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ABSTRACT 

 The use of highly active antiretroviral therapy (HAART) has significantly decreased 

the mortality rate of HIV-1 patients, however the increased survival has led to the 

development of complications associated with the persistence of the viral infection. Nearly 

half of HIV-1-infected individuals develop HIV-associated neurocognitive disorders 

(HAND) as the effects of the chronic infection leads to neuronal injury and synaptic loss in 

the central nervous system (CNS). The neurotoxicity of HIV-1 has largely been attributed 

to the inflammation caused by viral replication and the altered signaling of astrocytes, 

microglia, and macrophages. Although HAART has improved the control of viral 

replication, the effects from inflammation remain a concern, particularly those of the pro-

inflammatory cytokine, tumor necrosis factor alpha (TNF-α). TNF-α has been a therapeutic 

target for other diseases associated with chronic inflammation, such as rheumatoid 

arthritis, but emerging evidence has suggested that TNF-α signaling can have a dual role, 

especially in the CNS, proving the complexity in the modulation of the TNF-α pathway. 

Although the detrimental effects of TNF-α have been well-characterized, we lack a 

complete understanding of the beneficial role of TNF-α.   

 TNF-α signaling has largely been considered to be neurotoxic but has been able 

to regulate neurite outgrowth in the context of neural development. Since TNF-α is 

upregulated in various neurodegenerative conditions, we considered potential outcomes 

of TNF-α on neurite outgrowth following injury. Initially, most would assume that TNF-α 

would prevent neurite outgrowth as apoptosis is a common outcome of TNF-α-induced 

signaling. If TNF-α signaling strictly prevents neurite outgrowth, anti-TNFα therapies could 

be considered to reverse this effect. However, upon induced injury, we observed an 

increase in neurite regrowth following induced injury in human primary fetal neurons, 

demonstrating a strong need for a deeper understanding of this dual role of TNF-α. Anti-
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TNF-α therapies have been considered for HIV-1-infected patients to reduce the chronic 

inflammation, however inhibiting TNF-α signaling could have side-effects that could 

prevent neuronal recovery from HIV-1 effects.  

 Targeting pathways downstream of TNF-α signaling would be more advantageous 

to mediate the beneficial role of TNF-α in the CNS. We investigated the transcriptional 

effects of TNF-α treatment on neurons to uncover a potential pathway to promote neurite 

outgrowth. One pathway we have discovered to be beneficial in primary human fetal 

neurons is TNF-α-induced Ephrin B2 upregulation. Ephrin B2 (EphB2) receptors are 

important mediators of neuronal development and synaptic plasticity, however little has 

been established in regards to their role in HIV and inflammation, particularly in the CNS. 

EphB2 can mediate axonal development by providing retractive cues to assist the axon to 

reach the target, but EphB2 can also promote dendritic branching to improve learning and 

memory, which would be particularly beneficial for HAND patients that experience 

cognitive deficits. We observed a correlation between the upregulation of EphB2 in 

response to TNF-α and neurite outgrowth, which provides a potential pathway to repair 

damaged neurons and re-establish lost neuronal connections. Dendritic pruning and 

neuronal loss has been observed in HAND patients, so this ability to promote repair could 

prevent, improve, or recover the cognitive deficits experienced by HIV-patients with 

HAND. TNF-α, although primarily known to induce neurotoxicity, strongly activates the 

nuclear factor-kappaB (NF-κB) pathway, which can have a very wide range of 

transcriptional effects. Therefore, our hypothesis is that the TNF-α-induced neurite 

regrowth occurs through an upregulation EphB2 in an NF-κB-dependent pathway.  

 TNF-α has been well established to induce NF-κB signaling, mostly by promoting 

the translocation of the NF-κB p65 DNA binding factor to the nucleus for transcriptional 

regulatory effects. NF-κB can regulate neuronal growth and process development of both 
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dendrites and axons, which would correlate to the neurite regrowth observed following 

TNF-α upon induced injury. The regulation of EphB2 by NF-κB has not been extensively 

studied, but EphB2 can be negatively regulated by an NF-κB family member, c-Rel. We 

analyzed the EphB2 promoter and identified three NF-κB p65 binding sites upstream from 

the transcriptional start site, which provided insight to our hypothesis. We established that 

p65 directly binds to and can regulate EphB2 promoter activity in response to TNF-α. 

Since the dual role of TNF-α can be dependent on the receptor through which the signaling 

proceeds, either TNF-α receptor 1 (TNFR1) or TNF-α receptor 1 (TNFR2), we investigated 

if this upregulation of EphB2 is receptor dependent and determined EphB2 is induced 

primarily through activation of TNFR2. Neurons express both receptors, however, the 

effects of TNF-α to promote neuroprotection and repair primarily occur through the TNF-

α/TNFR2 regulatory axis. Although we have been established the mechanism of TNF-α-

induced EphB2 and there is a strong correlation with neurite outgrowth following induced 

injury, we considered the possibilities to modulate EphB2 in the absence of TNF-α to 

demonstrate the direct effects of EphB2 expression. 

 Several approaches could be used to mediate EphB2 activation or inhibition in 

vitro. RNA interfering techniques, such as small interfering RNA (siRNA), are useful, but 

we were interested in a complete knockout strategy. Since our approach was to assess 

the effects of EphB2 knockout only on neurite outgrowth following induced injury, a 

knockout animal model would not be appropriate, as a lack of EphB2 would affect the 

development of the neurons, unless an inducible knockout model was established. This is 

a lengthy and elaborate process and, more importantly, would only be available in a non-

human model. Other techniques, such as transcription activator like effector nucleases 

(TALENs), can generate knockout systems that are targeted to specific regions of a gene, 

but specific binding proteins must be created to recruit the endonucleases to the target. 
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Clustered regularly-interspaced short palindromic repeats/CRISPR associated protein 9 

(CRISPR/Cas9) has emerged as a specific and relatively easy technique to knockout 

genes of interest and uses short RNA sequences to guide Cas9 endonucleases to target 

regions to create double stranded breaks in the DNA to silence the gene. Once concern 

with Cas9 is specificity to target only the desired region of the gene, as off-target effects 

can occur and may result in unwanted gene silencing. A Cas9 mutant, Cas9 nickase 

(Cas9n), has been created to have more specificity by requiring two guide RNAs to recruit 

two Cas9 nickases to generate a double stranded break as they function as nickases to 

only create a nick in one DNA strand. We developed this strategy to remove exon 1 of the 

EphB2 gene by using two pairs of Cas9 nickases, with four guide RNAs, to eliminate any 

chance for off-target effects but retaining the desired outcome of and EphB2 knockout. 

We validated the system by demonstrating that a knockout of EphB2 increases adhesion 

and prevents migration in human embryonic kidney 293T (HEK293T) cells. Although this 

cell model is not a neuronal cell model, the migration assay demonstrates the functional 

loss of EphB2. We also created an inducible Ephb2 system to overexpress EphB2. 

Together these provide essential tools to verify the direct involvement of EphB2 in neurite 

outgrowth.  

 Taken together, our studies characterize a novel mechanism for neurite outgrowth 

following injury in neurons: TNF-α/TNFR2-induced EphB2 signaling in an NF-κB p65-

dependent manner. In addition to the established mechanism, we developed a technique 

to assess the effects of EphB2 knockout and overexpression in the context of neurite 

outgrowth: EphB2-targeted-Cas9n and EphB2 inducible construct. This mechanism yields 

insight into a potential downstream pathway to be utilized to repair damaged regions in 

the brain and reverse cognitive deficits in neurodegenerative conditions, especially in a 

chronic inflammatory environment, such as HIV-1 infection. The strategies created provide 
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a valuable toolset to demonstrate the direct effects of modulating EphB2 signaling, not 

only in neurons for effects on neuronal health and synaptic plasticity, but also in other 

disease models, such as glioblastoma, in which EphB2 was demonstrated to promote 

invasion and migration of tumor cells. These observations and the usefulness of the 

modulatory strategies likely extend to multiple neurodegenerative diseases that 

demonstrate cognitive deficits that correlate to neuroinflammation.  
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CHAPTER 1. 

INTRODUCTION 

 

HIV-1 in the CNS 

 

The Success of HAART and Development of HAND 

 In the early reports of the HIV-1 epidemic, neurological complications were 

observed and the central nervous system (CNS) was characterized as a target for infection 

as the disease progressed to advanced stages. In 1985, a study was conducted and 

determined that nearly 40% of patients presented were neurologically symptomatic, most 

with some form of encephalitis or CNS lymphoma and also including progressive 

multifocal leukoencephalopathy (PML) [1]. Along with the CNS, the peripheral nervous 

system (PNS) was also identified to be affected, most commonly diagnosed as chronic 

inflammatory polyneuropathy. Cognitive and motor deficits have been shown from the 

beginning of the HIV-1 epidemic before the widespread use of combined antiretroviral 

therapy (cART), and the symptoms have been characterized as the AIDS dementia 

complex, or more commonly known as HIV-1-associated dementia (HAD) [2]. Since the 

introduction of highly active antiretroviral therapy, the mortality rate has significantly 

declined, as seen in Figure 1.  
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Now the neurological complications of HIV-1 have been classified under three 

different categories in the term HIV-associated neurocognitive disorders (HAND). In 

addition to the original classification of HAD, HAND includes two other forms of 

neurocognitive disorders associated with HIV: asymptomatic neurocognitive impairment 

(ANI) and mild neurocognitive disorder (MND). The ANI category describes any HIV-

infected patient that has any degree of impairment of neuropsychological testing in a 

minimum of two cognitive domains without having any observed impairment in function. 

MND encompasses any HIV-1-infected patient with mild to moderate impairment of at 

least two cognitive domains with having mild impairment of function in daily tasks [3]. 

These cognitive complications are becoming more of a concern as HIV-1-infected patients 

are surviving longer.  

 

Figure 1. The Rate of Death in HIV Patients Pre- and Post-HAART 
Introduction in the United States.  
The graph shows the death rates of both male and female HIV-infected 
populations of Black, White, and Hispanic populations. CDC/NCHS, Health, 
United States, 2013. Data from the National Vital Statistics System.  
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Neuropathology of the HIV-1 Infection 

HIV-1 infection in the CNS is more complicated from other regions in the body, as 

the CNS is comprised of five main cell types and is isolated by the blood-brain barrier 

(BBB). In addition to the BBB, the cerebrospinal fluid (CSF) is also separated by the 

choroid-plexus epithelium, which is considered the blood-CSF barrier [4]. The main cell 

types in the CNS are neurons, astrocytes, oligodendrocytes, microglia, and macrophages; 

all of which having different functions and composition of CD4 expression and chemokine 

receptor expression, the two major modes of interaction with HIV-1 for infection [5]. The 

structure of the BBB and the distribution of the different cell types are represented in Figure 

2.  
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Entry of HIV into a host cell is mediated by binding of the viral envelop protein 

gp120 to a specific cell-type-specific receptor, most commonly CD4 but also CCR5 and 

CXCR5 [7].  Although the CNS is isolated from the periphery, HIV-1 has been detected in 

the brain early after infection, suggesting the BBB must be compromised [8-10]. In fact, it 

has been shown that the BBB, which is a normally selectively permeable barrier, is 

disrupted upon HIV-1 infection, in which viral envelop proteins and secreted proteins can 

cause a loss in pericytes, abnormal astrocytic end processes, and reductions in tight 

junction proteins [7,11]. Immune cells naturally cross the BBB, but HIV-1 infection 

increases its permeability as one theory of infiltration of HIV-1 into the CNS is through 

infected CD4+ T cells from the periphery that are activated cross the BBB and infect other 

cells.  

Another theory of HIV-1 infection of the CNS is through a ‘Trojan horse’ 

mechanism, by which infected and activated monocytes cross the BBB and differentiate 

into perivascular macrophages. Once into the CNS, the infected T cells or perivascular 

macrophages would allow productive infection, producing chemoattractants to recruit 

Figure 2. The Structure of Blood-Brain Barrier is Comprised of Several Cell Types 
and Key Features.  
The brain is separated from the periphery by the blood-brain barrier (BBB), a selectively 
permeable barrier of microvascular endothelial cells joined by tight junctions. It serves 
as a physical and molecular barrier for the CNS, serving as surveillance for molecules 
and cells passing into the brain. Moving inward from the blood vessel after the initial 
endothelial cell layer, perivascular macrophages and astrocytes serve as primary 
surveillance cells, contacting the endothelial cells and maintaining the blood-brain 
barrier permeability, particularly through the signaling actions of astrocytes. The 
perivascular macrophages arise from circulating monocytes in the blood, so they are 
rapidly regenerated and surround the blood vessel. Microglia migrate throughout the 
brain, also serving as surveillance cells, and oligodendrocytes are in contact with 
neurons as they insulate the axons with myelin to promote more efficient propagation 
of action potentials from neuron to neuron. Astrocytes are also crucial to neuronal 
synapse function and maintenance, so they also are typically in close proximity to the 
neurons. Image reproduced from [6] with permission. 
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monocytes as targets for infection and releasing more HIV-1 that can infect more 

macrophages, microglia, and astrocytes [12]. Although one clear method of invasion of 

HIV-1 into the CNS has yet to be established, evidence shows BBB disruption due to HIV-

1 infection and samples from HAND patients with neuropathological effects have positively 

stained for activated macrophages derived from bone marrow cells, supporting a “late 

invasion” theory in which cells in the periphery are infected and become more invasive to 

gain the ability to cross the BBB more aggressively [13].  

