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Abstract 

CD4+ T cells play a crucial in the adaptive immune system. They function as the 

central hub to orchestrate the rest of immunity: CD4+ T cells are essential governing 

machinery in antibacterial and antiviral responses by facilitating B cell affinity 

maturation and coordinating the innate and adaptive immune systems to boost the 

overall immune outcome; on the contrary, hyperactivation of the inflammatory lineages 

of CD4+ T cells, as well as the impairments of suppressive CD4+ regulatory T cells,  are 

the etiology of various autoimmunity and inflammatory diseases. The broad role of 

CD4+ T cells in both physiological and pathological contexts prompted me to explore the 

modulation of CD4+ T cells on the molecular level. 

microRNAs (miRNAs) are small RNA molecules capable of regulating gene 

expression post-transcriptionally. miRNAs have been shown to exert substantial 

regulatory effects on CD4+ T cell activation, differentiation and helper function. 

Specifically, my lab has previously established the function of the miR-17-92 cluster in 

Th1 differentiation and anti-tumor responses. Here, I further analyzed the role of this 

miRNA cluster in Th17 differentiation, specifically, in the context of autoimmune 

diseases. Using both gain- and loss-of-function approaches, I demonstrated that 

miRNAs in miR-17-92, specifically, miR-17 and miR-19b in this cluster, is a crucial 

promoter of Th17 differentiation. Consequently, loss of miR-17-92 expression in T cells 
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mitigated the progression of experimental autoimmune encephalomyelitis and T cell-

induced colitis. In combination with my previous data, the molecular dissection of this 

cluster establishes that miR-19b and miR-17 play a comprehensive role in promoting 

multiple aspects of inflammatory T cell responses, which underscore them as potential 

targets for oligonucleotide-based therapy in treating autoimmune diseases.  

To systematically study miRNA regulation in effector CD4+ T cells, I devised a 

large-scale miRNAome profiling to track in vivo miRNA changes in antigen-specific 

CD4+ T cells activated by Listeria challenge. From this screening, I identified that miR-

23a expression tightly correlates with CD4+ effector expansion. Ectopic expression and 

genetic deletion strategies validated that miR-23a was required for antigen-stimulated 

effector CD4+ T cell survival in vitro and in vivo. I further determined that miR-23a 

targets Ppif, a gatekeeper of mitochondrial reactive oxygen species (ROS) release that 

protects CD4+ T cells from necrosis. Necrosis is a type of cell death that provokes 

inflammation, and it is prominently triggered by ROS release and its consequent 

oxidative stress. My finding that miR-23a curbs ROS-mediated necrosis highlights the 

essential role of this miRNA in maintaining immune homeostasis.  

A key feature of miRNAs is their ability to modulate different biological aspects 

in different cell populations. Previously, my lab found that miR-23a potently suppresses 

CD8+ T cell cytotoxicity by restricting BLIMP1 expression. Since BLIMP1 has been found 

to inhibit T follicular helper (Tfh) differentiation by antagonizing the master 
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transcription factor BCL6, I investigated whether miR-23a is also involved in Tfh 

differentiation. However, I found that miR-23a does not target BLIMP1 in CD4+ T cells 

and loss of miR-23a even fostered Tfh differentiation. This data indicate that miR-23a 

may target other pathways in CD4+ T cells regarding the Tfh differentiation pathway. 

Although the lineage identity and regulatory networks for Tfh cells have been 

defined, the differentiation path of Tfh cells remains elusive. Two models have been 

proposed to explain the differentiation process of Tfh cells: in the parallel differentiation 

model, the Tfh lineage is segregated from other effector lineages at the early stage of 

antigen activation; alternatively, the sequential differentiation model suggests that naïve 

CD4+ T cells first differentiate into various effector lineages, then further program into 

Tfh cells. To address this question, I developed a novel in vitro co-culture system that 

employed antigen-specific CD4+ T cells, naïve B cells presenting cognate T cell antigen 

and BAFF-producing feeder cells to mimic germinal center. Using this system, I were 

able to robustly generate GC-like B cells. Notably, well-differentiated Th1 or Th2 effector 

cells also quickly acquired Tfh phenotype and function during in vitro co-culture, which 

suggested a sequential differentiation path for Tfh cells. To examine this path in vivo, 

under conditions of classical Th1- or Th2-type immunizations, I employed a TCRβ 

repertoire sequencing technique to track the clonotype origin of Tfh cells. Under both 

Th1- and Th2- immunization conditions, I observed profound repertoire overlaps 

between the Teff and Tfh populations, which strongly supports the proposed sequential 
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differentiation model. Therefore, my studies establish a new platform to conveniently 

study Tfh-GC B cell interactions and provide insights into Tfh differentiation processes. 
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1. Introduction 

The adaptive immune system is one of the most sophisticated biological systems 

in mammals. Emerging from the first jawed fish 460 million years ago, the adaptive 

immune system encompasses enormous functionality that allows all jawed vertebrates, 

including mammals, to survive and thrive. 

The complexity of the adaptive immune system can be attributed to both diverse 

repertoires of specificities and diverse lineages with specialized functions. CD4+ T cells 

play central roles in adaptive immunity; they are named helper T cells and actively 

participate in multiple arms of immune responses. CD4+ T cells can interact with B cells 

to promote humoral immunity, provide cytokines for CD8+ T cell memory 

establishment and license DCs for enhanced antigen presentation. Depletion of this 

single cellular subset can lead to profound immune deficiencies and severe 

complications (Moir et al., 2011). However, aberrant activation of CD4+ T cells is also 

associated with inflammatory diseases and autoimmunity.  

Both the effector functionality as well as pathogenicity of CD4+ T cells makes 

them a compelling subject to study. Insights into CD4+ T cells are crucial to solving the 

puzzles in a variety of human diseases. In this chapter, I will focus on the recent findings 

regarding CD4+ T cell effector functions and follicular helper responses. I will also 

review the regulation of CD4+ T cells, particularly by a group of molecules called 

miRNAs. 
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1.1 CD4+ T cell effector responses 

1.1.1 CD4+ T cell expansion and contraction after antigen stimulation 

The life of CD4+ T cells is comprised of a series of intricate events. CD4+ T cells 

are initially generated from hematopoietic stem cells in the bone marrow, refined in the 

thymus by positive and negative selection and matured in the peripheral secondary 

lymphoid tissues. They execute their function in the periphery, where CD4+ T cells enter 

their effector life after stimulation and commence their functions. 

Conventionally, mature CD4+ T cells are stimulated by antigen presenting cells 

(APCs). Upon T cell receptor (TCR) engagement with antigenic peptides loaded on the 

APCs, CD4+ T cells undergo a series physiological changes. Signaling wise, TCR 

signaling, in combination with secondary signals from CD28-B7 ligation, induces the 

rapid influx of Ca2+ and the elevation of reactive oxygen species (ROS), which serve as 

secondary messengers to trigger molecular cascades in CD4+ T cells (Devadas et al., 

2002; Lewis, 2001). In the transcription factor level, NFAT is fully activated to direct the 

expression of genes regulating cell proliferation (Macian, 2005). Simultaneously, the NF-

κB and AP-1 are activated to transcribe genes essential for cell survival (Herndon et al., 

2001; Smith-Garvin et al., 2009). The activation state of CD4+ T cells is also accompanied 

by alterations in metabolic status, in which the metabolism of activated CD4+ T cells is 

shunted from oxidative phosphorylation to glycolysis (Greiner et al., 1994; MacIver et 
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al., 2013). All these traits give rise to drastic cell cycle propagation in activated CD4+ T 

cells, the speed of which reaches 10 hours per generation (Gudmundsdottir et al., 1999). 

In vivo, the rapid proliferation of activated CD4+ T cells corresponds to the 

expansion phase, in which a single CD4+ T cell clone can generate more than 10,000 

daughter cells. This rapid expansion is required to generate adequate numbers of CD4+ 

T cells to combat pathogens. However, CD4+ T cells employ effective measures to 

prevent this exponential expansion from overwhelming. Programed cell death is the key 

mechanism to limiting T cell numbers after activation. In a process called activation-

induced cell death (AICD), activated T cells express the cell death receptor FAS to 

induce cell apoptosis. Intriguingly, accompanying its function in promoting cell cycle 

entry, TCR signaling can also directly drive the expression of FAS (Park et al., 1996), 

setting up a suicidal program in T cells upon their activation. In addition to the FAS-

induced extrinsic apoptosis pathway, T cell death is also regulated by the intrinsic 

apoptosis pathway. The mitochondria and BCL2 family proteins play critical roles in the 

intrinsic pathway. Mitochondria serve as the reservoir of cytochrome C, which, upon 

pro-apoptotic BAX and BAK engagement, can release cytochrome C into the cytosol and 

trigger apoptosis. This process is repressed by anti-apoptotic BCL2, which guards 

mitochondrial integrity by inhibiting BAX/BAK activities (Czabotar et al., 2014). 

Although apoptosis is considered the major type of cell death in CD4+ T cells, 

another form of cell death—necrosis—is emerging in the field. Unlike apoptosis, 
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necrosis is generally a form of caspase-independent cell death (McIlwain et al., 2013). 

Although it was previously believed that necrosis is stochastic, recent findings 

suggested that, similar to apoptosis, necrosis can be programmed, but it utilizes 

different pathways to proceed (Vandenabeele et al., 2010). To date, the mechanism of 

necrosis in CD4+ T cells has not been explicitly studied, but a general understanding of 

necrosis suggests the complementary nature between necrosis and apoptosis: caspase-8, 

the most important downstream effector of FAS-induced apoptosis, is also a silencer of 

necrosis (Oberst et al., 2011; Varfolomeev et al., 1998). When FADD, a casepase-8 

upstream factor is removed, T cells undergo dramatic necrosis starting from the thymic 

double negative stage (Osborn et al., 2010). Therefore, it can be speculated that necrosis 

serves as an innately active mechanism to restrict CD4+ T cell overgrowth when 

apoptosis is absent. 

After the peak response, CD4+ T cells enter the contraction phase with prevailing 

cell death. The few cells that survive through the contraction phase form the pool of 

memory CD4+ T cells. Memory formation is a hallmark of adaptive immunity since it 

prepares the host organism against future invasions. In contrast to CD8+ T cells, the 

molecular regulation for memory CD4+ T cell generation remain elusive. It was 

implicated that both TCR affinity and cytokine environment contribute to CD4+ memory 

formation (Baumgartner et al., 2012; Kanegane and Tosato, 1996; McHeyzer-Williams 
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and Davis, 1995). A better understanding of the CD4+ memory response can be vital to 

long-term T cell immunity induction in the clinic. 

1.1.2 CD4+ T cell functional differentiation 

Beyond life and death, one of the most critical features of effector CD4+ T cells is 

their differentiation capacity. It was originally found that CD4+ T cells isolated from 

different immunization conditions exhibit highly disparate identities. The Th1 vs. Th2 

dichotomy was first established to describe CD4+ T cells secreting different sets of 

cytokines. Th1 cells mainly produce interferon gamma (IFN-γ) and Th2 cells produce IL-

4, IL-5 and IL-13 (Cherwinski et al., 1987; Mosmann et al., 1986). Later studies re-defined 

the Th1 and Th2 populations based on their master transcription factors T-bet and 

GATA3, respectively (Zhu et al., 2010). The discovery of CD4+ T cell differentiation 

paved new avenues to the understanding of diverse CD4+ T cell functions: Th1 cells are 

associated with anti-viral responses and Th2 cells with anti-parasitic responses. Last 

decade, the finding of Th17 cells added another member to the effector CD4+ T cell 

family (Langrish et al., 2005; Park et al., 2005). The Th17 cell is a unique CD4+ T cell 

subset with predominant expression of IL-17 and the master transcription regulator 

RORγt (Ivanov et al., 2006). Th17 cells provide potent protection against fungi, since IL-

17 can stimulate epithelial cells to recruit neutrophils to infection sites. However, more 

studies discussed the pathological side of Th17 cells—Th17 cells are frequently found in 

autoimmune settings because of the inflammatory characteristics of IL-17 (Korn et al., 
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2009). Recently, more CD4+ subsets, such as Th9 and Th22 cells, were proposed based on 

their cytokine secretion profiles (Eyerich et al., 2009; Noelle and Nowak, 2010), but their 

true identities have been debatable due to the lack of lineage-defining transcription 

factors. 

1.1.3 CD4+ T cell functions in infectious diseases 

As an element of the adaptive immune system, one major role of CD4+ T cells is 

to protect the host against pathogen invasions. Conventional wisdom has emphasized 

the role of CD8+ T cells in cellular immunity, while the protective effect of CD4+ T cells 

has generally been overlooked. 

In fact, the effectiveness of CD8+ T cells in anti-infection is highly dependent on 

CD4+ T cells. In the original work performed by Belz and colleagues, in a model of HSV 

infection, MHC-II-deficient mice that lacked CD4+ T cells exhibited highly-diminished 

antigen-specific CD8+ T cell expansion (Smith et al., 2004). The enhancement effect from 

CD4+ T cells could be attributed to a process called dendritic cell (DC) licensing. During 

the response, DCs can present antigens to CD4+ T cells, and receive signals from CD40-

CD40L ligation. This signaling event upregulates co-stimulatory molecules on DCs to 

enable effective CD8+ priming. 

Intriguingly, in an influenza infection model, CD4+ T cells were not required for 

the primary response of CD8+ T cells, but rather for CD8+ memory formation (Belz et al., 

2002). A similar phenotype was obtained in an LCMV infection model (Sun et al., 2004). 
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The inconsistency of CD8+ memory formation in CD4+-deficient animal models 

indicates that DC licensing may not represent a general mechanism during viral 

infections, and that it is likely that the virus-specific epitope determines whether DC 

licensing is eligible in the CD8+ priming stage. Nevertheless, all three models showed 

that CD4+ T cells are required for CD8+ memory maintenance and recall response. CD4+ 

production of IL-2 was postulated to participate in CD8+ memory establishment due to 

its pro-survival role (Kurts et al., 2010). However, autocrine IL-2 could also be expressed 

by activated CD8+ T cells, although whether it is insufficient to sustain CD8+ cells or that 

CD4+ T cells could provide additional signaling cues to promote CD8+ memory remains 

to be clarified. 

During viral infections, apart from augmenting the CD8+ arm, CD4+ T cells have 

also been shown to perform cytotoxicity and commit direct killing. In an earlier study by 

Houssaint and colleagues, it was found that an Epstein-Barr virus (EBV)-transformed B 

cell line could be efficiently lysed by autologous CD4+ T cell lines (Landais et al., 2004). 

Cytokine profiling of these reactive CD4+ T cells indicated strong association with the 

Th1 phenotype, with around 90% cells avidly expressing IFN-γ. The EBV epitope 

identified in this study was a viral lytic protein restricted to a subtype of HLA-DR. The 

cytolytic activity of CD4+ T cells was also evident in several other cases of EBV infection 

(Misko et al., 1984; Paludan et al., 2002; Su et al., 2001). While these reports 

conceptualized CD4+ lytic activity, they were mostly demonstrated in EBV infections, 
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where B cells behave as target cells as well as professional APCs. A study conducted by 

Walker and colleagues indicated that the anti-viral activity of CD4+ T cells exists beyond 

EBV infection situations. By tracking the dynamic responses of both CD8+ and CD4+ T 

cell populations after Hepatitis A virus (HAV) infection, they found that the kinetics of 

HAV-specific CD4+ T cells, rather than HAV-specific CD8+ T cells, are more closely 

correlated with viremia clearance (Zhou et al., 2012). The multi-cytokine production 

ability of CD4+ T cells was used to explain the control of virus replication, but it cannot 

exclude the mechanism that CD4+ T cells mounted a killing effect on virus-infected 

hepatocytes remains unclear. Intuitively, hepatocytes are not antigen presenting cells 

and are devoid of MHC-II expression. Therefore it is unlikely that CD4+ T cell can 

directly engage with hepatocytes. However, this statement could be subverted since the 

inflammatory environment was found to greatly upregulate MHC-II in hepatocytes 

(Dienes et al., 1987; Franco et al., 1988), which fits into the situation of acute HAV 

infection. Not coincidentally, MHC-II expression on cells with non-hematopoietic 

origins can be found in a variety of experimental settings (Kreisel et al., 2010; Mulder et 

al., 2011; Thelemann et al., 2014), which provide a broad range of potential targets for 

the CD4+ T cell cytolytic activity. 

 The antibacterial effect of CD4+ T cells has mostly been studied in conjunction 

with CD8+ T cells. Listeria monocytogenes is a gram-positive bacterial species and the 

direct cause of listeriosis. Being a bona fide human pathogen and a well-defined model 
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bacterium for infectious diseases, immune interactions against Listeria have been 

extensively studied. Similar to viral infections, Listeria clearance is considered to be 

controlled by CD8+ T cells with assistance from CD4+ T cells. In a study by Shen and 

colleagues, however, the overall effectiveness of CD4+ T cells in Listeria control was 

questioned (Shedlock et al., 2003). In essence, they found that, in the absence of CD4+ T 

cells (CD4-/- or MHC-II-/- context), CD8+ T cell activation and memory maintenance was 

intact. However, Shen’s experimental system was based on a recombinant Listeria strain 

expressing LCMV epitope gp33. Furthermore, the conclusions from this study is 

premature due to the lack of authentic Listeria clearance data, especially in the memory 

phase, and CD4+ T cells may still play indispensable role in the overall Listeria control. 

The dynamics of the native Listeria-specific CD4+ T cell response was detailed by 

Mittrücker and colleagues, in which they showed great CD4+ T cell expansion and 

modest effector cytokine expression in spleen and liver depending on the route of 

Listeria administration (Kursar et al., 2002). A more recent study by Perelson and 

colleagues provided comprehensive information on dominant CD4+ T cell clones during 

the anti-Listeria response. Two Listeria-specific TCR transgenic mouse strains, LLO118 

and LLO56, were created and showed robust CD4+ T cell activation and memory 

establishment (Graw et al., 2012; Weber et al., 2012). Overall, it is highly likely that CD4+ 

T cells are still critical in Listeria control, but the mechanism requires further study. 
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Another important role of CD4+ T cells lies in containing helminth infection. 

Different from viral and bacterial infections, CD4+ T cells mainly adopt a Th2 phenotype 

in anti-helminth responses. No evidence suggests that CD4+ T cells can directly inhibit 

helminth growth, and they instead depend on eosinophils to commit terminal effector 

functions; IL-5 expressed by Th2 cells is a potent inducer of eosinophil expansion and 

functions. In the absence of Th2 cytokines, helminth propagation is drastically 

augmented (McKenzie et al., 1998). Besides eosinophils, Th2 cells have also been found 

to enhance the function of other innate immune populations, such as mast cells and 

macrophages, to exert defensive effects (Anthony et al., 2007). 

1.1.4 The role of CD4+ T cells in autoimmune diseases 

Although CD4+ T cells are vital in building the defense against infections, they 

are frequently found to be the major pathologic cell population in many autoimmune 

diseases. Understanding the etiology of pathologic CD4+ T cell subsets can pinpoint 

therapeutic development in these diseases. 

Multiple sclerosis (MS) is a widely-distributed autoimmune disorder in which 

myelin of the central nervous system (CNS) is destructed by immune cells (Dendrou et 

al., 2015). Patients with MS usually have advanced immune cell infiltration into the 

central nervous system accompanied by inflammation and loss of oligodendrocytes. To 

date, no medical intervention can effectively cure MS, and patients receiving first-line 

therapies suffer from disease relapse. A genome-wide association study suggests that 
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the risk of MS is strongly associated with certain HLA loci, more specifically, HLA-DR 

and HLA-DQ (Compston and Coles, 2008). This finding strongly suggests that CD4+ T 

cells are one of the most important mediators of MS. 

However, the subset of CD4+ T cells responsible for MS onset has been fiercely 

debated. The experimental autoimmune encephalomyelitis (EAE) model is a commonly-

used animal model that mimics MS; mice are immunized with myelin oligodendrocyte 

glycoprotein to stimulate autoreactive T cells, and the pathological outcome of this 

model can faithfully represent MS in human patients. With this model, important 

progress has been made regarding the pathology of CD4+ T cells. It was previously 

believed that Th1 cells were the primary inducers of EAE, as Th1-associated IFN-γ and 

TNF-α are inflammatory cytokines known to induce tissue damage (Ando et al., 1989; 

Waldburger et al., 1996; Yura et al., 2001). More solid support came from the notion that 

treatment with an antibody against IL-12 (a strong inducer of Th1 differentiation) 

significantly abrogates EAE development in mice (Leonard et al., 1995). However, a 

report from Rostami and colleagues confounded the theory around Th1 cells, as Il12a 

deficiency could not mitigate EAE progression (Gran et al., 2002), and the antibody used 

in the earlier study had specificity against IL-12B. This conundrum was finally solved by 

Cua and colleagues. They found that IL-12B composes a subunit of a novel cytokine, IL-

23, which is directly linked to the induction of EAE (Cua et al., 2003), and so was a 
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newly-discovered member of the CD4+ T cell family, Th17 cells (Langrish et al., 2005; 

Park et al., 2005). 

Th17 cells are named based on their unique ability to produce IL-17. 

Interestingly, the original finding of IL-23 being crucial for Th17 differentiation was soon 

challenged. Stockinger and colleagues found that in vitro Th17 differentiation can occur 

even if IL-23 is blocked and naïve T cells do not express IL-23 receptors (Veldhoen et al., 

2006; Zhou et al., 2007). Instead, IL-6 and TGF-β were determined to be the major 

cytokines driving Th17 differentiation (Zhou et al., 2007). This seemingly paradoxical 

situation was resolved as people found that Th17 differentiation can be segregated into 

two phases: IL-6 and TGF-β are important for initial Th17 commitment, while IL-23 

functions through the Th17 maintenance phase (Stritesky et al., 2008). The lineage 

characteristics of Th17 cells was comprehensively studied by Littman and colleagues 

(Ivanov et al., 2006). They defined Th17 cells as a distinct CD4+ subset featuring the 

master transcription factor RORγt, and overexpressing RORγt alone in CD4+ T cells 

could promote IL-17 expression. Additionally, other pathways including STAT3 and 

mTOR signaling were also found to be crucial for Th17 differentiation (Delgoffe et al., 

2011; Harris et al., 2007). With advances in systems biology, the transcriptional network 

of Th17 cells was drawn (Ciofani et al., 2012), providing valuable information on Th17 

regulation and functions. 
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Although the biology of Th17 differentiation has been adequately studied, 

detailed mechanisms in IL-17-induced tissue damages remain unclear. It was shown that 

IL-17 could directly affect precursor oligodendrocytes to inhibit their stemness and 

regeneration after damage (Kang et al., 2013b). Other reports were focused on the ability 

of IL-17 to disrupt the blood-brain barrier, allowing more immune populations to 

infiltrate the CNS (Huppert et al., 2010). The more conventional understanding of IL-17 

is that it triggers target cells to release the secondary chemokines IL-8, CXCL1 and CCL2 

to attract neutrophils and monocytes to the site of inflammation (Park et al., 2005; 

Sebkova et al., 2004). All these data suggest that antagonizing IL-17 could be an effective 

means to treat MS.  

The pathological role of Th17 cells is not limited to MS, but applies to a wide 

range of diseases. Inflammatory bowel disease (IBD) is another example involving Th17 

cells. The gastrointestinal (GI) tract is a complicated system involving host epithelium, 

host immune populations and commensal microbiota. As the microbiome contains 

foreign antigens, a certain immune equilibrium is achieved in the GI tract to balance 

between immune activation and tolerance. Under IBD conditions, the immune balance is 

perturbed. Th17 cells represent the major destructive population in IBD, which was 

strongly supported by human genetic studies demonstrating a strong association 

between polymorphisms in IL-23 pathways and IBD susceptibility (Duerr et al., 2006; 

Khor et al., 2011). In a mouse model of IBD, Il23a/Il23b null hosts had reduced Th17 
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differentiation and were protected from colitis induction (Hue et al., 2006). Intriguingly, 

in the same study, IL-23 deficiency also reduced IFN-γ expression in T cells. Indeed, 

IFN-γ deficiency led to impaired colitis development in both T cell transfer models and 

chemically-induced colitis models (Ito and Fathman, 1997; Ito et al., 2006). What is more 

interesting is that IL-17 depletion antibodies failed to protect mice from developing 

colitis, whereas IL-17 blockade in combination with IL-6 blockade efficiently ameliorated 

the disease (Yen et al., 2006).  

While the differentiation path of Th17 cells has been clarified, the 

aforementioned data raised questions again on the contributions of Th1 and Th17 cells to 

autoimmunity. Several studies regarding the pathogenic Th17 sub-population shed 

some light on this controversy. Different from conventional Th17 cells, pathogenic Th17 

cells were characterized by the co-expression of T-bet and RORγt (Ghoreschi et al., 2010; 

Lee et al., 2012; Yang et al., 2009). On the cytokine level, pathogenic Th17 cells secrete 

both IFN-γ and IL-17 and are the major contributors for autoinflammation (Ahern et al., 

2010). These findings reconciled well with the earlier finding that Tbx21 null mice were 

protected from autoimmunity (Bettelli et al., 2004; Neurath et al., 2002), and also 

explained the impaired T cell IFN-γ expression in Il23a/Il23b mice (Hue et al., 2006). 

It is worth noting that Th1 and Th17 cell-mediated autoimmune disease is never 

the full story. The versatility of CD4+ T cells preludes their involvement in multiple 

immunological contexts. Therefore, it is unlikely that a universal curative approach 



 

15 

exists for all CD4+-related disorders. More advanced techniques and knowledge of 

CD4+ T cells are certainly essential to solve the puzzles in autoimmunity. 

1.2 Function of CD4+ T cells in germinal center responses 

1.2.1 Lineage commitment of T follicular helper cells 

The functional specificity of differentiated CD4+ T cells allows them to exert 

controls over various immune responses. The paradigm of CD4+ T cell differentiation 

was first established in 1980s from the discovery of Th1 and Th2 dichotomy (Mosmann 

et al., 1986). As mentioned in Chapter 1.1.4, the addition of Th17 cells to the list updated 

my understanding of CD4+ T cell anisotropy. Besides their effector identities, one most 

prominent trait of CD4+ T cells is their participation in humoral responses, or more 

specifically, providing help for B cells. 

Actually, the requirement of T cells in humoral immunity has long been 

characterized. In early 2000, reports from multiple groups defined a new CD4+ T cell 

subset residing in the B cell follicles in human tonsils (Breitfeld et al., 2000; Kim et al., 

2001; Schaerli et al., 2000). These cells highly express CXCR5, a chemokine receptor for 

CXCL13. The abundance of CXCL13 in B cell follicles explains the peculiar localization 

of these CD4+ T cells which were then named T follicular helper (Tfh) cells. The more 

precise identity of Tfh cells was revealed in 2009, when three independent groups 

determined BCL6 as the lineage-specializing transcription factor for Tfh cells (Johnston 

et al., 2009; Nurieva et al., 2009; Yu et al., 2009). BCL6 is a transcriptional repressor that 
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antagonizes the transcriptional regulation of BLIMP1, which is essential to drive 

terminal differentiation of effector CD4+ T cell (Johnston et al., 2009). Additionally, BCL6 

can directly antagonize T-bet and GATA3 to keep CD4+ T cells away from Th1 or Th2 

lineages. Tfh differentiation and function are dependent on a critical cytokine–IL-21. A 

study from Dong and colleagues found that Il21 null mice had significantly reduced Tfh 

differentiation (Nurieva et al., 2008). Tfh cells highly express IL-21 receptor, which 

constitutes a feed-forward loop for augmented IL-21 production. Moreover, IL-21 

produced by Tfh cells can also promote germinal center B cell development (Linterman 

et al., 2010). Besides the soluble cytokines, differentiation of Tfh cells also depends on 

cell contact-based ICOS signaling. For CD4+ T cells, the ICOS ligand (ICOSL) 

stimulation is provided by DCs during the initial antigen priming, and by B cells in the 

germinal center reaction. (Choi et al., 2011; Nurieva et al., 2008). ICOS signaling can 

induce IL-21 transcription and Tfh cells fail to develop in Icos null mice (Akiba et al., 

2005). The molecular mechanism behind the expression of CXCR5, the original marker 

and molecule guiding the directional mobility of Tfh, was uncovered in 2014: Dong and 

colleagues found Achaete-Scute Family BHLH Transcription Factor 2 (ASCL2), an E-box 

binding transcription factor, being the crucial mediator for CXCR5 transcription (Liu et 

al., 2014b). 

Although BCL6, ICOS, and CXCR5 constituted the molecular characteristics of a 

differentiated Tfh cells, the lineage identity and differentiation process of Tfh cells has 
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always been controversial. Debates firstly arose around the intimacy between Th2 and 

Tfh cells. IL-4 is the signature cytokine for Th2 cells, yet this cytokine can promote 

germinal center B cell survival and class-switch recombination (Wurster et al., 2002). 

Studies from Pearce and colleagues characterized the IL-4 producing Tfh cells during 

helminth infections and the possible conversion from Th2 to Tfh lineage (Glatman 

Zaretsky et al., 2009). However, there is also evidence that the IL-4 expression in Tfh 

cells does not rely on the conventional Th2 program, especially GATA3 activation. 

Crotty and colleagues showed that in a Th1 biased LCMV infection model, Tfh cells still 

produced IL-4 without GATA3 expression (Yusuf et al., 2010). Therefore for Tfh 

differentiation, two models were proposed. In the parallel differentiation model, Tfh is 

considered a distinct CD4+ T cell lineage as opposed to Th1/Th2 lineages. This was 

supported by several studies indicating that starting from DC priming outside of 

follicles, the fate of CD4+ T cells is destined:  some cells differentiating into effector Th1 

or Th2 cells and others adopting Tfh fate (Choi et al., 2013; Crotty, 2011). In contrast, the 

sequential differentiation model suggests that the process of Tfh differentiation consists 

two phases: in phase I, CD4+ T cells differentiate into effector Th1 or Th2 traits; in phase 

II, certain effector Th1 or Th2 cells proceed into germinal centers and further 

differentiate into Tfh cells. Data supporting this model include the observations that Tfh 

cells can be generated from adoptively transferred Th1 or Th2 cells (Fahey et al., 2011; 

Glatman Zaretsky et al., 2009; Liu et al., 2012). Additionally, it was demonstrated that in 
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both human and mice, Tfh cells co-express signature molecules from Th1 or Th2 lineages 

(Luthje et al., 2012). 

