

beginning at 10 weeks of age. At 23 weeks of age mice were euthanized and organs 

harvested for analysis (Fig-9A). Interestingly, while 80% of untreated mice (n=10) became 

hyperglycemic by 23 weeks of age (Fig-9B), only 33.3% of OX40L treated mice became 

Fig-9: OX40L-treatment delayed the onset of hyperglycemia in NOD mice. 
6-week old NOD mice were treated with PBS or OX40L and blood glucose was 
monitored each week. At 23 weeks of age mice were euthanized and organs 
harvested for analysis. A) OX40L treatment scheme B) Graph comparing 
development of hyperglycemia between OX40L treated and control groups. C) 
H&E stained pancreatic tissue sections from untreated and OX40L-treated NOD 
mice showing different degrees of lymphocytic infiltration and islet damage. D) 
Confocal microscopy of pancreatic tissue sections using anti-insulin antibody 
(Red=Anti-insulin, Blue=dapi).  
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hyperglycemic (p=0.04). H&E staining showed several intact islets in the OX40L treated 

group, however, the majority of the islets from the untreated control mice were severely 

infiltrated with lymphocytes (Fig-9C). Additionally, using confocal microscopy, we found 

that in the pancreata of OX40L treated mice there are several insulin positive islets, 

however, such islets were few in the untreated group (Fig-9D). Thus, our results suggest 

NOD mice treated with OX40L show an increase in Tregs (Fig-8B) which resulted in 

decreased lymphocyte infiltration and sustaining insulin production by pancreatic islets 

leading to delaying the onset of hyperglycemia (Fig-9). Collectively, these results 

suggested Tregs expanded in vivo through OX40L treatment did not lose their 

suppressive function. 

3.3 Discussion 

The importance of Treg expansion stems from the potential use of Tregs, which 

reached Phase I/Phase II in clinical trials, to treat autoimmunity and transplantation-

rejection (55-57). However, this usage of Tregs is based on the ex vivo expansion of 

Tregs for a cell therapy (55-57), which presents huge challenges which I have discussed 

earlier. Therefore, our TCR-independent but OX40L/OX40 signaling-dependent Treg 

expansion protocol is important and represent a potential ex vivo and in vivo Treg 

expansion protocol. OX40, which is constitutively expressed on Tregs, is the cognate 

receptor for OX40L (144). Since IL-2 is a critical factor for Tregs viability (145), OX40 and 

IL-2 receptor (i.e. CD25) constitutive co-expression on Tregs could be used to provide 

the specificity for this mechanism of Treg expansion. In support of our findings, a 

decrease in Treg population has been reported in OX40-/- mice and the contrast has been 
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observed in OX40L over-expressing mice with an increase in Treg cells (68). Therefore, 

we used blocking antibodies against OX40L, GITRL (a TNF superfamily member 

(TNFSF18) that implicated in co-stimulatory function) (140), and neuropilin-1(implicated 

in immune synapse maintenance) (141) to further confirm the necessity of OX40L/OX40 

signaling in Treg homeostasis. Anti-OX40L antibodies blocked Treg proliferation while 

both anti-GITRL and neuropilin-1 failed to do so which confirms the requirement of 

OX40L/OX40 interaction for Treg proliferation (Fig-4).  Also, we used splenic CD4+ T cells 

from OX40-/- mice, co-cultured them with G-BMDCs and further confirm that OX40L/OX40 

signaling is critical for G-BMDC-induced Treg expansion, but not Treg proliferation 

induced by TCR stimulation (Fig-5). Using microarray analysis to investigate differential 

regulation of gene expression between proliferating, induced by G-BMDCs, and resting 

Tregs, we found that dividing Tregs upregulate the expression of genes encoding Treg 

functional phenotype markers (Fig-6). Using flow cytometry analysis we confirmed the 

upregulation of the expression of some of these protein markers on the surface of 

proliferating Tregs (Fig-7). Finally, we established that OX40L-treatment in vivo, is 

capable of expanding Tregs and those in vivo expanded Tregs sustained their 

suppression function (Fig-8). 
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4. IN TREGS, PKC-Θ IS DISPENSABLE, FOR EX VIVO EXPANSION 

  



53 
 

 

4.1 Introduction 

In the presence of TCR stimulation, OX40 signaling in T cells can activate MAPK, 

PI3K (117), AKT (117, 118) and NF-kB signaling pathways (94). However, in the absence 

of TCR-signaling, OX40 stimulation can also result in NF-kB activation via the assembly 

of a signaling complex containing TRAF2 and PKC-ϴ (125). PKC-ϴ is a member of the 

family of serine/threonine kinases that participate in the regulation of differentiation and 

growth of a number of cell types (146). It was first cloned in 1993 from a cDNA library 

generated from human peripheral blood lymphocytes (146). Its expression is quite 

restricted and appears primarily in hematopoietic cells (146, 147). T cells, natural killer, 

mast cells, and platelets were found to express PKC-ϴ; however, B cells, monocytes, 

macrophages, neutrophils, and erythrocytes did not show detectable expression (147-

150). Based on homing organ, the expression level of PKC-ϴ in T cells could be high in 

thymus and lymph nodes, and low to undetectable in spleen and bone marrow, 

respectively (147-149). It has been shown that PKC-ϴ plays a critical role within the 

“immunological synapse”, during APC and T cell interaction that leads to TCR-induced T 

cell activation (151, 152). However, in the context of Tregs, PKC-ϴ deficient mice showed 

a decrease in the frequency of Treg in the periphery (153). Treg reduction in PKC-ϴ 

deficient mice could be explained to be possibly a consequence of Treg-intrinsic defect 

during their development in thymus and/or Treg-extrinsic defect because of IL-2 

insufficiency due to Teff IL-2-production (153, 154). Therefore, we wondered if PKC-ϴ 

has a role in G-BMDC-induced, TCR-independent Treg proliferation.  
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4.2 Experimental results 

4.2.1 PKC-ϴ-/- T cells showed defect in Tregs proliferation upon co-culture with G-

BMDCs. In the absence of antigen stimulation, OX40L/OX40 stimulation in T cells has 

been shown to induce the formation of signaling complex, or “signalosome”, which leads 

to activation of NF-kB signaling pathway (125). Among other components, TRAF2 and 