Since the CNS is comprised of multiple cell types, it is important to consider the 

location of perivascular macrophages and microglia since they are the CNS cells that are 

infected in HIV-1 conditions. Perivascular macrophages boarder the basement membrane 

and are involved with monitoring tight junction integrity. Since the BBB permeability is 

increased in the HIV-1 infection, perivascular macrophages are likely the first to encounter 

the virus or infected cells. Microglia also migrate to and monitor the BBB, which would put 

them in direct contact with the virus and infected cells as well. Astrocytes are also very 

important in the integrity of the BBB, and they have been shown to be infected with HIV-

1, although astrocytes do not support productive HIV-1 infection [7]. Dysfunction of all 

three cell types has been shown to have major implications in other neurodegenerative 

diseases, and HAD is no exception. Since perivascular macrophages are differentiated 

monocytes, the monocytes that are in circulation and migrate into the CNS could be 

considered facilitators of the invasion of infected cells. Once the monocytes establish 

residency in the CNS, they differentiate and function as macrophages; so if infected in the 

periphery, the monocytes could pass the surveillance of the BBB and lead to established 

HIV-1 infection in the CNS. Since they support productive infection, they could release 

intact HIV-1 virions or viral proteins and lead to the infection of other monocytes or 

macrophages. Macrophages also support productive infection, and whether or not the 
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infected monocytes are differentiated into macrophages would not cease the effects of the 

HIV-1 infection of the CNS as they, too, can release intact HIV-1 virions or viral proteins 

[14,15]. The infection and release of viral proteins induces a state of inflammation, which 

is considered to be a driving force in neurodegeneration observed in HIV-1 patients as it 

persists as chronic inflammation. Neurons are not established to be directly infected by 

HIV-1 since they do not express CD4, so either viral proteins or the effects of the 

inflammation must be the cause for neuronal dysfunction.  

 

The Neuron-glial Interaction in HIV-1 Infection 

The release of viral proteins such as gp120, transcriptional transactivator (Tat), or 

viral protein R (Vpr) by macrophages, microglia, and/or astrocytes can have a dramatic 

effect on normal neuronal function and is considered a direct effect of the HIV-1 infection. 

Microglia are involved in neurogenesis and the recruitment of new neurons to synapses, 

but they also have a role in neuronal synapse formation and maintenance. Microglia are 

able to release ATP to influence neuronal energy usage, as well as cytokines and 

neurotrophic factors to modulate neuronal synapse formation and function [16]. Astrocytes 

are essential to neuronal synapse function as they are part of the tripartite synapse, which 

includes the pre- and post-synaptic terminals of neurons and an astrocytic terminal. 

Astrocytes are involved in the recycling of glutamate, the main excitatory neurotransmitter, 

to maintain homeostatic glutamate concentrations [17]. Neurons express four receptors 

that are activated by binding to glutamate: metabotropic glutamate receptors (mGluR), α-

amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPAR), N-methyl-D-

aspartate receptors (NMDAR), and kainate receptors as shown in Figure 3.   
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mGluRs have been implicated in learning and memory and can modulate NMDAR 

function to be either neuroprotective or excitotoxic, depending on which type of mGluR 

(from group 1, 2, or 3) is activated [19]. AMPARs are glutamate receptors and cation 

channels (to only sodium (Na+) influx and potassium (K+) efflux)) that are involved in fast 

excitatory synaptic transmission and modulation of long-term potentiation (LTP) [20]. 

NMDARs are also glutamate receptors and cation channels (to sodium (Na+) and calcium 

(Ca2+) influx and potassium (K+) efflux)) that are important modulators of LTP and synaptic 

plasticity, having strong influence in learning and memory and excitotoxicity [21]. Kainate 

receptors are ionotropic glutamate receptors, similar to AMPA and NMDA receptors, and 

Figure 3. The Tripartite Synapse Involves Glutamate Signaling.  
Glutamate is released from the presynaptic terminal to bind to postsynaptic NMDA, 
AMPA, Kainate, and metabotropic glutamate (mGluR) receptors. Excess glutamate is 
transported from the synaptic cleft by glutamate transporters on glial cells and pre- and 
postsynaptic terminals. Image reproduced from [18] with permission. 
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are located at both the pre- and postsynaptic membranes. At the presynaptic membrane, 

they are involved in inhibitory and excitatory transmission by being involved in the 

regulation of the release of neurotransmitters. When distributed on the postsynaptic 

membrane, the kainate receptors act similarly to AMPA and NMDA receptors by 

modulating ion flux to aid in action potential propagation [22-24]. Due to the high 

involvement of glutamate in neuronal function, particularly excitotoxicity, any disruption in 

astrocyte function of glutamate recycling would prove to be detrimental to neuronal health 

and transmission of neuronal signals, or action potentials.  

The HIV-1 infection disrupts normal macrophage/microglia and astrocyte function 

and one of the neuropathological hallmarks is the development of multinucleated giant 

cells, which are caused by the fusion of infected and uninfected macrophages leading to 

the dysfunction of normal macrophage signaling [25]. Once the infection takes hold in the 

CNS, astrocytes are activated and macrophages/microglia and astrocytes release 

inflammatory cytokines and viral proteins causing dendritic pruning and neuronal loss, and 

both events contribute to the neuropathogenesis of HAND [26]. Multiple interleukins (IL) 

(IL-1, 2, 4, 6, 10, 12, and 13) and interferon-gamma (IFN-γ) are secreted, and high levels 

of tumor necrosis factor-alpha (TNF-α) are secreted. Reactive oxygen species (ROS) are 

also secreted as well as other neurotoxins, such as arachidonic acid and nitric oxide (NO). 

Glutamate is also secreted, and in combination with NO synthesis from macrophages, 

glutamate-associated NMDA neurotoxicity could occur [27]. Another neurotoxic event is 

associated with IFN-γ, in which quiniolinic acid (QUIN) synthesis is stimulated by IFN-γ-

induced activation of indoleamine 2,3-dioxygenase. QUIN is excitotoxic and a marker of 

HIV-1 neurological disease, as it demonstrates immune status in the blood and brain 

showing systemic and neurological disease status [28]. The ability of astrocytes to uptake 

synaptic glutamate is hindered in HIV-1 conditions, which increases neuronal susceptibility 
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to glutamate excitotoxicity [5,27,29]. This interaction between macrophages and 

astrocytes has profound effects on the function and survival of neurons, and ultimately on 

the progression of HAND. The initiation of CNS infection by HIV-1 and signaling effects 

leading to the disruption of normal neuron-glial cell signaling is shown in Figure 4.  
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The Effects of TNF-α Signaling in the CNS in HIV-1 Infection 

There are many toxic effects of the HIV-1 infection in the CNS, but TNF-α is 

believed to be a key player in the neuropathogenesis of HAND. TNF-α mRNA is increased 

in the CNS of HIV-1-infected patients with HAND when compared to HIV-1 patients with 

no CNS implications [30]. TNF-α has also been suggested to increase the permeability of 

the BBB, which as mentioned could increase the presence of HIV-1-infected cells and viral 

proteins in the CNS from the blood [31]. A major effect on neurons from TNF-α is through 

its induction of glutamate release by astrocytes, which can in turn cause excitotoxicity in 

neurons, leading to their dysfunction and death. 

 

HIV-1 Viral Proteins and TNF-α in the CNS 

HIV-1 viral proteins can have direct effects on TNF-α levels in the CNS, which can 

result in major effects in neurons, as mentioned. There are two regulatory proteins 

encoded by HIV-1, Tat and regulator of virion gene expression (Rev), that are required for 

Figure 4. Signaling Events in the CNS during HIV-1 Infection.  
HIV-1 infected CD4+ T cells and monocyte-derived macrophages (MDMs) can 
increase adhesion factors and decrease expression of proteins responsible for tight 
junction integrity to allow the attachment of infected cells to the BBB. The 
downregulation of tight junction proteins increases the permeability of BBB to allow 
infected cells and HIV-1 virions to enter the CNS. The infected cells in the CNS can 
then release HIV-1 virions, resulting in the infection of resident macrophages and 
astrocytes causing their activation. As highlighted by the red boxes, the infected cells 
can release viral proteins, such as Tat and gp120, and activated macrophages and 
astrocytes release proinflammatory cytokines, all of which can cause damage to 
neurons, even though they are not directly infected. TNF-α is secreted by activated 
astrocytes and microglia as well as increased glutamate production and release and 
reduced glutamate uptake, all of which have been demonstrated to cause neurotoxicity. 
Chronic inflammation, along with the increased permeability of the BBB, has been 
shown to be detrimental to the survival of neurons and is proposed to be a leading 
cause of the development of HAND in HIV-1 infected patients. Modified from [5].  
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viral replication, as well as four accessory proteins: negative effector (Nef), viral infectivity 

factor (Vif), viral protein R (Vpr), and viral protein unique (Vpu). These accessory proteins 

can affect the mechanisms of HIV-1 viral replication, evasion of the host immune system, 

and pathogenesis of the virus [32]. These proteins can contribute to the genetic variability 

of HIV-1, which allows the virus to avoid immune surveillance. After the initial phase of 

infection, which is accompanied by an elevation in multiple cytokine and chemokine levels, 

the virus achieves evasion of the immune system, chronic inflammation takes hold, and 

TNF-α levels increase [32]. Although astrocytes do not support a productive HIV-1 

infection, they produce neurotoxic HIV-1 viral proteins such as Tat, Rev, and Nef. Tat can 

affect nuclear factor-κB (NF-κB), protein kinase C (PKC), and cyclic AMP (cAMP)-

dependent protein kinase pathways [33,34], and even a few minutes of exposure to Tat 

can cause an increase in cytokine production, including TNF-α, by astrocytes for hours 

[35]. An infected macrophage can release Tat, which can induce astrocytes to produce 

monocycte chemoattractant protein-1 (MCP-1) through NF-κB, which can recruit more 

infected or uninfected macrophages [36-38]. Tat exhibits neurotoxic effects by affecting 

neurons so that normal glutamate levels become excitotoxic, a sensitization to glutamate 

[39]. Other excitotoxic mechanisms of Tat include inducing the phosphorylation of NMDA 

receptors as well as interacting directly through cysteine-cysteine links with extracellular 

domains of the NMDA receptors to stimulate NMDA signaling [40-42]. 

Nef has been cited to potentially be involved with the persistent inflammation in 

HIV-1 through multiple pathways, but one in particular is through an NF-κB-dependent 

stimulation of TNF-α production [43-45]. Along with activating CD40, a member of the TNF 

receptor family, Nef has been demonstrated to stimulate monocyte-derived macrophages 

(MDMs) to release TNF-α via NF-κB [44]. This signaling cascade was shown to occur by 

association of Nef with TNF receptor associated factor (TRAF) 2 [46]. Further confirming 
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Nef’s involvement with the secretion of TNF-α, it has also been associated with the 

recruitment and activation of TNF-α converting enzyme (TACE (ADAM17)) and ADAM10, 

which cleave pro-TNF-α and transport the cleaved product into extracellular vesicles (EVs) 

that can then be ingested by a cell to release TNF-α [47]. 

In addition to the regulatory and accessory HIV-1 viral proteins, HIV-1 envelope 

glycoprotein gp120 also has effects on TNF-α levels in the CNS. It was shown that in 

purified mouse cortical astrocytes, gp120 increases TNF-α mRNA expression, as well as 

in hippocampal and cerebellar astrocytes [48]. This effect could exacerbate the effects of 

HIV-1 in the CNS as a gp120-induced increase in TNF-α levels could lead to increased 

activation and proliferation of astrocytes, in addition to promoting activation of 

proinflammatory pathways and neurotoxicity.  

 Multiple studies have presented controversy over the effects on host signaling of 

HIV-1 viral protein Vpr. The influence of Vpr on TNF-α signaling is in concert with other 

viral proteins in that the presence of Vpr increases the levels of TNF-α. One study utilized 

infected CD4+ T cells with Vpr mutant viruses and supported other work that Vpr in these 

T cells, along with HIV-1-infected macrophages, elevate TNF-α secretion. It has been 

suggested that this TNF-α production induced by Vpr is correlated to Vpr-mediated G2 

cell cycle arrest, as well as an NF-κB-dependent release of TNF-α, for which Vpr may 

work as a supplementary action to further increase TNF-α levels [49]. 