Epigenetics lays another layer of control on CD4+ T cell differentiation. It is 

generally believed that the epigenetic status is the final determinant of cell fate. Zhao 

and colleagues studied the epigenetic landscape of differentiated effector CD4+ T cells 

(Wei et al., 2009). They investigated the histone 3 tri-methylation markers (H3K4 and 

H3K27) at Tbx21 and Gata3 promoters in Th1 or Th2 cells, and found that in Th1 cells, 

the Gata3 locus still had bivalent H3K4 and H3K27 tri-methylation, and the same held 

true for Tbx21 locus in Th2 cells. This finding suggests that the seemingly terminally 

differentiated CD4+ T cells do keep differentiation potential towards other lineages. 

More recently, another study investigated the epigenetic modulations at the Bcl6 locus in 

effector Th1, Th2 and Th17 lineages and found that all of them have substantial H3K4 

activity (Lu et al., 2011). Since Bcl6 is accessible in Th1 or Th2 cells, they remain capable 

of turning on the Tfh program under favorable conditions. 

Evidence for both Tfh differentiation models is emerging, it could also be true 

that parallel and sequential differentiation pathways co-exist to direct CD4+ T cell 

lineage choices. In Chapter 6, I will discuss the use of TCR repertoire sequencing 

techniques to trace the Tfh lineage. 
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1.2.2 T follicular helper cells in antibody affinity maturation 

Germinal centers (GC) are the anatomical structures for B cell affinity maturation 

(Jacob and Kelsoe, 1992; Jacob et al., 1991). Mobilized into the GCs, the primary function 

of Tfh cells is to promote humoral immunity. From the earliest research defining human 

Tfh cells, their function in promoting autologous antibody production was identified in 

vitro (Schaerli et al., 2000). Mice incapable of Tfh differentiation have significantly 

impaired GC formation (Nurieva et al., 2009; Yu et al., 2009). As a consequence, antibody 

quality from these animals is severely retarded: in the absence of Tfh cells, B cells are not 

able to undergo efficient class-switch recombination (CSR) and somatic hyper mutation 

(SHM) (Linterman and Vinuesa, 2010). Conversely, excessive Tfh cells also promote 

spontaneous GC formation as well as dysregulated autoantibody production, which 

provoke lupus-like pathology in mouse models (Vinuesa et al., 2005). These results 

strongly suggest the involvement of Tfh cells in B cell affinity maturation. 

The concept of affinity maturation was first brought up by Niels K. Jerne, who 

understood it as a Darwinian evolution process occurring on the microanatomical scale 

(Jerne, 1955). Today, with the advancement in cellular and molecular biology, the fine 

process of affinity maturation has been extensively detailed (Victora and Nussenzweig, 

2012). After development in the bone marrow, the matured B cell repertoire is already 

diverse, yet the specificity of antibody products remains to be refined. Upon antigen 

challenge, GCs are formed with two linked compartments: the dark zones and light 
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zones. The dark zone is mainly occupied by B cells, while the light zone harbors B cells, 

Tfh cells and network of follicular dendritic cells (Nieuwenhuis and Opstelten, 1984). 

Interestingly, a re-circulation behavior was observed for GC B cells to continuously 

migrate between dark zones and light zones (Kepler and Perelson, 1993). It was later 

found that the dark zone is where B cells undergo SHM and the light zone is the place 

for selecting higher-affinity B cells. Two hypothesis were proposed regarding the 

selection pressure on GC B cells in the light zone. In the first hypothesis, the antigen is 

the limiting factor for B cells: mutated GC B clones with higher antigen affinity could 

outcompete the low affinity clones during BCR-antigen interactions, and B cells without 

antigen stimulation would die off (Goidl et al., 1968). Alternatively, Tfh cells could 

create the selection pressure for B cells. In this hypothesis, B cells compete for Tfh help: 

Tfh cells activated with the cognate antigen interact with antigen presenting B cells to 

promote their survival through cytokine secretion such as IL-4 and IL-21 (discussed in 

chapter 1.2.1) as well as surface signaling including CD40-CD40L ligation (Han et al., 

1995). 

More recent studies have favored the later model, which argues that the 

population size of Tfh cells are the rate limiting factor for the selection of GC B cells. One 

piece of evidence for Tfh mediated selection was provided by Nussenzweig and 

colleagues (Victora et al., 2010). In their experiments, they loaded antigens into B cells 

through DEC205 to bypass the BCR, and demonstrated that these cells still got selected 
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and entered the dark zone. But this finding only ruled out the contribution from antigen 

mediated selection, without direct evidence to demonstrate the controlling function of 

Tfh cells. This piece of  evidence was later provided by the same group by  in situ live-

cell two-photon imaging: they found that Tfh cells formed durable contacts (over 5 

minutes) with GC B cells using the DEC205 antigen internalization route, while Tfh cells 

only made transient contacts with DEC205 deficient GC B cells (Shulman et al., 2014). 

Additionally, the same observation was made in a non-DEC205 mediated immunization 

model, where Tfh cells preferentially interact with B cells with that have surface peptide-

MHC concentration (Schwickert et al., 2011). 

Intriguingly, during human immunodeficiency virus (HIV) infection, the 

correlation between Tfh cells and antibody affinity maturation become obscured. HIV is 

well-known for causing immunodeficiency in human patients primarily by depleting 

CD4+ T cells. Meanwhile, most HIV patients also suffer from hypogammaglobinemia 

(Pahwa et al., 1987) as well as impaired antibody affinity maturation (Steinhoff et al., 

1991). This could be a predictable consequence of reduced CD4+ T cell numbers. 

Paradoxically in the secondary lymphoid tissues of HIV patients, there is a marked 

increase of Tfh cells accompanied by increased GC B cells (Lindqvist et al., 2012; 

Petrovas et al., 2012). Why the enhanced Tfh response does not induce increased 

antibody output is unclear. It was postulated that the presence of overwhelming 

numbers of Tfh cells would lift the selection pressure on GC B cells so the overall affinity 
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maturation outcome was diminished (Pratama and Vinuesa, 2014). But more likely, HIV 

infection could fundamentally alter the properties of Tfh cells. A report from Pantaleo 

and colleagues showed that Tfh cells were the major HIV reservoir (Perreau et al., 2013). 

Higher copies of HIV DNA could be detected in Tfh cells in comparison to other CD4+ 

subsets. Accordingly, Tfh cells from HIV infected patients showed reduced Tfh effector 

molecules including IL-4 and ICOS (Bekele et al., 2015). These data suggest that 

although the HIV patients have augmented Tfh numbers, their function could be 

severely impeded to effectively facilitate B cell affinity maturation. 

1.2.3 Improving vaccination strategies with T follicular helper cells 

Since Tfh cells are the critical determinant in B cell affinity maturation, efforts 

were made to boost humoral response by manipulating Tfh cells. This is a logical 

approach for vaccine designs to generate high-affinity and long lasting antibody 

responses. During vaccination, the selection of adjuvants is fundamental for eliciting 

effective immune responses. The typical adjuvants for animal studies are Complete 

Freund’s Adjuvant (CFA) and aluminum hydroxide (Alum), while Alum is the only 

widely used adjuvant in human vaccination. In light of Tfh cells, a putative option is to 

modify adjuvant that favors Tfh differentiation. MF59 is an oil based adjuvant that was 

shown to generate humoral immunity superior to the Alum adjuvant, especially against 

avian influenza virus (Khurana et al., 2010). In an animal study of MF59, researchers 

found that this adjuvant is capable of inducing Tfh cells to enhance the magnitude of GC 
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differentiation (Mastelic Gavillet et al., 2015). Mechanism wise, MF59 was believed to 

induce chemotaxis of innate immune populations to the immunization site and 

monocyte-DC differentiation, which could enhance antigen presentation (Seubert et al., 

2008). Additionally, MF59 was also shown to systemically increase IL-6 (Valensi et al., 

1994), which is a key cytokine in Tfh differentiation. Since IL-21 is another critical 

cytokine to drive Tfh response, one study employed IL-21 in DNA vaccination against 

Mycobacterium tuberculosis, and observed strong protective immunity (Yu et al., 2012). 

Interestingly, IL-7 administration can also boost Tfh response during influenza 

infections. IL-7 is a cytokine for general CD4+ T cell survival, but one report suggest that 

using IL-7 fused to Fc receptor as the adjuvant preferentially expanded the Tfh 

population without enhancing other effector CD4+ lineages (Seo et al., 2014). Besides 

direct administration of cytokines, a few studies attempted to induce cytokine 

production by stimulating APCs. Toll like receptor (TLR) signaling can elicit Tfh-

promoting cytokine expressions in macrophage or DCs. Irvine and colleagues showed 

that using nanoparticle-sandwiched antigens as well as MPLA (TLR4 ligand) as 

adjuvant drastically increased Tfh and GC responses (Moon et al., 2012). Another study 

using a combination of TLR4 and TLR7 agonists also generated robust GCs. They further 

showed that this vaccination scheme was applicable to both mice and rhesus macaques 

against influenza viruses (Kasturi et al., 2011). Notably, the promoting effect of TLR 

ligands may not be identical across the board. A report comparing different TLR 
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agonists indicated that only TLR3 agonist (poly I:C), rather than TLR4 (MPLA) or TLR9 

(CpG) agonists, provided 100% protection against Ebola virus infections (Martins et al., 

2016). Considering these results, it is likely that requirements for optimal Tfh 

differentiation is not only dependent on cytokine environment, but also on the specific 

epitope of the immunogens. 

Although early success was achieved with these Tfh promoting adjuvant, 

precautions should be taken when transferring the results from mice models to human. 

The cytokine milieu for Tfh induction is different between mice and human. In mice, IL-

6 and IL-21 are crucial for Tfh induction by signaling through the STAT3 pathway, while 

in human, IL-12 mediated STAT4 signaling might be a more potent inducer of Tfh 

differentiation (Schmitt et al., 2009). Therefore, more primate based studies are necessary 

to prove the efficacy of Tfh boosting vaccination strategies. 

1.3 Regulation of CD4+ T cells by miRNAs 

1.3.1 Origin, biogenesis and function of miRNAs 

miRNAs are short RNA molecules (~22nt) which regulate gene expression post-

transcriptionally. These regulatory molecules exist throughout the entire plant and 

animal kingdom (Pasquinelli et al., 2000). The first miRNA, namely lin-4, was 

discovered by two independent groups to exert important function in C. elegans 

development (Lee et al., 1993; Wightman et al., 1993). Being one of the most exciting 
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discoveries in the 1990s, these findings started a new era of RNA mediated regulations 

in eukaryotic organisms. 

Studies of the phylogenetic distribution of miRNAs indicate that miRNA evolved 

independently in plants and animals. More importantly, the molecular pathways 

utilized for miRNA processing and repressive functionalities diverge in these two 

kingdoms (Axtell et al., 2011; Jones-Rhoades et al., 2006). Within the animal kingdom, a 

substantial portion of miRNA genes are evolutionarily conserved. However, the 

conservation of miRNA sequence does not translate into the conservation of their 

regulatory roles: Rajewsky and colleagues proposed the “rewiring” of miRNA-target 

mRNA relationship across different species (Chen and Rajewsky, 2007). They noted that 

even for species with short evolutionary distance, e.g. species within the Drosophila 

genus, the conservation of miRNA and target mRNA binding site pairing is relatively 

low (around 50%). Interestingly, unlike transcription factors which evolved slowly since 

the divergence of plant and animal kingdoms (Wray et al., 2003), new miRNAs keep 

emerging along the evolutionary path (Hertel et al., 2006). 

Several models have been proposed to describe the evolution of novel miRNA 

genes. miRNAs can be de novo generated from mutating unstructed RNA transcripts 

since the miRNA-like structure is prevalent in the genome. Wu and colleagues 

compared the miRNA gene sequences of three Drosophila species and visualized the 

emergence and disappearance of newly derived miRNAs. They estimated that 
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functional miRNAs are occurring at 0.3 genes per million years (Lu et al., 2008). Gene 

duplication is another prominent mechanism for miRNA generation, as more than 30% 

of human miRNAs can be classified into miRNA families based on sequence similarity 

(Kozomara and Griffiths-Jones, 2011). The duplicated miRNAs can insert both locally 

and remotely into the genome, and remotely located duplicates have been associated 

with chromosome duplication (Heimberg et al., 2008). An interesting observation of 

genomic miRNA localization is that about 50% of miRNAs genes are located in the 

introns of protein coding genes (Campo-Paysaa et al., 2011).  It is suspected that the 

intronic miRNAs are less evolutionary conserved and represent newly formed miRNAs 

as their transcription can take advantage of their carrier genes. 

The biogenesis of miRNAs starts from transcription. In mammalian cells, the 

majority of miRNAs are transcribed by RNA polymerase II, while a small portion are 

transcribed by RNA polymerase III (Borchert et al., 2006). After transcription, pri-

miRNA is generated and forms bulged stem-loop secondary structures. The bulge in the 

middle of the stem is recognized by Drosha/DGCR8 complex which cleaves the pri-

miRNA to generate pre-miRNA and, then, pre-miRNA is exported out of the nucleus 

(Ha and Kim, 2014). Once in the cytosol, the 5’ end of the pre-miRNA can be recognized 

by Dicer for further processing: the stem root as well as the loop head is removed from 

the pre-miRNA and the end product are two complementary single stranded mature 

miRNAs. Depending on the property of the miRNA per se, one of the two strands gains 
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dominance (guide strand) and the other strand (lead strand) undergoes degradation. It 

is noteworthy that recent deep sequencing data revealed that a portion of miRNAs do 

not distinguish between guide strand and lead strand, i.e. the abundance of the two 

strands is almost equal (Kozomara and Griffiths-Jones, 2011). 

For a mature miRNA to function, it is loaded into the RNA-induced silencing 

complex (RISC) consisting of Argonaute protein and target mRNA. This is a critical step 

as the miRNA recognize target mRNA via its seed sequence which is usually the 

nucleotide 2-7 starting from the 5’ end (Ha and Kim, 2014). Conversely, complementary 

sequences are required on the target mRNA. It was previously believed that 3’-UTR of 

mRNA was the only region responsible for miRNA-mRNA recognition. Indeed, 

predictions based on 3’-UTR complementarity yielded reliable results. However, studies 

employing high-throughput sequencing of RNA isolated by crosslinking 

immunoprecipitation, an Argonaute pull-down based technique indicated that less than 

50% of the miRNA binding occur at the 3’-UTR of the target sequence (Loeb et al., 2012). 

In addition, the mechanism by which the RISC complex repress target mRNA 

expression was once controversial. In plants, the RISC complex encompasses 

endonucleolytic activity and can directly cleave the mRNA for its degradation, while 

this activity is not required in mammalian cells (Llave et al., 2002; Tang et al., 2003). This 

raised the second possibility that instead of inducing degradation, RISC can block the 

translation of target mRNAs. This is supported by evidence that miRNAs can inhibit 
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translation initiation as well as deadenylation of the polyA tail (Fabian et al., 2009; 

Mathonnet et al., 2007). Yet vast majority of the findings suggest that miRNAs do induce 

mRNA decay in mammalian cells (Jing et al., 2005; Lim et al., 2005). The conundrum was 

solved by a study from Bartel and colleagues (Guo et al., 2010). They used ribosome 

profiling technique to quantify the repressive effect, and found that for both endogenous 

and ectopic miRNA expressions, over 84% protein downregulation was associated with 

lowered mRNA levels, whereas around 15% protein reduction was linked to unchanged 

mRNA. Since the target mRNA cannot be efficiently cleaved by the RISC complex in 

mammalian cells, its degradation is likely aided by RISC-mediated transport to the P-

bodies, where enzymes for mRNA turnover are enriched (Liu et al., 2005). Notably, 

some studies also suggest the degradation of target mRNAs may follow translational 

blockade, with a relatively short time-window (Bazzini et al., 2012). 

Compared to transcription factors, the regulatory effect from miRNAs is 

relatively moderate. The early identified lin-4 represents the tier of miRNAs with strong 

inhibitions which silences its target mRNA by 70% (Wightman et al., 1993). 

Comprehensive studies of total miRNAs estimate the average repression effect less than 

30% (Baek et al., 2008). The fact that miRNAs do not act as on-off switches but instead 

fine-tuning target gene expressions provides a delicated mechanism to control cellular 

behaviors. Additionally, the relatively short seed sequence (~6-7 nts) on miRNAs allow 

them to simultaneously repress the expression of several target genes. Sometimes, one 
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miRNA is found to amplify its effect by regulating multiple genes in the same signaling 

pathway (Li et al., 2007; Lin et al., 2013). Therefore, incorporating miRNAs into large-

scale genetic and transcriptional profiling studies should bring new ideas to the 

understanding of system biology. 

1.3.2 miRNAs as indispensable regulators in CD4+ T cell 
differentiation and function 

Tremendous works were accomplished on CD4+ T cells in terms of the 

regulation on cell expansion/survival and effector functions. Signaling molecules, 

transcription factors and epigenetic regulators compose multiple layers of this 

regulation process (Ciofani et al., 2012; Wilson et al., 2009; Yosef et al., 2013; Zhu and 

Paul, 2010). Importantly, the emergence of miRNAs has added new venues to the subtle 

controls in CD4+ T cell biology. 

Works from Rajewsky and colleagues pioneered the understanding of RNA 

interference in CD4+ T cells (Muljo et al., 2005). Using T cell specific Dicer knockout 

mice, they effectively impeded global miRNA biogenesis in CD4+ T cells. Consequently, 

they observed two-fold reduction of CD4+ T cell numbers in the periphery, indicative of 

defective T cell development or homeostasis. Further, in vitro activation of the Dicer 

deficient CD4+ T cells induced significantly higher cell death and moderate decrease of 

proliferation. The differentiation process was also perturbed, as these cells exhibited 

Th1-biased phenotype even under Th2 culture conditions. The reduction of CD4+ T cells 

was largely phenocopied in Drosha conditional knockout animals, however the Th1/Th2 
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differentiation appeared untouched in this setting (Chong et al., 2008). The divergence 

between Dicer and Drosha deficient phenotypes reflects the potential alternative 

processing capabilities of these two enzymes. Indeed, several studies suggest that certain 

small nucleolar RNAs (sdRNA) could be processed in a Drosha independent but Dicer 

dependent manner, while still behave like miRNAs (Li et al., 2011; Saraiya and Wang, 

2008).  

By studying the miRNAome in CD4+ T cells, I and others have observed an 

intriguing phenomenon: within 6 hours of TCR activation, the abundance of over 80% of 

the miRNAs was severely reduced. Ansel and colleagues interpreted this phenomenon 

as a consequence of TCR activation induced degradation of Argonaute complex 

(Bronevetsky et al., 2013). However, it is unlikely that the degradation mechanism can 

commence in such a short time span. Instead, these miRNAs could be purged out of the 

CD4+ T cells by altered vesicle trafficking (unpublished data). Since miRNAs are general 

molecular repressors, the reduction of miRNAs in activated CD4+ T cells echoes the 

needs for elevated protein synthesis. Indeed, widespread shortening of 3’UTR was 

observed in activated human CD4+ T cells, which provides another mechanism for 

activated CD4+ T cells to counter the repression from miRNAs (Sandberg et al., 2008). 

Overall, these findings defined the general impact of miRNAs in CD4+ T cells, but more 

efforts were paid to decipher the contribution from individual miRNAs. 
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One of the earliest individual miRNA studies in T cells was conducted by Li and 

colleagues (Li et al., 2007). They determined the crucial role of miR-181a in augmenting 

TCR signaling sensitivity in both developmenting T cells and periphery CD4+ T cells. 

miR-181a belongs to the miR-181 family, which is conserved across vertebrate species 

(Kiezun et al., 2012). Interestingly, miR-181a can target multiple phosphatases which 

negatively regulate TCR signaling. The multi-targeting trait of miR-181a accentuates the 

importance of this single miRNA and probably implies the co-evolution of miRNAs and 

machinery regulating the sensitivity and strength of TCR signaling. miR-146a is another 

miRNA involved in T cell activation process. Its transcription can be promoted by TCR 

induced NFκB (Curtale et al., 2010), but reciprocally, miR-146a can repress the 

expression of NFκB upstream genes TRAF6 and IRAK1 (Yang et al., 2012). These 

interactions create a negative feedback loop to constrain hyperactivation of CD4+ T cells. 

In terms of CD4+ T cell proliferation and survival, the role of miR-17-92 cluster 

miRNAs is most well-established. The orthologue miR-17-92 cluster contains six 

miRNAs, miR-17, miR-18a, miR-19a, miR-20, miR-19b, miR-92a, and is highly conserved 

through vertebrates. It was the first “oncomiR” ever identified: its expression was highly 

elevated in lymphoma B cells from cancer patients and its overexpression accelerated 

tumorigenesis (He et al., 2005). miR-17-92 transgenic mice develop strong 

lymphoproliferative diseases and autoimmunity. CD4+ T cells isolated from these 

animals had significantly enhanced proliferation after in vitro activation (Xiao et al., 
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2008). My lab had extensively studied this miRNA cluster in CD4+ T cells (Jiang et al., 

2011; Liu et al., 2014a). Using CD4+ T cell miR-17-92 conditional knockout mice model, 

my lab confirmed that the loss of miR-17-92 cluster impaired CD4+ proliferation and 

survival. By dissecting the function of individual miRNAs in this cluster, I found miR-17 

and miR-19b being the predominant contributors to this phenotype. Interestingly, the 

target I found for miR-19b—Pten—was also reported in a myriad of cell types to 

negatively regulate cell expansion (Olive et al., 2009), implying conservations of 

regulatory circuits between these two molecules. 

This study also broadened miR-17-92’s role to CD4+ T cell differentiation. I found 

miR-17 and miR-19b were indispensable for Th1 differentiation, while inhibitory for 

induced Treg differentiation. In the follow up studies, I also found essential role of miR-

17-92 cluster in Th17 differentiation, which will be discussed in depth in Chapter 3. 

Another important miRNA in CD4+ T cell differentiation is miR-155. miR-155 is the 

most highly expressed miRNA after TCR stimulation (Bronevetsky et al., 2013). 

Nevertheless, the function of miR-155 has been elusive due to its regulatory effect on 

multiple T helper lineages. Baltimore and colleagues showed that Mir155 null mice had 

severely impaired Th1 and Th17 differentiation during EAE induction. This defect is 

both intrinsic to CD4+ T cells and extrinsic from DCs in the priming phase (O'Connell et 

al., 2010). Meanwhile, miR-155 mediated Th1 and Th17 differentiation is also essential to 

control Helicobacter pylori infection in the GI tract (Oertli et al., 2011). In addition, 
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studies in Treg cells suggest that miR-155 play important roles in Treg development and 

effector functions: Rudensky and colleagues reported that in Treg-specific Mir155 

deficient mice, thymic Treg output and peripheral Treg expansion was reduced (Lu et 

al., 2009). The fact that miR-155 is both important for both effector CD4+ T cells and Treg 

cells emphasized this miRNA as a central hub in maintaining immune homeostasis. 

The versatility and modesty of miRNAs make them appealing targets for 

immune modulation. Compared to conventional small molecule compounds, the 

miRNA seed sequences are defined and their mRNA targets are predictable. Therefore 

miRNA mimics or antagonists can be designed with ease. Multiply approaches to 

artificially manipulate miRNA regulations have been proposed. miRNA mimics are 

double strand RNAs that inhibits the expression of their target genes. MRX34 is a miR-

34 mimic that has completed Phase I trial for cancer treatment. miRNA sponges are 

widely used in experimental settings, in which target miRNAs can be depleted by 

artificial transcripts containing tandem miRNA binding sites (Ebert et al., 2007). 

Antagomirs and LNAs are small synthetic RNA molecules that specifically binds to 

target miRNAs to prevent their bindings to endogenous targets. Treatment with miR-

122 LNA, which silences miR-122, showed outstanding efficacy against HCV in 

chimpanzees (Elmen et al., 2008). Considering the complexity and fine-tuning of CD4+ T 

cells regulations, therapies around miRNAs could be viable options for the treatment of 

various immunological disorders.  
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2. Materials and Methods 

2.1 Mice strains 

miR-17-92f/f and Rag2-/- mice were purchased from the Jackson Laboratory. CD4-

Cre mice (B6.Cg-Tg(CD4-cre)1Cwi N9) were purchased from Taconic Labs. CD4+ T cell 

conditional miR-17-92 knockout mice were generated by mating miR-17-92f/f and CD4-

Cre mice and back-crossing to the C57BL/6 background. miR-23af/f mice were generated 

at the Duke Transgenic Mouse Facility. LLO118αβ TCR transgenic (LLO118) mice have 

been described in my previous studies (Jiang et al., 2014). Strains with T cell-specific 

miR-23a deletion were generated by crossing miR-23af/f mice with CD4-Cre mice.  

LLO118-miR-23af/f-CD4-Cre mice were generated from mating three independent 

strains. All mice were bred and maintained in the specific pathogen-free facility 

managed by the Duke University Division of Laboratory Animal Research. Animal 

procedures were approved by the Duke University Institutional Animal Care and Use 

Committee. 

2.2 Cell lines 

NIH-3T3, 2B4, and Jurkat cell lines were purchased from ATCC. BAFF-3T3 and 

BAFF-CD40L-3T3 cell line was kindly provided by Dr. Garnett Kelsoe. BOSC23 cell line 

was kindly provided by Dr. Garry Nolan. FasL expressing L929 cell line was kindly 

provided by Dr. Youwen He. 
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2.3 Molecular assays 

2.3.1 Quantitative PCR 

RNA was extracted from cells by mirVanaTM miRNA Isolation kit (Life 

Technologies). Reverse transcription was performed using qScriptTM Flex cDNA kit 

(Quanta Biosciences). Quantitative PCR (qPCR) was conducted with PerfeCTa® SYBR® 

Green FastMix® (Quanta). 96-well qPCR array primers were synthesized from 

Integrated DNA Technologies. Mouse T cell miRNA qPCR array was designed by Dr. 

Qi-Jing Li. 

For absolute qPCR quantification, target mRNA was synthesized and cloned into 

MSCV plasmids and prepared as standards. The absolute copy number of standard 

samples were calculated and serial diluted to generate standard curves. Specifically, for 

Aicda absolute quantification, an initial PCR amplification was applied. The pre-

amplification consisted of 20 cycles of PCR reaction with nesting PCR primers. All qPCR 

data was acquired using Eppendorf Mastercycler realplex. 

2.3.2 Western blotting 

Cells or tissues were collected and lysed in RIPA buffer on ice for 30min. The 

protein concentration was determined by BCA assay (BioRad). At least 15ug protein 

sample was mixed with 6x loading buffer and boiled in 99°C for 10min. The resulting 

lysate was loaded onto SDS-PAGE gels (BioRad) and electrophoresis was performed at 

100V for 2.5h. The bands were transferred onto PVDF membranes at 25V for 2h. 
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The membranes were blocked with 5% fat-free milk or 5% BSA for 1h in room 

temperature. Primary antibodies were applied to the membrane followed by overnight 

incubation. Secondary antibodies with fluorophores were applied at room temperature 

for 1h. The blot was scanned with Licor Odyssey imaging system. 

2.3.3 Enzyme-linked immunosorbent assay (ELISA) 

ELISA plate was coated with 2μg/ml capture antigens or capture antibodies in 

0.5% BSA-PBS at 4°C overnight. The plate was then blocked with 0.5% BSA-PBS for 2h at 

room temperature. Standard controls and samples were serial diluted and applied to 

designated wells and incubated for 1h at room temperature. HRP conjugated secondary 

antibodies was applied to designated wells and incubated for 1h. HRP substrate 

(Biolegend) was added to each well and reacted for 10-20min, depending on the signal 

strength. Sulfuric acid was applied to each well to terminate the reaction. The ELISA 

plate was read by spectrophotometer at 450nm wavelength (Tecan). 

2.3.4 Cytometric bead array 

Beads for cytometric beads array (BCA) was purchased from BD biosciences. Cell 

culture supernatant or serum was mixed with 0.5μl/channel capture beads and 

0.5μl/channel intensity beads followed by 2h incubation in room temperature. The beads 

were analyzed by flow cytometry and the concentration of assayed cytokines were 

calculated from relative intensities to standard samples. 
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2.3.5 miRNA luciferase assay 

The 3’UTR of predicted target genes were cloned into the pmirGLO Dual-

Luciferase miRNA Target Expression Vector (Promega) which contains the reporter 

Firefly luciferase and control Renilla luciferase. The pmirGLO plasmid together with 

MSCV-MOCK or MSCV-miRNA plasmid was transfected into NIH-3T3 cell lines. Forty-

eight hours post-transfection, the luciferase activity of both Firefly luciferase and Renilla 

luciferase was measured with a Dual-Luciferase Reporter kit (Promega). 

2.4 Cellular assays 

2.4.1 Retroviral transduction of primary CD4+ T cells 

Retrovirus was produced by transfecting 15μg of each retroviral vector in 

combination with 5μg pCL-Eco virus packaging vector into BOSC23 cells (from Dr. 

Garry Nolan Lab) using Lipofectamine® 2000 (Life Technologies, CA, USA). After 48h of 

transfection, the retrovirus-containing culture supernatant was collected for T cell 

transduction. 

CD4+ T cells were purified from the spleen and lymph nodes of the indicated 

mice using the Dynabeads® Untouched™ Mouse CD4 Cell Kit (Life Technologies). 

Purified CD4+ T cells were stimulated overnight using plate-bound anti-CD3ε/anti-

CD28 antibodies (5μg/ml each or 2 μg/ml each). In some studies with LLO118 T cells, 

10μM LLO190-205 peptide was applied to mixed lymphocytes from mouse lymph node to 

stimulated CD4+ T cells. Spin infection of stimulated T cells using retrovirus was 



 

38 

performed at 1258g for 90min at 37°C. Virus-infected cells were then used for in vitro or 

in vivo experiments. 

2.4.2 Flow cytometry 

For most surface staining, the cells were harvested and stained in FACS buffer 

(PBS with 2% FBS and 2mM EDTA) for 30min on ice. If secondary antibodies were 

present, cells were stained with primary antibodies for 30min, followed by secondary 

antibody staining for 30min on ice. For intracellular staining, cells were fixed in 

2%paraformaldehyde-PBS and permeabilization in 0.1% Saponin-FACS buffer before the 

antibody staining procedure. For cytokine staining, cells were harvested and further 

stimulated with 500ng/ml Ionomycin and 1μM PdBU (Sigma Aldrich) in the presence of 

Golgi block Monensin and Brefeldin A (eBioscience) for 4 hours, followed by 

intracellular staining procedures. For transcription factor stanining, cells were processed 

and stained with Foxp3 staining buffer kit (eBioscience). For phosphorylate STAT 

staining, the cells were first fixed in 2%paraformaldehyde-PBS and permeabilized in 

90% methanol-PBS overnight in -20°C. Subsequently, cells were subjected to primary 

and secondary antibody staining. Flow cytometry was conducted with BD FACSCantoTM 

II analyzer. 