PKC-ϴ were shown to be critical parts of that signalosome (125).  Therefore, we 

hypothesized that PKC-ϴ could be an important component of OX40-mediated 

downstream signaling that leads to NF-kB activation in the absence of TCR-activation. In 

light of these prior outcomes, we investigated the role of PKC-ϴ in the Treg proliferation 

induced upon co-culture with G-BMDCs. If indeed PKC- ϴ was critical to OX40 mediated 

Fig-10: Tregs from PKC-ϴ-KO mice showed impaired proliferation 

when Total CD4+ T cells co-cultured with WT-BMDCs. Total CD4
+
 T-cells 

were isolated from the spleens of WT and PKC-ϴ-KO mice, CellTrace 
violet-labeled, then co-cultured with WT-BMDCs. Cells were harvested on 
day 5 and analyzed by flow cytometry for Treg proliferation. A) 
Representative dot plots of Treg proliferation. B) Summary bar graphs for 
proliferating Tregs. * =P<0.05, ** = p<0.005, and *** = p<0.0005. 
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downstream signaling in Tregs, we would expect to see no Treg proliferation in G-BMDC 

co-cultures in the absence of PKC-ϴ. We isolated splenic CD4+ T cells from both PKC-

ϴ-/- and WT mice and co-cultured them with G-BMDCs generated from WT mice (Fig-10A 

& B). As expected, PKC-ϴ-/- Tregs showed defective proliferation compared to their WT 

counterparts (55±7.4% vs 13.2±4.2% respectively), supporting our hypothesis that PKC-

ϴ might have a role in Treg proliferation induced by G-BMDCs co-culture (Fig-10A & B).  

4.2.2 PKC-ϴ-/- Tregs regain G-BMDCs-induced proliferation when supplemented 

with exogenous IL-2. Earlier we have shown that G-BMDCs generated from MHC Class 

II-/- mice bone marrow precursors were capable and efficient in inducing Treg proliferation 

implying that the process did not require canonical TCR-stimulation per se; but the 

induction of Treg proliferation required the supplementation with exogenous IL-2 (66). 

Fig-11: Exogenous IL-2 restore the capability of PKCϴ-KO Tregs to proliferate 

ex vivo. Splenic CD4
+
CD25

+
 Tregs isolated from WT, OX40-KO, and PKCϴ-KO 

mice, cultured alone, with WT-BMDCs or II-KO-BMDCs in the presence of 
exogenous IL-2. Cells were harvested after 4 days and analyzed by flow cytometry. 
A) Representative dot plots of Treg proliferation. B) Summary bar graphs for 
proliferating Tregs. * =P<0.05, ** = p<0.005, and *** = p<0.0005. 
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Since PKC-ϴ has been implicated in IL-2 production (155-157), we wanted to investigate 

whether a deficit in IL-2 production was the reason behind the markedly reduced 

proliferation of PKC-ϴ-/- Tregs. We isolated splenic Tregs (CD4+CD25+) from WT, PKC-

ϴ-/-, and OX40-/- mice, and then co-cultured them separately with WT G-BMDCs, or MHC 

class II-/- G-BMDCs in the presence of exogenous IL-2 (Fig-11A & B). We found that 

proliferation of OX40-/- Tregs were significantly decreased when co-cultured with either 

WT or MHC Class II-/- G-BMDCs (p<0.0005, p<0.05, respectively) compared to WT Tregs 

(Fig-11A & B). These results suggested that the requirement of OX40 signaling in the 

TCR-independent Treg proliferation by G-BMDCs could not be resolved by the addition 

of exogenous IL-2. However, PKC-ϴ-/- Treg proliferation were rescued to WT levels when 

supplement with exogenous IL-2, for both WT and MHC Class II-/- G-BMDCs co-cultures 

(Fig-11A & B). 

To further examine the role of IL-2 in PKC-ϴ-/- Treg proliferation phenotype, we 

isolated total splenic CD4+ T cells from WT, OX40-/-, and PKC-ϴ-/- mice then co- cultured 

them with WT or MHC class II-/- G-BMDCs with or without exogenous IL-2 (Fig-12A & B). 

As expected, the proliferation of Tregs from WT CD4+ T cells co-cultured with WT G-

BMDCs were efficient and comparable in the presence or absence of exogenous IL-2 

(Fig-12A & B). Also, these WT Tregs upon co-culture with MHC Class II-/- G-BMDCs 

regained efficient proliferation when supplemented with exogenous IL-2 (Fig-12A & B).  

Expectedly, Tregs from OX40-/- CD4+ T cells, maintained impaired proliferation compared 

to WT Tregs, when co-cultured with either WT or MHC class II-/- G-BMDCs in the presence 

or absence of IL-2 (Fig-12A & B). These data suggested that OX40 signaling is critical for 

Treg proliferation induced by G-BMDCs co-culture. On the other hand, Tregs from PKC-
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ϴ-/- CD4+ T cells co-cultured with WT or MHC Class II-/- G-BMDCs showed partially 

(24.8±3.1% vs 56.3±5.2% in WT) and fully (1.2±0.7% vs 18.0±8.6% in WT) impaired 

proliferation, respectively.  Interestingly, this proliferation defect in PKC-ϴ-/- Treg was 

Fig-12: Addition of IL-2 to total CD4+ T cells co-cultured with either 
WT or class II-KO G-BMDCs rescue the PKCθ-KO Treg phenotype, 
restore their ex vivo proliferation. Total WT, OX40-KO and PKCθ-KO 
splenic CD4+ T cells, isolated and CellTrace-labeled, were co-cultured with 
either WT-BMDCs or II-KO-BMDCs in the presence or absence of 
exogenous IL-2. After 5 days cells were harvested and analyzed by flow 
cytometry for Treg proliferation. A) Representative dot plots of Treg 
proliferation. B) Summary bar graphs for proliferating Tregs. * =P<0.05, ** 
= p<0.005, and *** = p<0.0005.  
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mostly restored in both co-cultures when supplemented with exogenous IL-2 (Fig-12A & 

B). Collectively, these data suggested that PKC-ϴ is not a critical requirement for the 

downstream signaling of OX40 in Treg proliferation.  

4.2.3 The role of PKC-ϴ in Treg proliferation induced by G-BMDCs co-culture is in 

IL-2 production by Teff cells. Since exogenous IL-2 restored the proliferation of PKC-

ϴ-/- Tregs in G-BMDC co-cultures, we suspected that PKC-ϴ deficiency may restrict IL-2 

production by Teffs in these co-cultures. However, WT Teffs do not have such restrictions 

and therefore support the proliferation of WT Tregs without addition of exogenous IL-2. 