 

The Dual Role of TNF-α Signaling in the CNS  

TNF-α is a proinflammatory cytokine that has many important physiological and 

pathological roles in a broad range of biological events and induces the production of other 

proinflammatory cytokines and chemokines, as well as itself [50]. Initially produced as a 
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25 kDa membrane bound protein, TNF-α is cleaved by TACE to a 17 kDa soluble form, 

and both forms are functionally active. TNF-α signals through two receptors, TNFR1 and 

TNFR2, that can either be soluble or membrane bound. TNFR2 has a higher affinity for 

the membrane bound TNF-α, while TNFR1 interacts with the soluble form with higher 

affinity. TNF-α triggers the activation several major signaling pathways, Ikappa-B (IκB) 

kinase (IKK)/NF-κB, mitogen-activated protein kinase (MAPK)/activator protein-1 (AP-1), 

ERK1/2, and JNKs that regulate the expression of proinflammatory cytokines and 

induction of many downstream processes, including apoptosis and necrosis [51]. Upon 

activation of TNFR1, the TNFR associated death domain (TRADD) is recruited, which 

interacts with the death domain of TNFR1. TRADD then interacts with Fas-associated 

death domain protein (FADD) to activate a caspase-dependent apoptotic pathway. 

TRADD can also interact with TRAF2, recruiting the receptor interacting protein (RIP), 

TGF-beta-activated kinase 1 (TAK1), and Iκ-B kinase (IKK), which leads to the 

phosphorylation of Iκ-B to result in the nuclear translocation of NF-κB for transcriptional 

regulation. Cell proliferation pathways can be activated by TNF-α through induction of AP-

1 by initiation of TNFR1 activation and recruitment of TRADD, TRAF2-RIP, MEKK1, 

MEKK7, and JNK. The mechanism of TNFR2 is less well-known, but it has been described 

that TNFR2 lacks a death domain, yet interacts with TRAF2 to activate AP-1 and NF-κB 

pathways. The TNFR1 and TNFR2 signaling cascades described are shown in Figure 5.  
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 TNFR1 is ubiquitously expressed, but TNFR2 is mainly present on endoepithelial 

cells and lymphocytes [50]. In the brain, both receptors are expressed by neurons and 

glial cells, but their distribution is dependent on apoptotic signaling or inflammatory 

cascades [53-58]. Microglia express TNFR1, while astrocytes, neurons, and 

Figure 5. TNF-α Signaling Through TNFR1 and TNFR2.  
TNFR1 or TNFR2 is activated by the binding of either membrane-bound TNF-α or 
soluble TNF-α once trimerization occurs. TACE cleaves the membrane form to produce 
soluble TNF-α. The cytoplasmic death domain of TNFR1 binds TRADD, which recruits 
FADD, and leads to apoptotic signaling cascades. NF-κB, JNK and p38 signaling 
pathways are activated by TRAF2 of TNFR1 or TNFR2, demonstrating overlap and 
complexity in TNF-α signaling.  Although there is overlap of the signaling events, the 
outcomes are different as TNFR1 pathways are typically inflammatory and apoptotic 
pathways, while TNFR2 signals are prosurvival. Adapted from [52]. 
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oligodendrocytes express both receptors. The distribution of TNFR1 and TNFR2 in 

different cell types in the CNS are shown in Figure 6.  

 

 

 

 

 

 

 

 

 

 It has been reported that the differences in their signaling have opposite effects 

on neurons, with TNFR1 having a damaging impact on neuronal cells whereas TNFR2 

Figure 6. Distribution of TNFR1 and TNFR2 in the Periphery and CNS.  
Basal activity in neurons (N), microglia (MG), and astrocytes (AST) induces TNF-α 
expression to modulate synaptic activity under normal physiological conditions (yellow 
area). Neurons express both TNFR1 and TNFR2, allowing neurons to directly mediate 
neurotoxicity by inducing neuroprotective pathways through TNFR2 signaling during 
host defense responses (green area). Oligodendrocytes (OLG) and oligodendrocyte 
progenitor cells (OPC) only express TNFR2 that promotes OPC proliferation and 
myelin repair, providing more support under the host defense response (green area). 
During immune activation or neurodegenerative conditions (pink area), microglia 
respond by producing soluble TNF-α (sol TNF), which recruits more activated microglia. 
This also causes the breakdown of the BBB and upregulation of adhesion molecules 
to result in the infiltration of the CNS by immune cells from the periphery, such as 
macrophages (MF), neutrophils (Nph), CD4+ T cells (Th1 and Th17) and CD8+ T cells 
(Tc1). Adapted from [59]. 
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appears to have a neuroprotective effect, also demonstrating different roles for the 

membrane bound or soluble form of TNF-α [60,61]. This has been associated with 

glutamate excitotoxicity as TNFR1 knockout mice were resistant to glutamate-induced 

excitotoxicity, while TNFR2 knockout mice died upon glutamate or TNF treatment. TNFR1 

was shown to induce transient NF-κB activation, while TNFR2 induced long term PI3K-

dependent NF-κB activation. For this PI3K-dependent NF-κB activation, induction of 

NMDA receptors was required, demonstrating a role for TNFR2 to modulate glutamate 

excitotoxicity [61]. In a model of retinal ischemia, mice lacking TNFR1 showed a reduction 

in neurodegeneration, while mice lacking TNFR2 had increased neurodegeneration in the 

retina. This was linked to the PI3K pathway as the effects on neurodegeneration were 

correlated with the activation of Akt/protein kinase B (PKB) [60]. Another neuroprotective 

role of TNF-α signaling is demonstrated by the TNF-α-induced upregulation of brain-

derived neurotrophic factor (BDNF) in primary astrocytes, which was both intracellular and 

secreted. This was demonstrated to be a result of the activation of both C/EBPβ and NF-

κB pathways [63]. However, it has been speculated that the damaging effect may be a 

benefit to neurons in that TNFR1 signaling for apoptosis may reduce the inflammatory 

cascade and prevent further damage to the surviving neurons [59]. TNF-α levels have 

been shown to be elevated in the brain in response to multiple diseases, including HIV-1 

[31,63,64], however receptor specific signaling has not been shown.  

TNF-α signaling through NF-κB has various roles in the brain, including 

neuroprotection during neuronal development mostly in proliferation and migration of 

neural progenitor cells, dendritic arborization, axonal growth, and regulating synaptic gene 

expression [65,66]. Various neurotransmitters and neurotrophic factors and cytokines 

allow constitutively active NF-κB to persist. In some CNS neurons, excitatory amino acids 

produce stimuli that also contribute to the constitutive activation of NF-κB [67]. NF-κB also 
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has multiple roles in HIV-1 pathogenesis, as it is well demonstrated by in vitro studies and 

genome-wide analysis that HIV-1 transcription can be initiated by prototypical NF-κB p50 

/p65 heterodimers and components of the canonical NF-κB pathway [68].  

 

The Connection between HAART and TNF-α 

Since patients are surviving much longer when on highly active antiretroviral 

therapy (HAART), the long term effects are now under heavy focus. HAART has worked 

to reduce viral load and improve CD4+ T cell numbers, along with some observed effects 

on cytokine levels in patients. In some patients, HAART has reduced TNF-α levels, which 

has been considered as an indication of efficacy of the therapy [69]. In some other 

patients, an ex vivo study showed apoptotic-resistant T cells producing TNF-α under 

HAART [70]. A reduction in TNF-α may be seen as a positive effect due to the role TNF-

α plays, however a balance must be kept as TNF-α has been demonstrated to have 

various positive effects, as mentioned.  

HAART has successfully reduced the HIV-1 viral load in patients, however the 

virus is not eliminated completely as it establishes latency in resting memory CD4+ T cells, 

monocytes, and macrophages [71-73]. A strategy has been developed to activate viral 

replication to drive the virus from latency for an opportunity for the host immune system to 

identify and eliminate infected cells, while using HAART to prevent new infections. This 

strategy is called the “shock and kill” theory, and TNF-α has been suggested to be used 

to reactivate HIV-1 replication [74]. Epigenetic modulatory therapy has also been 

suggested as histone deacetylases (HDACs) are involved in regulating the chromatin 

structure at HIV-1 integration sites [75-77]. HDAC inhibitors have been used to induce the 

expression of HIV-1 in latently infected cells, particularly in resting CD4+ T cells isolated 

from HIV-1-infected patents on vorinostat, an HDAC inhibitor [78]. TNF-α complements 

the effects of HDAC inhibitors in vitro, however even if the virus is reactivated from latency, 
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HIV-1 analysis has shown mutations in Gag to evade cytotoxic T lymphocytes through 

which the infected cells would not be targeted and killed [79]. If there are no mutation or if 

the mutations can be identified, the “shock and kill” strategy could be useful to eliminate 

viral reservoirs, but under a very cautious approach.  

 Because TNF-α has such a strong involvement in HIV-1 infection, it seems obvious 

to attempt to regulate TNF-α signaling as an additional therapy to HAART. Anti-TNFα 

therapies are ongoing in clinical trials approved by the US Food and Drug Administration, 

including infliximab, adalimumab, golimumab, certolizumab pegol, and etanercept for 

diseases characterized by chronic inflammation, including rheumatoid arthritis (RA) [80]. 

Adalimumab and golimumab are humanized antibodies in the complete form, while 

infliximab is a chimeric monoclonal antibody against TNF-α comprised of a human-IgG-

derived Fc region and a murine variable region [81-83]. Certolizumab pegol is a 

humanized monoclonal antibody against TNF-α’s Fab region, but is pegylated to improve 

its stability [84]. Etanercept is a human IgG Fc fragment fused with TNFR2, acting as a 

decoy receptor that binds to TNF-α preventing activation of TNFRs [85]. Although the 

strategy for anti-TNF therapy is sound, the trials have not shown much effects on HIV-1 

viral load, but have some effects on other co-morbidities such as tuberculosis [86]. 

Infliximab has been shown to activate tuberculosis and increase potential complications 

with heart disease [87,88]. Such side effects have led to the development of small 

molecule inhibitors of TNF-α, such as LMP-420, which has been shown in vitro to prevent 

viral replication of HIV-1 and tuberculosis [89]. TACE inhibitors are also being developed 

to prevent the cleavage of TNF-α to the active pro-TNF-α [90]. Although having a strong 

role in the HIV-1 infection and pathogenesis, TNF-α must be kept in a careful balance as 

completely eliminating its signaling would prevent the positive role of TNF-α pathways.  
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Ephrin Signaling in the CNS and the Connection to TNF-α and HIV 

The major effect of TNF-α in the CNS that should remain highlighted is the impact 

on the interaction of glial cells with neurons. Astrocyte signaling in response to TNF-α 

could have major effects on the health and function of neuronal signaling, and depending 

on which receptor is activated by TNF-α, the result could be crucial in deciding the fate of 

the synapse and ultimately the neuron. Synaptic changes occur frequently, and a family 

of receptors and ligands, ephrins, have a strong influence on these changes. Forming the 

largest subfamily of receptor tyrosine kinases (RTKs), Ephrin receptors interact with cell 

surface-bound ligands known as ephrins. There are structural differences that define the 

ligands into two groups: ephrin A (A1–A6) ligands are tethered to the plasma membrane 

via a glycosylphosphatidyl inositol moiety, and ephrin B (B1–B3) ligands span the plasma 

membrane and possess a short cytoplasmic tail. The Eph receptors also form two groups 

based on their affinity for their ligands: EphA (A1-8 and A10) receptors interact with ephrin 

A (A1-5) and EphB (B1-4 and B6) receptors interact with ephrin B (B1-3). Eph/ephrin 

signaling demonstrates a unique ability for both, the receptors and ligands, to transduce 

a signaling cascade upon interaction. The ligand binding to the receptor is considered 

forward as the signaling proceeds through the intracellular domain of the receptor, and 

reverse signaling occurs when the receptor binds to the ligand, leading to signaling 

cascades occurring through the intracellular domain of the ligand shown in Figure 7.  
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Eph receptor and ephrin interactions can happen in trans between two opposing 

cells, which is considered activating, or in cis within the same cell, which is commonly 

regarded as inhibiting [92]. The Eph/ephrin B family of interactions have recently emerged 

as major role players in synaptic plasticity and neuronal process development. Studies 

have demonstrated that EphB2 receptor signaling pathways are required for spine 

morphogenesis, supporting its role in NMDA-dependent synaptic plasticity in the 

hippocampus, such as long-term potentiation (LTP) and long-term depression (LTD) [93-

96]. EphB2 regulates the density of synaptic NMDA receptors through associations with 

Figure 7. Ephrin Signaling.   
The general characteristics of ephrins and Eph receptors are shown. The top plasma 
membrane represents a cell expressing ephrinA and ephrinB ligands and the bottom 
membrane represents a cell expressing an Eph receptor. Structures of ephrins and 
Ephs are indicated as well as the direction of forward and reverse signaling. 
Abbreviations: Cys-rich domain – Cysteine-rich domain; EphR-BD – Eph-receptor 
binding domain; Ephrin-BD – Ephrin binding domain; GPI, 
Glycosylphosphatidylinositol; PDZ-BD – PDZ-binding domain – PDZ is an acronym 
combining the first letters of three proteins: post synaptic density protein (PSD95), 
Drosophila disc large tumor suppressor (Dlg1), and zonula occludens-1 protein (zo-1); 
SAM, sterile α-motif. Reproduced from [91] with permission. 
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the NR2B NMDA receptor subunit, decreasing calcium desensitization and increasing the 

efficiency of synaptic transmission by directing NMDA receptor expression to the correct 

synaptic locations [97]. EphB2 also associates with AMPA receptors through PDZ 

(postsynaptic density-95/Discs large/zona occludens-1 protein) binding domain 

interactions, regulating the maturation of the presynaptic membrane by binding to the 

ephrin ligand [98].  