Frequently used antibodies are listed as follows: APC/Cy7 anti-mouse CD4 

(GK1.5), PE/Cy7 anti-mouse CD4 (GK1.5), PE anti-mouse CD4 (GK1.5), Pacific BlueTM 

anti-mouse CD8a (53-6.7), APC anti-mouse CD8a (53-6.7), FITC anti-mouse CD8a (53-
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6.7), PE anti-mouse TCRβ (H57-597), PE/Cy7 anti-mouse TCRβ (H57-597), APC anti-

mouse TCR Vα2 (B20.1), APC/Cy7 anti-mouse TCR Vα2 (B20.1), PE/Cy7 anti-mouse 

IFN-γ (XMG1.2), APC anti-mouse IFN-γ (XMG1.2), PE/Cy7 anti-mouse CD11b (M1/70), 

APC anti-mouse F4/80 (BM8), Pacific BlueTM anti-mouse THY1.1 (OX-7), FITC anti-

mouse THY1.1 (OX-7), APC anti-mouse THY1.2 (30-H12),  PE/Cy7 anti-mouse THY1.2 

(30-H12), PE/Cy7 anti-mouse CD44 (IM7), PE/Cy5 anti-mouse CD44 (IM7), APC anti-

mouse CD62L (MEL-14), PE anti-mouse CD62L (MEL-14), PE anti-mouse IL-2 (JES6-

5H4) and APC anti-mouse IL-2 (JES6-5H4). All antibodies were purchased from 

Biolegend, CA, USA. 

2.4.3 CD4+ T Cell proliferation and death assays 

CD4+ T cells were purified from mice using mouse CD4+ T cell untouched Dynal 

beads (Invitrogen). Next, cells were washed with PBS and incubated with 2.5-5μM 

CellTrace CFSE or CellTrace Violet dye (CTV) in PBS at 37°C for 15min. The cells were 

then washed twice with 10ml PBS and resuspended in RPMI. Labeled CD4+ T cells were 

cultured on 5μg/ml α-CD3ε and α-CD28 coated plates for stimulation. 48h or 72h after 

stimulation, cells were collected and cell proliferation was analyzed by CFSE or CTV 

dilution. 

2.4.4 CD4+ T cell differentiation assays 

CD4+ T cells were purified from mice using mouse CD4+ T cell untouched Dynal 

beads. Cells were then cultured on 5μg/ml α-CD3ε and α-CD28 coated plates for 
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stimulation. For Th0 culture condition, no cytokine or blocking antibodies were added 

into the culture. For Th1 condition, the culture was supplemented with 10ng/ml mIL-2, 

10ng/ml mIL-12 and 10μg/ml α-IL-4 (clone 11B11). For Th2 condition, the culture was 

supplemented with 10ng/ml mIL-2, 50ng/ml mIL-12 and 10μg/ml α-IFN-γ (clone 

XMG1.2). For Th17 condition, the culture was supplemented with 50ng/ml mIL-6, 

20ng/ml mIL-1β, 4ng/ml hTGF-β, 50ng/ml mIL-23, 10μg/ml α-IFN-γ and 10μg/ml α-IL-4. 

2.4.5 Mitochondria-related assays 

CD4+ T cells were purified from WT or miR-23af/f-CD4-Cre mice and stimulated 

with plate-bound anti-CD3ε/anti-CD28 antibodies (5μg/ml each) for 6 hours. Cellular 

H2O2 and O2- were measured using 10μM DCFDA and 10μM DHE dye (Life 

Technologies) and flow cytometry. Mitochondrial potential loss was measured using 

MitoTracker® Orange CMTMRos (Life Technologies) and flow cytometry.  

Mitochondria permeability transition assays were performed based on the 

concept of MitoProbe™ Transition Pore Assay Kit (Life Technologies) with a modified 

protocol. CD4+ T cells were stimulated using plate-bound anti-CD3ε/anti-CD28 

antibodies (5μg/ml each) for 30min, in the presence of 10nM calcein and 500μM CoCl2. 

After mitochondria were stained with MitoTracker® Deep Red (Life Technologies), cells 

were collected and analyzed by Amnis flow cytometry microscopy (EMD Millipore, 

MA, USA). The results were analyzed using the colocalization module of Amnis IDEAS 

software. Cells with significant co-localization between calcein staining and 
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mitochondria staining were pre-gated, and the cellular median pixel intensity of calcein 

staining was quantified for each group. Representative images were generated by 

processing the calcein channel and MitoTracker® Deep Red channel with 2D-

deconvolution (filter size 9, scaling factor 0.97, resulting scale 4) using MetaMorph 

software. The channels were merged and output was generated using FIJI software. 

2.4.6 Transmission electron microscopy 

Purified CD4+ T cells from either WT or miR-23af/f-CD4-Cre mice were 

stimulated using plate-bound anti-CD3ε/anti-CD28 antibodies (5μg/ml each) for 6 hours. 

Cells were subsequently fixed in 10% glutaraldehyde and processed by The Shared 

Materials Instrumentation Facility at Duke University. Images were taken, in a double 

blinded way, under different magnifications by JEM-1400 TEM machine (JEOL, MA, 

US). Images under 1250×magnification were used for statistical analysis of the necrotic 

cells, images under 2050×magnification were used for representation of necrotic cell 

distribution, and images under 5600×magnification were used for visualization of 

mitochondria. 

2.4.7 Cryosectioning and confocal microscopy 

Tissue samples collected from mice were immersed in OCT in square blocks. The 

sample was then cryopreserved with dry ice and transferred to -80°C freezer. During 

processing, the samples were defreezed in -20°C cryostat and sectioned to thickness of 8-

10μm slices. Slides containing tissue slices were stored in -20°C. Before staining, the 
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samples were fixed with 1:1 acetone and methanol in -20°C. Consequently, the slides 

were dried in room temperature for 10min and rehydrated with 5% BSA-TBST for 

20min. The slides were incubated with primary antibodies for 1h at room temperature. 

Mounting media (BD) was applied with cover slides. The samples were imaged by Zeiss 

780 upright confocal microcopy. 1AU was defined with the AF647 channel. Images were 

analyzed by MetaMorph and ImageJ.  

2.4.8 Immunohistochemistry 

Tissue samples collected from mice were immersed in 4% PFA. Sample 

embedding, sectioning and haematoxylin and eosin staining was performed by Duke 

Pathology Core Facility. The images were acquired with light microscopes. In the liver 

necrosis staining, images from multiple fields were stitched automatically with Adobe 

Photoshop CS6. 

2.5 In vivo mouse models 

2.5.1 Immunization 

For immunization to stimulate LLO118tg T cells, 100μg/mouse LLO190-205 peptide 

was emulsified in Complete Freund’s Adjuvant (CFA) and injected to recipient animals 

subcutaneously. For immunization to stimulate OTII T cells, 100μg/mouse OVA protein 

was precipitated in Imject (Thermo Scientific) and injected to recipient animals 

intraperitoneally. For typical germinal center response induction, 30μg/mouse NP-CGG 

was precipitated in Imject and injected to recipient animals. For Th1-biased and Th2-
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biased immunization conditions, 30ug/mouse NP-CGG was emulsified in CFA or 

precipitated in Imject and injected to recipient mice intraperitoneally. 

2.5.2 CD4+ T cell adoptive transfer 

For adoptive transfers with retroviral overexpressing T cells, 5×105 LLO118 T 

cells transduced with mock or miR-23a virus were co-transferred into either TCRα-/- or 

Rag2-/- mice intravenously followed by LLO190-205 peptide immunization. For adoptive 

transfers with miR-23a deficient T cells, 5×104 or 2×105 purified CD4+ T cells from control 

and experimental groups were transferred to WT recipient or TCRα-/- mice intravenously 

at a 1:1 ratio intravenously followed by LLO190-205 peptide immunization. 

2.5.3 Experimental autoimmune encephalomyelitis (EAE) induction 

125μg myelin oligodendrocyte glycoprotein (MOG)35–55 peptide was emulsified in 

complete freund’s adjuvant (CFA). The mix was injected into the mouse subcutaneously. 

200ng/mouse of pertussis toxin was injected intravenously on day0 and day2 post 

immunization. Clinical score was assessed on a daily basis according to the extent of 

paralysis: no clinical symptoms (0); limp tail (1); weak paralysis of two hind limbs (2); 

complete paralysis of two hind limbs (3); paralysis of both hind and fore limbs (4); death 

(5). 

2.5.4 Transferred colitis model 

Mouse CD4+CD25-CD45RBHi naïve T cells were sorted from donor mice and 5×

105 cells were injected into Rag2-/- recipient mice intraperitoneally. Mouse body weights 
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were monitored on a daily basis. At the experiment end-point, mice were sacrificed and 

the colon weight/length ratios were measured. Mesenteric lymph nodes and spleens 

were collected and T cells were analyzed for intracellular expression of IL-17A and IFN-

γ expression by flow cytometry. 

2.5.5 Listeria infections 

For survival analysis, 8-10 week-old WT and miR-23af/f-CD4-Cre mice were 

challenged with 5×105 CFU of Listeria intravenously. The mouse survival curve and body 

weight were tracked on daily basis. In experiments for cellular and tissue analysis, 

spleen and liver tissues were collected four days post-infection for flow cytometry, 

hematoxylin/eosin staining and CFU measurement. For T cell activation assays and 

miRNAome profiling with Listeria challenge, 8-10 week-old recipient mice were 

challenged with 1×105 CFU of Listeria intravenously. The spleens were collected on 

designated days after infection. 

2.5.6 Listeria colony formation unit (CFU) assay 

Culture plate was made using BBL™ media (BD) with 1.5% agar. Listeria infected 

mice were sacrificed and one lobe of liver was collected from each animal. The livers 

were homogenized in 1ml of RPMI 1640. Next, 0.1ml of liver cells were precipitated and 

resuspended in 0.2ml water for passive lysis. 10µl lysate was used to make three 10-fold 

serial dilutions in water. 20µl of diluted liver cell lysate was plated on BBL agar plate. 

After overnight incubation at 37°C, Listeria CFU was quantified by colony counting. 
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2.5.7 Bone marrow chimera generation 

One week prior to bone marrow collection, recipient mice were treated with 20-

50mg/kg 5-fluorouracil. Recipient bone marrow cells were harvested from Femur and 

Tibia. Bone marrow stem cells were enriched by EasySep™ Mouse CD117 (cKIT) 

Positive Selection Kit (Stemcell). The cells were then cultured in X-vivo media (Lonza) 

with the supplement of 50ng/ml SCF, 10ng/ml IL-11 and 10ng/ml Tpo (Biolegend). After 

24h of ex vivo culture, cells were infected with retrovirus by spin-infection. Forty-eight 

hours after infection, GFP+Lineage- cells were sorted and injected into recipient mice. 

Prior to injection, the recipient mice were irradiated with 450 rad (Tcra-/- recipients) or 

900 rad (WT recipients) X-ray. Bone marrow reconstitution was checked seven to eight 

weeks after stem cell transfer. 

2.6 Data analysis 

2.6.1 qPCR analysis 

qPCR data was collected and normalized with customized software R-

qPCRanalyzer (https://flycat1989.shinyapps.io/R-qPCRanalyzer/). For qPCR array 

analysis, Partek Genomics Suite was used to detect differentially expressed genes, and P 

value less than 0.05 was used for significance thresholding. 

2.6.2 microRNAome analysis 

miRNA expression time course data was processed using the ExpressCluster 

module of the GenePattern program 

https://flycat1989.shinyapps.io/R-qPCRanalyzer/
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(http://cbdm.hms.harvard.edu/LabMembersPges/SD.html), which was developed by Dr. 

Scott Davis in the Benoist/Mathis Lab (Harvard University). miRNA expression profiles 

across various stages of CD4+ T cell responses were generated by unsupervised 

clustering using the K-Mean++ algorithm.  Euclidean distance was selected as the 

distance metric, and the K-value (number of clusters) was set at 10 to avoid over-fitting 

and under-sitting. 

2.6.3 miRNA Target ontology enrichment analysis 

Target ontology for miRNAs from the miRNA clusters were processed using the 

miRSystem online analysis tool (http://mirsystem.cgm.ntu.edu.tw/index.php) (Lu et al., 

2012). For each miRNA, the human miRNA ortholog was requested for target 

prediction, and genes passing more than 3 prediction algorithms were added to the 

target list. Subsequently, the predicted target genes were subjected to Biocarta pathway 

ontology enrichment. The BIOCARTA_G1_PATHWAY was used to score enrichment 

based on proliferation, and the BIOCARTA_DEATH_PATHWAY was used to score the 

enrichment based on cell death. 

2.6.4 TCRβ repertoire sequencing 

2.6.4.1 Library preparation 

Molecular identifiers (MIDs) were added during the reverse transcription step 

through the use of fusion primers, which contain the partial Illumina P5 sequencing 

adaptor followed by twelve random nucleotides and primers to the constant region of 

http://cbdm.hms.harvard.edu/LabMembersPges/SD.html
http://mirsystem.cgm.ntu.edu.tw/index.php
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TCRβ. I fused 33 variable region of TCRα primers that I designed to partial Illumina P7 

adaptor. Full Illumina adaptors were added during the second PCR step along with 

library indexes. Total RNA was purified using All Prep DNA/RNA kit (Qiagen) 

following the manufacturer’s protocol. cDNA synthesis was done using Superscript III 

(Life Technologies). After free primer removal with Exonuclease I, Takara Ex Taq HS 

polymerase (clone Tech) was used for both PCR reactions.  The first PCR was performed 

with the following program: initial denature at 95C for 3 minutes, followed by 20 cycles 

of 95C for 30 seconds, 55C for 30 seconds, ramp to 72C at 0.1C/s rate, then 72C for 45 

seconds with a 4C hold. The second PCR was performed with the following program: 

initial denature at 95C for 3 minutes, followed by 10 cycles of 95C for 30 seconds, 55C 

for 30 seconds, and finally 72C for 2 minutes with a 4C hold. Libraries were gel 

purified and quantified by qPCR Library Quantification Kit (KAPA biosystems) and 

sequenced on Illumina Mi-seq with paired-end 250bp read. 

2.6.4.2 TCR repertoire analysis pipeline 

Raw reads were first filtered, only reads have the exact corresponding sample’s 

library index and retain TCR constant sequence were kept for further analysis, These 

reads were then cut to 150nt starting from constant region to eliminate high error-rate 

prone region at the end of reads, and split into MID groups based on 12nt barcoded 

sequences. From each MID group of reads, one single consensus sequence was 

generated based on the consensus of nucleotides weighted by the quality score at each 
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position. Following this method, each MID group or consensus sequence is equivalent to 

one RNA molecule. These RNA molecule sequences were used for the immune 

repertoire analysis. 

In order to compare the similarity between different samples, Bhattacharryya 

similarity index based on the shared clonotypes between repertoires were adopted. The 

value of Bhattacharryya similarity index ranges from 0 to 1, with 0 means no overlap 

between two repertoires while 1 means two identical repertoires. MIGEC tool was used 

for CDR3 annotation and V/J gene segments assignment (Shugay et al., 2014). Circular 

graph of the clonotype mapping was generated using circlize package in R (Gu et al., 

2014). 

2.6.5 CDR3 motif analysis 

TCR Clones from repertoire sequencing data was extracted with MiTCR software 

(Bolotin et al., 2013). The CDR3 sequences were decomposed into 3 amino acid motifs 

and a motif library is constructed for each CDR3. For any two CDR3s, The motif 

relevance was calculated by summing the numbers of query motifs that could be found 

in subject motifs, and dividing by the total number of query motifs. The relevance values 

were then composed into distance matrix and the linkage graph was plotted with R. 

2.6.6 Statistics 

For all in vivo experiments, at least 3 animals from each experimental group were 

used to ensure adequate power to detect statistical differences. The Gehan-Breslow-



 

49 

Wilcoxon test was used for survival analysis. For other statistical analysis, student’s t-

test or paired t-test was used. In dose-response experiments, two-way ANOVA was 

used. P value less than 0.05 was considered statistically significant. 

  



 

50 

3. The role of miR-17-92 cluster in Th17 cell mediated 
inflammation1 

As reviewed in Chapter 1, miRNAs are critical regulators of CD4+ T cell 

differentiation and functions. More than 300 miRNA species are abundantly expressed 

in CD4+ T cells, within the pool, I are particularly interested in the function of miR-17-

92. My group had previously demonstrated that miR-17-92 cluster enhances IFN-γ-

secreting Th1 differentiation and supports tumor-specific T cell survival and 

proliferation (Jiang et al., 2011). These pro-inflammatory functions of this unique cluster 

were complemented by recent reports that miR-17-92 is essential for eliciting optimal 

antibody responses by affecting Tfh differentiation (Baumjohann et al., 2013; Kang et al., 

2013a). Moreover, miR-17-92 also carries a mechanism that biases CD4+ T cells away 

from immune tolerant Treg induction. In the absence of miR-17-92,  CD4+ T cells were 

poised for strong iTreg differentiation (Jiang et al., 2011); and, thymic-derived Tregs 

critically rely on miR-17-92 for their IL-10 production and immune suppressive 

functions (de Kouchkovsky et al., 2013).  

Although miR-17-92’s regulatory functions have been elaborated in a variety of 

immunological responses, its effect in autoimmunity was not well established. Some 

evidence suggests this cluster may be involved in MS, as one member of miR-17-92, 

                                                      

1 The content related to this chapter was originally published in The Journal of Biological Chemistry. miR-17-92 

cluster targets phosphatase and tensin homology and Ikaros Family Zinc Finger 4 to promote TH17-

mediated inflammation. Si-Qi Liu, Shan Jiang, Chaoran Li, Baojun Zhang, Qi-Jing Li. 2014 May 

2;289(18):12446-56. doi: 10.1074/jbc.M114.550723. 
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miR-17 was shown to be upregulated in MS patients (Lindberg et al., 2010). As 

mentioned in Chapter 1.1, the progression of MS is highly associated with pathologic 

Th17 cells. Due to the importance of Th17-mediated pathogenesis in MS, key regulators 

of Th17 differentiation have been extensively studied (Ivanov et al., 2006; Nurieva et al., 

2008). Transcriptional network mapping has uncovered the key modulators of Th17 

lineage initiation, commitment and stabilization (Ciofani et al., 2012; Yosef et al., 2013). 

However, since the role of miR-17-92 in Th17 lineage is yet to be investigated, it is 

unclear whether this transcription factor network can be modulated by the post-

transcriptional regulatory network of miR-17-92. 

In this Chapter, I discuss the contribution of miR-17-92 cluster in Th17 

differentiation and pathogenesis. I utilized a mouse strain in which miR-17-92 was 

specifically depleted in T cells. In combination with the experimental autoimmune 

encephalomyelitis (EAE) mouse model of MS, I showed that loss of miR-17-92 resulted 

in impaired Th17 differentiation, which consequently reduced EAE pathogenesis. I 

further dissected this cluster and identified specific miRNAs executing the whole 

cluster’s function. Through identification of their functionally relevant gene targets, I 

elucidated the molecular mechanism underlying these regulatory miRNAs. 

3.1 miR-17-92 deficiency in CD4+ T cells leads to impaired Th17 
differentiation in vitro and mitigates EAE progression 

To investigate the role of miR-17-92 cluster in the differentiation of Th17 cells, I 

employed the miR-17-92f/f-CD4-Cre conditional knockout mouse as previously described 
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(Jiang et al., 2011). This mouse line features two loxp sites flanking the whole miRNA 

cluster (Ventura et al., 2008), together with Cre expression under the control of CD4 

promoter to ensure T cell-specific miR-17-92 depletion. With these mice, I first tested 

whether miR-17-92 cluster affects Th17 differentiation in vitro. Using plate-bound α-

CD3ε and α-CD28 antibodies, CD4+ T cells from total lymph nodes of either wild type 

(WT), miR-17-92 heterozygotes (f/+) or miR-17-92 knockout (f/f) mouse were stimulated 

through their antigen receptors. The cells were cultured under Th17 polarization 

conditions to assess their differentiation capacity. Th17 differentiation of miR-17-92 

deficient T cells was markedly decreased in vitro, as identified by reduced IL-17A 

production (Figure 1). 

I next studied the impact of this impaired Th17 differentiation in vivo using the 

EAE mouse model of MS. Since Th17 cells are known to be the critical mediators of MS 

in human patients, I induced EAE in either wild-type (WT) mice or miR-17-92f/f-CD4-Cre 

(KO) mice. In KO mice, I observed alleviation in EAE symptoms, as indicated by 

reduced clinical scores (Figure 2A). I found no significant differences in the numbers of 

pathological CD4+ T cells infiltrating the central nervous system (Figure 2B). However, a 

closer examination at the effector function of these CD4+ T cells revealed that KO cells 

collected from the spinal cords and spleens of EAE mice had significantly diminished IL-

17 expression (Figure 3A and Figure 3B), together, the  IL-17 producing cell number was 

also significantly decreased (Figure 3D). Consistent with my previous findings that miR-
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17-92 facilitates IFN-γ production (Jiang et al., 2011), I also observed a significant 

decrease in IFN-γ producing T cells in the spinal cord. However, although the loss of 

miR-17-92 enhanced iTreg induction in vitro and within the tumor microenvironment 

(Jiang et al., 2011), under my EAE inducing condition, I were unable to identify 

differences in Treg percentages between WT and KO mice, in both the spinal cords and 

spleens (Figure 3C). 

Taken together, my data suggest that miR-17-92 is important for Th17 

differentiation in vitro and Th17 responses in vivo and the ablation of this cluster 

mitigates EAE progression. 
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Figure 1: miR-17-92 deficient CD4+ T cells have reduced Th17 differentiation 

in vitro. 

CD4+ T cells were isolated from wild type (WT), miR-17-92f/+-CD4-Cre (f/+) or miR-

17-92f/f-CD4-Cre mice (f/f) mice and stimulated by α-CD3ε and α-CD28 for 5 days in Th17 

skewing conditions, followed by intracellular staining for IL-17A and IFN-γ and flow cytometry 

analysis. 
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Figure 2: miR-17-92 T cell conditional knockout mice are more resistant to EAE 

induction. 

(A) Wild type (WT, n=10) and miR-17-92f/f-CD4-Cre (KO, n=5) mice were immunized 

with MOG peptide and injected with pertussis toxin to elicit EAE, and the clinical score is 

measured daily. (B) Total CD4+TCRβ+ cells in the spinal cord of WT and KO mice was 

quantified by flow cytometry. 
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Figure 3: KO mice have reduced Th17 and Th1 cells after EAE induction. 

(A-C) Cells from EAE day 26 mice were collected from spinal cord (SC), spleen (SPL) 

and lymph nodes (LN) and analyzed for IL-17A, IFN-γ expression (A, B) and Foxp3 expression 

(C). The absolute cell count for each subset in the spinal cords was quantified in (D). 
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3.2 miR-17-92 deficient CD4+ T cells are impaired in colitis 
induction 

I next validated the function of miR-17-92 in Th17 induction using the colitis 

model. In lymphopenic Rag2-/- mouse, the adoptively transferred naïve CD4+ T cells 

become activated and differentiate into Th1 and Th17 lineages to induce colitis (Hue et 

al., 2006). I adoptively transferred CD4+CD25-CD45RBHi naïve WT or KO T cells into the 

Rag2-/- hosts, and monitored their body weights daily. Compared to WT T cells, I found 

that KO T cells were ineffectual at eliciting colitis-induced weight loss: in recipients of 

KO T cells, weight loss was significantly retarded (Figure 4). In addition, the colon 

weight/length ratio – an indicator of colon inflammation severity – was significantly 

reduced in mice receiving KO T cells (Figure 5A). Accordingly, H&E staining of the 

colon sections revealed stark differences between the two groups of recipient mice: in 

the colons of mice receiving WT T cells, there was drastic loss of villus integrity, together 

with substantial infiltration of inflammatory mononuclear cells into the villi, and, severe 

depletion of goblet cells; In the colons of mice receiving KO T cells, while mononuclear 

infiltration was present, the gross architecture of both villi and goblet cells remained 

intact (Figure 5B). Further analysis revealed that miR-17-92 deletion results in 

significantly reduced accumulation of CD4+ cells in the mesenteric lymph nodes (Figure 

6A), which is likely a consequence of reduced proliferation and increased activation-

induced apoptosis associated with miR-17-92 deletion (Jiang et al., 2011). More 

importantly, while IFN-γ production was comparable between two groups in this 
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disease model (Figure 6B), I observed suppressed IL-17A expression in transferred KO T 

cells (Figure 6C). Notably, in my colitis model, iTreg differentiation was negligible in 

either WT or KO CD4+ T cell transfer (Figure 6D). My data implies that miR-17-92 

deficiency hinders the CD4+ cells’ ability to induce colitis, potentially by reducing Th17 

responses. 
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Figure 4: miR-17-92 deficient CD4+ T cells are less capable to induce colitis. 

(A) CD4+CD25-CD45RBHi naïve T cells were sorted from wild type (WT) and or miR-

17-92f/f-CD4-Cre mice (KO) mice and adoptively transferred into Rag2-/- recipients. Body 

weights of WT and KO recipients were measured daily after T cell transfer, and were normalized 

to the initial body weight of each mouse. (B) In an independent transfer experiment, statistical 

test was performed to measure the trend of weight loss. 
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Figure 5: Recipients transferred with miR-17-92 deficient CD4+ T cells have 

reduced colon inflammation. 

(A) Colons were harvested from mice 11 days post WT or KO T cell transfer, and colon 

weight/length ratio (an indicator of colitis severity) was calculated. (B) H&E staining of the colon 

sections of mice with WT or KO T cell transfer. Note the differences between the two groups, in 

terms of mononuclear cell infiltration (density of blue staining), numbers of goblet cells (cells 

with white vacuoles) and villus integrity. 
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Figure 6: Both Th1 and Th17 differentiation are impaired in transferred KO 

cells in colitis model. 

(A-C) Quantification of absolute CD4+ T cell numbers, IFN-γ+ and IL-17A+ T cell 

percentages and cell numbers in the mesenteric lymph nodes of WT and KO transfer groups. (D) 

FACS analysis of Treg percentage in transferred WT and KO cells. 
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3.3 miR-17 and miR-19b are core components in the cluster that 
promote Th17 differentiation 

To better understand the mechanism by which miR-17-92 cluster regulates Th17 

differentiation, I dissected the contribution from individual miRNAs in this cluster. By 

utilizing retroviral vectors to overexpress individual miRNAs in miR-17-92 knockout T 

cells, I were able to achieve miRNA expression above the wild type level (Figure 7). I 

then found that two miRNAs, miR-17 and miR-19b, were most potent in rescuing the 

Th17 differentiation defect (Figure 8A and Figure 8B). I then asked if miR-17 and miR-

19b promotes Th17 differentiation in an additive or synergistic manner. To examine 

their combinatory effects, I designed a retroviral vector that expresses a miR-17-92 

mutant, miR-1719b. miR-1719b harbors deletions of the miR-19a and miR-20a guide 

strands, and contains mutations covering the whole seed regions of miR-18 and miR-92. 

This allows me to overexpress miR-17 and miR-19b simultaneously in the context of 

their original cluster (Figure 9A). Combined miR-17 and miR-19b expression 

demonstrated an additive effect in driving Th17 differentiation of KO CD4+ T cells in 

comparison to those cells expressing miR-17 or miR-19b alone (Figure 9B). Accordingly, 

the transcription of il17a, il17f and master regulator rorc were also highly induced by 

concurrent expression of miR-17 and miR-19b (Figure 9C). 

Collectively, by breaking down the miR-17-92 cluster into individual miRNAs, I 

demonstrated that miR-17 and miR-19b are potentially the major players in promoting 

Th17 differentiation. 
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Figure 7: Overexpression of individual miRNAs in the miR-17-92 deficient T 

cells. 

CD4+ T cells were purified from wild-type (WT) and miR-17-92f/f-CD4-Cre (KO) 

mice and stimulated in Th17 polarizing conditions. Cells were infected with either 

control retrovirus (MOCK) or retrovirus overexpressing individual miRNAs from the 

miR-17-92 cluster. The overexpression efficiency was quantified with RT-qPCR. 
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Figure 8: Dissection of miR-17-92 cluster shows miR-17 and miR-19b are core 

components in the cluster to promote Th17 differentiation. 

WT and KO cells (n=5) were stimulated by anti-CD3ε and anti-CD28, and subsequently 

infected with retrovirus expressing empty vector (WT-MOCK and KO-MOCK) or 

overexpressing each miRNA (KO-miR). Representative of IL-17A and IFNγ staining were shown 

in (A) and IL-17A+ percentage is normalized to KO-MOCK group and quantified in (B). 
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Figure 9: miR-17 and miR-19b function additively to promote Th17 

differentiation. 

(A) Schematics of miR-1719b retrovirus construct. Seed region of miR-18 and miR-92 

was mutated, miR-19a and miR-20a were removed. (B) WT and KO T cells were stimulated and 

infected with MOCK or miR-1719b retrovirus. Cells were cultured in Th17 induction conditions 

and analyzed by flow cytometry. (C) mRNA levels of IL-17A, IL-17F and RORγt was quantified 

by qPCR. 
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3.4 miR-19b enhances Th17 differentiation by targeting PTEN 

I then examined how miR-19b functions to foster Th17 differentiation. I and 

others have validated phosphatase and tensin homology (PTEN) as a target of miR-19b 

in tumor cells, B cells, and CD4+ T cells (Jiang et al., 2011; Olive et al., 2009). By 

dephosphorylating PIP3, PTEN is well recognized as a negative regulator of the PI3K-

AKT-mTOR signaling pathway (Carracedo and Pandolfi, 2008). Importantly, recent 

studies imply that activation of the PI3K-AKT-mTOR pathway is essential for the 

induction of Th17 differentiation in vitro and in vivo (Nagai et al., 2013). Therefore, I 

speculated that miR-19b promotes Th17 response through the inhibition of PTEN to 

enhance the PI3K-AKT-mTOR pathway. I first confirmed that miR-19b overexpression is 

capable of downregulating PTEN during the differentiation of Th17 cells (Figure 10A). 