To verify this possibility we decided to see if a mix of WT Teff with PKC-ϴ-/- Tregs can 

support Treg proliferation in G-BMDC co-cultures without addition of exogenous IL-2. We 

therefore isolated splenic Tregs (CD4+CD25+) and Teffs (CD4+CD25-) from WT, OX40-/- 

and PKC-ϴ-/- mice, re-mixed them in various combinations, co-cultured them with WT or 

MHC Class II-/- G-BMDCs, and then harvested them for the measurement of Treg 

proliferation.  

First we studied the proliferation of WT Tregs co-cultured with WT-BMDCs in the 

presence of Teffs from WT, OX40-/- or PKC-ϴ-/- mice.  In the presence of OX40-/- Teffs, 

the proliferation of WT Tregs were comparable to that of WT Tregs/WT Teffs combination 

(Fig-13A). This suggested that OX40 signaling in Teff did not play any role in IL-2 

production. However, the proliferation of WT Treg was significantly (p<0.05) decreased 

in the presence of PKC-ϴ-/- Teffs compared to WT Tregs and WT Teffs co-cultures (Fig-

13A). These data suggested the involvement of PKC-ϴ in the IL-2 production by Teffs 

(Fig-13A).  
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To further investigate and establish that the main defect in PKC-ϴ Teffs was 

related to IL-2 production by Teff cells, we co-cultured Teffs isolated from WT, OX40-/-, or 

PKC-ϴ-/-  mice with WT Tregs and MHC Class II-/- G-BMDCs in the presence of 

exogenous IL-2 (Fig-13B). Interestingly, Tregs isolated from WT mice, co-cultured with 

Fig-13: PKCθ-KO Tregs proliferate robustly when co-cultured in the 
presence of WT Teffs despite the absence of exogenous IL-2. Splenic Tregs 
(CD4+CD25+) were isolated from WT, OX40-KO, and PKCθ-KO mice then 
labeled with CellTrace violet  followed by remixing with Teffs (CD4+CD25-) from 
their own counterpart and the other two cell subtypes as indicated. 
Subsequently, remixed T-cells were co-cultured with WT-BMDCs or II-KO-
BMDCs + IL-2, after 4 days cells were harvested and analyzed by flow cytometry. 
A&B) representative dot plots (left) and summary bar graphs (right) show the 
percentage of proliferating Tregs when WT Tregs remixed with either WT Teffs, 
OX40-KO Teffs or PKC-θ-KO Teffs then co-cultured with WT-BMDCs (A) or II-
KO-BMDCs (B). C&D) representative dot plots (left) and summarizing bar 
graphs (right) show the percentage of proliferating Tregs when OX40-KO or 
PKC-θ-KO Tregs remixed with WT Teffs then co-cultured with WT-BMDCs (C) 
or II-KO-BMDCs (D). * =P<0.05, ** = p<0.005, and *** = p<0.0005.  
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MHC Class II-/- G-BMDCs in the presence of exogenous IL-2, proliferated efficiently and 

were comparable despite the presence of either WT, OX40-/- or PKC-ϴ-/- Teffs in the co-

culture (Fig-13B). These data supported our prior hypothesis and suggested that the main 

involvement PKC-ϴ in G-BMDC induced Treg proliferation is related to IL-2 production 

by Teffs (Fig-13B).  

In a complementary experiment, we investigated the ability of Tregs isolated from 

PKC-ϴ-/- mice to proliferate efficiently when co-cultured in the presence of WT Teffs (Fig-

13C & D). PKC-ϴ-/- Tregs proliferate efficiently and comparable to Tregs isolated from 

WT mice in the presence of either WT (Fig-13C) or MHC Class II-/- G-BMDCs 

supplemented with IL-2 (Fig-13D). This data demonstrated that PKC-ϴ-/- Tregs are 

intrinsically competent to proliferate upon TCR-independent induction by G-BMDCs co-

culture. In contrast, Tregs isolated from OX40-/- mice failed to proliferate efficiently and 

showed a large reduction compared to PKC-ϴ-/- mice-derived Tregs proliferation. The 

OX40-/- Tregs proliferation-failure was also observed upon co-cultured with WT Teffs in 

the presence of MHC-II-/- G-BMDCs with IL-2 supplementation (Fig-13D). Collectively, 

these data further suggested that G-BMDC-induced Treg-proliferation is OX40 signaling-

dependent, and that dependence is intrinsic to Tregs; while PKC-ϴ may be involved in 

the production of IL-2 by effs in G-BMDC co-cultures which in turn is critical for Treg 

proliferation.  

4.2.4 PKC-ϴ is dispensable for OX40L treatment mediated Treg-expansion in vivo. 

To further investigate the role of PKC-ϴ in OX40 signaling in the in vivo context, we 

injected (i.p.) soluble OX40L three times—one dose per week—into WT, OX40-/- and 
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PKC-ϴ-/- mice, one week after the last treatment mice were euthanized and organs were 

harvested for analysis (Fig-14A). WT and PKC-ϴ-/- mice treated with OX40L showed an 

increase in Treg percentage among splenic CD4+ T cells compared to their untreated 

Fig-14: Treatment of PKCθ-KO mice with soluble OX40L increased 
Tregs. WT, OX40-KO, and PKCθ-KO mice were injected i.p. with PBS or 
OX40L. In the fourth week mice were euthanized and organs harvested for 
investigation. A) OX40L treatment scheme. B) Representative dot plots (top) 
and summary bar graphs (bottom) show the percentage of splenic Tregs from 
total CD4+ T cells. C) Representative dot plots (top) and summarizing bar 
graphs (bottom) show the percentage of thymic Tregs from total CD4+ T cells. 
* =P<0.05, ** = p<0.005, and *** = p<0.0005.  
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control counterparts (Fig-14B). However, OX40L-treated OX40-/- mice showed no change 

in Treg percentage (Fig-14B). Furthermore, we found an increase in Treg percentage 

among thymic CD4+ T cells in WT and PKC-ϴ-/- mice treated with OX40L compared to 

their untreated control counterparts, but that similar increase in Treg percentage were 

absent in the case OX40-/- treated mice (Fig-14C). Therefore, the shortfall in IL-2 

requirement in vitro is not a limiting factor for the proliferation of Tregs in vivo in PKC-ϴ-/- 

mice; likely due to some unknown compensatory mechanism. In conclusion, these data 

are in agreement with our ex vivo data and further suggest that OX40L/OX40-signaling-

induce Treg proliferation is OX40-dependent but PKC-ϴ-independent. 