 

Ephrin Signaling in Neurodegeneration 

The role of EphB2 in neurocognitive disorders has been of recent focus, mainly in 

Alzheimer’s disease [99,100]. EphB2 levels are altered in HIV-1 [101] but there has not 

been a conclusive study to correlate EphB2 to cognitive decline that is observed in the 

neurodegenerative processes of HIV-1-associated neurocognitive disorders (HAND). In a 

Simian immunodeficiency virus (SIV) model, ephrin B3 expression was increased in 

activated microglia and SIV-infected macrophages [102]. Ephrin receptors (Eph(s)) and 

ephrin receptor ligands (ephrins) are involved in a variety of developmental processes 

such as cardiovascular and skeletal development, axon guidance, and tissue patterning 

and are expressed in nearly all tissues of the developing embryo. They have recently been 

shown to be involved in learning and memory, in bone homeostasis, and in insulin 

secretion. Alterations of Eph/ephrin signaling in humans have been implicated in 

congenital diseases and cancer [92].  

Although there is not much known about Eph/ephrin signaling in the context of HIV, 

there is strong involvement in neuron-glial communication that should be considered for 

understanding potential effects in HIV-infected patients, particularly those with HAND. In 

hippocampal neurons, ephrin-A3 bound to astrocytes can signal through EphA receptors 

on neurons to influence spine dynamics [103]. In rat hippocampal slice culture, EphA 

activation by exogenous ephrinA induces filipodial outgrowth from astrocytic processes. 
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EphrinA was also shown to reduce or inhibit glutamate release from astrocytes, as well as 

influencing intracellular calcium concentrations in astrocytes. All of which indicate a strong 

influence of ephrin-Eph interactions for neuron-astrocyte-mediated plasticity [104]. 

Glutamate signaling in synapses is influenced by Eph/ephrin interactions as 

overexpression of ephrinA3 in astrocytes can reduce glutamate transporter expression, 

further showing a relationship of Eph/ephrin signaling in the neuron-glial network for 

synaptic function [105]. Eph/ephrin signaling is also involved in neurogenesis as Ephrin-

B2 signaling from hippocampal astrocytes in rodents influenced the neuronal 

differentiation of neural stem cells expressing EphA4, specifically through activated β-

catenin and Wnt signaling [106]. The effects of Eph/ephrin signaling must be carefully 

considered, however, as the results may be dependent on which cell is expressing the 

specific receptor/ligand, and in which direction the signaling is proceeding. EphB and 

EphA receptors are expressed in normal astrocytes, and the ephrin-B2 ligand is produced 

by astrocytes and can be expressed at their end-feet, where they would be involved in 

synapse maintenance and function [107].  

EphB/EphrinB interactions have not only been shown to modulate axon growth 

and pathfinding in the CNS development, they are involved in pain processing in the dorsal 

root ganglion cells and spinal cord. Ephrin-B2 knockout mice showed a reduction in 

inflammatory pain processing through reduction of tyrosine phosphorylation of the NR2B 

subunit of NMDA receptors [108]. After injury, reactive astrocytes in the rat spinal cord 

express increased levels of ephrin-B2, ephrin-B3, and Eph-As. In postmortem brain 

tissues from patients that died of acute closed head injury an upregulation of EphA4 in 

reactive astrocytes was correlated to increased inflammation. This increase in EphA4 is 

speculated to prevent neuroregeneration [109,110]. 

Reactive astrocytes can influence Ephrin receptor expression, as EphA4 was 

upregulated by astrocytes following CNS insults, including spinal cord injury in mice, 
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cortical lesions in monkeys, and multiple sclerosis in humans [110]. Blocking EphA4 

provides improved regeneration and recovery from the spinal cord injury. EphA4 

expression was shown to influence the formation of the glial scar, preventing regeneration, 

as blocking EphA4 reduced the migration of reactive astrocytes [111]. Ephrin-B2 knockout 

mice, in which the ephrin-B2 knockout was driven under the GFAP promoter for 

astrocytes, showed increased axon regeneration in response to spinal cord injury [112]. 

Eph-ephrin signaling affects the oligodendrocyte interaction with neurons, modulating 

myelination of axons. EphA forward signaling inhibited myelination independent of integrin 

signaling, while blocking the bidirectional signaling of EphA increased myelination. 

Induction of EphB forward signaling also reduced myelination of axons, but the effects 

were dependent on integrin signaling, in which overexpressing β1-integrin increased 

myelination. Ephrin-B reverse signaling, when occurring through either EphA4 or EphB1, 

increased myelination of axons, emphasizing the dichotomy of forward and reverse 

signaling effects [113]. In line with these observations, similar effects are reported in the 

PNS as Ephrin and Eph receptor expression can impair Schwann cell migration and 

interaction with astrocytes to prevent potential re-myelination [114]. 

 

Hypothesis and Proposed Aims of Study 

As highlighted, HIV-1 infection of central nervous system (CNS) causes neuronal 

injury and synaptic dysfunction, both of which contribute to cognitive decline in HIV-1/AIDS 

patients. Neuronal damage results from CNS viral replication and neurotoxic effects of 

inflammatory chemokines and cytokines, including TNF-α. The length of patient survival 

has greatly increased due to the use of combination antiretroviral treatment, however 

because of the increased survival, HIV-associated neurocognitive disorders (HAND) have 

also increased and affect up to 45% of HIV-infected patients. HAND is likely to be a result 

from a combination of events, including chronic inflammation and microglia and 
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macrophage activation, neurotoxicity and excitotoxicity, decreased levels of trophic 

factors, and inefficient penetration of antiretroviral drugs into the CNS. The severity of 

cognitive impairment has been correlated to neuronal damage and loss of 

synaptodendritic connections involved in HIV. This degeneration, or synaptic simplification 

and overall decreased number of synapses, can occur without widespread death of 

neurons, and can be correlated with both increased levels of toxic factors, including over-

activation of glutamate receptors, and decreased levels of trophic factors, such as brain-

derived neurotrophic factor (BDNF) and fibroblast growth factor (FGF). In general, our 

understanding of the underlying causes of HAND is very limited and disruptions in multiple 

signaling cascades are likely.  

TNF-α has extensively been shown to activate NF-κB signaling cascades, which 

is largely believed to be a mechanism for promoting neuronal health and survival. Because 

of the involvement of NF-κB in neurotransmission and synaptic development, the 

downstream targets of NF-κB activation in regards to neuronal health have been of great 

interest. Also, NF-κB has been demonstrated to greatly impact neuroinflammation and 

influence proliferation of neural stem cells. A less studied protein, EphB2 is also involved 

in synaptic plasticity and neuronal development, and changes in EphB2 expression are 

reported in the brains of HIV-infected patients. Inducing EphB2 signaling has also 

recovered cognitive deficits in an Alzheimer’s disease mouse model. The connection of 

all three seems possible because TNF-α production is elevated in multiple 

neurodegenerative diseases, including HIV infection, and NF-κB activation via TNF-α has 

also been shown to have an involvement in these diseases. A mechanism in neurons to 

promote repair or recover from the disease conditions could occur through EphB2 

signaling, however there has yet to be an established pathway among them. In light of 

these observations, our overall hypothesis that TNF-α induces translocation of NF-κB to 

the nucleus to activate EphB2 signaling to induce neurite regrowth. 
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We propose that EphB2 is a target through TNF-α-induced NF-κB signaling that 

promotes neuronal health and regeneration since TNF-α has been noted to have 

beneficial effects for neurons, and we will utilize several in vitro techniques to uncover a 

potential mechanism through which TNF-α could support neuronal health and survival. 

We propose to adapt the scratch assay, which is primarily utilized to study migration of 

cells to the site of injury, in human primary fetal neurons to demonstrate the effects of 

TNF-α on neurite regeneration following induced injury. This will demonstrate whether or 

not damaged neurons can undergo repair mechanisms to regrow neurites and re-establish 

connections under TNF-α treatment, which will mimic lost neuronal connections in HIV-

related conditions of a state of inflammation. Since TNF-α has effects on transcription 

through the initiation of NF-κB translocation to the nucleus, we will analyze transcriptional 

effects of TNF-α treatment in primary fetal neuronal cultures to gain insight on the impact 

of exposure to TNF-α that could prove beneficial for neurons despite the established 

neurotoxic effects of TNF-α signaling. To perform this analysis, we will utilize a synaptic 

plasticity array, which is an RT-qPCR array that analyzes mRNA expression for genes 

that are involved in synaptic plasticity, in a mixed neuronal culture to investigate 

transcriptional changes induced by TNF-α with particular focus on EphB2. The mixed 

neuronal culture will emphasize the involvement of glial cells with neurons, but we will also 

investigate potential genetic changes, elucidated by the synaptic plasticity array, in 

isolated human primary fetal neurons with RT-qPCR to determine if the observed changes 

will also prove to be significant to neurons alone. This will provide a potential mechanism 

of repair downstream of TNF-α that could potentially be utilized to promote synaptic repair 

since anti-TNF-α therapies could prevent beneficial effects needed in the CNS in HIV-

infected patients with HAND. To establish the significance of the transcriptional regulation 

by TNF-α treatment on neurite regrowth, we will revisit the scratch assay and investigate 

the protein expression for the genetic changes observed by the synaptic plasticity array 
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and isolated neuronal RT-qPCR. This will demonstrate the involvement of the 

transcriptional regulation by TNF-α in neurite regrowth in response to induced injury. If the 

genetic changes observed by TNF-α treatment correlate to neurite regrowth, especially 

EphB2 expression, this could provide a mechanism to focus on for supplementing HAART 

to promote neuronal repair in the CNS.  

The EphB2 promoter region has multiple NF-κB binding sites, thus we propose 

that the role of TNF-α for neuroregeneration directly initiates NF-κB binding to the EphB2 

promoter in an attempt to repair damaged neurons or promote their survival. We will 

investigate the potential activation of the EphB2 promoter by NF-κB with a luciferase 

assay, for which the EphB2 promoter will be cloned into a reporter plasmid. With this 

construct, we will transfect cells and subject them to TNF-α treatment. In addition to the 

treatment, we will use a constitutively active NF-κB mutant plasmid and investigate the 

effects of NF-κB alone and in combination with TNF-α treatment on EphB2 promoter 

activation. To further prove whether or not NF-κB is involved, we will utilize an IκB mutant 

construct that is unable to be phosphorylated, preventing translocation of NF-κB to the 

nucleus, and observe the effects on EphB2 promoter activity. To further investigate the 

direct regulation of EphB2 promoter activity by TNF-α induced NF-κB signaling, we will 

use a chromatin immunoprecipitation assay (ChIP assay), which will demonstrate direct 

binding of NF-κB p65 to the predicted binding sites on the EphB2 promoter. The final piece 

of evidence for which binding site is most influential for EphB2 promoter activation by NF-

κB following induction by TNF-α, will be demonstrated by site-directed mutagenesis of the 

reporter construct for the EphB2 promoter. In this, we will mutate the binding sites and 

investigate the effects on EphB2 promoter activity.   

Depending on which receptor is activated, TNF-α can have very different, profound 

effects on neurons and other cells in the CNS. When initiated through TNFR1, TNF-α has 

detrimental effects on cells and typically leads to apoptosis, but if TNFR2-induced 
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signaling occurs, the effects can be beneficial, promoting neuronal survival. In light of this, 

we propose to investigate whether a potential activation of EphB2 by TNF-α occurs 

through TNFR1 or TNFR2 in human primary fetal neurons. Through blocking either 

receptor, induction of EphB2 expression will demonstrate how we can interpret the effects 

as being neuroprotective or neurotoxic. These results will also highlight the need to 

consider specificity in anti-TNF-α treatments to selectively modulate TNF-α signaling or 

uncover a downstream mechanism to target instead of TNF-α. Since TNF-α blockers have 

not been completely successful therapeutic agents, most likely due to the dual role of TNF-

α signaling, EphB2 modulatory agents could provide a new avenue for treatment for 

HAND.  