One direct consequence of PTEN dysregulation is the alteration of AKT activation, 

marked by the phosphorylation of two critical residues on AKT: Threonine 308 (T308) 

and Serine 473 (S473) (Bellacosa et al., 1998). When I activated WT and KO CD4+ T cells 

via TCR stimulation under the Th17-differentiating conditions, I observed that both T308 

and S473 phosphorylation were significantly retarded in KO cells (Figure 10B). I then 

examined whether this miR-19b-mediated PTEN downregulation is sufficient to 

influence Th17 differentiation. With a low dose of the selective inhibitor PIK-75, I 

specifically blocked the activity of p110α subunit of PI3 kinase to assess the contribution 

of the PI3K-AKT-mTOR pathway for Th17 differentiation in miR-17-92 KO CD4+ T cells 
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(Knight et al., 2006). I reasoned that the loss of miR-19b should already have 

accumulated sufficient PTEN in these KO cells to increase the PI3K-AKT-mTOR 

signaling threshold required for Th17 differentiation. Therefore, KO cells would be less 

susceptible to further pharmaceutical inhibition of PI3K. By differentiating CD4 T cells in 

vitro in the presence or absence of PIK-75, I could determine the inhibition index of Th17 

differentiation (1-IL-17PIK-75 /IL-17DMSO). While PIK-75 is still capable of reducing IL-17 

production in KO CD4+ T cells (Figure 11A and 11B), the extent of reduction is 

significantly lower in these miR-17-92 deficient T cells (Figure 11C). In addition, in the 

absence of PI3K inhibition, both miR-17 and miR-19b rescued KO cells’ defect in Th17 

differentiation (Figure 11A and 11B). However, in the presence of PI3K inhibition, the 

rescue by miR-17 and miR-19b differs significantly: rescue delivered by miR-19b 

depends on PI3K activation (Figure 11A and 11B) and is highly sensitive to PIK-75 

treatment; rescue delivered by miR-17, which functions through a PTEN-independent 

mechanism (Figure 10A), is more resistant to PI3K inhibition (Figure 11C). Taken 

together, I concluded that miR-19b enhances Th17 differentiation by targeting Pten. 
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Figure 10: Pten is a molecular target of miR-19b in Th17 cells. 

(A) CD4+ T cells were isolated from WT or miR-17-92f/f-CD4-Cre (KO) mice and 

stimulated in vitro in Th17 conditions and infected with MOCK, miR-17 or miR-19b 

overexpressing retrovirus for 5 days. Cell lysate was collected for western blotting PTEN and β-

Actin. (B) WT and KO CD4+ T cells were purified and starved for 2h in serum-free media, and 

subsequently stimulated with α-CD3ε and α-CD28 antibodies for 30min under Th17 conditions.  

Phosphorylation of AKT T308 and S473 in WT and KO CD4+ T cells were measured by flow 

cytometry. 
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Figure 11: miR-19b enhances Th17 differentiation depend of PTEN-PI3K 

pathway. 

(A) Representative of WT-MOCK, KO-MOCK, KO-miR-17 and KO-miR-19b cell 

culture in Th17 skewing conditions and treated with DMSO or PIK-75. (B) Quantification of (A), 

n=4. (C) Inhibition index of PIK-75’s inhibition efficiency on Th17 differentiation as calculated 

by 1-IL-17PIK-75/IL-17DMSO. 
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3.5 miR-17 promotes Th17 differentiation by repressing novel 
target IKZF4 

Previously, I identified that miR-17 protects CD4+ T cells from excessive 

activation induced cell death and inhibits iTreg differentiation by targeting the upstream 

signaling molecule TGFBRII and the transcription factor CREB1 (Jiang et al., 2011). 

Although they are implicated in T cell differentiation (Li et al., 2006; Qin et al., 2009; Wen 

et al., 2010), I failed to detect any significant change in the expression of these two 

proteins in Th17 biased CD4+ T cells (Figure 12).  To identify the direct target(s) of miR-

17 during Th17 differentiation, I conducted a qPCR array on 93 core mediators 

controlling various stages of Th17 differentiation. These genes were selected based on 

recent transcription factor network analysis of differentiated Th17 cells and dynamic 

regulatory network analysis of Th17 cells during the differentiation process (Ciofani et 

al., 2012; Yosef et al., 2013). My list of core mediators (Table 1) includes validated Th17 

regulators (RORγt, STAT3, BATF, etc.) as well as new and predicted key modulators 

(MINA, FOSL2, SP1, etc.). I collected RNA samples from WT and KO cells transduced 

with control, miR-17 or miR-19b vectors and performed 5 rounds of qPCR array (Figure 

13A, data as in Table 1). Among the significantly changed genes, I focused on genes that 

are upregulated in miR-17 deficient KO CD4+ T cells, and, downregulated when miR-17 

was re-introduced (Figure 13). With these filtering criteria, I identified two genes, Ebi3 

and Ikzf4, which fit this pattern and are also known to be negative regulators in Th17 

differentiation. IKZF4 belongs to the Ikaros zinc finger transcription factor family and 
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was recently shown to be a composite of the negative module in Th17 differentiation 

network (Yosef et al., 2013). With computational algorisms, I failed to identify any 

conserved miR-17 binding sites in Ebi3 mRNA; but, I predicted two potential miR-17 

binding sites in the 3’ untranslated region (3’UTR) of murine Ifzf4 (Figure 14A), with 

position 2394 being highly conserved among mammals. I cloned the Ikzf4 3’UTR 

containing these two miR-17 binding sites into a luciferase reporters and transfected the 

construct into 3T3 cells stably transduced with control or miR-17 retrovirus. As 

expected, miR-17 significantly repressed the expression of IKZF4 3’UTR conjugated 

reporter (Figure 14B). Importantly, during Th17 differentiation, protein levels of IKZF4 

was also increased in the KO cells but reduced when miR-17 was reintroduced (Figure 

14C). Therefore, I concluded that IKZF4 is a direct target of miR-17.  

To further validate whether miR-17- mediated IKZF4 suppression directly 

promotes Th17 differentiation, I constructed a rescue vector with concomitant 

expression of miR-17 and the IKZF4 coding sequence concordantly. I found that while 

miR-17 increases Th17 differentiation in WT cells, this increase is significantly tuned 

down when exogenous IKZF4, which can bypass miR-17 targeting, was introduced 

(Figure 15). Therefore, I concluded that transcription suppressor Ikzf4 is a novel target of 

miR-17 and this targeting is crucial for miR-17’s effect in promoting Th17 differentiation. 
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Figure 12: Tgfbr2 and Creb1 expression is not altered by miR-17 in Th17 cells. 

CD4+ T cells were purified from WT and KO mice and stimulated in Th17 polarizing 

conditions, and were infected with either control retrovirus (MOCK) or retrovirus overexpressing 

miR-17 and miR-19b (n=4). mRNA levels of Tgfbr2 and Creb1 were quantified with RT-qPCR. 
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Figure 13: qPCR array analysis of Th17 related genes with miR-17 

manipulation. 

Volcano graph of qPCR array of 93 key Th17 regulators normalized to 3 endogenous 

controls. X axis indicates log2 value of relative fold changes, and Y axis indicates log10 p value. 

Y interception equals p=0.05. Left panel compares KO-MOCK and WT-MOCK group (n=5) and 

right panel compares KO-miR-17 and KO-MOCK group (n=5). 
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Figure 14: Ikzf4 is a bona fide target of miR-17 in Th17 cells. 

(A) Schematics of the two predicted miR-17 binding sites in the 3’UTR of IKZF4. (B) 

Luciferase assay of Ikzf4 3’UTR constructed into the firefly luciferase reporter normalized to 

Renilla luciferase control. The construct was transfected into 3T3 cells overexpressing MOCK or 

miR-17 (n=5). (C) Western blot of IKZF4 and β-Actin in WT-MOCK, KO-MOCK and KO-miR-

17 cells cultured in Th17 conditions. 
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Figure 15: Forced IKZF4 expression reduced Th17 differentiation in miR-17 

overexpressed T cells. 

WT CD4+ T cells were purified and infected with MOCK, miR-17 and miR-17-IKZF4 

retrovirus and cultured in Th17 conditions for 5 days (n=3). IL-17A, IFN-γ and IKZF4 expression 

was measured by intracellular staining and flow cytometry. 
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Table 1: 96-well qPCR array of core mediators in Th17 differentiation 

 
KO vs. WT miR-17OE vs. KO 

Gene Symbol Selected to amplify maximum variants log2 FC -log10 P value log2 FC -log10 P value 

Aes NM_010347 0.000 0.000 -0.191 1.223 

Ahr NM_013464 -0.256 0.620 -0.333 1.806 

Arid3a NM_007880 0.138 0.712 -0.005 0.012 

Batf NM_016767 0.280 0.744 -0.463 1.396 

Batf3 NM_030060 0.616 1.237 -0.389 0.577 

Bcl11b NM_021399 0.148 0.308 -0.147 0.537 

Bcl3 NM_033601 -0.300 0.458 -0.159 0.849 

Bcl6 NM_009744 -0.166 0.305 -0.405 0.496 

Ccl20 NM_001159738 -0.466 0.530 0.431 0.930 

Ccl4 NM_013652 0.350 0.527 -0.323 0.572 

Ccr5 NM_009917 -0.636 1.896 -0.301 2.066 

Ccr6 NM_009835 0.386 0.952 -0.023 0.023 

Ccr8 NM_007720 0.900 1.105 0.121 0.112 

Cebpb NM_009883 0.374 0.367 -0.659 0.725 

Cebpd NM_007679 0.906 1.472 -0.611 0.619 

Crem NM_013498 0.398 1.397 -0.523 1.095 

Csf2 NM_009969 0.272 0.302 -0.259 0.382 

Cxcr3 NM_009910 0.814 1.163 -0.737 1.107 

Ebi3 NM_015766 0.486 2.415 -0.447 1.364 

Egr1 NM_007913 0.352 1.761 -0.215 0.875 

Egr2 NM_010118 0.704 0.998 -0.431 1.685 

Ets1 NM_001038642 0.444 1.160 -0.539 0.743 

Ets2 NM_011809 0.316 1.543 -0.219 1.055 

Etv6 NM_007961 0.402 0.816 -0.517 1.663 

Fas NM_007987 0.174 0.559 -0.263 1.299 

Fli1 NM_008026 0.096 0.485 -0.289 0.742 

Fosl2 NM_008037 0.218 0.599 -0.301 1.161 

Foxo1 NM_019739 0.060 0.195 -0.167 1.132 

Foxo3 NM_019740 0.004 0.005 -0.403 0.492 

Gfi1 NM_010278 0.358 0.526 -0.305 0.327 

Hif1a NM_010431 0.240 2.219 -0.543 1.900 

Id2 NM_010496 0.316 1.377 -0.233 0.883 

Ikzf4 NM_011772 0.786 2.035 -0.525 1.700 

Il10 NM_010548 -1.158 1.087 -0.589 1.347 

Il10rb NM_008349 0.428 2.414 -0.353 1.009 

Il12rb1 NM_008353 0.374 1.202 -0.617 1.212 

Il17a NM_010552 0.032 0.079 -0.651 0.848 

Il17f NM_145856 -0.330 1.691 -0.707 1.344 

Il17ra NM_008359 0.226 0.729 -0.343 2.056 

Il1r1 NM_008362 0.494 1.060 -0.673 1.590 

Il21 NM_021782 0.118 0.295 -0.393 0.993 

Il21r NM_021887 0.280 0.633 -0.547 1.656 

Il22 NM_016971 1.230 1.235 -1.305 1.300 

Il23r NM_144548 0.578 2.193 -0.753 1.439 

Il2rb NM_008368 0.258 1.218 -0.367 1.131 

Il6st NM_010560 0.328 1.318 -0.449 1.807 

Il9 NM_008373 0.224 0.932 -0.343 1.238 

Irf1 NM_008390 0.476 0.855 -0.427 0.788 
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Irf4 NM_013674 0.312 0.891 -0.627 0.931 

Irf8 NM_008320 -0.166 0.695 -0.073 0.344 

Kat6b NM_017479 0.132 0.408 -0.303 2.193 

Klf10 NM_013692 0.040 0.081 0.023 0.204 

Klf7 NM_033563 -0.070 0.219 0.003 0.008 

Lif NM_008501 0.308 0.779 -0.203 0.364 

Lta NM_010735 0.060 0.110 -0.451 1.037 

Maf NM_001025577 -0.010 0.015 -0.011 0.025 

Mina NM_025910 0.384 1.230 -0.211 0.493 

Mta3 NM_054082 0.080 0.191 -0.067 0.961 

Myc NM_010849 0.218 0.972 -0.501 1.472 

Ncoa1 NM_010881 0.054 0.222 -0.111 0.710 

Nfatc2 NM_010899 0.044 0.132 -0.257 0.842 

Nfe2l2 NM_010902 -0.056 0.431 -0.221 0.916 

Nfil3 NM_017373 0.116 0.636 -0.225 0.671 

Nfkb1 NM_008689 0.314 1.633 -0.215 1.069 

Notch1 NM_008714 0.248 1.037 -0.363 1.013 

Pml NM_008884 0.430 1.281 -0.257 0.375 

Pou2af1 NM_011136 -0.090 0.238 -0.095 0.093 

Procr NM_011171 -0.444 0.685 -0.633 1.732 

Rara NM_009024 0.532 0.502 -0.077 0.257 

Rbpj NM_009035 0.292 1.133 -0.337 1.214 

Rel NM_009044 0.122 0.549 -0.213 0.680 

Rora NM_013646 0.590 2.457 -0.549 2.026 

Rorc NM_011281 -0.264 0.969 -0.069 0.135 

Runx1 NM_001111022 0.292 0.886 -0.261 1.924 

Satb1 NM_009122 -0.706 1.002 0.887 1.268 

Sigirr NM_023059 0.120 0.694 -0.115 0.540 

Sirt2 NM_001122766 0.224 0.863 -0.335 1.021 

Ski NM_011385 0.212 0.413 -0.365 0.800 

Skil NM_001039090 0.300 1.858 -0.301 1.703 

Smad3 NM_016769 0.566 1.127 -0.885 2.697 

Smarca4 NM_011417 0.074 0.206 -0.135 0.720 

Sp4 NM_009239 0.130 1.025 -0.247 1.889 

Stat1 NM_009283 0.160 0.375 -0.427 2.162 

Stat2 NM_019963 0.534 1.769 -0.205 0.706 

Stat3 NM_011486 0.248 1.189 -0.475 2.256 

Stat5b NM_001113563 0.122 0.385 -0.127 0.985 

Tbx21 NM_019507 0.412 0.885 -0.163 0.378 

Tnfrsf8 NM_009401 0.180 0.216 -0.841 1.107 

Trps1 NM_032000 0.102 0.371 -0.445 1.668 

Tsc22d3 NM_001077364 0.184 0.612 -0.311 1.638 

Vax2 NM_011912 -0.044 0.127 -0.281 1.475 

Vdr NM_009504 0.092 0.515 -0.337 3.702 

Zeb1 NM_011546 0.256 0.467 -0.241 0.773 
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3.6 Discussion 

In this study, I demonstrated miR-17-92 cluster as a novel regulator of Th17 

differentiation and its effector pathogenicity. In combination with my previous data that 

miR-17-92 facilitates cell proliferation, inhibits apoptosis, promotes Th1 differentiation 

and impairs iTreg differentiation, my findings accentuate the notion that this cluster 

comprehensively controls inflammation elicited by antigen-specific CD4+ T cell 

activation. Evolutionarily, miR-17-92 is highly conserved in mammals (Lykken and Li, 

2011), and by promoting CD4+ T cell mediated immunity, this cluster may confer 

survival benefits against non-self intrusions. However, over-activation of T cells also 

leads to severe consequences such as autoimmune diseases (Janssen et al., 2013; Rottiers 

et al., 2013). My animal models indicate this miRNA cluster may be involved in the 

pathogenesis of MS in humans. By dissecting the individual miRNAs in the context of 

Th17 differentiation, I revealed different behaviors of the miRNAs in the cluster, with 

miR-17 and miR-19b exerting the most potential in driving Th17 differentiation and may 

contribute mostly to the onset of MS. This finding also suggests that MS therapies can be 

designed by targeting miRNAs. The safety and efficacy of oligonucleotide therapy 

against miRNAs have not only been tested in primates, but have also passed phase 2 

human trials (Janssen et al., 2013). Since miR-19b was also found to promote Th1 

mediated inflammation (Jiang et al., 2011), and oligonucleotides against miR-19b may 

not only benefit MS patients, but also a wide array of inflammatory diseases.  
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The finding that miR-19b affects PI3K-AKT-mTOR axis in Th17 differentiation is 

well consistent with my previous report, in which miR-19b represses PTEN to facilitate 

CD4+ T cell’s anti-tumor response (Jiang et al., 2011). Indeed, PI3K-AKT-mTOR is a 

central regulatory axis that in Th17 differentiation: the activation of this pathway 

phosphorylates STAT3 and enhances the transcription of RORγt, the master 

transcription factor for Th17 lineage (Delgoffe et al., 2011); moreover, PI3K-AKT-mTOR 

was found to facilitate RORγt nuclear translocation, while suppressing the Th17 

negative regulator GFI1 (Kurebayashi et al., 2012). Additionally, PI3K-AKT-mTOR 

activation is also indispensable for efficient Th1 differentiation (Delgoffe et al., 2011). As 

an antagonist of the PI3K-AKT-mTOR axis, PTEN acts as an important anti-

inflammatory mediator by reducing both Th1 and Th17 mediated pathogenesis. 

Therefore, by repressing PTEN in T cells, miR-19b is able to extensively drive immune 

activation and inflammation.  

I previously demonstrated that miR-17 can inhibit iTreg differentiation by 

targeting Tgfbr2 (Jiang et al., 2011), and the dominant negative form of TGFBR2 was 

found to impede Th17 differentiation (Qin et al., 2009). In view of this, there is a 

seemingly inverse correlation between miR-17 expression and the Th17 pathway. 

However, in my study, I did not detect changes of Tgfbr2 when miR-17 is overexpressed 

in Th17 cells. This is probably due to differences in miR-17 targeting between the Th17 

and iTreg contexts.  
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Instead, I identified Ikzf4 as a target of miR-17 in controlling Th17 differentiation. 

IKZF4 is a member of the Ikaros family transcription factors. The Ikaros family was 

originally designated to function in hematopoiesis (John and Ward, 2011), but it is only 

until recently that studies begin to show the relevance of this family in T helper cell 

differentiation. IKZF3 was preferentially expressed in Th17 cells and governs Th17 

differentiation by silencing IL-2 expression (Quintana et al., 2012). By investigating the 

dynamics of the Th17 regulatory network, IKZF4 was proposed by Yosef et al. as a 

composite in the negative regulatory module for Th17. However, the function of this 

protein remained elusive. In my report, I provide the first evidence that miR-17 

reinforces Th17 differentiation by repressing Ikzf4.  

Th17 and iTreg differentiation processes are mutually antagonistic; however, the 

plasticity of both lineages remain preserved in differentiated cells (Gomez-Rodriguez et 

al., 2014; Hoechst et al., 2011). Although cytokine signaling plays vital roles in directing 

the Th17 and iTreg differentiation paradigms (Eisenstein and Williams, 2009), a more 

fundamental diversion should occur at the epigenetic level. Pan and colleagues 

demonstrated that IKZF4 has the potential to function at the epigenetic level. By 

recruiting CtBP1 to epigenetically silence IL-2 and IFN-γ, IKZF4 reinforces the 

suppressive functionality of thymic derived nTregs (Pan et al., 2009). In addition, Munn 

and colleagues demonstrated that IKZF4 is critical for maintaining the lineage specificity 

of nTregs (Sharma et al., 2013).  I speculate that a similar mechanism could be at play 
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during iTreg differentiation, and, IKZF4 may function as an intrinsic modulator in T 

cells that decides between the Th17 and iTreg lineage choices.  This lineage choice is also 

impacted by miR-17: miR-17 biases T cells towards the Th17 lineage, while inhibiting 

iTreg differentiation (Jiang et al., 2011). Therefore, I propose that by modulating IKZF4 

expression, miR-17 is a posttranscriptional mechanism controlling Th17/iTreg plasticity. 

My molecular dissection indicated that miR-17 and miR-19b are united in many 

ways to promote the effector function of CD4+ T cells: protecting cells from activation 

induced death, inhibiting iTreg differentiation, and, supporting Th17 differentiation.  It 

is tempting to speculate that signaling pathways modulated by miR-17 and miR-19b 

may cross-talk with each other. Intriguingly, it has been shown that, in pro-B cells, the 

activation of PI3K is essential in controlling IKZF1 expression and therefore successful 

VDJ recombination (Alkhatib et al., 2012). However, under both Th1 and Th17 

conditions, manipulation of miR-17 did not cause any measurable impact on PTEN 

expression; manipulation of miR-19b could not alter CREB1, TGFBRII (Jiang et al., 2011), 

or IKZF4 expression (data not shown). Therefore, I concluded that miR-17 and miR-19b 

most likely modulate two independent signaling networks and their effects on CD4+ T 

cells are additive.    

Recently, other groups reported that miR-17-92 promotes Tfh differentiation by 

repressing genes involved in Th17 differentiation (Baumjohann et al., 2013). However, it 

should be noted that, in this study, the experimental setup does not recapitulate the 
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physiological conditions required for optimal Th17 induction: LCMV specific CD4+ T 

cells carrying miR-17-92 deficiency were transferred into recipient mice followed by 

LCMV inoculation. In fact, LCMV infection elicits robust Th1, rather than Th17 

responses. Under these circumstances, the Tfh population generated might possess 

characteristics of Th1 cells (Liu et al., 2012), which could fundamentally differ from the 

bona fide Th17 cells generated in the EAE model. Given the context-dependent nature of 

miRNA targeting, they do not necessarily contradict miR-17-92’s positive effect in Th17 

differentiation in the EAE and colitis settings. Interestingly, RORA was reported to be a 

target of miR-17-92 in their particular system, and I also detected an increase in RORA at 

the transcription level in miR-17-92 deficient cells by my qPCR array (Figure 5A). 

However, in miR-17-92 deficient CD4+ Th17 cells, this increase in RORα was 

overpowered by the elevation of PTEN and IKZF4 and their consequent suppressive 

effects. Therefore, I concluded that the overall role of miR-17-92 supports the Th17 

differentiation program. Moreover, since it has been shown that Tfh cells are highly 

plastic, and certain Peyer’s patch Tfh cells may even require preliminary Th17 

differentiation (Crotty, 2011; Hirota et al., 2013), it may be inappropriate to consider Tfh 

and Th17 as strictly antagonistic lineages. 

  



 

83 

4. miR-23a’s regulation in the life and death of effector 
CD4+ T cells2 

The comprehensively studies of miR-17-92 from me and other groups illustrated 

the central role of miRNAs in CD4+ T cells. Therefore, it is of great importance to 

decipher the miRNA regulatory network involved in immune responses. To identify key 

miRNAs for effector CD4+ T cell effector responses, I tracked the global miRNA 

expression patterns using an in vivo Listeria infection model. Through miRNA expression 

profiling in CD4+ T cells during various stages of acute Listeria infection, I found that the 

expression of miR-23a in CD4+ T cells was well-coordinated with CD4+ T cell activation, 

effector expansion, contraction and memory formation. Further studies of miR-23a’s 

regulatory role indicated that this miRNA firmly controls the death of activated CD4+ T 

cells. 

As discussed in Chapter 1.1, apoptosis is a major form of cell death that widely 

applies to the CD4+ T cells. The caspase family proteins are central mediators and 

executors of apoptosis. Caspases are programmed into cascades of proteolytic reactions 

that degrade a range of housekeeping and structural proteins and thereby execute cell 

death in a step-by-step fashion (Riedl and Shi, 2004). Another form of cell death, 

necrosis, is also well-recognized in various physiological and pathological contexts 

                                                      

2 The content related to this chapter was originally published in Immunity. MicroRNA-23a Curbs Necrosis 

during Early T Cell Activation by Enforcing Intracellular Reactive Oxygen Species Equilibrium. Baojun 

Zhang, Si-Qi Liu, Chaoran Li, Erik Lykken, Shan Jiang, Elizabeth Wong, Zhihua Gong, Zhongfen Tao, Bo 

Zhu, Ying Wan, Qi-Jing Li. 2016 Mar 15;44(3):568-81. doi: 10.1016/j.immuni.2016.01.007. 
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(Ch'en et al., 2011). Unlike apoptosis, necrosis is generally a form of caspase-

independent cell death (McIlwain et al., 2013). 

While regulation of necrosis remains debatable, it is clear that the functional 

consequence of necrosis differs from apoptosis. Apoptosis triggers swift removal of cell 

debris to avoid “danger signals” (Hochreiter-Hufford and Ravichandran, 2013), 

however, necrosis causes cells to release proinflammatory mediators, triggering local 

inflammation (Rock and Kono, 2008) and production of Danger Associated Molecular 

Patterns (DAMPs) to activate the immune system (Kaczmarek et al., 2013). In turn, the 

resulting hyper-inflammation causes collateral tissue injury and/or systemic cytokine 

storms. Ischemia-reperfusion (IR) injuries, prominent inducers of necrosis in 

cardiomyocytes, provide a typical example of this damaging process: necrosis-induced 

immune cell infiltration and elevation of inflammatory cytokines greatly amplify tissue 

injury (Frangogiannis et al., 2002).  Additionally, necrosis of intestinal epithelial cells 

contributes to the severity of inflammatory bowel diseases (Gunther et al., 2011; Welz et 

al., 2011). Furthermore, during microbial infections, blocking the necrosis pathways can 

prevent the lethal outcomes of systemic inflammatory responses (Duprez et al., 2011). 

One common determinant of apoptosis and necrosis is the integrity of 

mitochondria (Kroemer et al., 1998). In either case, upstream stimuli induce breaches in 

the mitochondrial membrane that lead to the release of intracellular death triggers 

(Jurgensmeier et al., 1998; Yu et al., 2002). A critical component of mitochondria integrity 
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control is the intracellular reactive oxygen species (ROS). ROS are primarily generated 

from respiratory chain I during the metabolic process, and mainly take the form of O2- 

and H2O2. In the case of necrosis, accumulation of both extrinsic and intrinsic ROS 

sensitizes the mitochondria permeability transition pores (mPTPs) (Petronilli et al., 

1994), nonspecific channels that permit two-way passaging of small molecules (<1.5kD) 

between the cytosol and mitochondrial matrix (Crompton et al., 1987; Halestrap et al., 

2004). The uncontrolled opening of mPTPs is detrimental for cells in at least three ways. 

First, the influx of protons uncouples oxidative phosphorylation and consequently 

upsets the metabolic balance. Second, ROS generated on the inner membrane of 

mitochondria are freely released into the cytosol to further elevate cellular oxidative 

stress. This compromises the ultrastructure and organelle functionalities of the 

mitochondria and endoplasmic reticulum (Schulzeosthoff et al., 1992) and initiates lipid 

peroxidation that damages the plasma membrane (Wong-Ekkabut et al., 2007). Third, 

since mPTPs are not permeable to protein molecules, and the protein concentration is 

higher in the mitochondrial matrix than that in cytosol, the colloidal osmotic pressure 

will result in mitochondrial swelling, rupture of the outer mitochondria membrane and 

the quick execution of necrosis (Vandenabeele et al., 2010). While the critical role of 

mPTPs in cellular viability has been extensively studied in cardiovascular and neuronal 

systems, its direct impact on immune health remains largely unexplored. 
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During pathogen challenge, the efficient expansion of CD4+ T cells requires 

effective activation of TCRs. Notably, initial antigen engagement moderately elevates 

cytosolic ROS levels, which supply secondary messengers and oxidatively modify 

signaling molecules to achieve optimal TCR activation (Devadas et al., 2002). 

Functionally, studies also showed that, for effector T cells, ROS promotes NFAT nuclear 

translocation to augment interleukin-2 (IL-2) production and helper function (Sena et al., 

2013). For CD8+ T cells, ROS are also essential in controlling antigen-specific effector 

expansion and virus elimination (Laniewski and Grayson, 2004; Sena et al., 2013). 

However, as with other cell types, aberrant ROS production imposes detrimental 

consequences on T cells. Antioxidant treatment improves the survival of activated T cell 

hybridomas (Devadas et al., 2002); similarly, ROS scavenging chemicals can ameliorate 

superantigen-induced death in primary murine T cells (Hildeman et al., 1999). Clearly, 

ROS equilibrium in CD4+ T cells should be tightly regulated during antigen-stimulated 

activation. 

In this chapter, I discuss the mechanism by which miR-23a orchestrates the TCR 

activation, ROS, mitochondria integrity and necrosis in effector CD4+ T cells. I also 

highlight the significance of this miRNA in maintaining immune homeostasis in 

response to Listeria infections. 
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4.1 miR-23a expression levels coordinate with antigen-specific 
CD4+ T cell responses 

I set out to define miRNA-mediated regulation of pathogenic antigen-elicited 

CD4+ T cell effector responses. To profile dynamic changes in the microRNAome in vivo, 

I adopted a mouse model of Listeria infection. I sorted naïve CD4+ T cells from donor 

mice bearing transgenic LLO118 TCR (LLO118-Thy1.2+), which recognizes the dominant 

Listeria epitope (a.a.190-205 of the Listeriolysin O protein) presented by the major 

histocompatibility complex class II (MHCII) molecule I-Ab (Persaud et al., 2014). 2x105 

LLO118 T cells were transferred into wild-type hosts (WT, Thy1.1+), which were 

subsequently challenged with a sublethal dose of Listeria (1x105 CFU). At different 

phases of the antigen-specific CD4+ T cell response (naïve (day 0), early activation (day 3 

and day 5), peak activation (day 7), contraction (day 14) and established memory (day 

28)), I collected Thy1.2+ LLO118 T cells for miRNA expression profiling. The data set 

generated from this screening (Table 2) was subjected to GenePattern analysis 

(http://cbdm.hms.harvard.edu/LabMembersPges/SD.html). Specifically, with the 

GenePattern-affiliated ExpressCluster module, I fit profiles of 361 miRNAs into 10 

distinct patterns across various stages of the T cell response (Figure 16).  