4.3 Discussion 

In contrast to the well-established concept of adaptive Treg induction via 

TCR/TGF-β dependent manner (158), Treg development and T cell activation in MHC 

Class II-TCR-independent manner have been reported (159). Also, stimulation of CD28 

(160) in the absence of TCR signal, the most investigated co-stimulatory molecule 

associated with TCR signaling, has been shown to enhance T cell viability (161) and 

cytokine production (162). Interestingly, CD28 activation in the absence of TCR signaling 

is able to induce NF-kB activation (163). Similarly, TCR-independent OX40 activation has 

been shown to induce assembly of a signalosome, in which PKC-ϴ is a critical 

component. This signalosome leads to NF-kB activation and enhancement of T cell 

viability and proliferation (125). Therefore, we tested whether a similar mechanism was 

involved in G-BMDC/OX40L induced Treg proliferation. 
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We isolated splenic CD4+ T cells from PKC-ϴ deficient mice and investigated if 

they had exhibited defective Treg proliferation. Although PKC-ϴ-/- Tregs in total CD4-

BMDC co-culture showed inability to proliferate efficiently (Fig-10), isolated PKC-ϴ-/- 

Tregs could be efficiently proliferate when supplemented with IL-2 (Fig-11 and Fig-12). 

We therefore concluded that PKC-ϴ may not be intrinsically required by Tregs for their 

proliferation, but may be involved in the production of IL-2, a critical survival factor for 

Tregs which is generally produced by Teffs. While PKC-ϴ-/- Tregs proliferated at 

comparable levels to WT Tregs in the presence of WT Teffs or with the addition of 

exogenous IL-2, OX40-/- Tregs failed to proliferate even in the presence of WT Teffs or 

exogenous IL-2 (Fig-13). Additionally, in vivo treatment of WT and PKC-ϴ-/- mice with 

soluble OX40L resulted in a robust increase in Treg percentages, however, the same 

treatment failed to induce any increase in Treg percentages in OX40-/- mice (Fig-14). 

These data suggested that PKC-ϴ was dispensable for the OX40-dependent Treg 

expansion ex vivo and in vivo. 

  



64 
 

 

 

 

 

 

 

 

 

 

5. OX40 SIGNALING, IN TREGS, ACTIVATES NF-KB AND RECRUITS TRAF1 
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5.1 Introduction 

 OX40L is a T-cell co-stimulatory molecule and can induce the activation of 

different signaling cascades including MAPK, PI3K/AKT (117), and NF-kB (94) signaling 

pathways along with primary TCR-stimulation (Fig-3A). OX40-deficient CD4+ T cells were 

shown to have impaired NF-kB activation associated with reduced levels of anti-apoptotic 

molecules like BCL-2 and poor survival as well. In addition, restoration of NF-kB signaling 

rescued their ability to sustain the expression of BCL-2 and survival (94, 164). 

Furthermore, OX40 signaling has been shown to regulate the activation of PI3K and AKT 

both of which are upstream activators of mTOR (94, 118) in the presence of TCR 

activation.  

On the other hand, in the absence of TCR-ligation (Fig-3B) OX40 signaling induces 

formation of a signaling complex consisting of PKC-ϴ, TRAF2/TRAF3/TRAF5, IKKα, 

IKKβ, and IKKγ that leads to the phosphorylation of IKKα and IKKβ and activation of NF-

kB  (94, 125).  However, these studies were performed on effector T-cells, whereas we 

have observed selective activation of OX40 signaling in Tregs, but not on Teff cells. In 

addition, it is not clear whether OX40L can activate cell-signaling pathways other than 

NF-kB in the absence of TCR activation, which in turn can regulate the Treg proliferation.  

Therefore, we decided to study the downstream signaling mechanisms activated upon 

OX40L/OX40 ligation which leads to selective Treg expansion. 
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5.2 Experimental results 

5.2.1 NF-kB signaling pathway is involved in G-BMDC-induced ex vivo Treg 

proliferation. At first, we investigated the key signaling pathways activated during   G-

BMDC-induced Treg proliferation. Total CD4+ T cells or CD4+CD25+ Tregs from NOD 

mice were pre-treated with kinase inhibitors targeting the EGFRK, p38 MAPK, PKC, PI3K 

and IKK2 (NF-kB) signaling pathways then washed followed by co-culturing with G-

BMDCs. Treg co-cultures supplemented with exogenous IL-2 to compensate for lack of 

IL-2 production from Teff cells. As shown in Fig-15, among the various inhibitors tested, 

IKK2 kinase inhibitor ameliorated Treg proliferation in both CD4+ T cells as well as 

CD4+CD25+ Treg co-cultures supplemented with IL-2. These data suggested that G-

BMDC-induced Treg proliferation involved activation of the NF-kB signaling.  

Fig-15: IKK2 kinase inhibitor ameliorates G-BMDC-induced Treg proliferation. Total 

CD4
+
  (Bottom panel) or CD4

+
CD25

+
 T cells (Top panel) isolated from NOD mice spleen 

were CellTrace violet-labeled, pre-treated with indicated kinase inhibitors for six hours 
cells. Cells were washed, and co-cultured with G-BMDC for five days. Cells were harvested 
analyzed by flow cytometry for Tregs proliferation. 
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To further clarify the importance of NF-kB signaling in the G-BMDC-induced, TCR-

independent Treg proliferation, we studied the phosphorylation of key components of NF-

kB signaling such as RelA (pRelA) and RelB (pRelB) in WT, PKC-ϴ-/- and OX40-/- Tregs 

upon co-culturing with MHC Class II-/- G-BMDCs and IL-2 supplementation. After 1, 2, 3, 

and 5 days of cultures cells were harvested and analyzed for the levels of RelA and RelB 

phosphorylation by flow cytometry using mean fluorescence intensity (MFI). The MFI 

analysis showed substantial upregulation of pRelA, and pRelB in WT Tregs compared to 

OX40-/- Tregs in all the time points tested (Fig-16A & B). Additionally, we observed 