There are several methods to inhibit protein signaling, such as shRNA/siRNA to 

silence the target gene, antibody treatment with monoclonal antibodies or Fc-linked 

proteins to block receptors, or utilizing knockout animal models of a specific gene. One 

emerging technique is CRISPR/Cas9 genome editing to remove a target region of a gene 

to prevent its protein production. We propose to develop a system to edit the EphB2 gene 

to eliminate EphB2 receptor production using Cas9 nickase for a knock out strategy. By 

targeting exon 1 of the EphB2 gene, we will prevent transcription and ultimately eliminate 

EphB2 receptor signaling to establish functional consequences on neurite regrowth using 

our adapted scratch assay. We propose to utilize Cas9 nickase instead of wild-type Cas9 

to increase specificity of the gene targeting system and eliminate potential off target effects 

that would result in unwanted gene editing. Once developed and validated, the EphB2-

targeted Cas9 nickase strategy would provide a functional knockout system to study the 

effects of EphB2 deficiency as well as providing evidence that EphB2 is directly involved 

in neurite regrowth in response to TNF-α treatment following induced injury.  
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CHAPTER 2. 
 

MATERIALS AND METHODS 
 
 

Mixed Neuronal Population Culture 

Fetal brain tissue (gestational age 16–18 weeks) was obtained from elective 

abortion procedures performed in full compliance with National Institutes of Health and 

Temple University ethical guidelines. Human Primary Fetal Neuronal Culture was 

prepared as described previously [115-117]. The tissue was washed with cold Hanks 

balanced salt solution (HBSS) and meninges and blood vessels were removed. For 

primary neuronal isolation, tissue in HBSS was digested with papain (Sigma-Aldrich, St. 

Louis, MO) for 30 min at 37°C. The tissue was further dissociated to obtain single-cell 

suspensions by repeated pipetting using flame-bored glass pipettes of decreasing 

diameter. Cells were plated at a density of approximately 2 × 106 cells/ 60 mm dish or per 

chamber of a 2-chamber slide coated with poly-D lysine in Neurobasal media with B27 

supplement, horse serum, and gentamicin (Invitrogen, Waltham, MA). After approximately 

30 minutes to 1 hr, media was removed and replaced with the same Neurobasal media. 

Twenty-four hours later, cultures were re-fed with a complete change of Neurobasal media 

without horse serum. Cells were maintained in Neurobasal medium containing Glutamax 

(1x), B27 supplement (2%), and gentamicin with half-media changes every three days. 

Cell types present in cultures were assessed by immunolabeling for cell-type specific 

markers: TUJ1 (1:200, Millipore, Billerica, MA), Nestin (1:200, BD Biosciences, Franklin 

Lakes, NJ), and GFAP (1:200, Millipore, Billerica, MA). 

 

Human Primary Fetal Neuronal Culture  

Fetal brain tissue (gestational age 16–18 weeks) was obtained from elective 

abortion procedures performed in full compliance with National Institutes of Health and 
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Temple University ethical guidelines. Human Primary Fetal Neuronal Culture was 

prepared as described previously [115-117]. Briefly, the tissue was washed with cold 

Hanks balanced salt solution (HBSS) and meninges and blood vessels were removed. 

For primary neuronal isolation, tissue in HBSS was digested with papain (Sigma-Aldrich, 

St. Louis, MO) for 30 min at 37°C. The tissue was further dissociated to obtain single-cell 

suspensions by repeated pipetting. Cells were plated at a density of approximately 

1.8 × 106 cells/ 60 mm dish coated with poly-D lysine in Neurobasal media with B27 

supplement, horse serum, and gentamicin (Invitrogen, Waltham, MA). After approximately 

2 hrs, neurons were re-fed with the same Neurobasal media. Twenty-four hours later, 

cultures were re-fed with a complete change of Neurobasal media without horse serum. 

Four days later, half of the media was removed and replaced with Neurobasal media 

supplemented with fluoro-deoxyuridine (FDU) and uridine. Following FDU treatment, 

neurons were maintained in Neurobasal medium containing Glutamax, B27 supplement, 

and gentamicin with half-media changes every three days. Purity of cell type specific 

cultures was assessed by immunolabeling for cell-type specific markers: βIII Tubulin 

(1:200, Millipore, Billerica, MA). 

 

Scratch Assay  

The scratch assay was performed as described by Liang et al. [118]. Human 

primary fetal neuronal cultures were grown on 6-well plates or 2-chamber glass slides 

coated with poly-d-lysine as described above. After 14 days in culture, monolayers were 

scraped in a straight line to create a "scratch" with a sterile plastic cell lifter. Debris was 

removed and cultures were washed once with 1 mL of the neuronal media and then 

replaced immediately with neuronal media with no treatment for control conditions or with 

recombinant TNF-α (Cell Signaling, Danvers, MA) at a concentration of 100ng/mL. Cells 
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were treated every 4 hours for 4 days after initiation of the scratch and ultimately fixed and 

immunolabeled for immunocytochemical studies as described below. 

 

Cell Harvest 

Following treatment, cells were washed in 1× PBS, then scraped from plate and 

collected in ice-cold PBS. Cell suspension was centrifuged at 13,000 x g for 1 min and the 

supernatant was discarded. The cell pellet was then re-suspended in ice-cold RIPA lysis 

buffer (25mM Tris-HCl pH 7.6, 150mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% 

SDS) containing protease and phosphatase inhibitor cocktails (Calbiochem, San Diego, 

CA) followed by rotation at 4°C for 1 hour to complete cell lysis. Samples were then 

centrifuged at 13,000 x g for 15 min to separate insoluble material. The supernatant 

containing protein was collected and placed into clean, pre-chilled Eppendorf tubes and 

samples were stored at −80°C until protein analysis was performed. For experiments 

requiring nuclear/cytoplasmic fractionation, cells were collected similarly but lysed and 

fractionated using the NE-PER nuclear and cytoplasmic extraction kit according to the 

manufacturer’s protocol (Thermo-Scientific, Waltham, MA). Following fractionation, 

nuclear and cytoplasmic lysates were stored at −80°C until analysis. 

 

EphB2 Cloning  

The EphB2 promoter region was cloned to contain 840 base pairs upstream from 

the transcription start site and 83 base pairs downstream of the transcription start site 

using the following primers adapted from Fu et al. [119] shown in Table 1.  
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Table 1. Primer Sequences Utilized for EphB2 Promoter Amplification 

Gene Accession 

Number 

Forward Primer Reverse Primer 

EphB2 NM_004442.6 5’-GGGTACCGGGTCTGCCTGCAAGGGC-3’ 5’-CCCAAGCTTTCACCTTCCACGGCGGCGAGCAG-3’ 

 

The forward primer contains the KpnI restriction site and the reverse primer 

contains the HindIII restriction site. Following subcloning into the pCR™2.1 vector with the 

TA Cloning® Kit (Invitrogen, Waltham, MA), the promoter sequence was removed from 

the pCR™2.1 vector using KpnI and HindIII digestion and ligated into the pGL3-Basic 

vector (digested with KpnI and HindIII) (Promega, Madison, WI). Positive clones were 

confirmed via sequencing. 

 

Synaptic Plasticity Array 

Following treatment, cells were harvested in PBS as described above. Total RNA 

was extracted using the Qiagen RNeasy® kit according to manufacturer’s instructions 

(Qiagen, Valencia, CA) with on-column DNase I digestion according to manufacturer’s 

instructions (Qiagen, Valencia, CA). Complementary DNA (cDNA) was generated using 

the RT2 First Strand Kit supplied with the RT2 Profiler PCR synaptic plasticity array 

following the manufacturer’s protocol Qiagen, Valencia, CA). After first strand synthesis, 

samples were added to the RT2 SYBR Green Mastermix and aliquoted to the 96-well RT2 

Profiler PCR Array, and the RT-qPCR was performed on a Roche LightCycler® 480 

(Roche, Indianapolis, IN). Results were confirmed using quantitative real-time reverse 

transcriptase polymerase chain reaction (RT-qPCR) with specific primers for the desired 

target genes as described below.  
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RNA Extraction and Real-Time Reverse Transcriptase Quantitative Polymerase Chain 

Reaction (RT-qPCR) 

Following treatment, cells were harvested in PBS as described above. Total RNA 

was extracted using the Qiagen RNeasy® kit according to manufacturer’s instructions 

(Qiagen, Valencia, CA) with on-column DNase I digestion according to manufacturer’s 

instructions (Qiagen, Valencia, CA). Complementary DNA (cDNA) was generated using 

the M-MLV Reverse Transcriptase cDNA synthesis kit following the manufacturer’s 

protocol (Invitrogen, Waltham, MA). RT-qPCR analyses of EphB2, GRIP1, and NF-κB was 

then performed. Primer sequences utilized are shown in Table 2. 

 

Table 2. Primer Sequences Utilized for RT-qPCR Analysis 

Gene Accession 

Number 

Forward Primer Reverse Primer 

EphB2 NM_004442.6 5′-CGTGTTTGAGTCAAGCCAGA-3′ 5′-GCTGCAATGGTATCCACCTT-3′ 

GRIP1 NM_021150.3 5′-GTCCTTAGCCTCCAGCAG-3′ 5′-ATGGCCATCACTCTGTCTCC-3′ 

NF-κB NM_021975.3 5′-GCACGACAACATCTCATTGG-3′ 5′-TCCCAAGAGTCATCCAGGTC-3′ 

β-actin NM_001101.3 5′-CTACAATGAGCTGCGTGTGGC-3′ 5′-CAGGTCCAGACGCAGGATGGC-3′ 

 

Reaction mixtures for RT-qPCR consisted of LightCycler® 480 SYBR Green I Master Mix 

(Roche, Indianapolis, IN), forward and reverse primers for EphB2, GRIP1, NF-κB, or β-

actin (housekeeping), 2μL of cDNA (diluted 1 : 10) and H2O to bring the reaction volume 

up to 20μL. Samples were placed in a 96-well plate and the RT-qPCR was performed on 

a Roche LightCycler® 480 (Roche, Indianapolis, IN). All reactions were performed in 

triplicate and amplification curves and p values were obtained for analysis. Results were 

normalized against β-actin expression as a control housekeeping gene. 
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Immunocytochemistry 

Following the initiation of the scratch assay and appropriate treatment, cells plated 

on chamber slides were washed once with 1× PBS and fixed with 4% formaldehyde for 

15 min at 23°C. Following fixation, slides were washed with 1× PBS and cells were 

permeabilized with 0.2% Triton X-100 for 15 min, washed again, and placed in blocking 

solution (5% normal goat or horse serum; Vector Laboratories, Burlingame, CA) for 30 

min. Slides were then incubated in primary antibody for 2 hrs at 23°C. Primary antibodies 

consisted of Nestin (1:200; BD Biosciences, Franklin Lakes, NJ), TUJ1 Alexa Fluor-

labeled (Covance, Berkeley, CA), GFAP (1:200; Santa Cruz Biotechnology, Dallas, TX), 

βIII Tubulin (1:200, Millipore, Billerica, MA), or EphB2 (1:200; Cell Signaling, Danvers, 

MA). Following incubation with primary antibody, slides were rinsed 3× with PBS, and 

incubated with fluorescein isothiocyanate (FITC) (1:500; Vector Laboratories, Burlingame, 

CA) or Texas Red (1:500; Vector Laboratories, Burlingame, CA)-conjugated secondary 

antibodies for 1 hr at room temperature in the dark. Sections were washed 3x with PBS, 

cover-slipped with an aqueous based mounting medium containing DAPI for nuclear 

labeling (Vectashield; Vector Laboratories, Burlingame, CA), and visualized with Leica 

Advanced Widefield imaging system (Leica Microsystems; Buffalo Grove, IL).  

 For Cas9 immunocytochemistry cells were fixed, blocked, and immunolabeled in 

the same manner but with a different antibody. The primary antibody used to detect Cas9n 

expression was mouse anti-flag M2 monoclonal antibody (1:1000, Sigma, St. Louis, MO 

USA) and anti-mouse fluorescein isothiocyanate (FITC) (1:500; Vector Laboratories, 

Burlingame, CA). The same mounting medium and microscopy method was used.  