Here, I focused on pattern 3, in which miRNA levels 1) steadily elevated and 

peaked during the early-phase CD4+ effector response, 2) quickly declined and reached a 

minimum during CD4+ T cell contraction, and 3) rose again when CD4+ T cell memory 

was established (Figure 17A). 45 miRNAs were allocated into this cluster and I 

http://cbdm.hms.harvard.edu/LabMembersPges/SD.html
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collectively analyzed their putative targets using the miRSystem database (Lu et al., 

2012). By gene ontology analysis, I identified that the predicted target genes were 

enriched in pathways controlling cell cycle and cell death (Figure 17B). Upon Listeria 

infection, LLO-specific naïve CD4+ T cells enter the cell cycle around day 3, quickly 

expand to reach their maximum number around day 7, then contract through apoptosis 

to establish a stable memory pool. This tightly-regulated process strongly correlated 

with the expression pattern of miRNAs in the pattern 3 cluster.  Within miRNAs 

showing significant target enrichment in the cell death pathway, family members of the 

miR-17-92 cluster, miR-106a, miR-93, miR-17 and miR-106b, have been explicitly 

documented  for their anti-apoptotic function during CD4+ T cell effector responses 

(Jiang et al., 2011; Ventura et al., 2008; Xiao et al., 2008); miR-21 has been identified as an 

oncogenic miRNA that supports the apoptosis resistance of cutaneous T-cell lymphoma 

(Narducci et al., 2011); and, deletion of miR-155 has been reported to impair survival of 

activated CD8+ T cells in vitro and in vivo (Lind et al., 2013) (Figure 1B, lower panel). 

Among this miRNA set, the role of miR-23a in effector CD4+ T cells remains elusive. 

Furthermore, I assessed the expression pattern of miR-23a upon in vitro TCR activation 

with absolute quantification methods. Levels of this miRNA tripled 24 hours after initial 

TCR engagement and increased up to 20-fold by day 4 (Figure 18B), which largely 

recapitulated the miR-23a expression dynamics during in vivo stimulation (Figure 18A). 
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Figure 16: Expression patterns of 361 miRNAs in CD4+ T cells upon Listeria 

infection. 

5×105 THY1.2+ LLO118 TCRtg CD4+ T cells were transferred into THY1.1+ recipients 

followed by 1×105 listeria infection. On different time points, donor cells were sorted and miRNA 

expressions were measured by qPCR. The expressions of the 361 miRNAs were assigned into 10 

miRNA clusters by ExpressCluster as discussed in Chapter 2.6. 
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Figure 17: miR-23a expression correlates with CD4+ T cell effector responses. 

Naïve CD4+ T cells were sorted from LLO118 mice (LLO118-Thy1.2+) and transferred 

into Thy1.1+ recipient animals intravenously. Twenty-four hours post-cell transfer, mice were 

infected with 1×105 Lm-OVA. On day 0, day 3, day 5, day 7, day 14 and day 28 post-Listeria 

infection, the Thy1.2+ donor CD4+ T cells were sorted from the spleens and lymph nodes of the 

recipients and the whole microRNAome was profiled by qPCR. (A) One of the miRNA 

expression patterns determined by the ExpressCluster software. This cluster of miRNAs (cluster 

3) steadily increased and peaked during early CD4+ effector response, declined and reached 

minimum during contraction phase, and rose again during memory phase. (B) The enrichment 

scores for the cell proliferation pathway and cell death pathway for the cluster 3 miRNAs’ targets. 

miRNA patterns and target ontology analysis are described in Chapter 2.6. 
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Figure 18: Quantification of miR-23a copy numbers in in vivo and in vitro 

activated CD4+ T cells. 

(A) Absolute quantification of miR-23a in the CD4+ T cells in vivo upon Listeria 

challenge. (B) Absolute quantification of miR-23a in CD4+ T cells upon TCR stimulation in vitro. 

CD4+ T cells were isolated from LLO118 mice and stimulated with 5 μg/ml α-CD3 and 5 μg/ml 

α-CD28 plate-bound antibodies in vitro. On the indicated days, miR-23a copy number was 

quantified by qPCR. The absolute copy number of miR-23a was quantified by interpolating the 

standard curve generated using miR-23a containing vector. Each data point represents 3 

independent mice. 
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Table 2: miRNA profiling of in vivo activated CD4+ T cells. 

  

Arbitrary Unit normalized to endogenous controls 
  

Arbitrary Unit normalized to endogenous controls 

MicroRNA Day0 Day3 Day5 Day7 Day14 Day28 MicroRNA Day0 Day3 Day5 Day7 Day14 Day28 

miR-770-5p 188.30 95.76 61.79 40.56 137.19 249.08 miR-194 170.35 35.61 104.11 55.36 228.18 55.96 

miR-196b 142.55 92.89 93.57 33.98 161.06 202.02 let-7i 42.86 291.89 205.84 82.96 87.34 83.85 

miR-200b 155.57 74.34 110.39 30.77 167.83 171.09 miR-699c 51.32 262.23 130.66 78.77 131.11 79.52 

miR-30d 132.41 188.27 78.21 45.35 100.81 236.98 miR-15a* 59.13 112.81 61.49 91.78 293.22 92.59 

miR-758 198.48 145.16 73.00 39.57 101.31 204.19 miR-323-5p 68.38 460.68 165.89 80.48 56.84 80.61 

miR-181a 201.68 175.99 83.00 52.59 52.19 269.19 miR-135b 88.00 25.64 98.96 95.19 245.18 94.41 

miR-297a* 80.14 59.03 146.18 43.40 172.05 221.40 miR-421 66.44 206.92 160.34 46.37 207.59 45.96 

miR-26b 158.44 104.54 164.77 35.24 80.87 172.78 miR-341 71.36 377.03 70.10 73.66 163.89 72.73 

miR-499-5p 110.14 188.88 47.73 47.74 194.25 222.83 miR-200c 84.79 156.61 270.61 81.97 47.40 80.33 

miR-101a 117.50 92.90 103.53 45.05 134.51 198.08 miR-499-3p 136.00 45.43 59.69 75.96 279.09 74.30 

miR-130b 253.38 105.14 105.29 33.73 91.46 140.46 miR-412 76.47 36.22 104.56 86.67 260.86 84.50 

miR-320 162.82 311.23 61.04 41.19 107.43 166.12 miR-710 101.48 95.82 59.28 83.66 224.93 81.42 

miR-125b-5p 68.99 57.13 154.77 78.26 89.68 311.65 miR-21 44.38 180.93 274.82 96.78 65.12 93.56 

miR-370 116.47 226.16 191.73 37.03 66.35 146.87 miR-126-5p 114.24 154.72 216.05 50.88 91.35 49.12 

let-7e 120.29 280.08 123.96 31.13 116.57 121.91 miR-20a* 54.18 60.15 131.03 74.40 288.94 71.36 

let-7g 138.72 179.26 146.79 45.51 60.57 177.06 miR-546 102.89 20.68 112.88 102.48 186.91 97.70 

miR-326 94.51 43.71 106.27 46.12 247.84 173.57 miR-199a/b-3p 45.70 85.18 72.89 127.37 235.29 117.80 

mmu-miR-207 114.72 100.63 151.60 31.31 171.42 114.05 miR-335-3p 136.71 82.67 42.61 98.20 201.75 90.80 

mmu-miR-770-3p 68.85 213.58 128.36 49.17 118.19 177.51 miR-494 30.65 80.51 109.14 168.80 158.10 155.85 

miR-691 211.35 248.12 66.60 37.89 102.10 135.91 miR-32 186.45 98.10 183.93 40.98 117.13 37.61 

miR-376c 106.83 267.70 62.55 48.09 147.16 167.03 miR-28-3p 86.49 71.04 44.51 104.00 304.90 94.48 

miR-706 95.58 245.58 94.73 34.08 192.30 115.63 miR-30a* 127.90 43.45 70.98 82.21 235.58 74.44 

miR-29c 136.62 116.73 234.99 40.21 62.25 132.66 miR-219-3p 128.89 135.24 82.84 48.61 250.75 43.66 

mmu-miR-715 59.89 330.40 83.61 53.53 154.91 175.52 miR-191* 42.77 186.40 111.10 102.46 157.48 91.25 

miR-214 103.15 123.17 99.19 36.33 224.12 116.97 miR-193 80.55 90.55 43.13 100.78 317.12 89.58 

mmu-miR-667 153.08 75.41 88.81 39.20 192.50 126.01 miR-311-5p 78.99 44.89 77.72 85.18 332.04 73.90 

miR-150* 155.47 27.26 128.41 45.04 178.81 141.94 mmu-miR-300 72.40 50.55 71.13 115.06 237.59 99.81 

miR-10a 182.15 30.70 156.68 55.46 87.89 168.35 mmu-miR-720 107.58 222.88 195.40 95.77 36.52 83.03 

miR-330* 149.32 69.41 54.06 48.33 254.89 145.70 miR-382 150.55 15.49 136.13 100.07 133.32 86.35 

miR-26a-2* 73.11 87.58 196.87 64.06 83.47 192.78 miR-200a* 134.83 96.02 77.34 70.12 179.64 60.36 

miR-100 48.44 72.87 213.50 52.10 177.94 149.30 miR-294 76.21 75.60 305.25 64.90 102.01 55.76 

miR-302c 126.77 79.73 50.77 51.87 275.71 148.02 miR-450b-5p 60.10 52.80 61.59 119.03 310.50 101.17 

miR-26a 201.34 38.04 177.05 52.43 72.11 144.74 miR-301a 61.48 157.08 297.24 77.66 69.83 64.81 

miR-98 63.32 249.13 137.19 42.98 155.98 118.37 miR-29b 56.46 58.07 210.38 90.71 140.48 75.18 

miR-25 85.59 563.80 70.42 53.77 107.15 147.07 miR-380-3p 56.11 62.98 137.34 103.25 172.07 84.72 

miR-149 147.50 95.49 58.32 43.96 246.90 120.13 miR-141* 145.18 60.45 88.59 57.52 254.56 46.64 

miR-335-5p 197.77 144.16 42.33 59.13 132.57 161.08 miR-145-5p 159.21 21.76 92.83 83.40 211.94 67.35 

miR-324-3p 137.05 45.34 128.37 37.00 227.54 100.53 miR-496 56.38 309.83 127.56 92.11 100.04 73.49 

mmu-miR-705 70.75 239.58 154.99 52.77 93.38 142.93 miR-18b 60.12 320.99 226.00 66.05 85.81 52.54 

miR-24 82.84 104.86 301.53 47.23 73.68 126.23 miR-22 70.55 74.87 348.81 67.61 94.91 53.56 

miR-30e* 107.34 141.11 91.36 45.59 172.44 119.24 miR-31 43.48 88.08 88.26 103.74 295.92 81.80 

miR-29a 141.67 101.25 255.91 48.70 50.30 125.24 miR-199a-5p 53.35 95.46 259.76 81.33 113.86 63.61 

miR-434-3p 103.58 32.45 191.83 44.86 185.02 113.32 miR-210 59.42 90.47 166.87 78.23 174.57 60.29 

miR-204 126.30 43.85 57.28 62.11 269.05 156.05 miR-148b 115.65 148.07 217.89 44.29 126.06 34.11 

miR-369-3p 83.81 137.23 41.52 82.31 207.56 206.15 miR-340-5p 106.32 122.70 209.94 65.15 88.17 49.58 

miR-15b* 54.12 372.48 83.00 63.74 143.56 158.87 miR-15a 72.71 192.23 285.80 78.00 58.02 58.83 

miR-338-5p 247.32 73.40 68.91 42.82 155.78 105.42 miR-1 74.61 69.47 85.09 91.99 228.11 69.00 

miR-669d 179.67 74.53 103.51 33.75 202.87 82.74 miR-325 152.50 66.11 69.26 61.33 280.70 45.75 

miR-491 101.42 32.27 77.43 62.99 287.67 153.04 miR-379 107.82 41.26 89.23 122.42 138.38 91.24 

miR-150 172.56 22.73 151.78 61.35 108.54 144.67 miR-452-5p 56.04 120.69 48.31 122.98 286.09 91.31 
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let-7c 313.76 55.15 85.76 54.39 81.66 126.96 miR-501-5p 151.07 16.44 125.83 99.14 152.73 73.44 

miR-2861 70.12 305.28 51.69 66.87 189.47 155.35 miR-142-5p 100.93 84.08 216.49 87.03 71.65 64.05 

miR-345-5p 107.60 70.10 53.04 62.21 280.14 144.20 miR-669a-5p 80.10 133.93 265.66 53.35 121.54 39.22 

miR-99a 57.03 52.95 138.72 66.79 209.36 154.29 miR-615-5p 103.78 15.67 105.89 138.35 165.51 100.80 

mmu-miR-709 135.45 441.62 103.87 49.78 63.59 114.16 miR-9 36.99 144.02 77.93 144.96 194.67 104.93 

miR-875-3p 176.72 150.08 70.26 36.63 196.24 83.65 miR-718 63.84 71.87 91.97 89.18 281.36 64.11 

miR-15b 138.17 183.41 221.36 46.08 52.03 101.40 miR-125a-3p 94.57 52.41 260.04 71.02 111.13 50.65 

miR-205 82.53 189.54 179.94 36.17 151.95 79.19 miR-106b* 42.65 214.11 206.54 105.52 84.79 75.20 

miR-30e 64.19 232.39 218.93 69.62 54.83 149.55 miR-340-3p 98.99 29.43 101.74 100.10 216.80 71.14 

miR-30c 174.33 99.86 221.00 39.70 71.58 83.52 mmu-miR-193* 96.62 81.27 148.45 55.11 224.39 39.11 

mmu-miR-760-3p 115.97 30.98 108.70 66.02 183.79 137.94 miR-674 160.59 42.24 115.57 60.32 214.75 40.97 

miR-322 133.17 141.80 54.90 60.09 171.13 124.75 mmu-miR-700 63.12 41.26 213.13 101.11 138.82 67.98 

miR-141 62.87 209.17 101.29 46.40 239.98 95.08 miR-148a* 196.41 83.01 202.47 48.51 100.00 32.38 

miR-92b 85.39 41.05 244.80 66.27 96.92 135.13 miR-698 178.94 21.37 125.42 88.46 142.22 58.70 

miR-615-3p 156.19 100.20 85.83 43.14 184.65 87.52 miR-101b 49.59 160.65 246.56 96.19 84.03 63.73 

miR-211 98.76 73.48 45.96 127.39 125.84 257.04 miR-302b 98.42 44.48 76.41 114.18 201.21 75.30 

miR-139-5p 123.28 23.40 134.40 61.44 183.16 122.95 miR-23a* 106.19 27.35 89.60 100.45 247.36 65.42 

mmu-miR-714 66.41 441.33 153.61 56.48 77.72 113.02 miR-503 66.93 281.74 219.58 60.25 107.81 38.95 

let-7a 81.32 245.47 196.55 67.94 50.49 135.50 miR-466d-3p 128.97 112.83 98.39 85.93 116.00 55.40 

miR-467b* 108.00 83.74 67.22 48.75 315.16 96.00 miR-147 42.65 246.51 233.23 99.57 80.59 63.69 

miR-23b* 124.29 64.35 76.83 45.11 308.10 88.24 miR-199a-3p 91.23 57.45 65.80 132.20 180.89 84.47 

miR-223 172.30 34.45 172.68 42.36 148.52 82.85 miR-34a 38.26 117.29 91.82 153.41 173.37 97.65 

miR-130a 66.11 142.81 70.41 59.07 284.32 114.57 miR-451 155.36 112.11 115.16 47.13 205.33 29.76 

let-7f 157.11 145.85 209.31 61.86 37.18 119.85 miR-18a 82.27 309.37 231.24 68.54 66.87 42.50 

let-7b 268.42 33.30 89.37 61.78 107.03 119.37 miR-16-1* 105.67 65.25 263.45 68.55 99.87 42.20 

miR-376b 64.23 145.35 147.78 42.93 223.60 82.88 miR-181c 50.52 83.53 65.32 124.74 304.19 76.34 

miR-191 110.49 238.14 233.43 49.32 52.49 94.23 miR-27a 105.96 61.04 205.30 55.51 182.07 33.89 

miR-695 63.46 187.96 50.61 75.32 251.70 143.52 mmu-miR-21* 63.15 146.70 234.80 66.86 130.47 40.75 

miR-196a 54.15 79.31 73.05 90.75 238.39 172.19 miR-16 113.31 74.68 204.18 90.67 74.28 55.16 

mmu-miR-712* 118.97 278.19 109.68 44.49 112.92 83.65 miR-200C* 54.32 75.11 71.26 157.26 193.91 95.55 

mmu-miR-666-5p 160.58 45.18 91.83 60.50 157.37 112.28 miR-468 86.99 56.60 59.69 110.41 283.15 67.04 

miR-339-3p 133.07 34.35 139.99 58.24 151.45 107.80 miR-1197 139.87 37.35 46.63 116.40 256.41 70.63 

let-7g* 179.96 62.46 137.38 59.12 82.85 109.16 miR-221 116.38 52.29 278.31 65.03 104.73 39.30 

miR-467b 97.18 79.97 76.84 52.51 290.06 96.67 miR-467a* 44.95 63.29 88.42 124.58 294.69 74.22 

miR-455-5p 172.11 87.59 40.01 64.12 228.67 111.98 miR-24-1* 74.54 62.61 141.47 157.87 78.37 93.85 

miR-690 67.49 242.15 157.72 90.36 53.44 156.35 miR-30a 44.51 232.46 162.77 110.99 100.55 65.82 

miR-296-5p 71.58 172.67 198.86 42.15 148.60 72.85 miR-34b-3p 124.79 35.74 58.80 140.41 178.34 82.90 

miR-183* 93.93 269.34 235.00 47.34 64.58 81.51 miR-324-5p 66.11 59.05 278.56 87.37 112.64 51.56 

miR-125b-3p 48.90 85.82 148.86 64.89 216.52 111.42 miR-106a* 76.66 98.05 71.45 158.08 121.43 92.23 

miR-378 182.44 121.78 191.45 41.88 73.54 70.97 miR-125a-5p 94.08 39.47 96.21 83.80 301.46 48.46 

mmu-miR-193b 128.18 88.22 74.63 53.36 219.46 90.35 miR-423-5p 56.62 126.63 185.42 108.69 98.57 62.42 

miR-92a 183.05 166.84 199.79 46.95 51.18 77.62 miR-380-5p 146.79 30.79 166.83 78.82 141.43 43.58 

miR-17 105.72 265.75 219.20 50.91 56.82 83.74 miR-374 41.72 215.65 186.47 86.42 146.76 47.62 

miR-505-3p 58.28 259.49 65.12 75.92 155.70 124.70 miR-20b* 53.57 160.99 98.51 85.98 252.66 47.27 

miR-455-3p 84.22 109.42 71.76 53.72 313.73 88.09 miR-497* 140.17 78.41 181.31 57.75 138.42 30.90 

mmu-miR-500 179.43 40.15 124.52 51.42 150.24 83.59 miR-187 89.97 49.33 51.43 139.63 257.97 72.97 

miR-140 131.47 99.81 275.20 38.78 90.02 62.81 miR-493* 96.74 29.54 87.10 152.33 162.67 77.65 

miR-142-3p 139.14 103.89 259.10 62.39 43.63 99.97 miR-17* 73.93 299.24 57.59 94.43 208.87 47.38 

miR-342-3p 112.83 95.44 281.66 68.67 44.81 109.55 miR-185 82.28 72.12 282.72 63.74 140.82 31.80 

miR-19b 118.57 242.93 228.14 50.33 52.84 79.55 miR-721 43.80 79.90 115.53 111.27 268.11 54.93 

miR-195 179.70 37.59 120.64 45.70 193.73 72.19 miR-20a 101.61 83.04 73.66 125.91 147.94 61.95 

miR-195* 140.43 72.13 57.90 54.70 289.10 83.85 miR-409-5p 108.38 31.86 118.07 95.07 215.24 45.78 

miR-152 102.18 97.06 152.29 46.62 165.66 71.31 miR-9* 61.74 159.88 63.73 121.55 217.89 57.58 

miR-744* 115.19 24.49 85.79 82.07 222.66 125.22 mmu-miR-146b* 59.56 120.07 75.71 101.41 288.27 47.93 

miR-27b 105.66 131.94 296.43 54.85 55.52 83.32 miR-96 39.85 106.95 231.14 114.90 125.51 52.97 
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miR-713 85.94 47.89 116.75 57.77 266.74 87.35 miR-214* 221.87 46.64 162.82 67.49 107.99 30.93 

miR-135b* 44.87 183.58 172.27 59.21 170.68 89.28 miR-483-5p 60.16 91.32 153.38 74.15 263.46 33.70 

miR-202 117.92 94.34 41.71 69.62 294.49 104.23 miR-200a 81.94 95.65 59.17 105.04 290.82 47.66 

miR-450a-5p 68.68 45.35 114.84 66.56 283.38 99.62 miR-429 57.10 61.26 96.13 148.00 192.71 66.60 

miR-29a* 105.71 65.17 42.02 84.83 293.14 125.79 miR-711 76.61 223.62 71.74 91.63 208.31 40.63 

miR-877 40.41 278.02 155.81 59.17 172.10 87.51 miR-298 43.28 128.28 165.54 93.08 206.97 40.91 

mmu-miR-712 68.51 525.16 155.09 60.95 71.08 89.86 miR-328 151.31 32.29 111.70 91.48 180.58 39.72 

miR-138 98.81 75.70 63.37 62.94 303.25 92.50 mmu-miR-678 82.41 47.58 64.60 131.66 273.67 57.11 

miR-206 41.27 62.42 175.62 79.10 205.03 115.92 miR-742 71.76 45.28 219.43 139.49 87.51 59.77 

miR-124-3p 100.52 77.33 59.84 67.66 284.09 96.73 miR-219-5p 54.50 292.42 146.41 79.91 158.30 33.57 

miR-329 42.67 194.17 160.31 63.39 174.59 89.87 miR-297a 96.56 51.68 78.77 142.72 166.87 58.99 

miR-301b 71.23 65.91 138.57 51.37 285.27 72.52 miR-411 249.39 137.85 96.04 98.60 56.74 40.40 

miR-26a-1* 121.87 174.84 91.08 43.01 204.58 59.97 miR-30b* 76.00 34.43 84.01 223.80 124.64 91.56 

miR-106b 71.30 220.83 280.18 59.80 61.93 82.73 miR-337-3p 81.25 79.58 81.20 145.77 151.83 58.94 

miR-497 80.15 131.58 41.36 84.78 286.81 116.96 let-7a-1* 44.98 74.74 127.17 128.94 218.38 51.58 

miR-200b* 151.95 21.18 169.27 63.55 142.45 87.08 miR-363-3p 68.00 96.46 192.19 71.58 207.50 27.51 

miR-338-3p 96.40 24.73 66.18 102.41 261.06 139.01 miR-29b-1* 136.95 25.08 126.41 98.59 193.70 36.48 

miR-23b 89.30 126.11 307.52 55.17 68.05 74.62 miR-875-5p 64.93 173.57 75.44 131.62 169.38 48.33 

miR-23a 47.72 128.46 296.50 91.18 61.76 122.65 miR-202* 100.15 39.77 87.05 113.98 251.00 40.42 

miR-218 92.34 297.02 72.35 46.70 234.74 62.79 miR-454 108.68 55.82 60.44 131.92 226.39 46.56 

miR-486 55.39 282.13 246.03 60.04 81.01 80.67 mmu-miR-453 55.55 125.87 135.71 94.20 218.70 32.93 

miR-485* 72.45 19.55 133.08 101.98 196.57 136.95 miR-331-3p 141.86 50.25 115.56 75.66 223.75 25.84 

miR-20b 48.61 143.83 77.39 70.53 323.57 94.33 miR-129-5p 110.48 27.08 72.84 167.72 188.17 57.23 

miR-107 138.32 38.97 71.60 63.19 278.96 84.19 miR-425 56.91 57.25 55.18 231.45 205.26 78.49 

miR-485 56.59 107.26 52.80 93.27 311.56 123.67 miR-29C* 84.61 44.73 94.32 110.61 276.67 37.49 

miR-181d 63.27 189.32 90.56 60.09 237.57 78.93 miR-148b* 91.69 57.10 262.98 104.56 88.47 35.20 

miR-93* 89.33 125.23 190.44 38.77 189.95 50.88 miR-365 76.77 39.49 108.76 131.30 220.52 43.33 

miR-151-5p 85.38 117.64 65.04 58.61 324.01 76.45 miR-369-5p 78.04 55.52 76.99 170.28 175.83 55.66 

miR-144 38.91 75.59 122.75 93.30 234.12 121.52 mmu-miR-744 68.86 44.91 226.75 122.19 124.17 39.68 

miR-433 120.64 27.83 50.48 125.13 195.04 162.67 miR-18a* 100.53 317.80 148.67 72.76 106.53 23.44 

miR-99b* 113.29 33.70 89.58 71.09 248.70 92.18 miR-122* 70.00 47.53 83.49 185.59 173.86 59.18 

miR-19a 68.91 321.83 226.63 52.21 83.36 67.25 miR-181b 69.37 61.81 61.92 165.66 246.36 52.65 

miR-377 48.87 80.70 90.01 95.95 237.78 123.03 miR-22* 119.54 35.53 210.36 88.03 143.61 27.85 

miR-677 73.64 238.67 121.93 82.10 86.00 104.25 miR-495 94.99 37.81 132.36 112.73 192.20 35.64 

miR-696 66.26 117.37 46.94 111.10 225.37 140.50 mmu-miR-763 74.49 76.11 90.90 103.48 287.06 32.48 

miR-183 99.44 163.04 237.03 42.36 107.33 53.40 miR-31* 49.32 86.30 69.35 176.51 241.29 54.60 

miR-33 65.94 164.83 245.94 48.06 128.78 60.22 miR-302d 63.71 57.90 107.33 184.80 138.67 56.25 

miR-501-3p 164.73 28.37 197.53 61.35 107.71 76.25 miR-346 189.32 42.22 170.82 89.70 101.62 27.25 

miR-222 56.49 184.15 235.50 74.48 77.34 92.48 miR-296-3p 80.85 93.66 157.61 87.79 181.11 26.01 

miR-28-5p 55.38 72.92 99.65 70.63 321.74 87.22 miR-122 85.05 43.25 81.52 169.15 187.78 47.67 

miR-342-5p 160.35 26.55 212.69 70.57 86.52 86.86 mmu-miR-680 133.35 35.34 92.97 118.78 198.30 33.17 

miR-146b 88.05 63.13 223.45 48.71 170.04 59.65 miR-671-5p 55.05 93.85 60.86 173.54 258.51 47.16 

miR-106a 94.87 294.92 236.66 61.18 49.00 74.86 miR-375 76.61 76.44 219.79 125.66 92.93 33.84 

miR-361 74.84 49.35 87.13 71.27 328.41 86.99 miR-30c-1* 105.96 218.68 64.97 143.19 111.33 37.97 

miR-381 127.56 74.63 36.75 95.31 240.36 116.16 miR-154 150.38 32.07 129.69 131.74 116.33 34.91 

miR-93 103.02 201.71 271.53 57.33 52.64 69.58 miR-449b 70.95 56.00 70.82 206.01 176.02 53.78 

miR-302a 109.02 75.12 57.83 68.98 290.62 83.32 miR-184 99.47 44.13 65.12 171.11 204.83 43.96 

miR-762 56.23 378.18 116.02 60.09 154.31 72.28 miR-129-3p 97.94 27.01 77.03 194.61 185.79 49.76 

miR-186 157.63 159.05 130.67 35.39 166.75 42.56 miR-449a 55.24 63.28 98.16 146.00 264.75 35.98 

miR-671-3p 148.07 53.92 77.70 51.41 293.07 61.72 miR-24-2* 106.03 104.23 186.68 76.50 153.16 17.84 

miR-668 63.04 267.17 63.32 89.16 166.54 106.54 let-7d 79.34 70.39 210.91 135.23 94.17 31.29 

miR-34c* 106.60 43.39 145.53 49.03 261.57 58.22 miR-693-5p 86.82 126.90 44.29 190.85 182.77 43.80 

miR-148a 77.56 114.71 330.63 59.37 73.19 70.20 mmu-miR-330 134.23 30.85 93.64 135.12 191.78 30.55 

miR-409-3p 43.45 124.18 54.43 130.18 235.28 153.44 miR-26b* 124.77 32.96 99.52 136.05 187.30 30.31 

miR-139-3p 159.70 23.32 103.94 66.63 211.91 78.05 miR-182 61.31 68.30 228.06 158.60 92.78 34.58 
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miR-208b 105.14 101.07 161.52 49.84 154.07 58.19 miR-27b* 150.62 41.44 130.67 104.91 157.53 22.81 

miR-702 122.15 39.92 216.52 61.42 115.51 71.14 miR-34c 139.44 28.00 130.60 135.71 142.19 28.92 

miR-675-5p 91.89 72.47 54.58 83.06 289.62 94.78 miR-674* 50.92 56.63 90.67 209.57 210.77 42.46 

miR-7a 87.88 278.50 242.51 60.50 56.02 68.83 miR-16-2* 99.66 37.30 161.68 153.76 118.90 30.89 

miR-126-3p 65.82 50.49 146.83 61.40 285.87 68.83 miR-433* 109.00 27.27 135.18 151.52 157.77 29.56 

miR-339-5p 136.67 21.35 117.02 69.67 220.00 77.96 let-7i* 46.06 66.31 109.82 219.34 170.54 42.11 

miR-103 107.44 34.70 276.13 64.67 104.28 72.01 miR-186* 81.80 152.23 147.83 107.12 140.49 19.84 

miR-10b 156.81 25.31 67.49 84.35 230.35 93.44 miR-410 109.87 36.67 139.21 159.01 126.56 28.79 

miR-489 51.20 74.54 57.13 113.51 312.90 124.29 miR-143 105.79 43.97 95.94 186.71 137.96 33.28 

miR-351 110.43 59.09 105.70 52.34 282.35 56.86 miR-425* 100.13 54.87 178.50 139.58 117.26 21.30 

miR-299* 96.73 63.16 56.41 76.02 333.91 82.52 miR-27a* 115.66 37.28 90.77 174.69 173.98 26.34 

miR-423-3p 68.52 281.56 213.64 54.15 98.23 58.59 miR-299 86.07 78.51 158.48 116.98 170.77 17.15 

miR-30b 138.35 33.46 277.87 72.98 69.58 78.43 miR-376a 95.74 137.65 74.53 150.28 175.52 20.51 

miR-483-3p 67.39 53.82 68.73 137.81 176.34 146.68 miR-493 74.47 52.71 87.12 242.47 154.07 32.30 

miR-378* 141.40 79.24 46.25 76.37 250.73 80.45 miR-504 98.27 36.50 130.97 198.27 126.98 26.09 

miR-337-5p 116.04 38.98 64.56 81.89 282.64 85.33 miR-7a* 92.57 43.12 115.68 219.31 120.91 28.76 

miR-146a 39.53 100.06 279.36 113.26 73.67 117.71 miR-99b 135.76 78.92 118.28 132.39 128.28 17.04 

miR-350 108.15 61.71 64.86 71.07 297.68 73.57 
       

miR-151-3p 115.18 45.11 53.13 84.40 308.61 87.25 
       

miR-155 44.19 340.77 205.87 82.77 77.84 85.44 
       

miR-212-3p 40.59 91.29 70.27 119.68 275.99 123.40 
       

miR-132 34.88 144.41 101.08 104.21 219.18 106.79 
       

miR-688 82.72 169.49 46.15 86.05 249.56 87.78 
       

miR-33* 68.82 206.60 151.26 46.86 206.88 47.54 
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4.2 Forced expression of miR-23a enhances CD4+ T cell survival 

To determine the role of miR-23a in effector CD4+ T cell responses, I used an in 

vitro approach that mimicked antigen re-exposure of primed CD4+ T cells. CD4+ T cells 

were transduced with retrovirus encoding miR-23a (Figure 19A) and were restimulated 

by α-CD3ε and α-CD28 antibody cross-linking or using antigen-presenting cells loaded 

with LLO190-205 peptide. I found that overexpression of miR-23a effectively protected 

CD4+ T cells from activation-induced cell death (Figure 19B,19C). To analyze miR-23a’s 

effect in vivo, using Tcrα-/- or Rag2-/- mice as recipients, I competitively transferred these 

mice with LLO118 T cells transduced with mock CFP-expressing (LLO118-MOCK) or 

miR-23a- and GFP-expressing virus (LLO118-miR-23a). The recipients were immunized 

with the cognate peptide, and the splenic frequencies of the transferred populations 

were monitored at designated time points (Figure 20A). I found that LLO118-miR-23a T 

cells (GFP+CD4+) were relatively enriched by approximately 2-fold during the effector 

phase, contraction phase and the established memory phase as compared to the naïve 

phase.  In addition, during the recall response, miR-23a overexpression boosted CD4+ T 

cell expansion by 3-fold (Figure 20B,20C). Since the size of the CD4+ T cell population 

can be affected by both cell death and cell proliferation, with BrdU incorporation assay, I 

assessed the proliferation capacity of LLO118-miR-23a T cells. I found no difference in 

proliferation rate between LLO118-MOCK and LLO118-miR-23a cells (Figure 20D). 
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Taken together, these gain-of-function analyses suggest that miR-23a expression 

supports the survival of activated CD4+ T cells. 
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Figure 19: Ectopic miR-23a expression promotes the survival of activated CD4+ 

T cells in vitro. 