Fig-16: Involvement of NF-kB signaling pathway in Treg proliferation induced by G-
BMDCs. A&B) WT and OX40-KO splenic CD4+ T cells, isolated, CellTrace violet-labeled, 
and co-cultured with II-KO-BMDCs in presence of exogenous IL-2. A) After 1, 2, and 3 
days cells were harvested and analyzed by flow cytometry for the MFI of the indicated 
molecules. B) After five days cells were harvested and analyzed by flow cytometry, top 
representative overlay histograms, bottom bar graphs summarizing the MFI of the 
indicated molecules. C) WT, OX40-KO and PKC-ϴ-KO splenic CD4+ T-cells, isolated, 
CellTrace-labeled, then co-cultured with II-KO-BMDCs in presence of exogenous IL-2. 
After 24hrs, cells were harvested and analyzed by flow cytometry. * =P<0.05, ** = 
p<0.005, and *** = p<0.0005. 
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significant down-regulation of RelA and RelB phosphorylation in OX40-/- Tregs when 

compared to WT and PKC-ϴ-/- Tregs co-cultured in the presence of MHC Class II-/- G-

BMDCs and IL-2 supplementation (Fig-16C). Taken together, these data suggest that 

OX40 signaling can induce NF-kB activation in absence of TCR-stimulation, which could 

be a critical driver of Treg proliferation.  

5.2.2 Convergence of NF-kB and STAT5 signaling likely leads to selective TCR-

independent Treg proliferation. NF-kB activation has been shown to be an important 

mediator of OX40 signaling in T cells in the absence of TCR-stimulation (125), and our 

results (Fig-15 &16) also suggested an integral role for NF-kB activation in Treg 

proliferation induced by OX40L/OX40 signaling in the absence of TCR-stimulation. 

Furthermore, a TCR-independent pathway has already been suggested to be involved in 

the development nTregs (165, 166). Therefore, to further investigate the role OX40-NF-

kB and IL-2/STAT5 signaling in Treg proliferation in the context of ex vivo treatment of 

thymocytes with soluble OX40L in the presence of exogenous IL-2, we stimulated WT 

thymocytes with soluble OX40L in the presence of IL-2 and studied Treg proliferation, 

activation of NF-kB signaling molecules (RelA and RelB), and activation of STAT5, a well-

established signaling molecule activated by phosphorylation downstream of IL-2 signaling 

(Fig-17). We found that soluble OX40L significantly increased Treg proliferation 

compared to IL-2 alone control (Fig-17A) along with simultaneous increase in the 

phosphorylation of NF-kB subunits RelA and RelB (Fig-17B).  
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Further, our western blot analysis also confirmed time dependent increase in the 

phosphorylation of NF-kB-RelA induced by OX40L in thymocytes (Fig-17C). IL-2 induced 

STAT5 activation in thymic Tregs has been shown to play a key role in the regulation of 

Fig-17: Ex vivo treatment with soluble OX40L induced Treg proliferation 
in thymocytes. A & B) WT thymocytes were CellTrace violet labeled then 
cultured with or without OX40L in the presence IL-2. Cells were harvested after 
5 days and analyzed. A) Representative dot plots (left) and summarizing bar 
graphs (right) show the percentage of proliferating Tregs. B) Bar graphs show 
the Mean Fluorescent Intensity (MFI) of pRelA (left) and pRelB (right) in Tregs 
(CD4+Foxp3+).  C) Western blot analysis of pRelA activation by OX40L in ex 
vivo thymocyte cultures. D) WT thymocytes were cultured in the presence of 
no stimuli, IL-2 alone, OX40L alone or IL-2+OX40L. After 24hr cells were 
harvested for analysis. Summarizing bar graphs show the MFI of pSTAT5 in 
Tregs (CD4+Foxp3+). * =P<0.05, ** = p<0.005, and *** = p<0.0005. 
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Foxp3 expression in thymocytes. Therefore, we analyzed STAT5 phosphorylation by flow 

cytometry and we found that the phosphorylation of STAT5 was substantially upregulated 

Fig-18: NF-kB signaling molecules phosphorylation found to be 
upregulated in Tregs upon G-BMDCs co-culture compared to TCR 
stimulation. A) Splenic CD4+ T cells isolated from WT mice, co-cultured with 
either anti-CD3/anti-CD28-coated microbeads or II-KO-BMDCs in the presence 
of exogenous IL-2. Cells were harvested after 2, 3, and 4 days and analyzed by 
flow cytometry. B) Splenic CD4+ T cells isolated from WT and OX40-KO mice, 
co-cultured with II-KO-BMDCs in presence exogenous IL-2. After 5 days cells 
were harvested and analyzed by flow cytometry. * =P<0.05, ** = p<0.005, and 
*** = p<0.0005. 
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by OX40L/IL-2 treatment compared to untreated thymocytes at 24h (Fig-17D). Taken 

together, these results suggested that activation of NF-kB and STAT5 signaling pathways 

induced by OX40L-IL-2 could act in synergy to drive Treg proliferation with sustained 

Foxp3 expression in the absence of TCR stimulation. 

5.2.3 Increased NF-kB activation in G-BMDC-induced Tregs compared to TCR-

stimulated Tregs. Previous studies have shown activation of MAPK, PI3K/AKT/mTOR 

(117, 167), and NF-kB signaling pathways (94) in T-cells upon TCR activation when CD28 

co-stimulation provided. As shown in Fig-3B, OX40 signaling also forms a signaling 

complex which can lead to the phosphorylation of IKKα and IKKβ and activation of NF-

KB in the absence of TCR stimulation (94, 125). Therefore, we setup an experiment to 

investigate the differential activation of MAPK, PI3K/AKT/mTOR, and NF-kB signaling 

pathway in Tregs expanded by TCR-stimulation (anti-CD3 + anti-CD28) vs TCR-

independent G-BMDC stimulation. We isolated CD4+ T cells from the spleen of WT mice 

and cultured with either MHC Class II-/- G-BMDCs or with microbeads coated with anti-

CD3 and anti-CD28 monoclonal antibodies in the presence of exogenous IL-2 for 2-4 

days. Interestingly, we observed increased Foxp3 expression in Tregs expanded with 

MHC Class II-/- G-BMDCs compared to TCR-stimulated Tregs (Fig-18A). In addition, 

phosphorylation of NF-kB signaling pathway molecules (IKBα, RelA, and RelB) were 

significantly upregulated in MHC Class II-/- G-BMDCs expanded Tregs compared to anti-

CD3 and anti-CD28 expanded Tregs (Fig-18A) at indicated time points. Also, the 

expression of the anti-apoptotic molecule BCL-2 whose expression has been shown to 

correlate with the activation of NF-kB (94, 164) was upregulated in MHC Class II-/- G-

BMDCs expanded Tregs (Fig-18A).  These data suggested that the G-BMDCs were 
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capable of expanding Tregs and maintaining their viability (BCL-2), potentially through 

activating NF-kB and sustaining their Foxp3 expression in a more efficient manner 

compared to anti-CD3/CD28 induced TCR-stimulation.  