 

Chromatin Immunoprecipitation (ChIP) Assay  

The chromatin immunoprecipitation (ChIP) assay was carried out following the 

Millipore (Billerica, MA) protocol. Human primary fetal neurons were cultured as described 
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and allowed to grow for 14 days. Cells were washed twice with PBS and cross-linked with 

1% formaldehyde at room temperature for 10 min. After cross-linking with formaldehyde, 

treated cells were lysed in SDS lysis buffer (1% SDS, 10mM EDTA and 50mMTris, pH 

8.1) containing 1x protease inhibitor cocktail (Calbiochem, San Diego, CA) and sonicated 

such that DNA fragments were 200–1,000 base pairs in length. Supernatants were 

collected and diluted in ChIP dilution buffer (0.01% SDS, 1.1% Triton X- 100, 1.2mM 

EDTA, 16.7mM Tris-HCl, pH 8.1, 167mM NaCl) followed by immunoclearing with protein 

A-agarose beads saturated with salmon sperm DNA (Millipore, Billerica, MA) for 2 hr at 

4°C. Extracts were then incubated overnight with 1μg/mL of NF-κB p65 antibody (Santa 

Cruz, Dallas, TX) or rabbit IgGs at 4°C with end-over-end rotation. After incubation, 50μL 

of Protein-A bead slurry (Millipore, Billerica, MA) was added and samples were incubated 

with end-over-end rotation at 4°C for 1 hr. The beads were then washed once with each 

of the following buffers in successive order: Low Salt Immune Complex Wash Buffer (0.1% 

SDS, 1% Triton X-100, 2mM EDTA, 20mM Tris-HCl, pH 8.1, 150mM NaCl), High Salt 

Immune Complex Wash Buffer (0.1% SDS, 1% Triton X-100, 2mM EDTA, 20mM Tris-HCl, 

pH 8.1, 500mM NaCl), and LiCl Immune Complex Wash Buffer (0.25M LiCl, 1% IGEPAL 

CA630, 1% deoxycholic acid (sodium salt), 1mM EDTA, 10mM Tris, pH 8.1). The beads 

were then washed with 1x TE twice and the histone complex was eluted using elution 

buffer (1% SDS, 0.1M NaHCO3). Cross-links were reversed at 65°C for 4 hrs using 20µL 

5M NaCl, protein digestion was performed using 10µL 0.5M EDTA, 20µL 1M Tris-HCl (pH 

6.5), and 2µL 10mg/mL Proteinase K for 1 hr at 45°C. Precipitated DNA was purified using 

phenol/chloroform extraction. For PCR, 1μL from a 50μL DNA extraction and 25 cycles of 

amplification were used. NF-κB sites of the EphB2 promoter region were amplified using 

the primers shown in Table 3. PCR products were analyzed on 2% agarose gels and 

sequencing confirmed amplification of predicted NF-κB sites. 
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Table 3. Primers Utilized for ChIP Assay 

Gene Accession 

Number 

Forward Primer Reverse Primer 

EphB2 

NF-κB 

Site 1 

NM_004442.6 5′-GTCGCCGCGCTCCAG-3′ 5′-GCACGGCCCACCTGAG-3′ 

EphB2 

NF-κB 

Site 2 

NM_004442.6 5′-AGTTCGGTCCCTTTCGAAGC-3′ 5′-GAATGCTGCAAAGCCGGAG-3′ 

EphB2 

NF-κB 

Site 3 

NM_004442.6 5′-AGCTCAGAACAACGGGGC-3′ 5′-GCTTCGAAAGGGACCGAACT -3′ 

IκB  NM_020529.2 5′-GACGACCCCAATTCAAATCG-3′ 5′-TCAGGCTCGGGGAATTTCC-3′ 

 

Luciferase Reporter Assay 

Human primary fetal neurons were plated at 80% confluency and 14 days later 

were transfected with the pGL3-EphB2-luciferase reporter plasmid, containing the human 

EphB2 promoter region (-840 to +83 base pairs in relation to the transcription start site) 

driving a luciferase reporter gene using Lipofectamine® 2000 (Thermo Fisher Scientific, 

Waltham, MA). After 24 hrs the treatment with TNF-α was repeated. The cells were 

harvested 30 min later and protein extracts were prepared, 20 µg of which was used to 

examine the level of luciferase activity using the Luciferase assay reagent (Promega, 

Madison, WI). Relative luciferase units were obtained for each sample and normalized to 

total protein concentration.  

 

Point Mutation Analysis 

Human primary fetal neurons were cultured in the same manner as described in 

Luciferase Reporter Assay. Before the transfection was performed, the reporter plasmid 

was mutated for NF-κB binding sites 2 and 3 to prevent binding using the QuikChange II-
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XL Site-Directed Mutagenesis Kit according to the manufacturer’s instructions (Agilent 

Technologies, Santa Clara, CA) using the following primers to direct mutagenesis in Table 

4. After confirming successful mutagenesis via sequencing, cells were transfected and 

luciferase was performed as described above.  

 

Table 4. Primers Utilized for Site-directed Mutagenesis of NF-κB Binding Sites on 

the EphB2 Promoter 

Gene Accession 

Number 

Forward Primer Reverse Primer 

EphB2 

NF-κB Site 2 

NM_0044

42.6 

5′- CCCCCGCTTTCTCAAGCCCCTTCCCCGCC -3′ 5′- GGCGGGGGAAGGGGCTTGAGAAAGCGGGGG -

3′ 

EphB2 

NF-κB Site 3 

NM_0044

42.6 

5′- GGCGGGGGAAGGGGCTTGAGAAAGCGGGGG -

3′ 

5′- CAAAACAGGCGGCTTTGAGAGGCACCGGGG -3′ 

 

TNFR Blocking Experiment 

Human primary fetal neurons were plated at 80% confluency and 14 days later, 

treatment was initiated to block either TNFR1 or TNFR2 using either TNFR1 or TNFR2 

neutralizing antibodies (Santa Cruz, Dallas, TX) at a concentration of 2µg/mL with IgG 

antibody treatment as the nonspecific control (2µg/mL). After a 30 min incubation, TNF-α 

treatment was initiated at a concentration of 100ng/mL for 24 hrs and again 30 min prior 

to harvesting RNA. RT-qPCR was performed for EphB2 expression exactly as performed 

for previous experiments described in RT-qPCR.  

 

Cas9 Nickase Cloning and gRNA Design 

The Cas9n plasmid, lentiCas9n(D10A)-Blast (Addgene #63593), was used for 

Cas9n expression. Lentiviral gRNA expressing vector was created in two steps according 

to the protocol developed by Dr. Wenhui Hu. First, the gRNA oligonucleotides (Table 5) 

were annealed and phosphorylated using T4 polynucleotide kinase.  
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Table 5. Oligonucleotides Utilized for gRNA Cassettes 

Oligonucleotide 

Name 

Forward Oligonucleotide Reverse Oligonucleotide 

gRNA A 5’ – CACCGCATCCAGCCCGGGCAGAAC – 3’ 5’ – AAACCGTTCTGCCCGGGCTGGATG – 3’ 

gRNA B 5’ – CACCGTCATTCTGCTGGCTGCGCGG – 3’ 5’ – AAACCCGCGCAGCCAGCAGAATGA – 3’ 

gRNA C 5’ – CACCGGCTACAAAGCCTCGGCAAG – 3’ 5’ – AAACTCTTGCCGAGGCTTTGTAGC – 3’ 

gRNA D 5’ – CACCGAGCCCGGCGAGCGCCGCCCA – 3’ 5’ – AAACTGGGCGGCGCTCGCCGGGCT – 3’ 

 

The phosphorylated oligonucleotides were ligated into pSpCas9n(BB)-2A-Puro 

(PX462) (Addgene #48141) that was linearized by BbsI digestion and dephosphorylated 

by Antarctic Phosphatase (New England BioLabs, Ipswich, MA USA). Then, the RNA 

expressing cassette, including the U6 promoter of PX462, was PCR amplified with 

Mlu1/BamH1 extended primers (T560/T561) (Table 6), and inserted into Mlu1/BamH1 

sites of pKLV-U6gRNA(Bbs1)-PGKpuro2ABFP (Addgene #50946). Successful cloning 

was confirmed by sequencing.  

 

Table 6. Primer Sequences Used for Cas9n Cloning 

Primer name Primer Sequence 

T560 5’-TATGGGCCCACGCGTGAGGGCCTATTTCCCATGATTCC-3’ 

T561 5’-TGTGGATCCTCGAGGCGGGCCATTTACCGTAAGTTATG-3’ 

A 5’ – CCCCGTTCTGCCCGGGCTGGATG – 3’ 

B 5’ –  CCACCGCGCAGCCAGCAGAATGA – 3’ 

C 5’ – CCATCTTGCCGAGGCTTTGTAGC – 3’ 

D 5’ – CCCTGGGCGGCGCTCGCCGGGCT – 3 ’ 
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Western Blot Confirmation of Cas9n and EphB2 

Whole cell lysates were prepared by incubation of HEK293T cells in TNN buffer 

(50mM Tris pH 7.4, 150mM NaCl, 1% Nonidet P-40, 5mM EDTA pH 8, 1x protease 

inhibitor cocktail for mammalian cells (Sigma, St. Louis, MO USA)) for 30 minutes at 4°C 

while rocking. Cells were then pelleted by centrifugation at top speed for 10 minutes at 

4°C and supernatant (lysate) was kept while the pellet was discarded. Protein 

concentration was determined by Bradford assay and 50µg of lysates were denatured in 

1x Laemli buffer and separated by SDS-polyacrylamide gel electrophoresis in Tris-glycine 

buffer. Proteins were then transferred overnight onto nitrocellulose membrane (BioRad, 

Hercules, California USA). The membrane was blocked in 5% milk/PBST for 1h and then 

incubated with primary mouse anti-flag M2 monoclonal antibody (1:1000, Sigma, St. Louis, 

MO USA) or primary mouse anti-α-tubulin monoclonal antibody (1:2000, Sigma, St. Louis, 

MO USA). After washing three times with PBST for 5 minutes each wash, the membranes 

were incubated with secondary conjugated goat anti-mouse antibody (1:10,000, LI-COR 

Biosciences, Lincoln, Nebraska USA) for 1h at room temperature and washed three times 

with PBST for 5 minutes each wash. The membranes were scanned and analyzed using 

an Odyssey Infrared Imaging System (LI-COR Biosciences, Lincoln, Nebraska USA). 

 

HEK293T Transfection for Cas9 Experiments 

For verification of plasmid expression, EphB2 truncation via PCR, and RT-qPCR 

validation of Cas9n system, HEK293T cells were plated on 10 cm dishes and grown to 

80% confluency (about 9 x 106 cells per plate) in 10% Fetal bovine serum (FBS) containing 

Dulbecco's Modified Eagle Medium (DMEM) (Thermo Fisher Scientific, Waltham, MA 

USA) with gentamicin. Once confluent, the media was changed to Opti-MEM® reduced 

serum media (Thermo Fisher Scientific, Waltham, MA USA) containing no antibiotic 1 hour 

prior to transfection. Cells were transfected using the Lipofectamine 2000® method 
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according to manufacturer’s protocol (Thermo Fisher Scientific, Waltham, MA USA). 

Briefly, 10µg of total DNA was used with a ratio of 1:2.5, DNA:Lipofectamine 2000® 

reagent. For the control condition, empty pKLV vector was used. For the Cas9n only 

condition, 5µg of lentiCas9n or wild type Cas9 plasmid was used and equilibrated with 5µg 

of empty pKLV. The single gRNA (A, B, C, or D) conditions were transfected with 1.25µg 

of each guide and equilibrated with 8.75µg of empty pKLV. The combined gRNA only 

condition was transfected with 1.25µg of each guide (totaling to 5µg) and equilibrated with 

5µg of empty pKLV. For the Cas9n or wild type Cas9 with the gRNAs, 5µg of lentiCas9n 

or wild type Cas9 plasmid was used and equilibrated with 1.25µg of each guide (5µg total). 

DNA was incubated with Lipofectamine 2000® reagent for 15 minutes in 1 mL of Opti-

MEM® reduced serum media and added to the cells. After 4 hours, media was changed 

to 10% DMEM with gentamicin. After 48 hours, the cells were collected and distributed for 

immunofluorescence on 4-chamber slides, genomic DNA or RNA harvest for PCR or RT-

qPCR analysis, respectively, on 6-well plates. For the cell cycle, Annexin, MTT, and 

migration assays, 10µg of total DNA was used with a ratio of 1:2.5, DNA:Lipofectamine 

2000® reagent. For the control condition, empty pKLV vector was used. For the Cas9n 

only condition, 5µg of lentiCas9n plasmid was used and equilibrated with 5µg of empty 

pKLV. The gRNA only condition was transfected with 1.25µg of each guide (totaling to 

5µg) and equilibrated with 5µg of empty pKLV. For the Cas9n with the gRNAs, 5µg of 

lentiCas9n plasmid was used and equilibrated with 1.25µg of each guide (5µg total). DNA 

was incubated with Lipofectamine 2000® reagent for 15 minutes in 1 mL of Opti-MEM 

reduced serum media and added to the cells. Media was changed after 4 hours to 10% 

DMEM with gentamicin. After 48 hours, the cells were collected and distributed for the cell 

cycle, Annexin, MTT on 12-well plates at a density of 2.5 x 105 cells per well and on a 6-

well plate for the migration assay at a density of 2 x 106 cells per well.  
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Cell Viability Assay (MTT Assay) 

Transfected HEK293T cells were plated on a 12-well plate at a density of 2.5 x 105 

per well in 10% DMEM as described in HEK293T Transfection for Cas9 Experiments. 