(A) miR-23a overexpression with retroviral transduction measured by qPCR. Three 

independent experiments were summarized. (B) Representative flow cytometry plots of CD4+ T 

cell death upon TCR stimulation in vitro. LLO118 CD4+ T cells were stimulated overnight with 

either 5μg/ml α-CD3ε and 5μg/ml α-CD28 antibodies or 10μM LLO190-205 peptide, and were 

transduced with retrovirus expressing MOCK or miR-23a. Forty-eight hours post-virus 

transduction, cell death in GFP+ population was analyzed by flow cytometry. These data 

represent three independent experiments. (C) Quantification of AnnexinV+7AAD+ and 

AnnexinV+7AAD- cells in (B), this data represents 3 independent animals. 
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Figure 20: miR-23a overexpressed CD4+ T cells have survival advantage in 

vivo. 

(A) Schematics of in vivo competitive transfer experiment. LLO118 CD4+ T cells were 

transduced with MOCK-CFP or miR-23a-GFP retrovirus. The CFP+ and GFP+ cells were sorted 

and mixed at a 1:1 ratio, and injected into the Tcra-/- and Rag2-/- mice intravenously. On the same 

day, recipient mice were immunized with 100μg/mouse LLO190-205 peptide emulsified in CFA. On 

day 7, day 14 and day 42 post-immunization, the donor cells were analyzed by flow cytometry, 

respectively. On day 42, mice were re-challenged with 100μg/mouse LLO109-205 peptide, and on 

day 45 (3 days after re-challenge), donor cells were analyzed by flow cytometry. (B) Flow 

cytometry plots of splenic CD4+ T cells from day 7 mice and day 45 re-challenged mice. The 

upper panel represents data from Tcrα-/- recipients, and the lower panel represents data from 

Rag2-/- recipients. (C) The ratio of miR-23a-overexpressing CD4+ T cells to mock CD4+ T cells. 

Each dot represents one independent animal. (D) BrdU analysis of donor CD4+ T cells from the 

indicated groups. On day 7 after immunization, the cell proliferation of MOCK-CFP cells and 

miR-23a-GFP cells was measured by the BrdU incorporation assay. 
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4.3 Deletion of miR-23a drives activated CD4+ T cells to 
accelerated and intensified death 

To thoroughly study the function of miR-23a in T cells, especially in naïve CD4+ 

T cells, I generated a transgenic mouse line bearing floxed miR-23a alleles and Cre 

recombinase under the control of the CD4 promoter (Mir23af/fCd4-cre). In both the 

mouse and human genomes, Mir23a resides in the 5’-end of a tightly organized tri-

miRNA cluster, namely, the miR-23a-27-24 cluster. It has been shown that the flanking 

region of the miRNA stem-loop structure is required for optimal pri-miRNA processing 

(Chen et al., 2004). To ensure the complete deletion of the Mir23a stem-loop and 

maintain endogenous Mir27a and Mir24-2 biogenesis, I used Loxp sites to flank the 

entire region shared between Mir23a and Mir27a, but inserted a duplicated Mir27a left 

arm at the 3’-end of the Loxp site (Figure 21A). In this way, I maintained the full 

flanking region for Mir27a post Cre-mediated deletion, and I achieved complete Mir23a 

deletion in T cells with intact Mir27a and Mir24-2 expression (Figure 21B, 21C, 21D). 

Deletion of Mir23a as early as the double-positive (DP) thymocyte stage does not have 

any significant effect on thymocyte development or T cell homeostatic maintenance 

(Figure 22). Furthermore, when naïve miR-23a-deficient CD4+ T cells were stimulated 

with plate-bound antibodies in vitro, similar to observation made with miR-23a 

overexpression, there was no detectable difference in TCR stimulated proliferation 

(Figure 23A).  In contrast, and, reciprocal to the enhancement of effector T cell 

expansion with ectopic miR-23a expression, I found that the loss of miR-23a resulted in 

heightened cell death in effector CD4+ T cells (Figure 23B, 72 and 120 hours post-
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stimulation). Characteristically, this increased cell death featured the rapid appearance of 

7AAD+ cells, which indicated that plasma membrane integrity was rapidly lost. Most 

strikingly, miR-23a-deficient T cells distinguished themselves from WT CD4+ T cells at 

the early priming phase: as early as 6 hours post-TCR engagement, I observed excessive 

death of miR-23a-deficient T cells, with the most significant fold increase in the 7AAD+ 

population (Figure 23B).  

To investigate the impact of miR-23a deficiency on CD4+ T cells in vivo, I 

competitively transferred WT and miR-23a-deficient LLO118 CD4+ T cells carrying 

different syngenic markers into WT mice. Recipients were infected with 1x105 CFU 

Listeria and pathogen-specific CD4+ T cell responses were monitored at the early (day 4) 

and peak (day 7) activation stages.  Compared to WT cells, miR-23a-deficient CD4+ T 

cells exhibited a normal rate of activation and were equally capable of producing effector 

cytokines such as interleukin-2 (IL-2) and interferon- (IFN-γ) (Figure 24A). However, 

the original WT: miR23a-deficient T cell ratio was drastically offset from 1:1 to 12:1 at 

day 4 and 5:1 at day 7 (Figure 24B,24C), which demonstrated that miR-23a-deficient 

CD4+ T cells have impaired antigen-induced effector expansion. Notably, measured by 

Ki-67 staining, there was a mild difference in in vivo T cell proliferation (Figure 24D). 

Collectively, these data suggest that, during antigen-elicited effector responses, miR-23a 

is essential for the survival of activated CD4+ T cells. 

  



 

102 

 

Figure 21: miR-23a deletion efficiency in Mir23af/fCd4Cre (23aT-KO) CD4+ T cells. 

(A) Transgenic strategy that specifically floxes Mir23a stem-loop structure. Mir23a 

locates in the cluster hosting Mir23a, Mir27a and Mir24-2. Loxp sites were inserted to flank the 

miR-23a. To avoid altering miR-27a function, another miR-27a left arm was duplicated following 

the loxp site. The Mir23af/f mice were crossed with Cd4-cre mice to generate 23aT-KO mice. (B) 

Expression of miR-23a in CD4+ T cells from WT (n=7) and Mir23af/fCd4-cre (n=4) mice. (C) 

Expression of miR-27a and miR-24-2 in CD4+ T cells from WT (n=7) and Mir23af/fCd4-cre 

(n=4) mice. (D) qPCR quantification of miR-23a, miR-27a and miR-24-2 expression in CD4+ T 

cells from WT, 23af/fand 23aT-KO animals. Data represents two independent experiments. 
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Figure 22: 23aT-KO mice have normal T cell development. 

(A) Percentage of CD4+ and CD8+ T cells in WT and 23aT-KO mice. Thymus, 

lymph nodes and spleens were collected from naive WT and 23aT-KO mice. (B) Percentage 

of TCRβ+CD25+ Tregs in the thymus of WT and 23aT-KO mice. (C) CD44 and CD62L 

expression in CD4+ T cells in the periphery. 
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Figure 23: In vitro proliferation and cell death of 23aT-KO cells compared to WT 

CD4+ T cells. 

(A) Proliferation of CD4+ T cells from WT and 23aT-KO
 upon TCR stimulation. CD4+ T 

cells were isolated from WT and 23aT-KO
 mice, labelled by 5μM CFSE, and stimulated by plate-

bond antibodies. Cell proliferation was measured by CFSE dilution. The quantification of 

generation propagation was shown in the right panel. (B) Cell death analysis of CD4+ T cells 

from WT and Mir23af/fCd4-cre mice upon TCR stimulation. CD4+ T cells were isolated from WT 

and Mir23af/fCd4-cre mice, and stimulated with plate-bound antibodies. 6h, 72h and 120h after 

stimulation, cell death was measured by flow cytometry. These data represent three independent 

experiments. 
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Figure 24: miR-23a-deficient CD4+ T cells have defect in antigen-specific 

expansion in vivo. 

(A) Activation profile and cytokine expression of WT and 23aT-KO
 CD4+ cells in vivo. 

LLO118 TCRtg WT and 23aT-KO
 cells were transferred into recipient animals followed by Listeria 

infection. 4 days after infection, the activation status and cytokine production of transferred cells 

were measured by FACS. (B) flow cytometry analysis of LLO118 WT or Mir23af/fCd4-cre CD4+ 

T cell responses towards Listeria infection. Naïve CD4+ T cells were isolated from LLO118-WT-

Thy1.1+ and LLO118-Mir23af/fCd4-cre-Thy1.2+ mice, and were competitively transferred into 

the Thy1.1+/Thy1.2+ recipient mice. Twenty-four hours post-adoptive transfer, recipients were 

infected with 1×105 CFU Listeria. On day 4 and day 7 post-Listeria infection, donor cells from 

the spleen were analyzed by flow cytometry. The cell populations were pre-gated on 

CD4+TCRVα2+ cells. (C) Quantification of LLO118-WT-Thy1.1+ and LLO118-Mir23af/fCd4-

cre-Thy1.2+ cell percentiles as in (B). (D) Histogram of Ki67 expression in transferred CD4+ T 

cells. On day 4 post-Listeria infection, the proliferation capacity of donor-derived LLO118-WT-

Thy1.1+ (blue) and LLO118-Mir23af/fCd4-cre-Thy1.2+ (red) cells were measured by Ki67 

staining. 
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4.4 miR-23a deficient mouse is susceptible to acute infection-
induced inflammation 

As mentioned in Chapter 1.1, CD4+ T cells are a critical cellular compartment of 

antibacterial immunity, especially for Listeria infections. To assess the global impact of 

miR-23a expression in T cells, I directly challenged WT and Mir23af/fCd4-cre mice with 

various doses of Listeria and monitored their health and survival. When Listeria was 

given intravenously at 5x105 cfu, on day 3.5 post-infection, both WT and Mir23af/fCd4-cre 

mice showed signs of sickness. The majority of WT mice recovered by day 5 and 

regained a normal body weight by day 7. However, more than 60% of Mir23af/fCd4-cre 

mice died by day 4, and the survival ratio was less than 10% by day 7 (Figure 25A). To 

determine the immunopathology associated with this quick death, I analyzed mice at 

day 4 post Listeria infection. Similar to the results from my competitive transfer 

approach, Mir23af/fCd4-cre mice exhibited limited CD4+ T cell expansion in the spleen 

(45% of WT levels) and liver (70% of WT levels). I also observed significantly reduced 

CD8+ T cell expansion in the spleen but not in the liver (Figure 25B, 25C). Interestingly, 

miR23a-deficient CD8+ T cells exhibited augmented IFN-γ production (Figure 26A), 

which is consistent with my previous finding that miR-23a is a strong suppressor of 

cytotoxicity (Lin et al., 2014). Accompanying the severe reduction in splenic effector 

CD4+ T cell number, the number of F4/80+CD11b+Gr-1- macrophage/monocytes was also 

reduced (Figure 25D) in infected Mir23af/fCd4-cre animals, which indicated the limited 

helper function from the reduced CD4+ T cell population. 
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Surprisingly, despite the reduced expansion of these critical Listeria-specific T 

cells in Mir23af/fCd4-cre mice, Listeria infection was well-controlled or even better 

controlled than in WT mice. Listeria loads in the liver were almost 10-fold lower in 

infected Mir23af/fCd4-cre mice than in WT mice, as measured by the classic colony 

formation method (Figure 27A) and quantitative PCR for bacterial RNA copies (Figure 

27B). This suggested that the rapid death of Mir23af/fCd4-cre mice was not caused by 

uncontrolled growth of Listeria. Since, in both mouse and human, the hepatic portal 

system is profoundly involved in the first stages of pathogenesis upon Listeria infection, 

and the chief manifestations of listeriosis are septicemia and liver necrosis (Farber and 

Peterkin, 1991), I analyzed the liver pathology of infected WT and Mir23af/fCd4-cre mice. 

Immunohistochemical studies indicated that at day 4 post-infection, inflammatory 

cytokines such as TNF and IL-6 were highly expressed by various cell types in the liver, 

with no significant difference between WT and Mir23af/fCd4-cre mice (data not shown). 

By hematoxylin and eosin staining, I observed that necrotic lesions in the liver were 

dramatically enlarged in Mir23af/fCd4-cre mice. For a few Mir23af/fCd4-cre animals, 

necrotic regions encompassed up to 20% of liver (Figure 27C, 27D, pink-stained area 

indicated by black arrowheads). In addition, the serum levels of inflammatory cytokines, 

such as IL-1α, IL-6 and TNF-α, were also increased in Mir23af/fCd4-cre mice (Figure 27E). 

Based on these observations, I speculated that the poor survival rate of Mir23af/fCd4-cre 
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mice during acute bacterial challenge may be due to necrotic liver damage and 

dysregulated inflammation. 

Although regulatory T cells (Tregs) developed normally, and there was no 

detectable auto-inflammation in naïve Mir23af/fCd4-cre mice (Figure 22B, 22C), it was still 

possible that systemic hyper-inflammation was the consequence of impaired Treg cell 

stability or function (Shulman et al., 2014). However, at day 4 post-infection, the relative 

size of the Treg cell population among CD4+ cells was comparable in WT and miR-23a-

deficient spleens. In Mir23af/fCd4-cre mice, the absolute numbers of Treg cells trended 

downwards, but most likely, this reflected the overall decrease in CD4+ T cell cellularity 

in miR-23a-deficient spleens (Figure 28A).  Additionally, Foxp3 and CTLA4 expression 

remained intact in 23aT-KO Treg cells during infection, which suggested that miR-23a 

deletion did not affect Treg cell stability or function under inflammatory conditions 

(Figure 28B). 

The activation of Listeria-specific CD8+ T cells could contribute to the hyper-

inflammation observed in Mir23af/fCd4-cre mice. To dissect this contribution, I 

transferred naïve WT or miR-23a-deficient CD8+ T cells into Tcra-/- mice and infected the 

recipients with Listeria.  At day 5 post-infection, when compared to recipients carrying 

WT CD8+ T cells, production of inflammatory cytokines such as IL-1α, IL-6 and TNF-α 

were systemically increased in mice carrying miR-23a-deficient CD8+ T cells (Figure 

26B). However, the majority of recipients receiving either WT or miR-23a-deficient CD8+ 
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T cells survived Listeria challenge.  There was no significant difference in survival ratio 

between these two groups (Figure 26C). I conclude that miR-23a deficiency in CD8+ T 

cells did contribute to overall hyper-inflammation during acute Listeria infection, 

although this was not sufficient to affect the survival of Mir23af/fCd4-cre animals. 
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Figure 25: Deletion of miR-23a in T cells results in reduced T cells and 

hypersusceptibility after acute Listeria infection. 

(A) Survival curve of WT and Mir23af/fCd4-cre mice challenged with 5×105 CFU 

Listeria. The survival rate was tracked daily for 14 days post-infection (WT, n=12; Mir23af/fCd4-

cre, n=8). (B-D) For three independent rounds of experiments, WT and Mir23af/fCd4-cre mice 

were sacrificed at day 4 post Listeria challenge. Spleens and livers were collected for flow 

cytometry. (B) The numbers of CD4+ and CD8+ T cells in the spleen 4 days post-infection. (WT, 

n=14; Mir23af/fCd4-cre, n=16) (C) The numbers of CD4+ and CD8+ T cells in the liver of 

infected mice. (D) The numbers of CD11b+F4/80+Gr-1- macrophages/monocytes in the spleen of 

infected mice (WT, n=11; Mir23af/fCd4-cre, n=12). 
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Figure 26: CD8+ T cells contributes to the hyperinflammation in 23aT-KO mice 

during Listeria infection. 

WT and 23aT-KO
 mice were infected with 5x105

 CFU listeria. Four days post infection, 

spleens and livers were collected for analysis. (A) IFN-γ expressions in spleen CD4+ and CD8+ 

T cells. (B and C) TCRα-/- animals were transferred with 3×106 CD8+ T cells purified from WT 

(WTtransfer) or 23aT-KO (KOtransfer) mice followed by 2×105 CFU listeria infection. Recipient 

survival was tracked. (B) Serum inflammatory cytokines in infected recipients were analyzed on 

day 5 post infection. (C) Survival curve of recipients with indicated CD8+ transfers. 
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Figure 27: 23aT-KO mice do not die from uncontrolled Listeria growth, but from 

tissue necrosis and hyperinflammation. 

(A) Listeria burden in the liver from infected WT (n= 9) and Mir23af/fCd4-cre mice 

(n=11). Liver cells were lysed in water and cultured on a BBL plate overnight. Colony formation 

units were quantified by counting single colonies. (B) qPCR analysis of Listeria specific genes 

Iap, prfA and Hly in infected liver samples. (C) H&E staining of liver tissues from infected mice. 

Images in the left panels represent liver sections from WT and Mir23af/fCd4-cre mice, where the 

pink regions mark the necrotic lesions. (D) Quantification of the ratio between the necrotic lesion 

area and the total examined liver area. Each dot represents one animal. (E) The level of cytokines 

in the serum 4 days post-Listeria infection. The serum was collected from WT and Mir23af/fCd4-

cre mice, and inflammatory cytokines IL-1β, IL-6 and TNF-α were measured using a CBA kit 

(WT, n=11; Mir23af/fCd4-cre, n=9). 
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Figure 28: The proportion and function of Treg cells remain unchanged in 23aT-

KO mice during Listeria infection. 

(A) The absolute number and percentage of Treg cells in the spleens of infected WT and 

23aT-KO mice (WT, n=5; 23aT-KO, n=6). (B) FOXP3 and CTLA4 expression in Treg cells in the 

spleens of infected mice. 

  



 

114 

4.5 Loss of miR-23a drives activated CD4+ T cells to necrosis by 
disrupting ROS equilibrium 

For CD4+ T cells, apoptosis is the most common form of activation induced cell 

death (AICD) (McKinstry et al., 2010). Apoptosis can be initiated via either the extrinsic 

or intrinsic death pathway, both of which require the activation of a cascade of caspases 

(Riedl and Shi, 2004). I examined whether the excessive death of activated miR-23a-

deficient CD4+ T cells was due to caspase hyperactivation. During in vitro antigen 

activation, I treated WT and miR-23a-deficient CD4+ T cells with the pan-caspase 

inhibitor z-VAD-fmk. Caspase inhibition partially but effectively reduced the 

heightened death of miR-23a-deficient effector cells by 72 hours after antigen 

stimulation (30% increase in survival, Figure 29A). Surprisingly, it failed to protect these 

T cells 6 hours post-stimulation (Figure 29B), which was the early antigen priming stage 

at which miR-23a-deficient CD4+ T cells sufferred the most excessive cell death (Figure 

23B).   

Necrosis elicited by the activation of RIP1 kinase has recently emerged as 

another genetically- programmed cell death. When CD4+ T cells were cultured under a 

standard necroptosis inducing conditions (FasL+zVAD), RIP1-specific inhibitor 

Necrostatin-1 (Nec-I) treatment successfully suppressed cell death (Figure 30A). 

However, Nec-I failed to suppress excessive death in early-activated miR-23a-deficient 

CD4+ T cells (Figure 30B). Since the structural and functional integrity of the 

mitochondria are essential (Tait and Green, 2013) for both caspase-dependent and 
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caspase-independent cell death (Jaattela and Tschopp, 2003), and mitochondrial damage 

can occur downstream of the RIP1 complex, I further examined the impact of miR-23a 

on CD4+ T cell mitochondrial function. Upon TCR activation, as shown by CMTMRos 

staining (Zorov et al., 2000), miR-23a-deficinet CD4+ T cells quickly lost mitochondrial 

potential (Figure 30C), the early sign of necrotic cell death (Vandenabeele et al., 2010). To 

definitively characterize the death of these cells, I employed transmission electron 

microscopy (TEM). TEM imaging showed that within 6 hours of standard TCR 

crosslinking, a small proportion of WT CD4+ T cells underwent necrosis (indicated by 

single black arrowheads, Figure 31A). The necrotic proportion significantly increased 

(6.9±0.85% to 13.4±1.85%) when cells lost miR-23a expression (Figure 31B). In addition, 

using higher magnification (5600X) TEM images, I identified extensive mitochondrial 

swelling and rupture (indicated by double arrowheads, Figure 31C) in the miR-23a-

deficient CD4+ T cells, which was less evident in WT cells (Figure 31D). This observation 

is consistent with the mitochondrial potential loss that I observed by CMTMRos staining 

(Figure 30C). In contrast, when cell death was evaluated by TEM at 72 hours post-

activation, I found that, although death of miR-23a-deficient cells were still more 

profound than WT cells, condensed nuclei and intact plasma membrane indicated that 

the major form of death for both cell types primarily were apoptosis (data not shown). 

Combining my evidence, I conclude that the death of activated miR-23a-deficient CD4+ T 

cells at the early stage of TCR activation is a form of necrosis.  
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Figure 29: Caspase inhibitor cannot rescue the early death of 23aT-KO CD4+ T 

cells. 

Purified CD4+ T cells from WT and Mir23af/fCd4-cre mice were stimulated for 72h (A) 

or 6h (B) using 5μg/ml α-CD3ε and 5μg/ml α-CD28 antibodies with or without z-VAD-fmk. Cell 

death was analyzed by flow cytometry. 
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Figure 30: Necrosis analysis of 23aT-KO CD4+ T cells. 

(A) CD4+ T cells were cultured on FasL expressing feeder cells plus 20μM z-VAD-fmk 

for 24h and treated with DMSO or 50μM Nec-1. Cell death was measured by FACS. (B) Effect 

of RIP1kinase inhibitor on stimulated CD4+ T cells. Cells activated by plate-bound α-CD3ε and 

α-CD28 were treated with DMSO or different concentrations of Nec-1 for 6h. Cell death was 

measured by FACS. (C) Mitochondrial potential during early priming in naïve WT and Mir23a-

deficient CD4+ T cells. Purified naïve CD4+ T cells were stimulated with plate-bound antibodies 

and then stained using the mitochondria potential dye CMTMRos. The right panel is the 

quantification of 4 independent experiments. 

  



 

118 

 

Figure 31: TEM determines that the early death of 23aT-KO CD4+ T cells is a 

form of necrosis. 

(A) TEM for activated WT and Mir23a-deficient CD4+ T cells (2050×). The black 

arrows are used to mark the cells undergoing necrosis (intact nucleus but violent membrane 

rupture). White arrows mark the apoptotic cells. (B) Quantification of necrosis rates for activated 

WT and Mir23a-deficient CD4+ T cells. (C) TEM for activated WT and Mir23a-deficient CD4+ 

T cells (5600×). Double arrows mark the swollen and ruptured mitochondria. (D) Quantification 

of mitochondrial swelling in activated CD4+ T cells from WT and Mir23af/fCd4-cre mice. 
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I further investigated the underlying mechanism for activation-induced miR-23a-

deficient CD4+ T cell necrosis. On the one hand, serving as a necessary positive feedback 

mechanism, ROS are produced upon antigen engagement to promote TCR signaling 

(Devadas et al., 2002). On the other hand, ROS potently induce cell necrosis by 

damaging mitochondrial integrity (Halestrap et al., 2004). Indeed, when naïve WT and 

miR-23a-deficient CD4+ T cells were challenged with exogenous H2O2 (a classic method 

of necrosis induction), I observed a dose-dependent induction of cell death, in which 

miR-23a-deficient cells exhibited much higher susceptibility to ROS overload (Figure 

32A). Meanwhile, as indicated by DCFDA and DHE staining of WT and miR-23a-

deficient CD4+ T cells, TCR activation induced higher cytosolic ROS accumulation in the 

absence of miR-23a, generating both superoxide anion (O2-) and hydrogen peroxide 

(H2O2) species (Figure 32B) (Devadas et al., 2002). In WT T cells, the ROS equilibrium is 

tightly controlled by GPX1, one of the most important ROS scavenger enzymes that 

detoxifies excessive hydrogen peroxide (Lei et al., 2007).  The Gpx1 gene was cloned into 

a retroviral vector and its ectopic expression efficiently reduced the cellular ROS content 

in HEK293 cells (Figure 33A). Increased expression of GPX1 fully rescued the survival 

defect of miR-23a-deficient CD4+ T cells in vitro (Figure 33B). To capture the early stages 

of naïve T cell activation, I also expressed GPX1 in bone marrow hematopoietic 

progenitors to modify naïve miR-23a-deficient T cells.  Again, overexpression of GPX1 in 

naïve miR-23a-deficient CD4+T cells was sufficient to reduce the frequency of cell death 
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to WT levels (Figure 33C). Taken together, my data suggest that hyperproduction of and 

hypersensitivity to ROS are the major causes of activation-elicited necrosis in miR-23a-

deficient CD4+ T cells. 
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Figure 32: Necrosis of 23aT-KO CD4+ T cells is associated with ROS 

hypersensitivity and dysregulation. 

(A) Survival analysis for naïve CD4+ T cells treated with different concentrations of 

hydrogen peroxide. Purified CD4+ T cells from WT and Mir23af/fCd4-cre mice were treated with 

the indicated doses of hydrogen peroxide for 2h. Cell death was measured by AnnexinV and 

7AAD staining. These data represent three independent experiments. (B) MFI of DCFDA and 

DHE staining in in vitro activated CD4+ T cells. These data represent three independent 

experiments. 
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Figure 33: Forced GPX1 expression rescues the aberrant necrosis in 23aT-KO 

CD4+ T cells. 

(A) HEK-293 cells were transfected with MSCV-MOCK or MSCV-GPX1 vectors. 

Forty-eight hours after transfection, cells were treated with or without 500μM H2O2 for 20min. 

Cellular oxygen free radicals were measured by DHE staining. The cells were pre-gated on GFP+ 

population. (B) Survival analysis of activated CD4+ T cells transduced with GPX1. Purified 

CD4+ T cells from WT and Mir23af/fCd4-cre mice were stimulated and transduced with GPX1-

overexpressing retrovirus. Forty-eight hours after transduction, GFP+ cells were sorted and re-

stimulated using plate-bound antibodies for 4h. Cell survival was monitored by AnnexinV and 

7AAD staining. (C) Death analysis of activated CD4+ T cells with or without GPX1 

overexpression. Hematopoietic stem cells (HSCs) from LLO118-WT and LLO118-Mir23af/fCd4-

cre mice were transduced with control or GPX1-overexpressing retrovirus. Eight weeks post-

reconstitution of the bone marrow chimera, naïve CD4+ T cells were isolated from WT-MOCK, 

Mir23af/fCd4-cre-MOCK and Mir23af/fCd4-cre-GPX1 reconstituted mice and stimulated with 

plate-bound antibodies for 6h. 

  



 

123 

4.6 miR-23a suppresses ROS and curbs necrosis by targeting 
PPIF 

I had established miR-23a as a key protector of CD4+ T cell viability during early 

TCR activation by keeping cellular ROS levels in check. In activated T cells, the majority 

of ROS are generated by oxidative phosphorylation across the electron transport chain, 

which is localized on the inner membrane of mitochondria. To release these species into 

the cytosolic compartment to oxidize signaling molecules, ROS need to pass through the 

mPTP (Nakagawa et al., 2005).  Through a comprehensive computational analysis of 

genes involved in apoptosis, necrosis and mPTP formation, I predicted that the critical 

pore opening regulator of mPTP, Peptidylprolyl Isomerase F (PPIF, best known as 

Cyclophilin D) (Elrod et al., 2010), is a putative target of miR-23a. There are two 

candidate miR-23a target sites located in the 3’-UTR of Ppif, and both of them are 

conserved through evolution (Figure 34A). Upon activation, CD4+ T cells quickly 

upregulated PPIF mRNA expression. This elevated expression was partially reduced, 

then kept steady during the effector phase of the CD4+ T cell response (Figure 34B). 

When Mir23a was genetically deleted, I observed no change in PPIF mRNA expression 

in naïve CD4+ T cells and a very moderate increase in effector cells at the mRNA level 

(Figure 34B). However, prior to any stimulation, the protein level of PPIF was already 

elevated by at least 2-fold (Figure 34C). By cloning the entire 3’-UTR of Ppif downstream 

of a luciferase reporter, I validated that miR-23a was able to bind to the 3’UTR of PPIF 

and inhibit protein expression. Furthermore, this inhibition was abolished when both 
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predicted miR-23a binding sites in the 3’UTR of PPIF were mutated (Figure 34D). Taken 

together, I conclude that the Ppif gene is a bona fide direct target of miR-23a. 