Furthermore, we observed increased phosphorylation of ERK1/2 and AKT in anti-

CD3/anti-CD28 expanded Tregs compared to G-BMDC-induced Tregs (Fig-18A) at 

indicated time intervals. However, our results showed no change in mTOR 

phosphorylation other than day 3, between anti-CD3/anti-CD28 stimulation and G-BMDC-

induction (Fig-18A).  To further investigate the MAPK and PI3K/AKT/mTOR pathways in 

the context of OX40 signaling, we isolated splenic CD4+ T cells from WT and OX40-/- mice 

then co-cultured them with MHC Class II-/- G-BMDCs with exogenous IL-2 

supplementation. After five days, cells were harvested and analyzed by flow cytometry 

(Fig-18B). Phosphorylation of ERK1/2 and AKT were substantially more in Tregs isolated 

from OX40-/- mice compared to WT Tregs (Fig-18B). On the other hand, phosphorylation 

of mTOR was upregulated in WT Tregs compared to OX40-/- Tregs (Fig-18B). However, 

the phosphorylation of S6, downstream target of mTOR complex 1 (mTORC1), showed 

no notable change between the WT and OX40-/- Tregs (Fig-18B). Collectively, these data 

suggested a possible regulatory role for OX40 signaling in the activation of MAPK and 

PI3K/AKT signaling pathways. 

5.2.4 OX40 likely recruits TRAF1 to drive TCR-independent Treg proliferation in a 

Treg specific manner. To further investigate the signaling pathways activated in Tregs 

upon G-BMDC induction, we sorted resting and proliferating Tregs (CD4+CD25+) from G-

BMDC co-cultures. Total RNA isolated from these Tregs were subjected to microarray 

analysis (NIH GEO; Accession No. GSE81051) (70). Interestingly, among the TNF-
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receptor superfamily members, OX40, 4-1BB, and GITR showed substantial upregulation 

and TNFR2, showed moderate upregulation in proliferating compared to resting Tregs 

(Fig-19A; i). BCL10 and RIPK1, components of signaling complex downstream of OX40 

signaling (94, 125), were also found to be upregulated in proliferating Tregs (Fig-19A; ii). 

Members of TNF receptor super family, including OX40, are known to form a signaling 

complex which can lead to the activation of NF-kB. TRAF-family members (TRAF1-7) 

play an important role in this NF-kB activation. Differential gene expression analysis 

showed substantial upregulation of TRAF1 in proliferating Tregs compared to resting 

Tregs (Fig-19A; iii). Among the cell cycle regulators, we found CDK1 (Fig-19B) and cyclin 

Fig-19: Proliferating Tregs showed upregulation of TNFRSF genes including 
OX40. Gene Microarray analysis of relative expression of mRNA expression 
between proliferating and resting Tregs. Heat maps showing positive relative 
upregulation in red presented in related groups. (First part of experiment shown 
in Fig-6). A) TNF-superfamily Receptors (i), OX40-signalosome molecules (ii), 
TRAFs (iii), and NF-kB pathway molecules (iv). B) CDKs C) cyclins. 
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D2 (Fig-19C) upregulation in proliferating Tregs. It is pertinent to mention here that, cyclin 

D2 has been shown to stimulate cell cycle progress in resting T cells after activation by 

NF-kB (168). Also, the ability of CDK1 to interact with all cyclins, including cyclin D2, and 

promote cell cycle progression despite the absence of other CDKs, has already been 

shown (169). Therefore, OX40 signaling could involve TRAF1 mediated NF-kB activation, 

followed by cyclin D2 expression and CDK1 activation leading to Treg proliferation. 

To further study the possibility of TRAF1 involvement in OX40 signaling and Treg 

proliferation, we analyzed the mRNA expression of TRAFs (1-7) using quantitative real-

time-PCR (qRT-PCR) in freshly isolated WT splenic Tregs (CD4+CD25+) compared to 

TABLE-I PRIMER SEQUENCE FOR QRT-PCR 

Target gene primer Sequence 

TRAF1 
Forward 5’- AGG GTG GAA TTA CAG CAA -3' 

Reverse 5’- GCA GTG TAG AAA GCT GGA GAG -3' 

TRAF2 
Forward 5’-AGA GAG TAG TTC GGC CTT TCC -3' 

Reverse 5’- GAG CAT CCA TCA TTG GGA CAG -3' 

TRAF3 
Forward 5’-AGA CCC GAG AAA ACC GTC G -3' 

Reverse 5’- CTC CTT TTG AGG AAC TGT AGC TG -3' 

TRAF4 
Forward 5’- CCC GGC TTC GAC TAC AAG TTC-3' 

Reverse 5’- TCA GGG CAT TTG AAG ACT CCT-3' 

TRAF5 
Forward 5’- TTT GAG CCC GAC ACC GAG TA -3' 

Reverse 5’- AGA GAC CGG ATG CAC TGC T -3' 

TRAF6 
Forward 5’- AAA GCG AGA GAT TCT TTC CCT -3' 

Reverse 5’- ACT GGG GAC AAT TCA CTA GAG C -3' 

TRAF7 
Forward 5’- GAC CAG GAT GGA AAC CTT T -3' 

Reverse 5’- AAT AGG CAA GGG TGC TAG AGG -3' 
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freshly isolated WT splenic Teffs (CD4+CD25+). Mouse TRAF1-7 specific primers used 

for the qRT-PCR are shown in (Table-I). Interestingly, and in consistence with what has 

been shown for human Tregs (170), TRAF1 was found to be preferentially overexpressed 

in Tregs compared to Teffs (Fig-20A).  

Additionally, to investigate the association of TRAF1 with OX40 during 

OX40L/OX40 interaction, we isolated CD4+ T cells from the spleen of WT mice then 

cultured them in the presence or absence of soluble OX40L with IL-2 supplementation. 

Cells were subsequently harvested and stained with fluorescent-coupled antibodies for 

Foxp3, OX40, and TRAF1 and were analyzed for the recruitment of TRAF1 in OX40 

signaling complex. Using ImageJ co-localization software, we found that TRAF1 and 

OX40 were co-localized in Foxp3+Tregs stimulated with OX40L compared to unstimulated 

Tregs (Fig-20B).  Collectively, these data suggested that OX40 signaling complex is likely 

to involve TRAF1, leading to NF-kB activation and proliferation of Tregs. 