Cells were kept in 37°C overnight after plating. The MTT assay was performed according 

to the Vybrant® MTT Assay Kit (Thermo Fisher Scientific, Waltham, MA USA). Briefly, 12 

mM MTT stock solution was prepared by adding 5 mg of MTT to 1 mL of sterile PBS and 

vortexing until dissolved. Two hours after changing the media, 150 µL of MTT stock 

solution was added and cells were incubated for 4 hours at 37°C. Just before adding to 

the media after the 4 hour incubation, 1 gram of SDS was added to 10 mL of 0.01 M HCl 

and mixed thoroughly. Once mixed, 500 µL of this solution was added to each well and 

mixed well by pipetting. The plates were incubated overnight at 37°C and mixed again the 

next day. After completely dissolved, 250 µL is removed and added to a 96-well plate and 

the absorbance is read at 620 nm (reference) and 570 nm, and the measurement at 

570nm is subtracted from the reference for the final absorbance. The experimental 

absorbance was folded to the control to obtain a relative percent viability.  

 

Cell Cycle Analysis 

Transfected HEK293T cells were plated on a 12-well plate at a density of 2.5 x 105 

per well in 10% DMEM as described in HEK293T Transfection for Cas9 Experiments. 

Cells were kept in 37°C overnight after plating. Cell cycle analysis was performed by first 

harvesting the cells and resuspending in 1 mL of PBS. Cells were fixed by adding 4 mL of 

88% ethanol, for a final concentration of 70% ethanol, and incubating overnight at -20°C. 

Propidium iodide (PI) solution was prepared by adding 3 µL of 0.5 µg/µL PI stock solution 

and 3 µL of RNase (100 µg/mL) to 300 µL of 1x PBS. Cells were incubated for 30 minutes 

at 37°C and briefly cooled on ice for 2 minutes. Cells were pelleted by centrifugation and 

all but 200 µL of the supernatant was removed. Cells were then washed using 800 µL of 
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PBS for a total volume of 1 mL, pelleted, and supernatant was completely removed. Cells 

were then resuspended using 250 µL of the PI solution and kept at RT in the dark until 

reading on the Guava® EasyCyte Mini Flow Cytometer for cell cycle analysis. 

 

Apoptosis Assay 

Transfected HEK293T cells were plated on a 12-well plate at a density of 2.5 x 105 

per well in 10% DMEM as described in HEK293T Transfection for Cas9 Experiments. 

Cells were kept in 37°C overnight after plating. The apoptosis assay was performed using 

the Guava® Nexin Annexin V Assay according to the manufacturer’s protocol (Milipore, 

Darmstadt, Germany). Briefly, the cells were harvested, counted, diluted to a density of 

1x105 cells/ml in PBS, and 100 µL of the cell suspension was then transferred to a new 

tube. Once warmed to room temperature, 100 µL of the annexin V-PE staining reagent 

(Guava® Nexin Reagent) was added. Cells were then incubated for 20 minutes at room 

temperature in the dark and samples were acquired on the Guava® EasyCyte Mini Flow 

Cytometer for Annexin V-PE and 7-AAD staining. 

 

Migration Assay 

Transfected HEK293T cells were plated on a 6-well plate at a density of 2 x 106 

per well in 10% DMEM as described in HEK293T Transfection for Cas9 Experiments. 

Cells were kept in 37°C for 2 days after plating. The migration assay was performed 

identically to the scratch assay as described in the Scratch Assay. Four days after 

performing the scratch, cells were assessed for migration into the scratch area.  
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Statistical Analysis 

Student’s t-test or one-way analysis of variance (ANOVA) was used to analyze the 

data and the results were expressed as mean ± SEM, n ≥ 3. The p values ≤ 0.05 were 

considered statistically significant. 
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CHAPTER 3. 

TNF-α INDUCES NEURITE REGROWTH THAT CORRELATES TO INCREASED 

EPHB2 EXPRESSION 

 

Introduction 

 Neurons undergo cytoskeletal rearrangements to optimize their synaptic 

connections, but the cellular machinery that is utilized under normal physiological 

conditions may be compromised under disease conditions. Since neurons are susceptible 

to damage from HIV-1 viral proteins and the neurotoxic signaling pathway of TNF-α, it is 

worth considering whether or not neurons can regenerate using potential TNF-α signal 

cascades that could prove to be beneficial. TNF-α has been established to signal for 

cytoskeletal rearrangement by initiating Rho GTPase signaling [120]. The Rho family of 

GTPases is comprised of three members: Rac1, RhoA, and Cdc42. Their signaling is 

involved in modulating actin cytoskeletal dynamics. They were originally shown to have 

separate functions in fibroblasts: Rac1 initiates the formation of lamellipodia, Cdc42 

regulates the formation of filopodia, and RhoA modulating cell attachment and contraction 

[121-124]. TNF-α has been shown to induce Rac signaling, which was correlated to ROS 

formation and reorganization of the actin cytoskeleton into lamellipodia [125-126]. In 

neurons, Rac1 and Cdc42 promote neurite outgrowth, while RhoA prevents outgrowth. 

They have also been implicated in mediating the polarity and migration of neurons, growth 

cone guidance, and synaptic function by regulating dendritic spine dynamics [127]. 

Polarity and migration of neurons is crucial for the neuron to be oriented and located in 

the correct region of the brain, growth cone guidance allows the axon to reach the 

appropriate connections with dendrites of other neurons, and alterations in dendritic 

spines promotes the correct connectivity of neurons and efficiency of action potential 

transmission. For proper dynamic changes to occur, the signaling between Rac1, RhoA, 

and Cdc42 must be in balance [128,129]. 
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  Although they have opposing functions, they all have similar modes of activation. 

They are part of the Ras superfamily of proteins, which are regulated by the switch from 

a guanosine triphosphate (GTP) bound active form to a guanosine diphosphate (GDP) 

bound inactive form. This switch from active to inactive or vice versa is reliant on guanine 

nucleotide exchange factors (GEFs) that exchange GTP for GDP. The intrinsic GTPase 

activity tightly modulates the signaling pathways and are initiated by GTPase activating 

proteins (GAPs) [124]. Many GEFs, such as Tiam1 and Kalirin, and GAPs are highly 

expressed in the CNS [130-134]. The action of the GTPases are also controlled by 

negative regulators, the GTP dissociation inhibitors (GDIs) that prevent the dissociation of 

GDP. RhoGDIγ is the GDI mainly expressed in the CNS [135]. 

Ephrins have been demonstrated to induce their function of axon guidance by 

affecting the dynamics of Rac and Rho signaling [136-138]. Ephrin A5 was the first 

member of ephrins to be discovered to interact with Rho GTPases, where induction of 

ephrin A5 led to inhibition of Rac and activation of RhoA and ROCK in retinal ganglion 

axons [135,139]. This led to the discovery of the Eph-interacting exchange factor (ephexin) 

directly linking EphA receptors and Rho GTPases with the cytoskeleton [140]. To regulate 

the growth cone collapse and retraction, EphA4 activation induces ephexin-induced RhoA 

activation and inhibition of Rac1 and Cdc42, which prevents p21-activated protein kinase 

(PAK) signaling [140]. It was demonstrated that with no stimulation of ephrin A1, ephexin 

mediated nucleotide exchange for Rac1, RhoA, and Cdc42, but when the EphA4 receptor 

was induced by ephrin A1, ephexin was associated with EphA4 to initiate growth cone 

collapse as there was no associated with Rac1 and Cdc42 [140]. In retinal axons in the 

visual system, EphA receptors have been shown to mediate repulsion to topographically 

drive retinal axons to the anterior posterior axis [141]. EphB2 has been shown to inhibit 

Ras to lead to neurite retraction, but this could be context specific as EphB2 has been 

shown to induce Rac signaling to lead to the arborization of dendrites. EphB2 was 
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demonstrated to induce Rac-mediated dendritic arborization by its recruitment to the 

postsynaptic membrane by a kinesin adaptor, GRIP, followed by the EphB2 interaction 

with NMDA upon binding to ephrin B2. This leads to the opening of the NMDA receptor 

and to an influx of calcium, after which Tiam1, a Rho-family GEF, is activated by 

phosphorylation. This induces the Rac1 GTPase to promote dendritic arborization [142]. 

This association, shown in Figure 8 is important in synaptic plasticity and regulating 

dendritic arborization.  

 

 

 

 

 

 

 

Reverse signaling through ephrin B ligands has also been shown to be involved in 

axon guidance through its PDZ ligand motif on its C-terminal domain, which can bind PDZ-

domain proteins, such as PDZ-RGS3, a regulator of heterotrimeric G protein signaling 

Figure 8. EphB2 Drives Dendritic Arborization by Interactions with GRIP 
and NMDAR. 
GRIP1 works as an adaptor between kinesin and EphB2 bound in vesicles to 
insert EphB2 into the postsynaptic membrane after transport along 
microtubules in the dendrites. Upon binding to the ephrinB2 ligand, EphB2 
extracellular domain binds to and activates the NMDA receptor to initiate 
calcium influx, which activates Tiam/kalirin. Rac is then activated, which 
induces dendritic arborization. Image reproduced from [142] with permission.  
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domain [143]. PDZ-RGS3 has been shown to inhibit stromal-cell-derived factor-1 (SDF-

1)-induced cerebellar granule cell migration upon activation of ephrin-B by the EphB2 

receptor [143]. It has also been shown that EphA2 mRNA is locally translated in axons 

that have projected beyond their target, demonstrating that the signaling may be involved 

with the recognition of failed targeting and initiation of retraction [144]. Eph-ephrin 

signaling has a very evident role in manipulating the neuronal cytoskeleton for 

development and optimization of synaptic function. The role of TNF-α in these changes is 

less evident, and a connection between the two has yet to be established. 

In the present study, we assess the ability of TNF-α to drive neuronal regeneration 

after induced injury. Although this does not entirely mimic the disease conditions for HIV-

1 infection in the CNS, it provides a model to understand how TNF-α may induce beneficial 

effects for neurons. Since TNF-α levels are increased in most disease states, including 

HIV-1, it would prove very useful to have signaling targets to utilize to exploit these effects 

on neurons. Contrary to most data available, we show here that TNF-α induces longer and 

more complex neurite outgrowth when compared to untreated controls in human primary 

fetal neurons. To understand potential transcriptional changes that could be driving this 

regeneration, we utilized a synaptic plasticity array in mixed neuronal culture, first, to 

generally observe which genes central to synaptic plasticity TNF-α affects. In the mixed 

culture, we detected a significant upregulation of the EphB2 receptor, along with its 

recruiting molecule GRIP1. These results were confirmed in isolated human primary fetal 

neurons, however the effects were not as significant, which demonstrates a crucial role 

for glial cells in response to TNF-α treatment. To relate this upregulation in EphB2 to the 

neurite regeneration, we revisited the scratch assay in human primary fetal neurons, and 

subjected them to TNF-α treatment as initially performed. We observed an upregulation 

in EphB2 expression mostly in the regenerating processes, suggesting that TNF-α-

induced EphB2 signaling is involved in the neurite regeneration following induced injury. 
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Although both TNF-α and EphB2 have been implicated in synaptic plasticity and neurite 

outgrowth, they have never been demonstrated to cooperatively effect neurite 

regeneration.  

 

 

Results 

TNF-α Treatment Induces Longer and More Complex Neurite Outgrowth upon Mechanical 

Injury in an In Vitro Scratch Assay. 

 The effects of TNF-α on neurite regrowth were first investigated considering the 

dual role of TNF-α. For this, the migration, “scratch”, assay for a model of induced injury 

was adapted and human primary fetal neurons were subjected to the scratch assay and 

TNF-α treatment. The neurons matured for 14 days and the scratch was initiated, for which 

portions of the neurons were physically scraped off the plate using a plastic cell scraper. 

Cells were gently washed to remove debris, and TNF-α treatment was immediately 

performed at a concentration of 100ng/mL. After one day, the neurites began sprouting 

and TNF-α treatment induced more sprouting than untreated controls. After four days, the 

neurites were longer and the network of neuronal processes was more complex in TNF-α 

treated cells when compared to untreated controls as seen in Figure 9. This experiment 

was repeated five times to ensure consistent results. These observations suggested that 

TNF-α creates a more permissive environment for neurons to extend processes into the 

injury site.  
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TNF-α Treatment Affects the Expression of Genes Involved in the Modulation of Synaptic 

Plasticity. 