PPIF is well known for its role in organizing the mPTP complex and controlling 

ROS flow. Genetic deletion of PPIF results in hyper-resistance to ROS-induced necrosis 

without impacting various stimuli-induced apoptosis, a reciprocal phenotype of miR-

23a deletion (Nakagawa et al., 2005).  Calcium is the secondary messenger to bind PPIF 

and to trigger the opening of mPTPs, and for neuronal and cardiac tissues (Baines et al., 

2005; Nakagawa et al., 2005; Schinzel et al., 2005), persistent calcium increase is the 

major cause of necrotic death mediated by PPIF. I reasoned that steady calcium influx, 

triggered by TCR:pMHC engagement, would be sufficient to induce excessive necrosis 

in miR-23a-deficient CD4+ T cells. To eliminate the signaling impact from other 

pathways elicited by TCR activation, I treated WT or miR-23a-deficient CD4+ T cells 

with thapsigargin (TG), an inhibitor that blocks calcium pumping back into the 

sarcoplasmic and endoplasmic reticula (Rogers et al., 1995). In this way, calcium stores 

would be slowly depleted and trigger calcium influx without TCR activation. Indeed, 

TG administration exacerbated death in activated miR-23a-deficient CD4+ T cells in a 

dose-dependent manner (Figure 35A). To directly visualize increased mPTP opening 

upon miR-23a depletion, I used the transition pore permeability assay strategy 

(Petronilli et al., 1998), in which the membrane permeable calcium dye calcein was used 

to indicate intracellular calcium distribution and concentration. The cellular fluorescence 
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of calcium-calcein complex can be bleached by CoCl2, which is plasma membrane-

permeable but impermeable to intact mitochondria. However, when mPTPs are open, 

positively-charged Co2+ is driven by the electronegativity of the mitochondrial matrix to 

penetrate mitochondria and quench calcein fluorescence in the mitochondrial matrix. 

Using flow cytometry imaging, I analyzed intra-mitochondrial calcein staining, 

indicated by mitotracker and calcein co-localization, at the single cell level. After 

quantifying more than 400 cells for each group, I found that miR-23a-deficient cells 

exhibited significantly lower mitochondrial calcein staining (63% of the WT median 

value, Figure 35B), which directly indicated an increase in mPTP opening. Other direct 

consequences of the PPIF-mediated opening of mPTPs include the loss of mitochondrial 

membrane potential, the leakage of oxidative species into the cytoplasm, and the 

massive entrance of water into the mitochondrial matrix to swell and break down 

mitochondrial inner membranes (Kroemer et al., 2007). All of these downstream 

phenotypes were clearly evidenced in miR-23a-deficient CD4+ T cells. 

Finally, I set out to test whether PPIF is a dominant target of miR-23a to support 

the survival of CD4+ T cells. I designed a shRNA construct that can suppress PPIF 

expression by 75% in CD4+ T cells (Figure 36A). By retrovirally transducing this PPIF 

shRNA into effector Mir23a-deficient cells in vitro, I observed that suppression on PPIF 

expression re-balanced intracellular levels of ROS in activated miR-23a-deficient cells 

(Figure 36B), which led to a complete rescue of excessive cell death (Figure 36C). In 
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addition, I generated PPIF-suppressed naïve CD4+ T cells by transducing LLO118-miR-

23a-deficient bone marrow progenitor cells with PPIF shRNA (LLO-miR-23a-deficient-

shPPIF). I competitively transferred LLO118-WT:LLO118-miR-23a-deficient or LLO118-

WT:LLO118-miR-23a-deficient-shPPIF CD4+ T cells into Tcra-/- recipients at a 1:1 ratio 

(Figure 37A). Following LLO190-205 peptide immunization, I analyzed the ratio of 

transferred cells 7 days post-immunization and the rescuing efficiency of PPIF 

suppression was defined by comparing the LLO118-WT:LLO118-Mir23af/fCd4-cre ratio 

with the LLO118-WT:LLO118- Mir23af/fCd4-cre -shPPIF ratio. In both spleen and 

draining lymph nodes, all of the transferred populations were equally activated (Figure 

37B), and suppressing PPIF expression resulted in partial but significant protection of 

miR-23a-deficient effector CD4+ T cells from death (Figure 37C). In summary, these data 

indicate that PPIF is a functional target of miR-23a in protecting activated CD4+ T cells 

from necrosis. 
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Figure 34: Ppif is a bona fide target of miR-23a in CD4+ T cells. 

(A) Two conserved miR-23a binding sites in the 3’UTR of PPIF. The regions marked by 

white spots are complementary to miR-23a’s seed sequence. (B) Ppif mRNA expression on 
different time points after TCR stimulation. (C) PPIF protein expression in WT and Mir23a-

deficient CD4+ T cells. Each dot represents an independent sample. (D) Luciferase assay for the 

binding of miR-23a on Ppif 3’UTR. Ppif 3’UTR or 3’UTR with predicted miR-23a binding sites 

mutated were cloned into the pmirGLO construct with a Firefly luciferase reporter and a control 

Renilla luciferase reporter. The constructs were transfected into 3T3 cells together with MSCV-

MOCK or MSCV-miR-23a vectors. 
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Figure 35: 23aT-KO CD4+ T cells are sensitive to Ca2+ and mPT. 

(A) Ratios of cell death in thapsigargin (TG)-treated naive CD4+ T cells were analyzed 4 

hours after treatment. (B) Mitochondrial potential transition (mPT) analysis of activated CD4+ T 

cells. CD4+ T cells were isolated from WT and Mir23af/fCd4-cre mice and stimulated with plate-

bound antibodies for 30 minutes. The mPT was measured as described in Chapter 2.4. Cells from 

each group (WT, n=605 and Mir23af/fCd4-cre, n=449) were analyzed by the imaging flow 

technique and the median Calcein intensity was quantified in the right panel. 
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Figure 36: PPIF knockdown rescued ROS accumulation and necrosis in 23aT-KO 

CD4+ T cells. 

(A) Knockdown efficiency of PPIF shRNA in CD4+ T cells. Two PPIF targeting shRNA 

retroviral constructs sh665 and shPPIF were designed. PPIF expression was quantified by RT-

qPCR in different groups. Primed CD4+ T cells from WT and Mir23af/fCd4-cre mice were 

transduced with MOCK retrovirus or shPPIF. Twenty-four hours after transduction, intracellular 

levels of ROS were measured through DHE staining (B) and cell death was analyzed by 

AnnexinV and 7AAD staining (C). 
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Figure 37: PPIF is a functionally relevant target of miR-23a in regulating CD4+ 

T cell effector response. 

(A) FACS analysis of donor populations before transfer. In the competitive transfer 

experiment, prior to injection, the WT/23aT-KO
 ratio or WT/23aT-KO-shPPIF ratio were confirmed 

by flow cytometry. (B) Activation status of transferred cells after immunization. Seven days post 

immunization, the cell activation for corresponding donor populations were analyzed by CD44 

and CD62L staining. (C) Flow cytometry analysis of donor CD4+ T cells with or without shPPIF 

upon in vivo immunization. HSCs from LLO118-Thy1.1-WT and LLO118-ThyY1.2-

Mir23af/fCd4-cre mice were transduced with control and shPPIF retrovirus.  Eight weeks post 

reconstitution, naïve CD4+ T cells were isolated from LLO118-Thy1.1-MOCK, LLO118-Thy1.2-

Mir23af/fCd4-cre-MOCK, and LLO118-Thy1.2-Mir23af/fCd4-cre-shPPIF reconstituted mice and 

then were competitively transferred into TCRα-/- recipients followed by 100μg LLO190-205 peptide 

immunization. Seven days after immunization, the donor cells in the draining lymph nodes (dLN) 

and spleens were analyzed with Thy1.1 and Thy1.2 antibodies. The cell populations were pre-
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gated on CD4+TCR Vα2+ cells. The right panel is the quantification of the ratio between 

different groups of donor cells. Each dot represents one individual animal. 
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4.7 Discussion 

Upon antigen engagement and within the range of seconds, TCR activation 

elicits waves of calcium influx and dramatically elevates the cytosolic calcium 

concentration (Huse et al., 2007). This also induces mitochondrial calcium accumulation 

and promotes mPTP opening by activating the gatekeeper molecule PPIF (Broekemeier 

et al., 1989; Nakagawa et al., 2005). Subsequently, ROS generated via the mitochondrial 

respiratory chain are released through open mPTPs into the cytosol. Importantly, this 

cytosolic ROS elevation is needed for optimal TCR signaling. However, the release of 

ROS can be detrimental to CD4+ T cells if not delicately regulated (Hildeman et al., 

1999). Hence, in activated T cells, the mPTP complex constitutes the central channel to 

balance the needs for and potential harm from ROS. Besides altering calcium 

concentrations, a straightforward mechanism to regulate mPTP opening is to limit the 

availability of the PPIF protein. My findings suggest that, during the effector responses 

against infection, activated CD4+ T cells are protected from necrosis by upregulating 

miR-23a, a miRNA that directly inhibits the translation of PPIF and consequently 

reduces ROS transport to the cytosol. 

Necrotic cell death contrasts with apoptosis due to its distinct morphology and 

functional consequences. While the contraction of activated T cells is predominately 

considered to occur by apoptosis (Green et al., 2003), the role of necrosis has been 

overlooked, the regulatory mechanisms that suppress necrosis are understudied, and 
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the adverse consequences of this form of death are not adequately appreciated. Here, I 

demonstrated the first case of miRNA regulation of necrotic cell death in T cells. My 

data has shown that necrosis can be identified in early-activated WT CD4+ T cells, that 

loss of miR-23a leads to a significant increase in the frequency of necrosis, and that 

uncontrolled necrosis during the early phase of the T cell response severely damaged the 

buildup of CD4+ effector pools during immune challenge. These findings phenocopy the 

T cell necrosis induced by Caspase 8, FADD, c-FLIP or A20 deletion (Kaiser et al., 2011; 

Oberst et al., 2011; Onizawa et al., 2015; Zhang et al., 2011). However, these observations 

of necrotic cell death were all RIP1/RIP3-dependent. In my case, miR-23a targeted PPIF, 

the key structural protein of the mPTP complex (Baines et al., 2005; Nakagawa et al., 

2005), to restrain necrosis in activated CD4+ T cells.  Loss of miR-23a resulted in hyper-

elevation of cytosolic ROS and CD4+ T cells become hyper-sensitive to ROS. In WT T 

cells, mitochondrial respiration might not be the sole source of ROS during initial TCR 

activation (Jackson et al., 2004). Nevertheless, the early ROS elevation could modify 

mPTPs to induce a vicious positive-feedback loop for further mitochondrial ROS release, 

a process named ROS-Induced ROS Release (RIRR) (Zorov et al., 2000). Further strong 

evidence to support the causal link between miR-23a and ROS is that the excessive early 

death in miR-23a-deficient CD4+ T cells can be completely rescued by restraining ROS 

production through forced GPX1 expression (Lei et al., 2007), but it cannot be 

suppressed by necrostatin-1, the RIP kinase-specific inhibitor. Interestingly, Caspase-8 
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and RIP1/3-mediated necrosis also cannot be rescued by PPIF depletion (Ch'en et al., 

2011). Taken together, I conclude that the miR-23a-PPIF-ROS axis is a distinct and 

parallel pathway to RIP1/RIP3-mediated necrosis.  

Using an in vivo Listeria infection model, I noticed a remarkable reduction of 

CD4+ T cells in the Mir23af/fCd4-cre mice. However, impaired CD4+ effector expansion 

did not impede bacterial clearance. Instead, I observed vast areas of necrotic lesions in 

the livers of Mir23af/fCd4-cre mice. I suspected that these animals likely died from liver 

damage and/or systemic inflammatory cytokine storms. During Listeria infection, a large 

quantity of Listeria antigen-specific T cells migrate into the liver (Kursar et al., 2002). I 

reasoned that the necrosis of these CD4+ T cells during reactivation is the initial trigger 

of necrotic liver damage and hyper-inflammation. Interestingly, necrosis is required to 

restrict Listeria propagation in vivo (Bleriot et al., 2015), and therefore excessive necrosis 

may contribute to the reduction of the Listeria load in Mir23af/fCd4-cre animals. Besides 

Listeria-induced necrosis and abscesses (Braun et al., 1993), hepatitis viral infection is 

another potent cause of hepatic necrosis. Liver biopsies from chronic hepatitis B virus 

(HBV)-infected individuals indicate prevalent necrotic lesions (Liu et al., 2010), which 

might underlie the phenomenal inflammation in these patients. I performed miRNA 

expression profiling of CD4+ T cells isolated from chronic HBV patients. Coincidently, 

miR-23a expression was also markedly reduced in these cells (data not shown). I 

postulate that a similar necrosis mechanism might also apply to CD4+ T cells in the HBV-
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infected liver, and that it may contribute to liver inflammation as well as the challenge of 

identifying HBV-specific CD4+ effector clones in infected patients. 

In addition, it is worth noting that the loss of activated miR-23a-deficient CD4+ T 

cells was much more pronounced in vivo as compared to in vitro stimulation. Besides the 

elevated level of endogenous ROS in miR-23a-deficient T cells, the impact of exogenous 

ROS cannot be neglected. During Listeria challenge, neutrophils and macrophages are 

recruited as early responders (Rogers and Unanue, 1993). It is well-known that 

neutrophils and macrophages are professional ROS producers, and Listeria robustly 

elevates ROS levels in these cells (Narni-Mancinelli et al., 2011). Since macrophages act 

as the primary antigen-presenting cells after Listeria infection (Conlan, 1996), contact-

dependent ROS dissemination can be an additional trigger for necrosis of miR-23a-

deficient CD4+ T cells in vivo. Again, the same paradigm might be applicable to liver 

inflammation in HBV patients. Therapeutic interventions maintaining miR-23a 

expression in CD4+ T cells and/or restraining cellular ROS levels might be a compelling 

strategy to limit necrosis, reduce inflammation, and restore the anti-viral T cell 

population, which can in turn facilitate the clearance of virus and restore immune 

homeostasis. 

In the mouse genome, miR-23a locates within a tightly-linked cluster on 

chromosome 8 that simultaneously expresses miR-23a, miR-27a and miR24-2. The same 

genomic structure can be found on human chromosome 19. This miRNA is highly 
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expressed in both naïve CD4+ and CD8+ T cells. In CD4+ T cells, I determined that miR-

23a is essential in supporting the early expansion and survival of naïve and effector 

CD4+ T cells by targeting Ppif. This miRNA:target relationship was indicated by the co-

enrichment of miR-23a and its target sequences in Ppif mRNA in previously reported 

high-throughput sequencing of RNA isolated by crosslinking immunoprecipitation 

(HITS-CLIP) assay in CD4+ T cells (Loeb et al., 2012). miR-23a was also shown to target 

glutaminase (GLS1) expression in human B cell lymphoma cell lines (Gao et al., 2009). 

However, GLS1 expression was intact in miR-23a-inhibited CD8+ T cells (Lin et al., 2014) 

and miR-23a-deficient CD4+ T cells (data not shown). These discrepancies indicate 

differential regulatory mechanisms that are utilized by miR-23a in different cellular 

environments. Indeed, miRNAs have been shown to repress different cohorts of genes in 

different tissue contexts (Lu et al., 2015; Nam et al., 2014). So far, at least two 

mechanisms have been identified to define the targeting specificity of miRNAs: 1) tissue-

specific RNA binding proteins can alter the miRNA targeting efficiency to differentially 

affect target mRNA expression (Kedde et al., 2007; Kedde et al., 2010) and 2) variations 

in mRNA splicing in different cell types or  in the same cell type but different 

environments can also contribute significantly to the cumulative targeting efficiency of a 

specific miRNA (Nam et al., 2014). In the case of BLIMP1, at least two transcript variants 

were identified to code the same protein but with different 3’UTR lengths (Cunningham 

et al., 2015). Although CD4+ T cells and CD8+ T cells are ontologically proximal, studies 
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have shown vast differences in the transcriptional profiles of these two lineages (Cliff et 

al., 2004).  I are not certain whether the ratios between these two isoforms are different in 

CD4+ versus CD8+ cells, but this provides a reasonable possibility to test the differential 

targeting mechanisms of miR-23a.  

Apart from miR-23a, I also identified an entire cluster of miRNAs that share a 

similar expression pattern during CD4+ T cell responses. Within this cluster, miR-155 

has been shown to repress necrosis in human cardiomyocytes by targeting RIP1 kinase 

(Liu et al., 2011). Moreover, miR-19a and miR-92a were also demonstrated to inhibit 

expression of genes related to necrosis pathways (Sharifi et al., 2014; Ye et al., 2012). The 

function of miR-17-92 has been extensively studied in CD4+ T cells and findings from I 

and others showed that this miRNA cluster is essential for the expansion of effector cells 

(Jiang et al., 2011; Xiao et al., 2008). In light of mechanism illustrated in this study, it will 

be interesting to reassess whether certain levels of necrosis are overlooked in miR-17-92-

deficient T cells. 
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5. Exploring miR-23a’s function in T follicular helper cell 
differentiation 

In Chapter 4, I descrbied the essential role of miR-23a in supporting CD4+ 

effector response by limiting ROS induced necrosis. Importantly, miR-23a is one of the 

miRNAs that well-coordinate with CD4+ T cell expansion and contraction. The 

fundamental biological process of ROS production that miR-23a regulates suggests that 

miR-23a could modulate various aspects of CD4+ T cells. My findings intrigued me to 

explore more of this miRNA in other arms of CD4+ T cell responses. 

As reviewed in Chapter 1.2, Tfh cells are crucial to T-dependent antibody 

responses. BCL6 is a well-recognized master transcription factor for Tfh cells. I have 

already demonstrated the function of miR-23a in both effector CD8+ and effector CD4+ T 

cells (Lin et al., 2014; Zhang et al., 2016). Specifically in CD8+ T cells, miR-23a was found 

to target BLIMP1 to promote CD8+ anti-tumor functions. Presumably, this targeting 

would increase BCL6 expression since BLIMP1 and BCL6 are reciprocally antagonizing 

(Shaffer et al., 2000). Therefore, miR-23a deficient CD4+ T cells might exhibit impaired 

Tfh phenotype. Using the 23aT-KO mice described in Chapter 4.3, I made surprising 

observations that, contrary to the proposed hypothesis, miR-23a deletion enhanced Tfh 

differentiation. To date, the only reports regarding Tfh-regulatory miRNAs are 

literatures on the miR-17-92 cluster (Baumjohann et al., 2013; Kang et al., 2013a). 

However, several studies comparing the miRNAome between Tfh cells and various T 

effector subsets indicate that a portion of miRNAs are differentially expressed in Tfh 
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cells (Kuchen et al., 2010; Rossi et al., 2011). My finding of miR-23a being the repressor of 

Tfh differentiation expands my knowledge of the post-transcriptional regulatory 

network in Tfh regulation. 

In this Chapter, I would like to elaborate the function of miR-23a in Tfh 

differentiation. Although my data suggest the involvement of ROS accumulation 

mediated by miR-23a deletion, I will highlight the differential consequences between 

necrosis and Tfh induction. 

5.1 miR-23a deficiency in CD4+ T cells promotes Tfh responses 
in vivo 

I first investigated the outcome of miR-23a deficiency in Tfh induction in vivo. I 

used the 23aT-KO mice described in my previous studies (Zhang et al., 2016). To assess the 

Tfh and GC responses, I immunized the WT and 23aT-KO mice with NP-CGG precipitated 

in alum. On day 9 post immunization, i.e. the peak of the response, I measured 

CXCR5+PD1+ Tfh differentiation and Fas+GL7+ GC B differentiation by flow cytometry. 

It was evident that both Tfh differentiation and GC responses were enhanced by 2 folds 

in the 23aT-KO mice (Figure 38A and 38B). As the functional readout of Tfh-GC response 

is antibody generation and affinity maturation, I set off to examine the titer of NP-

specific antibodies in immunized mice. ELISA was designed to detect total antibody 

concentrations (NIP25-BSA coating) and high affinity antibody concentrations (NIP5-BSA 

coating). I found that the serum total NP-specific IgG1 concentration was at least 10 

folds higher in 23aT-KO mice compared to WT mice. This tremendous increment was also 
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observed for high affinity NP-specific antibodies (Figure 38C). Since certain antibody-

producing B cells function outside B cell follicles which do not depend on continuous 

CD4+ T cell help (Kelsoe et al., 1980; MacLennan et al., 2003), I further verified whether 

the increased GC output was a consequence of enhanced Tfh differentiation. I analyzed 

the spleen and draining lymph node sections of immunized WT and 23aT-KO animals and 

quantified the presence of CD4+ T cells located inside the germinal centers, which are by 

definition bona fide Tfh cells. I found that indeed, 23aT-KO GCs had significantly more 

CD4+ T cells compared to WT GCs (Figure 38D). Taken together, my data indicate that 

miR-23a deficiency in CD4+ T cells promotes Tfh and GC responses in vivo. 
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Figure 38: 23aT-KO mice have enhanced Tfh-GC responses after immunization. 

WT and KO mice were immunized i.p. with NP-CGG emulsified in Alum. On day 9 after 

immunization, mesenteric lymph nodes and spleen were taken for analysis. (A) Tfh staining with 

CXCR5 and PD1 markers. The cells were pre-gated on CD4+ populations. (B) GC B staining 

with FAS and GL7 markers. The cells were pre-gated on CD19+ populations. (C) The serum 

antibody titers of immunized mice were analyzed by ELISA. For total NP-specific IgG1, the 

ELISA plate was coated with NIP25-BSA, and for high affinity NP-specific IgG1, the plate was 

coated with NIP5-BSA. Mouse IgG1-specific secondary antibodies were applied to generate HRP 

signal, which were detected with A450 spectrometer. (D) Confocal imaging of sectioned spleen 

and lymph nodes of immunized WT and 23aT-KO mice. Tissues were collected on day 9 post-

immunization. IgD-FITC was used to stain follicular B cells, CD4-PE for CD4+ T cells, and GL7 

for GC B cells. The number of CD4+ T cells per μm2 GC area was quantified in the right panel. 
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5.2 Loss of miR-23a deficiency augments STAT3 signaling in 
CD4+ T cells. 

Originally, I speculate that miR-23a could facilitate Tfh differentiation by 

targeting BLIMP1. Instead, my observations indicate that miR-23a represses Tfh 

differentiation. Therefore, I investigated whether miR-23a can target BLIMP1 in the 

CD4+ T cell context. Not surprisingly, I failed to observe BLIMP1 changes when miR-23a 

is overexpressed in CD4+ T cells (Figure 39A). This cell-specific targeting property of 

miRNAs has been discussed in Chapter 4.7. I hypothesized that miR-23a regulates Tfh 

differentiation by modulating other pathways. By computationally predicting miR-23a’s 

target genes associated with Tfh differentiation, I found several targets enriched in the 

STAT3 signaling pathway, namely Il6r and Jak1 (Figure 39B). As mentioned in Chapter 

1.2, STAT3 signaling induced by IL-6 and IL-21 is necessary for Tfh development and 

maintenance. Next, I treated WT and 23aT-KO with either IL-6 or IL-21 and examined 

STAT3 phosphorylation. Indeed, STAT3 phosphorylation was significantly increased in 

23aT-KO cells (Figure 40A), which corresponds to the Tfh enhancement in vivo (Figure 38). 

However, both miR-23a putative targets were not changed before or after T cell 

activation (Figure 40B). Together, my data indicate that miR-23a deficiency might 

enhance Tfh differentiation by promoting STAT3 phosphorylation indirectly. 
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Figure 39: Target prediction for miR-23a. 

(A) CD4+ T cells were isolated from WT mice. The cells were then transduced with 

MOCK or miR-23a overexpressing (23aOE) retrovirus. BLIMP1 expression was quantified by 

western blotting. (B) miR-23a was predicted to target the conserved region in the 3’UTR of Il6r 

and Jak1 mRNA. 
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Figure 40: STAT3 signaling is enhanced in 23aT-KO cells. 

(A) Naïve WT and KO cells were starved in vitro for 2h and stimulated with IL-6 or IL-

21 for 60 minutes. After stimulation, cells were fixed and STAT3 phosphorylation was quantified 

by flow cytometry. The shaded line represents isotype control, blue line represents WT staining, 

and red line represents 23aT-KO staining. (B) Quantification of normalized STAT3 

phosphorylation in WT and 23aT-KO cells after IL-21 stimulation. (C) Purified CD4+ WT and 

23aT-KO cells were activated in vitro for 1, 3 and 5 days. The mRNA expressions of Il6r and Jak1 

were quantified by qPCR. 
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5.3 ROS positively correlate with Tfh differentiation 

Since in miR-23a deficient CD4+ T cells, miR-23a’s direct targets in the STAT3 

pathway were not changed (Figure 40C), I intended to test other possibilities that might 

affect STAT3 phosphorylation. In Chapter 3, I discussed the augmented ROS production 

in 23aT-KO CD4+ T cells. Interestingly, ROS was found to promote STAT3 

phosphorylation in cancer cells (Yoon et al., 2010). Therefore, instead of directly 

targeting mediators in STAT3 pathway, miR-23a can limit ROS accumulation to repress 

Tfh differentiation. I approached this hypothesis by determining the correlation between 

ROS and Tfh differentiation. I first measured the ROS content in Tfh cells and effector T 

cells following immunization. I found that hydrogen peroxide content were elevated by 

more than 2 folds in CD44+PD1+CXCR5+ Tfh cells compared to CD44+PD1-CXCR5- 

effector cells (Figure 41A). To test the functional relevance of ROS and Tfh 

differentiation, I competitively transferred MOCK and GPX1 overexpressed OTII cells 

into Tcrα-/- recipient mice followed by OVA immunization. I found significantly 

reduced Tfh differentiation with GPX1 overexpression (Figure 41B). Since forced GPX1 

expression could effectively reduce cytosolic ROS (Figure 33A), my data suggest that 

ROS content is positively correlated with Tfh differentiation in vivo. 
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Figure 41: Cellular ROS correlate with Tfh differentiation in vivo. 

(A) WT mice were immunized with NP-CGG, on day 9, H2O2 content was measured in 

effector T cells (Teff) and Tfh cells. (B) T cells from OTII mice were transduced with MOCK or 

GPX1 overexpression retrovirus. The cells were competitively transferred into Tcrα-/- recipients 

followed by OVA immunization. Percentage of Tfh population was quantified 5 days after 

immunization. The FACS plots were pre-gated on CD4+GFP+ populations. The lower panel is 

the quantification of the results. 
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5.4 Discussion 

I identified that the lack of miR-23a significantly promoted Tfh responses which 

accordingly enhance the GC function and antibody production. It would be interesting 

to further determine the types of enhanced antibody response in 23aT-KO mice. The 

increased Tfh differentiation in 23aT-KO mice can promote either long lived plasma cell 

differentiation or memory B cell generation. It has been shown that IL-21 and CD40L 

signaling synergistically promote long lived plasma cell differentiation (Ding et al., 

2013), and both two signals can be provided by Tfh cells. It is likely that the 23aT-KO mice 

also generate better long-term antibody response. 

Since I also observed higher titer of high-affinity antibodies in 23aT-KO mice after 

immunization, it could be a result of either more GC B cells undergone somatic 

hypermutation (SHM) or more SHM events happened in certain numbers of GC B cells. 

As discussed in Chapter 1.2, Tfh cells were believed to be a limiting factor for B cell 

hypermutation and more Tfh cells contributes to more hypermutation in B cells, the 

latter explanation might be more plausible. However, the definitive experiment to test 

these two hypotheses is to perform BCR sequencing and quantify the SHM rate per GC 

B cell.  

In my preliminary studies, I identified the positive correlation between ROS and 

Tfh differentiation. To further determine this functional relationship, it will be crucial to 

test whether GPX1 overexpression could rescue the enhanced Tfh differentiation in 23aT-
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KO cells. Although I showed that STAT3 phosphorylation was moderately but 

significantly increased in 23aT-KO cells in CD4+ T cells, ROS may not directly enhance 

STAT3 phosphorylation. The alternative way to explain the phenotype is that ROS 

augmentation promotes Tfh differentiation independent of STAT3 signaling. Notably in 

CD4+ T cells, one of the pathways significantly enhanced by ROS is the MAP kinase 

pathway (Devadas et al., 2002). A direct consequence of MAP kinase signaling is AP-1 

activation, and AP-1 was shown to be a critical binding partner of BCL6 in specifying the 

Tfh lineage (Hatzi et al., 2015). Taken together, ROS might promote Tfh differentiation 

by activating the MAP kinase-AP-1 axis. In practice, the finding that ROS enhanced Tfh-

GC response could bring new thoughts to vaccine designs. As reviewed in Chapter 1.2, 

current methodologies to boost humoral response were mostly conducted by cytokine 

administration or stimulating the innate immune system for Tfh promoting cytokine 

secretion. These cytokine based methods are extrinsic to CD4+ T cells and could suffer 

from low efficacy and uncontrolled side effects. If miR-23a inhibitors or other ROS-

inducing reagents could be employed to intrinsically elevate ROS in CD4+ T cells, it 

could be a superior way to generate high titer and long lasting antibody responses. 

The findings in Chapter 4 and the findings in here raised a discrepancy between 

the necrosis phenotype and the Tfh differentiating phenotype in miR-23a deficient CD4+ 

T cells. To reconcile this issue, it should be noted that the necrosis phenotype was most 

evident during Listeria infections, while increased Tfh response was found in mild 
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immunization conditions; the former being strong Th1 response and the latter Th2 

response. Therefore the amount of ROS generated in these two conditions could differ, 

and necrosis only occurs when ROS accumulates beyond the tolerance threshold for 

CD4+ T cells. On the other hand, the increased Tfh phenotype could be a consequence of 

selection rather than induction. Since 1) 23aT-KO T cells undergo advanced cell death 

upon T cell activation; 2) BCL6 is highly expressed in Tfh cells and 3) BCL6 is a strong 

anti-cell death molecule, which is particularly important to maintain GC B cell survival 

through the SHM process (Ranuncolo et al., 2007), it is likely that the increased Tfh 

proportion in 23aT-KO cells is a result of survival privilege conferred by heightened BCL6 

expression. In sum, it will be interesting to find out the exact mechanism that controls 

whether cells commit necrosis or Tfh differentiation in the absence of miR-23a. 
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6. Sequential differentiation model for Tfh cells 

In Chapter 4 and Chapter 5, I discussed the pluripotency of miR-23a in 

regulating CD4+ effector responses and CD4+ follicular helper responses. The difference 

in regulatory mechanisms illustrates the potential dichotomy between effector CD4+ T 

cells and Tfh cells. Indeed, the true identity of Tfh cells has been debated since their 

discovery in 2000s. As mentioned in Chapter 1.2, two models were proposed to explain 

the differentiation process of Tfh cells. In the parallel differentiation model, the fate of 

CD4+ T cells is destined during the priming phase, and Tfh lineage segregates from 

other CD4+ effector lineages such as Th1 or Th2 subsets. Alternatively, the sequential 

differentiation model suggest that naïve CD4+ T cells can first assume effector lineages, 

and further trans-differentiate into Tfh cells. 