5.3 Discussion 

G-BMDC-induced Treg proliferation has two unique properties that distinguish it 

from canonical TCR activation and proliferation of T cells (3). Firstly, it preferentially 

induces the expansion of Foxp3+ Tregs. Additionally, this expansion is induced in a MHC-

II/TCR-independent manner. Furthermore, earlier we have shown that OX40 signaling is 

critical for this G-BMDC-induced Treg proliferation. OX40 and other TNFR superfamily 

members signaling involve TRAF family of proteins (113, 116). TRAF proteins family 

members TRAF2, TRAF3, and TRAF5 have been shown to associate with OX40 for 

signal transduction (119-124). In the context of TCR-independent signaling, OX40L/OX40 
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activation was shown to induce the formation of a signalosome which activate NF-kB 

signaling (94, 125). We therefore used kinase inhibitors (Fig-15) and OX40 deficient cells 

(Fig-16) to investigate NF-kB signaling activation downstream of OX40L/OX40 interaction 

Fig-20: TRAF1 expression is upregulated in Tregs and is co-localized with 
OX40 upon OX40L treatment. A) Tregs (CD4+CD25+) and Teffs (CD4+CD25-) 
isolated from WT mice spleen. RNA isolated and subjected to cDNA synthesis 
followed by quantitative Real-Time-PCR for differential TRAFs mRNA expression. 
B) CD4+ T-cells isolated from WT mice spleen, cultured in the presence of IL-2 with 
or without OX40L. After 48hr cells were harvested and stained for confocal 
microscopy analysis. ImageJ software is used to measure the median intensity of 
merged colors between OX40-red and TRAF1-green. * =P<0.05, ** = p<0.005, and 
*** = p<0.0005. 
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in G-BMDC-induced Treg expansion phenotype. Our results suggested that G-BMDCs 

induced Treg proliferation is mediated via OX40/OX40L induced NF-kB activation in the 

absence of TCR stimulation (Fig-15 and Fig16). 

It is relevant to mention here that a TCR-independent mechanism of nTreg 

development in the thymus has already been suggested (165, 166). Autoreactive Treg 

progenitors have been suggested to be rescued from apoptosis in the thymic medulla by 

IL-2R/STAT5-dependent, but TCR-independent mechanism (171). To further investigate 

this possible mechanism, we cultured WT thymocytes supplemented with IL-2 with or 

without OX40L. Thymocyte cultures treated with OX40L in the presence of IL-2 showed 

substantial increase in Treg proliferation and also upregulation of p-RelA, p-RelB, and 

phospho-STAT5 compared to untreated control (Fig-17). These results suggested that 

NF-kB activation could be a conserved mechanism of TCR-independent proliferation 

between splenic and thymic Tregs.  

In the presence of TCR activation, OX40 signaling induces the activation of MAPK, 

PI3K (117), AKT (117, 118), and NF-kB (119). However, in the absence of TCR- activation 

OX40-signaling has been shown to activate NF-kB (94, 125) to maintain the survival of T 

cells. However, it is not clear whether other signaling pathways such as MAPK and 

PI3K/AKT are also activated by OX40L in the absence of TCR activation. Therefore, we 

further investigated that by comparing signaling pathways activated between WT Tregs 

induced to proliferate either by G-BMDC co-culture or anti-CD3/anti-CD28 coated 

microbeads (Fig-18). Tregs co-cultured with G-BMDCs showed significant upregulation 

of Foxp3 and phosphorylation of NF-kB molecules, but downregulation of phosphorylation 

of AKT and ERK. Interestingly, in OX40 deficient Tregs, we found increased 
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phosphorylation of AKT and ERK compared to WT Tregs (Fig-18). These data suggest 

that, in the context of G-BMDC-induced Treg proliferation, OX40 signaling might down 

regulate AKT and ERK activation. However, it is not clear if down regulation of AKT/ERK 

might in turn regulate Treg proliferation or not. 

Next, we examined the possible molecular mechanims underlying G-BMDC 

induced Treg proliferation. We compared the gene expression profile between 

prolferating and resting Tregs and found upregulation of TNF receptor family members 

OX40, 4-1BB, GITR, and TNFR2 mRNA expression in proliferating Tregs (Fig-19). 

Interestingly, OX40, 4-1BB, GITR, and TNFR2 are encoded by genes located on the 

same chromosome in both human and mouse (172, 173). It also appears that these genes 

coordinately upregulated via TNFR2 activation (174). Therefore, the OX40-activation 

downstream signaling in Tregs could be similar to the well-established 4-

1BB/GITR/TNFR2 induced mechanisms involved in Treg expansion (89, 91). 

Furthermore, our microarray data showed upregulation of members of OX40 signalosome 

such as  BCL10 and RIPK1, TRAFs, and NF-kB genes and as expected cell cycle-related 

molecules CDK1 and cyclin D2 (Fig-19).  

During T cell activation, TRAF2 and TRAF5 are usually associated with OX40 

signaling leading to NF-kB activation (119), however, in the case of 4-1BB (175) and 

TNFR2 (123, 125) NF-kB activation involved TRAF1. Interestingly, we found substantial 

upregulation of TRAF1 mRNA in Tregs compared to Teffs (Fig-20). Additionally, we 

observed an increase in the association between OX40 and TRAF1 in Tregs when 

supplemented with OX40L (Fig-20). Therefore, our results suggest a possible novel 

OX40/TRAF1 interaction might be involved in the G-BMDC-induced Treg proliferation. 
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6. Conclusion 

Because of the potential use of Tregs in the treatment of autoimmune diseases 

and transplantation-rejection, investigating Tregs induction and proliferation became a 

very important area of research (55-57). However, these have been cell-based therapy 

approaches, which is based on purification and in vitro expansion of Tregs followed by 

re-transfusion back to patients (55-57). Therefore, these protocols face huge challenges 

such as the purity of Treg isolation in absence of Treg-specific surface markers. Further, 

these protocols are limited to in vitro use because Treg expansion is based on TCR 

stimulation, which could induce the proliferation of all T cells. The TCR-independent Treg-

preferential expansion phenotype described by our lab is very important and could lead 

to the development of an ex vivo and in vivo Treg expansion protocol.  

We have found that anti-OX40L blocking antibodies could block Treg proliferation 

induced by G-BMDCs compared to control, also, blocking antibodies against other TNF 

superfamily members failed to block Treg proliferation. This confirmed the critical role that 

OX40L/OX40 signaling has in G-BMDC-induced Treg expansion (Fig-4).  Further, splenic 

CD4+ T cells from OX40-/- mice co-cultured with G-BMDCs failed to proliferate like their 

WT counterpart, further confirming that OX40L/OX40-stimulation is vital for G-BMDC-

induced Treg proliferation (Fig-5). Additionally, using TCR-induced proliferation we found 

that OX40-/- Treg proliferate to a degree comparable to WT counterpart (Fig-5). Microarray 

analysis of differential regulation of gene expression between proliferating and resting 

Tregs showed expression upregulation of genes encoding Treg functional phenotype 

markers in expanding Tregs (Fig-6). Further, flow cytometry analysis confirmed the 

protein expression upregulation of some of these markers on the proliferating Tregs (Fig-
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7). Furthermore, using OX40L in vivo treatment, we established that the in vivo expanded 

Tregs maintained their suppression function (Fig-8 and Fig-9). 

Treg induction and development of Treg through TCR/TGF-β dependent manner 

(158) and Treg development and T cell activation in MHC Class II-TCR-independent 

manner have been intensively studied (159). The induction of NF-kB activation by CD28, 

the most investigated co-stimulatory molecule associated with TCR signaling (161, 162), 

stimulation in the absence of TCR signaling has been reported (163). Comparable to that, 

in the absence of TCR signaling OX40 stimulation has been shown to form a signalosome 

with PKC-ϴ as a critical component; this signaling complex leads to NF-kB activation and 

augmentation of T cell viability and expansion (125).  

Using splenic CD4+ T cells from PKC-ϴ-/- mice, we found that in total CD4-BMDC 

co-culture Tregs lost the ability to proliferate efficiently (Fig-10), however, IL-2 

supplementation restored Treg proliferation (Fig-11 and Fig-12). Therefore, we 

hypothesized that PKC-ϴ may be dispensable intrinsically for Treg proliferation, but may 

be involved in IL-2 production by Teffs. We found that PKC-ϴ-/- Tregs proliferate 

comparable to WT Tregs upon co-culture in the presence of WT Teffs or exogenous IL-2 

(Fig-13). Contrarily, OX40-/- Tregs could not proliferate efficiently even in the presence of 

WT Teffs or exogenous IL-2 (Fig-13). Furthermore, in vivo treatment of WT and PKC-ϴ-/- 

mice with soluble OX40L induced substantial increase in Treg percentages, but the same 

treatment did not induce any increase in Treg percentages in OX40-/- mice (Fig-14). These 

data demonstrated that PKC-ϴ was dispensable for the preferential OX40-dependent 

Treg expansion ex vivo and in vivo. 
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TNFR superfamily members, including OX40, signaling involve TRAF protein 

family members (113, 116). TRAF2, TRAF3, and TRAF5 have been shown to be involved 

downstream of OX40 signal transduction (119-124). In the absence of TCR-stimulation, 

OX40L/OX40 signaling was shown to cause the assembly of signaling complex that led 

to NF-kB signaling activation (94, 125).  

In the context of G-BMDC-induced Treg proliferation, using kinase inhibitors (Fig-

15) and OX40-/- cells (Fig-16) we found that OX40 signaling in the absence of TCR 

stimulation likely activates NF-kB. A mechanism of TCR-independent nTreg development 

in thymus has already been suggested (165, 166). Autoreactive Treg precursors have 

been suggested to be rescued from apoptosis in thymic medulla by an IL-2R/STAT5-

dependent, but TCR-independent mechanism (171). We found that thymocytes cultures 

supplemented with OX40L showed substantial upregulation of Treg proliferation, 

phospho-RelA, phospho-RelB, and phospho-STAT5 compared to IL-2 alone (Fig-17). 

These data suggested that NF-kB activation is a conserved mechanism of TCR-

independent proliferation between splenic and thymic Tregs.  

OX40 signaling induces activation of MAPK, PI3K (117), AKT (117, 118), and NF-

kB (119) in the presence of TCR stimulation. But in absence of TCR signaling, OX40 

activation induces the assembly of signaling complex that activate NF-kB (94, 125). We 

found that Tregs from MHC Class II deficient mice co-cultured with G-BMDCs showed 

upregulation of Foxp3 and phosphorylation of NF-kB molecules, but downregulation of 

phosphorylation of AKT and ERK as compared to TCR-stimulated Tregs (Fig-18). 

Interestingly, OX40 deficient cells, when used in the same experimental setup, showed 

upregulation of AKT and ERK phosphorylation in deficient Tregs compared to their WT 
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counterpart (Fig-18). These data suggest that OX40 signaling induced by G-BMDCs 

might have downregulation role on AKT and ERK activation in proliferating Tregs. 

The microarray analysis compared gene expression in proliferating versus resting 

Tregs showed upregulation of OX40, 4-1BB, GITR, and TNFR2 mRNA (Fig-19).  OX40, 

4-1BB, GITR, and TNFR2 are encoded by genes located on the same chromosome in 

both human and mouse (172, 173), and they also appear be coordinately upregulated 

through TNFR2 activation (174). Therefore, the downstream signaling of OX40 in Tregs 

could be similar to the well-established 4-1BB/GITR/TNFR2 induced mechanisms 

involved in Treg expansion (89, 91).  

TRAF2 and TRAF5 are usually associated with OX40 signaling leading to NF-kB 

activation during T cell activation (119), but TRAF1 is involved in 4-1BB (175) and TNFR2 

(123, 125) NF-kB activation. Interestingly, we found that TRAF1 mRNA in Tregs were 

substantial upregulated compared to Teffs (Fig-20). Additionally, cultures supplemented 

with OX40L showed increase in the association between OX40 and TRAF1 in Tregs 

compared to non-supplemented (Fig-20). Therefore, these data suggest a possible novel 

OX40/TRAF1 interaction might be involved in the G-BMDC-induced, TCR-independent 

Treg proliferation. 

In summary, using cells from OX40-/-, we confirmed the important role of 

OX40L/OX40 interaction in Treg expansion. We demonstrated that PKC-ϴ is dispensable 

for OX40L-induced TCR-independent Treg expansion ex vivo and in vivo. Finally, our 

data indicated a possible involvement of TRAF1, downstream of OX40, in Tregs. 
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