In both models, environmental cues in germinal centers composite the key 

factors that mediate Tfh homeostasis and differentiation. Particularly, ICOSL and CD86 

expressed on B cell surface are essential to maintain stable Tfh signatures through T-B 

conjugation. In addition, B-cell activating factor (BAFF), a cellular factor produced by 

GC follicular dendritic cells (Hase et al., 2004) was also found to regulate Tfh 

development (Coquery et al., 2015). Although the signaling pathways for Tfh 

differentiation has been detailed, the cellular interactions in the germinal centers remain 

elusive. One hurdle for studying Tfh biology is the lack of reliable in vitro cultures that 

can robustly generate Tfh cells. To solve this issue, one report claimed to be able to 
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induce Tfh-like cells with the addition of IL-21 and TGF-β blocking antibodies (Lu et al., 

2011), but this finding could not be replicated by me and several other labs. In this 

Chapter, I devised a novel in vitro co-culture system to mimic Tfh differentiation in vivo. 

Experimental characterization of this system suggest sequential differentiation model of 

Tfh cells, which I further validated using TCR repertoire sequencing in in vivo derived 

Tfh cells. 

6.1 A co-culture system that mimics Tfh responses in vitro 

Studies of the Tfh responses are largely confined to in vivo animal models due to 

the structural and cellular complexity of the GC reactions. The GC stages avid 

interactions between T cells and B cells. At the meantime, stromal cells, primarily 

follicular dendritic cells (FDCs), constitute the physical network for the GC. FDCs are 

known to present antibody-opsonized antigens through Fc receptors, and they are 

originated from mesenchymal cells. Additionally, FDCs produce large quantity of BAFF 

which are essential to support B cell activation and survival. 

To ideally recapitulate the in vivo GC responses, I devised an in vitro co-culture 

system, encompassing T cells, B cells and BAFF expressing stromal cells (Nojima et al., 

2011) (Figure 42A). In this system, LLO118 TCR transgenic CD4+ T cells were skewed in 

either Th1 or Th2 differentiation conditions and subsequently co-cultured with B cells 

presenting LLO190-205.The T-B interaction occurs in a plate coated with BAFF-expressing 
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feeder cells. The phenotypical characterization of this system was performed on day3, 

day6 and day10 after co-culture. 

Since the primary goal of Tfh response is to generate GC B cells, I first used GC B 

differentiation as the functional readout of this co-culture system. Surprisingly, as early 

as day 3 post co-culture, the majority of B cells co-cultured with T cells assumed GC B-

like phenotype (FAS+GL-7+), the percentage of which is 5 folds higher than the control 

cultures where B cells were stimulated with feeder cells expressing BAFF and CD40L 

together (BAFF-CD40L, Figure 42B). Both Th1 cells and Th2 cells were capable of 

promoting this GC B-like phenotype, though B cells in the Th2 co-culture group lost FAS 

and GL-7 expression in later time points (Figure 42C). Further, reduction in T:B ratio 

correlates with reduction in FAS+GL-7+ B cells, indicating that T cell-B cell contact is 

required for the GC B like phenotype transition (Figure 42C). Although on day 3, B cells 

were differentiated at a similar extent in Th1 and Th2 co-cultures, the dynamics of B cell 

survival and proliferation were drastically different: B cells proliferate more vigorously 

in Th1 co-cultures but survive much better in Th2 co-cultures (Figure 43A, 43B).  

Overall, Th2 co-culture produced 5 folds more GC B cells compared to Th1 co-culture 

(Figure 43C). Taken together, I developed a new co-culture system which is efficient in 

Fas+GL-7+ B cell differentiation using both Th1 and Th2 cells. 
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Figure 42: Both Th1 and Th2 cells could induce GC-B like phenotype in the in 

vitro co-culture system. 

(A) Schematics of the in vitro co-culture system. CD4+ T cells were isolated from 

LLO118αβ TCR transgenic mice. The cells were stimulated and polarized in Th1 or Th2 

conditions. Four days after initial polarization, Th1/Th2 cells were assembled with naïve B cells 

loaded with LLO190-205 peptide and cultured on feeder cells expressing BAFF. On designated 

days, the cell phenotypes were analyzed by flow cytometry. (B) FAS and GL-7 expressions of B 

cells after 3 days of co-culture in various conditions were analyzed. BAFF, B cells with BAFF 

feeder cells; BAFF-CD40L, B cells with BAFF-CD40L feeder cells; BAFF-Th1, B cells with 

BAFF feeders and Th1 cells; BAFF-Th2, B cells with BAFF feeders and Th2 cells. The cells 

were pre-gated on CD19+CD4- populations. (C) Percentage of FAS+GL-7+ B cells after different 

days of co-culture or with different input T:B ratios. The data represent three independent 

experiments. 
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Figure 43: Different B cell dynamics with Th1 or Th2 co-cultures. 

(A) Cell survival and proliferation analysis of B cells with various co-culture conditions. 

Cell survival was measured by violet dye and proliferation was measured by CFSE dilution. (B) 

Quantification of B cell survival with Th1 or Th2 co-cultures as shown in (A). (C) The total 

number of FAS+GL-7+ GC-like B cells after 6 days of co-culture in Th1 and Th2 conditions. 
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6.2 Th2 co-cultured B cells exhibits GC B characteristics. 

To determine whether Th1 and Th2 cells could induce functional GC B cells in 

the co-culture system, I further examined the expression of BCL6 in these in vitro 

differentiated B cells. BCL6 is a critical transcriptional regulator to promote GC B 

program and affinity maturation. I found that although Th2 co-cultured B cells express 

less, if not comparable amounts of FAS/GL-7 (Figure 42C), they express significantly 

higher levels of BCL6 compared to Th1 co-culture conditions (Figure 44A, 44B). These 

results indicate that Th2 cells were better at facilitating functional GC B development. 

CSR is an important functional marker for GC B cells. When I measured CSR in 

different conditions, I found that consistent with BCL6 expression, Th2 co-cultured B 

cells had higher IgG1 class-switching than Th1 group, while IgG2a class-switching was 

not evident in either groups (Figure 45A, 45B). Although a variety of in vitro cultures 

induce CSR in B cells, no experimental conditions is known to elicit SHM in vitro. AID 

play key roles in both CSR and SHM with its unique DNA editing property, therefore I 

aimed to construct the most optimal condition for AID expression based on Th2 co-

culture conditions. By quantifying the copy number of AID mRNA in B cells, I found 

that Th2 co-culture with BAFF feeders elevated AID expression for nearly 10-fold 

compared to naïve B cells, but it was still 10-fold lower than co-culturing with BAFF-

CD40L feeders. However, I observed a synergistic effect when B cells were co-cultured 
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with Th2 cells in the presence of BAFF-CD40L feeders and α-IgM: AID was induced by 

more than 103 folds and was reaching the level of in vivo derived GC B cells (Figure 45C). 
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Figure 44: Th2 co-culture induces BCL6 expression in B cells. 

(A) Histogram of BCL6 expression in B cells after 6 days of co-culture. The cells were 

pre-gated on CD19+ populations. (B) Quantification of BCL6 expression in Th1 or Th2 co-

cultured B cells on day 3 and day 6. 
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Figure 45: B cells undergo class-switch recombination and upregulate AID 

with Th2 co-culture. 

(A and B) Supernatant from various co-culture conditions were collected on day 6. Total 

IgG1 and IgG2a class-switched antibodies was measured by ELISA. (e) Absolute copy number of 

B cell AID mRNA was quantified by qPCR in different co-culture conditions. 
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6.3 T cells gained Tfh phenotype upon T-B interactions in vitro 

In Tfh responses, Tfh cells provide signaling cues to direct GC B differentiation, 

while retrospectively, B cells were found to affirm Tfh identities. Thus I examined the 

alteration of T cells in my co-culture system. Interestingly, after co-culture with B cells, 

both Th1 and Th2 cells expressed increased levels of Tfh transcription factors Bcl6 and 

Maf, whereas Th1-specific transcription factor Tbx21 was downregulated and Th2-

specific Gata3 expression was maintained (Figure 46A). Additionally, Il21 expression 

was drastically increased in Th2 cells but not Th1 cells (Figure 46A), which could explain 

the better survival and CSR in Th2-co-cultuted B cells (Figure 43A and Figure 45A). 

Although Cxcr5 mRNA was not increased after T-B co-culture (data not shown), I saw a 

substantial increase of both CXCR5 and BCL6 protein expression after co-culture, the 

level which even surpassed that of in vivo derived Tfh cells (Figure 46B). 

These observations clearly indicated that fully committed Th1 and Th2 cells could transit 

into Tfh-like Tfh1 or Tfh2 cells in the in vitro system. To further demonstrate whether 

these in vitro derived Tfh1 or Tfh2 cells exhibits Tfh traits in vivo, I competitively 

transferred in vitro differentiated LLO118tg Th1, Tfh1 cells or Th2, Tfh cells into Tcra-/- 

recipients with Th1-bised immunization (CFA as the adjuvant) or Th2-biased 

immunization (Alum as the adjuvant) respectively. Four days after cell transfer, within 

the CD4+CXCR5hiBCL6hi population, I found significant overrepresentation of Tfh1 or 

Tfh2 cells. Specifically, the Tfh2/Th2 ratio was offset to 8:1, indicative of superior 
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follicular helper functions of in vitro derived Tfh2 cells (Figure 47A, 47B). These findings 

further indicated that Tfh cells can be derived from terminally differentiated effector T 

helper cells. 
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Figure 46: Th1 and Th2 cells gain Tfh phenotype after in vitro co-culture. 

(A) Day 3 after co-culture, T cells from either Th1 or Th2 co-culture group were isolated 

and the gene signatures were compared to pre-co-culture Th1 and Th2 cells. (B) BCL6 and 

CXCR5 expressions were measured in pre-co-culture and post-co-culture Th1 or Th2 cells by 

flow cytometry. In vivo generated Tfh cells were used as the control. 
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Figure 47: In vitro derived Tfh1 or Tfh2 cells become better helper cells in 

vivo. 

(A and B) CD4+ T cells were isolated from LLO118αβ-Thy1.1 and LLO118αβ-Thy1.2 

mice and cultured in Th1 or Th2 conditions, on day 4 post co-culture, Thy1.1 cells were co-

cultured with B cells and BAFF-feeder cells, and Thy1.2 cells were retained in the original 

polarization culture. Cells with co-cultures were denoted “in vitro Tfh1” or “in vitro Tfh2” cells; 

cells without co-cultures were denoted “Th1” or “Th2” cells. On day 7, Th1/Tfh1 cells and 

Th2/Tfh2 cells were competitively transferred into TCRα-/- recipients followed by LLO190-205 

peptide immunization. Four days after immunization, the spleen Thy1.1+ and Thy1.2+ cells 

within the Tfh compartment were analyzed. 
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6.4 Tfh lineage tracing through TCR repertoire sequencing 

According to the Tfh parallel differentiation model, Tfh lineage is segregated 

from effector lineages upon their initial contact with DCs. However, my data suggest 

that interactions with B cells could promote Tfh program in pre-established Th1/Th2 

cells, which strongly supports the sequential differentiation model. Although adoptive 

transfers conducted by others and me provided evidence to support either models, these 

experimental were based on limited selection of transgenic TCRs, lacking relevance to 

the entire TCR repertoire. 

To interrogate Tfh differentiation models in unbiased manner, I attempted to 

model Tfh lineage propagation using TCR repertoire sequencing on the TCRβ chain 

CDR3 region. I reasoned that, if parallel model is representative for Tfh differentiation, 

Tfh cells derived from Th1 or Th2 conditions (Tfh1/Tfh2) would have more repertoire 

sharing than sharing to Th1/Th2 effector cells; conversely if sequential model is the 

primary mechanism, I would expect most sharing between Th1 to Tfh1 or Th2 to Tfh2 

populations (Figure 48A). Experimentally, I immunized mice with NP-CGG emulsified 

in Complete Freund Adjuvant (CFA) or Alum to generate Th1-biased or Th2-biased 

environments (Figure 48B). Seven days post-immunization, CD44+PD1-CXCR5- Th1/Th2 

cells and CD44+PD1+CXCR5+ Tfh1/Tfh2 cells were sorted for downstream analysis 

(Figure 48C). To weaken the effect from intra-mouse repertoire sharing in the same 
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animal, I mixed splenocytes from 3 individual mice in either Th1 or Th2 immunizations 

conditions (Figure 48B).  

My TCR repertoire sequencing process generated highly reliable reads, with 

mappable rates above 70% across all batches. Additionally, the sequencing of all four 

populations was well-saturated (Table 3). The diversity indices of all four repertoires 

were relatively low (below 0.4), indicative of antigen-specific clonal expansion. 

Interestingly, the repertoire diversity of both Tfh1 and Tfh2 cells were significantly 

lower than Th1 or Th2 cells, suggesting that Tfh cells underwent advanced clonal 

expansion in the germinal centers (Figure 49). 
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Figure 48: TCRrepertoire sequencing is used to determine lineage of Tfh cells. 

(A) Schematics of the Tfh parallel differentiation model and sequential differentiation 

model. The predicted similarity hierarchy was plotted alongside each model. (B and C) 

Experiment design for the TCR repertoire sequencing. Mice were immunized with either Th1 or 

Th2 conditions with CFA or Alum as the adjuvants and NP-CGG as the immunogen. On day 7 

after immunization, Th1/Tfh1 cells and Th2/Tfh2 cells were sorted based on surface expression 

of CD44, PD1 and CXCR5. The sorted cells were subjected to TCR repertoire sequencing. Three 

batches of sequencing were performed, and within each batch, three mice were combined for each 

condition. 
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Figure 49: Tfh cells have lower overall TCRβ CDR3 diversity compared to 

effector T cells. 

Diversity index of effector T cell repertoire and Tfh repertoire was calculated for each 

sorted population. Diversity indices were grouped by Teffector (Th1, Th2) and Tfh (Tfh1, Tfh2) 

groups, and the statistical difference was analyzed by two-way ANOVA. The data represent three 

batches of sequencing results. 
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Table 3: TCRβ CDR3 sequencing summary 

Batch1 

Sample #Cells #raw reads #mappable reads Mapping ratio 

Th1 60,000 1686674 1540597 0.91 

Tfh1 60,000 452856 397650 0.88 

Th2 60,000 1249802 1054798 0.84 

Tfh2 60,000 618878 505203 0.82 

Batch2 

Sample #Cells #raw reads #mappable reads Mapping ratio 

Th1 43,000 823173 798918 0.97 

Tfh1 43,000 611537 579908 0.95 

Th2 50,000 666461 626274 0.94 

Tfh2 50,000 681381 643790 0.94 

Batch3 

Sample #Cells #raw reads #mappable reads Mapping ratio 

Th1 50,000 331191 283583 0.86 

Tfh1 50,000 474531 383377 0.81 

Th2 50,000 407148 304646 0.75 

Tfh2 50,000 412143 283476 0.69 
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6.5 TCR repertoire sequencing supports sequential 
differentiation of Tfh cells 

Next, I extracted CDR3 sequences from each population and assessed the 

clonotype similarities between each group. I found drastically higher similarity between 

Th1/Tfh1 groups and Th2/Tfh2 groups compared to Tfh1/Tfh2 groups (Figure 50A). This 

data indicate that most Tfh1 cells were descendants of Th1 cells, and most Tfh2 cells 

were descendants of Th2 cells. Therefore my repertoire similarity data strongly 

supported the sequential differentiation model (Figure 48A), which was consistent with 

the phenotype observed in my in vitro co-culture system (Figure 46). Nevertheless, there 

was higher Tfh1/Tfh2 clone sharing compared to the baseline Th1/Th2 sharing, 

suggesting that certain level of parallel differentiation was present. 

To interrogate the similarities in correspondence to clonotype abundance, I 

implemented top-cross analysis where Tfh1 or Tfh2 repertoire was ranked by 

frequencies and clone sharing was plotted while sampling the top clones alone the 

ranked Tfh1 or Th2 repertoire. Overall, it was evident that the sharing between Tfh1/Th1 

and Tfh2/Th2 surpass the sharing towards other populations (Figure 50B, top panel). 

Interestingly, the largest advantage of Tfh1/Th1 and Tfh2/Tfh2 sharing occurred in high 

frequency range (Figure 50B, bottom panel). I further plotted the top 1000 clone sharing 

of Tfh1 and Tfh2 populations, with each blue line representing a clone sharing event in 

the circular connection graph (Figure 51A). Again, I found that most sharing events 

were present between Tfh1/Th1 and Tfh2/Th2 groups, as well as a certain level of 
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sharing between Tfh1/Tfh2 groups. It was previously implicated that higher TCR 

affinity contributes to more potent Tfh differentiation. In conjunction with the sequential 

differentiation model, I hypothesized that high frequency Tfh clones were mostly 

derived from high frequency T effector clones. In this case, clones from high frequency 

Tfh populations should map to high frequency T effector populations. I measured the 

density of mapped clone distribution on ranked T effector populations, and found that 

most of the top 1000 Tfh1/2 clones were indeed mapped to the high frequency end of 

Th1/2 clones (Figure 51A), which supported this hypothesis. Interestingly, when I 

looked into the top 100 Tfh1/2 clone mapping, they were no longer highly enriched to 

the high frequency Th1 to Th2 repertoire, while intra-Tfh mapping (Tfh1/2 to Tfh2/1) 

yielded strong bias towards the high frequency end (Figure 51B). Surprisingly, when I 

investigated the ultra-high frequency (top 0.5%) Tfh clone mappings to the 

corresponding T effector populations, I found these Tfh cells do not necessarily correlate 

with the ultra-high frequency T effector cells: some top Tfh clones were mapped to 

clones ranked over 10,000 in the T effector repertoire (Figure 51C). Taken together, my 

data suggest that Tfh cells are primarily differentiated from effector CD4+ T cells. In the 

clonotype level, highly expanded Teff cells tend to correlate with highly expanded Tfh 

cells. 
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Figure 50: TCR clone sharing suggests Tfh sequential differentiation model. 

(A) Overall similarity matrix comparing each cell populations. Color codes indicated the 

relative value of Bhattacharryya similarity indices. (B) Top-cross analysis of the clone sharing 

between each population. Clones in Tfh1 and Tfh2 were ranked by abundance and listed in the X 

axis. The sharing towards other populations were plotted on the Y axis (shared clone numbers for 

the top panel and percentage of shared alones for the bottom panel). 
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Figure 51: Top clone mapping between Tfh and T effector populations. 

(A and B) Circular connection graphs were used to demonstrate the top 1000 and top 10 

Tfh1 and Tfh2 sharing towards other populations. The density of sharing on designated 

repertoires were quantified on right panels. (C) Extremely high frequency Tfh clone sharing with 

corresponding T effector repertoire. Top 0.5% Tfh1 and Tfh2 clones were mapped to ranked Th1 

and Th2 repertoires. 
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6.6 The existence of rare Tfh precursors and Tfh-associated 
motifs 

I have demonstrated that the sequential differentiation is the predominant route 

for Tfh differentiation, but it does not exclude the existence of certain precursor Tfh cells 

with specific TCRs. To identify the Tfh-biased precursors, I summarized the CDR3 

sequences presented in Tfh populations from all 3 assayed batches. It turned out only 2 

out of 30317 Tfh nucleotide sequences were shared in both Tfh1 and Tfh2 subsets across 

all batches (Figure 52A). Accordingly, only 7 out of 27377 Tfh amino acid sequences 

were shared (Figure 52B). Interestingly, although rare in presence, these clones were not 

found or found in low abundance in the T effector populations (Figure 52A, 52B). 

Therefore I speculate that cells bearing these TCRs are intrinsically inclined to become 

Tfh cells. 

Based on the CDR3 sequencing result, I also interrogated the difference of 

effector T cells and Tfh cells on the motif level. Motifs were defined as 3-letter strings 

decomposed from the CDR3 amino acid sequence. Therefore, the sequence pool of each 

cell subset could be reformed to libraries of motifs. Presumably, the motifs was a better 

approximate to TCR binding characteristics. I first compared the motif sharing between 

Th1, Th2, Tfh1 and Tfh2 populations, and found that the size of motifs present in all four 

populations drastically outnumbered that of other combinations (Figure 53A). This 

result implied that all four populations were reactive against the same set of antigens. 

However, on the total motif level, T effect cells and Tfh cells could not be distinguished 
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(Figure 53B). Indeed, this observation reiterated the finding that most Tfh cells were 

differentiated from T effector cells. Next, I assessed the consensus motifs in each 

population. Since different CDR3 sequences had different length, I analyzed the 

consensus motifs by length groups. I found that for CDR3s with length 9, both Tfh1 and 

Tfh2 subsets featured “DEQ” motif starting from position 6, which was not present in 

either Th1 or Th2 subsets. However, no consensus motifs were evident in Tfh cells in 

longer length groups (Figure 54A, 54B). This data indicated that TCR structures 

contributes to T cell lineage decisions only when the CDR3 sequence was short. 
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Figure 52: CDR3 sequences shared among Tfh subsets. 

The CDR3 sequences were analyzed and sequences that were present in Tfh1, Tfh2 

subsets across all batches were called. (A) The 2 nucleotide sequences that were shared in all 3 

batches of Tfh cells. (B) The 7 amino acid sequences that were shared in all 3 batches of Tfh 

cells. Color codes represent the sequence abundance within each data set. 
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Figure 53: Motif analysis of Tfh and T effector populations. 

(A) The number of motif sharing in various combinations of Th1, Th2, Tfh1 and Tfh2 

subsets. (B) Motif relevance plot of T effector (Th1 ∩ Th2, red dots) and Tfh (Tfh1 ∩ Tfh2, 

blue dots) CDR3s. The algorithm for calculating motif relevance and CDR3 linkage was 

described in Chapter 2.6. The left panel showed the pattern with cutoff of over 50% relevance, 

and the right panel with cutoff of over 60% relevance. 
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Figure 54: Consensus sequence analysis of CDR3 motifs in Tfh and T effector 

cells. 

CDR3 sequences of Th1, Th2, Tfh1 and Tfh2 subsets were subgroups by CDR3 length. 

The consensus motifs of CDR3 were shown for each population on the top row. Then the 

consensus motif from each population was compared to other populations pair-wise. The 

comparison was based on subtracting the consensus sequence of query population from consensus 

sequence of subject population. This process derives the differential consensus matrix with 

columns denoting the subject sequence and rows denoting the query sequence. (A) Consensus 

sequence analysis of length 9 CDR3s. (B and C) Consensus sequence analysis of length 10 and 

length 17 CDR3s. 
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6.7 Discussion 

Tfh cells play vital roles in the regulation of GC responses. Understanding the 

mechanisms involved in Tfh differentiation is essential for the understanding of GC 

dynamics. In this study, I mimicked T cell-B cell interactions in a novel co-culture system 

and successfully induced Tfh-like cells in vitro, with strong Tfh-associated signatures as 

well as functionalities. The robustness of system in generating Tfh-like cells could be 

attributed to the incorporation of BAFF producing feeder cells. Although the function of 

BAFF was predominately described in B cells, its role in promoting Tfh differentiation 

has been implicated. Besides BAFF, the feeder cells could also provide signaling cues 

through surface molecule engagement. For example, the feeder cells were originated 

from fibroblasts with abundant Notch-ligand expression; and, studies have suggested 

that Notch-signaling is required for Tfh programs (Auderset et al., 2013). I believed that 

integral signals from both B cells and feeder cells were essential for the Tfh program 

initiation and reinforcement.  

One central message from investigating the in vitro system was that Tfh cells can 

derive from terminally differentiated effector T (Teff) cells. Though findings from 

various studies have implicated this transition, they were mostly built upon cell transfer 

models. Using TCR repertoire sequencing, I were capable of delineating the relationship 

between Teff and Tfh lineages in native open-repertoire conditions. My results not only 

demonstrated the existence of Teff to Tfh transition, but also suggested the 
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predominance of this phenomenon in vivo. In fact, highly differentiated Tfh subsets 

displayed low proliferation rate as well as increased sensitivity to apoptosis, which 

indicated the requisition of newly generated Tfh cells to sustain germinal center 

responses over a long time span. According to the sequential differentiation model, even 

after germinal center establishment, large numbers of effector T cells could effectively 

engage with B cells to gain Tfh phenotype and replenish the Tfh pool. Further, this 

sequential differentiation mechanism could be particularly important during HIV 

infections where HIVs preferentially infect and functionally impair Tfh cells (Bekele et 

al., 2015; Perreau et al., 2013). Interestingly, it was found that the Tfh population in 

germinal centers expressed high levels of IFN-γ (Lindqvist et al., 2012). Hence, it is likely 

that these Tfh cells were differentiated from Th1 precursors attempting to replace the 

dysfunctional Tfh pool.  

Plasticity is an important feature of CD4+ T cells, and by switching their cellular 

characteristics, CD4+ T cells could adapt to relevant environments. Importantly, this 

transition may not be confined to Th1/Th2 cells as determined in my study. Literatures 

have suggested that Th17 cells in the Peyer’s patches could induce the development of 

IgA-producing GC B cells (Hirota et al., 2013), indicating Th17 cells could also gain Tfh-

like phenotype. Another population of CD4+ T cells, T follicular regulatory cells (Tfrs), 

were found as a regulatory subset inside germinal centers (Chung et al., 2011; Linterman 

et al., 2011; Wollenberg et al., 2011). Tfr cells express Tfh markers but retain Treg 
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characteristics (Chung et al., 2011). In line with my data, molecular cues from B cells and 

the germinal center environment are required for Tfr development (Linterman et al., 

2011). 

In the clonotype level, my data suggested the correlation between highly 

expanded Teff population and highly expanded Tfh population. Both instructive and 

stochastic effects could lead to this observation. It was shown that T cells exhibiting 

strong TCR signaling are prone to commit to Tfh lineages (Tubo et al., 2013), therefore 

highly expanded effector T cells were best candidates for Tfh differentiation, potentially 

due to their stronger TCR signaling capacity. On the other hand, given the substantial 

mobility of T cells and B cells in vivo (Miller et al., 2002), highly expanded Teff cells 

could have higher chances to interact with B cells and become Tfh cells, which might 

also contribute to the clonal abundance correlation between Teff and Tfh populations. 

Interestingly, I also noted that the extremely high frequency Tfh clones was not 

overrepresented in the Teff repertoires, suggesting distinct mechanisms exist to control 

Tfh differentiation. One viable explanation is that these very high frequency Tfh clones 

originated from early transited Teff clones, and the corresponding Teff cells had already 

contracted outside of germinal centers. Overall, the temporal-spatial dynamics in the 

Teff and Tfh transition remains to be clarified. 
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7. Concluding remarks 

With the technological development in system biology, next generation 

sequencing and high-dimensional data analysis, my understanding of CD4+ T cells as a 

fundamental element of adaptive immunity has been greatly advanced. In fact, various 

properties of CD4+ T cells can be modulated to solve the challenges in autoimmunity, 

infectious disease and vaccination. This dissertation is trying to shed the light on four 

areas of CD4+ T cell biology. Firstly, the discovery of the role of miR-17-92 in Th17 

differentiation established an important miRNA regulatory network in Th17 cells, and in 

the meantime, suggested this miRNA cluster, specifically miR-17 and miR-19, as a viable 

therapeutic target for Th17-associated autoimmune disorders. Secondly, the definition of 

necrotic cell death and inflammation regulation by miR-23a emphasizes the importance 

of immune homeostasis, especially during bacterial infections. It also introduced the 

concept of ROS-induced necrosis in CD4+ T cells, which was an understudied key 

biological process in CD4+ T cells. Thirdly, my study of miR-23a in Tfh differentiation 

provided evidence for ROS-controlled Tfh differentiation, which may benefit next-

generation vaccine development. Lastly, I devised a novel in vitro culture system to 

mimic Tfh-GC interactions. This new tool could be widely applied to the research on T-

dependent humoral responses. 

More than two decades have passed since the initial discovery of miRNAs. Most 

miRNA research emphasizes function and molecular targets. Actually, the significance 
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of miRNAs may not be limited to their target genes; they can also serve as tools to open 

new windows to a broad range of biological mechanisms. When my lab was working on 

miR-17-92 in the context of Th1 differentiation, I unintentionally found that miR-17-92 

could target Mecp2, an epigenetic modifier of DNA methylation. This finding led me to 

determine MECP2’s role in both CD4+ effector cells and Treg cells (Jiang et al., 2014; Li et 

al., 2014). Similarly, the study of miR-23a in Tfh cells helped me to identify the 

correlation between ROS and Tfh differentiation, which could essentially shift the 

paradigm in Tfh research. In the future, miRNA-based methodologies can certainly lead 

to more novel findings and greatly expand the frontiers in Immunology. 

While the enormous diversity of TCRs poses difficulties in T cell research, it 

urged new technology development for high-throughput analysis. TCR repertoire 

sequencing is a promising and powerful technique to parse the clonal composition of T 

cells. Using this method, I traced the lineage of different CD4+ T cell subsets and 

affirmed the sequential differentiation model for Tfh cells. Notably, this technique has 

found its way to more vibrant fields such as cancer Immunology. My lab has pioneered 

work on cancer-related resident memory T cells with TCR repertoire sequencing (Jia et 

al., 2015). Moreover, several groups have proposed to include the TCR repertoire as a 

metric to evaluate the anti-tumor response during tumor immunotherapies (Tumeh et 

al., 2014; Woodsworth et al., 2013). More subtle and critical information hidden in the 

TCR repertoire is structural requirement for antigen recognition. In this dissertation, I 
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innovated motif analysis as one way to decipher the structural relevance of TCR 

sequences. Looking forward, more sophisticated algorithms will be developed to 

unravel the myths in TCR affinity, antigen properties and T cell responses.  
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