 Next, the effects of TNF-α on gene expression in a mixed human primary neuronal 

culture were investigated as a general outlook for genes central to synaptic plasticity and 

neurite remodeling. For this experiment, mixed human primary fetal neuronal cells, which 

can be considered as a more dynamic cell culture was used. The presence of neuronal 

progenitors, glia, and neurons was shown immunocytochemistry with Nestin, GFAP, and 

TUJ1, respectively (Figure 10 A.). After one week in culture, TNF-α treatment was initiated 

at a concentration of 100ng/mL every four hours for three days and RNA was isolated. 

Following cDNA synthesis, genes central to synaptic plasticity were analyzed using a 

synaptic plasticity array. Several genes were upregulated upon TNF-α treatment that are 

directly involved in the growth and plasticity of neuronal processes, including EPHB2, 

GRIP1, NF-κB, KIF17, NTF3, and RELN (data not shown for KIF17, NTF3, and RELN). 

Figure 9. TNF-α Increases Neurite Outgrowth upon Performing a Scratch Assay. 
Human primary neurons subjected to a scratch assay in either Control (no treatment) 
or TNF-α-treated conditions.  Neurite outgrowth was observed for 4 days. Reproduced 
from [145] with permission. 
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EphB2 was of particular interest for its role in synaptic plasticity, dendritic arborization, 

and axon guidance. The results were confirmed using RT-qPCR and primers specific for 

EphB2, GRIP, and NF-κB. Figure 10B shows that upon TNF-α treatment, EphB2 mRNA 

is upregulated 4-fold (p<0.00002) compared to untreated controls, and GRIP mRNA, the 

recruiting protein for EphB2, is upregulated 3-fold (p<0.0002). NF-κB was upregulated 

nearly 60-fold (57-fold; p<0.000003). The fold change was determined by first normalizing 

both control and TNF-α-treated samples to β-actin expression, and then the fold change 

for TNF-α treatment was determined by folding treated to untreated normalized values. 

Detected significant increase in NF-κB mRNA level suggests a possible role for NF-κB in 

TNF-α-induced EphB2 upregulation. 

 

 

 

 

 

 

 

Figure 10. Human Synaptic Plasticity Array mRNA was Generated from a Mixed 
Culture of Neurons and Neuronal Progenitor Cells.  
A. TUJ1 staining that confirmed presence of neurons, Nestin staining that confirmed 
neural progenitor cells, and GFAP that confirmed glial populations. B. Quantitative RT-
PCR data from human neural stem cells after administering TNF-α shows upregulation 
of EphB2, GRIP, and NF-κB. mRNA expression for each gene was normalized to β-
actin control expression. Reproduced from [145] with permission. 
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The results from mRNA expression analysis in the mixed culture were confirmed in human 

primary fetal neurons. Indeed, the trend is the same as EphB2 is upregulated 2-fold 

(p<0.0006), GRIP 1.4-fold (p<0.004), and NF-κB 6-fold (p<0.00001) as seen in Figure 11. 

 

 

 

 

 

 

 

Although the effects of TNF-α treatment demonstrate similar trends in isolated 

human primary fetal neurons, the fold changes are lower than the mixed neuronal culture, 

which signifies a strong involvement of glial and progenitor populations in neurite 

outgrowth and modulation of signaling pathway interactions in neurons. These results 

suggest an important role for TNF-α signaling in modulation of EphB2 expression. TNF-α 

has been shown to be involved in synaptic plasticity [61,146-148], but a connection to 

EphB2 has not yet been established in human neurons. 

 

 

 

Figure 11. TNF-α Upregulates EPHB2, GRIP, and NF-κB in Human Primary Fetal 
Neurons. 
Quantitative RT-PCR data from isolated human primary neurons after administering 
TNF-α shows similar trend in upregulation of EphB2, GRIP, and NF-κB as the mixed 
primary human fetal neuronal culture. mRNA expression for each gene was normalized 
to β-actin control expression. Reproduced from [145] with permission. 
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EphB2 Expression is Increased by TNF-α Treatment in Human Primary Fetal Neurons 

upon Induced Injury.  

 Now that the stimulatory effects of TNF-α on neurite outgrowth and expression of 

genes involved in synaptic plasticity modulation were established, the effect of TNF-α on 

EphB2 protein expression upon induced injury was investigated. As described previously, 

human primary fetal neurons were cultured for 14 days and the scratch injury was initiated, 

after which TNF-α treatment at 100ng/mL was immediately performed and repeated every 

4 hours for 4 days. Neurons were fixed after 4 days of treatment with TNF-α and 

immunolabeled with antibodies to class III β-tubulin and EphB2 (Figure 12A). EphB2 

expression in the βIII Tubulin positive cells in the cell bodies and neuronal processes that 

extended into the injury site was quantified (Figure 12B). TNF-α treatment was associated 

with increased EphB2 expression in the cell bodies (1.8-fold, Figure 12A) as well as in the 

neurites (4.8-fold, Figure 12A) when compared to untreated controls. Incubation of human 

neurons with TNF-α resulted in significantly denser network of regrown neuronal 

processes as evident in cells stained with anti-class III β-tubulin antibody (1.2-fold increase 

in cell bodies and 6.2-fold increase in neuronal processes) (Figure 12C). Fluorescence 

was calculated using the formula for corrected total cell fluorescence (CTCF) = Integrated 

Density – (Area of selected cell x Mean fluorescence of background readings) [149]. The 

observed EphB2 signal change is attributed to the expression of the EphB2 in elaborated 

processes and not to cellular proliferation as DAPI signal remains the same in control and 

experimental sets (Figure 12D). RT-qPCR was performed on the neurons subjected to the 

scratch assay for EphB2, GRIP1, and NF-κB as in the confirmation of the synaptic 

plasticity results (Figure 12E). Nearly a 3-fold increase was observed for EphB2, and 

nearly a 2.5-fold increase for GRIP1 when treated with TNF-α. NF-κB was induced nearly 

8-fold upon TNF-α treatment when compared to control conditions. These trends follow 

the previous results. In experiments described above we demonstrated that TNF-α 
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treatment creates more permissive environment for neurons to extend processes into the 

injury site. This process was associated with an increase in NF-κB, EphB2 and GRIP 

mRNA levels. These results again confirm TNF-α mediated stimulation of regrowth of 

neurites after mechanical injury but also suggest that TNF-α stimulates expression of 

EphB2 protein in neuronal cell bodies and processes during regeneration. 
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Discussion 

 In the present study, we sought to establish a beneficial role for TNF-α on neurons 

for regeneration. The current data available for TNF-α and its effects on neurite outgrowth 

is not only neurotoxic as it once was believed to be. Indeed, TNF-α signaling can have 

inhibitory effects on neurite outgrowth. TNF-α knock out mice showed reduced dendritic 

arborization in the CA1 and CA3 region of the hippocampus in young mice [150]. Neurons 

co-cultured with astrocytes showed reduced neurite outgrowth and branching when the 

Figure 12. EphB2 Expression is Increased in Human Primary Fetal Neurons upon 
TNF-α Treatment Following Scratch Assay.  
Human primary neurons were cultured and scratch was performed in same conditions 
according to Figure 1. A. Immunocytochemical staining was performed with βIII Tubulin 
to confirm neuronal populations, EphB2, and DAPI. B. Quantification of EphB2 
expression was calculated in βIII Tubulin positive cells, both in cell body and in 
processes. C. βIII Tubulin fluorescence was calculated to quantify the complexity of the 
neuronal network. D. DAPI fluorescence was quantified to show no change in cell 
number upon TNF-α treatment. Fluorescence was quantified using ImageJ, and was 
then normalized using the following formula: CTCF = Integrated Density - (Area of 
selected cell x Mean fluorescence of background readings). E. RT-qPCR for EphB2, 
GRIP, and NF-κB from neurons subjected to the scratch assay. Reproduced from [145] 
with permission. 
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astrocytes were stimulated to produce TNF-α. This reduction was attenuated with TNFR 

deficient neurons or by blocking TNF-α with soluble TNFR IgG fusion protein. This 

reduction in neuronal process development was determined to occur though activation of 

RhoA, and was reversed by inhibiting RhoA [151]. One mechanism for inhibition of neurite 

outgrowth by TNF-α has been suggested to be mediated through a TNF-α-induced 

association of β1-integrin with insulin receptor substrate-1 (IRS-1) that interferes with 

insulin-like growth factor-1 (IGF-1) signaling pathway to promote neurite outgrowth in 

PC12 cells, a rat neuronal cell line derived from pheochromocytoma of the rat adrenal 

medulla [152]. Anti-TNF-α therapy has been used to demonstrate an effect on neurite 

outgrowth. By inhibiting TNF-α signaling with etanercept, axon regeneration in a nerve 

crush injury model was enhanced [153]. The amount of evidence for the negative effects 

of TNF-α on neurite outgrowth, or on neurons in general, seems convincing, however TNF-

α signaling is complex and the effects can vary depending on the context in which it is 

studied. For example, in the same cells mentioned above, TNF-α was shown to enhance 

the ability of INFγ to induce neurite formation in PC12 cells [154]. In rat primary cells, TNF-

α induced signaling ceased proliferation and induced cell adhesion in rat fetal hippocampal 

cells. Neurite outgrowth from rat hippocampal neurospheres was also induced by TNF-α 

[155]. Sensory neurons are also affected by TNF-α in the context of neurite outgrowth. In 

a diabetes mouse model, TNF-α induced a dose-dependent 2-fold increase in neurite 

outgrowth in an NF-κB-dependent manner in adult mouse sensory neurons [156]. This 

raises the necessary consideration of cell type and which TNFR is being activated. 

Although neurons are generally known to express both TNFR1 and TNFR2, perhaps there 

is a difference in distribution and expression levels that could be dependent on age, 

function, brain region, or proximity to different types of glial cells that would make some 

neurons more preferential to soluble or transmembrane TNF-α induction of either TNFR1 

or TNFR2, respectively. In another rat model studying development, soluble TNF-α was 
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shown to inhibit neurite growth and transmembrane TNF-α to promote growth in superior 

cervical ganglion neurons during development, which supports the evidence that TNFR1 

is detrimental to neurons and TNFR2 is beneficial since TNFR1 has higher affinity for 

soluble TNF-α and TNFR2 has higher affinity for the transmembrane form [157]. Another 

example of different effects of TNF-α signaling that may be dependent on the context of 

the experiment is demonstrated in a mouse model of traumatic brain injury, in which 

inflammation, including TNF-α, is thought to exacerbate the progression of 

neurodegeneration [158]. The study used hypothermia to counteract the inflammation 

post-injury, and outgrowth was increased in the presence of TNF-α, which is secreted by 

organotypic brain slices after deep hypothermia (2 hours at 17 degrees C) [159]. This 

presents data contradictory to what is thought of TNF-α in traumatic brain injury, further 

exemplifying that the effects of TNF-α must be considered very carefully, particularly which 

receptor is being activated.  

In this section of our current study, we wanted to determine the effects of TNF-α 

on neurite regrowth following induced injury and investigate the pathway involved. 

Although the induced injury is not a model of HIV-1 infection, the discovery of a pathway 

initiated by TNF-α to promote neurite regrowth could prove very useful for any damage 

condition to modulate regrowth. As shown in the literature, the effects of TNF-α are context 

and cell type specific, but any insight into a possible regenerative mechanism would be 

useful. Considering the fact of TNF-α levels being elevated in the CNS upon and 

throughout HIV-1 infection, utilizing a pathway that is TNF-α-dependent would have an 

advantage as TNF-α would not have to be considered to be administered as a treatment, 

which would of course face strong opposition because of the potential to induce more 

inflammation. Anti-TNF-α therapy has been considered to modulate the inflammation, 

however the dual role of TNF-α presents a very complex balance to control. Completely 
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blocking TNF-α pathways would eliminate the beneficial effects on neurons. Even blocking 

TNFR1 signaling completely, which would prevent apoptotic or growth-inhibiting 

pathways, might have detrimental effects on neurons. For example, if a neuron is defective 

or damaged beyond repair, apoptosis is necessary to promote the survival of healthy 

neurons or at least those that can be repaired. Considering the complexity of its signaling 

and potential issues with using it as treatment, TNF-α should not be the main target of 

utilizing its neuroregenerative ability. A downstream target would prove to be much more 

efficient and direct.  

In the in vitro “scratch” assay we observed that TNF-α treatment stimulates the 

regrowth of neuronal processes after mechanical injury. As mentioned, this outgrowth has 

been observed, but not by using the scratch assay. This induced mechanical injury model 

is an adaptation of the migration assay, where portions of the cells are physically scraped 

off to create both a clean border of cells and a field into which cells can migrate or grow. 

There are other methods to consider neurite outgrowth, such as microfluidic devices that 

can be customized to be able to both grow either axons or dendrites specifically by size 

of the channels through which the neurites grow [160-162]. This technology is very useful, 

however a specific mold would have to be developed for the device to be generated with 

a way to cut the neurites through the channels. Although this can be done fairly easily, the 

main concern is removing the debris to be able to assess the neurite regrowth. If you use 

a pipette to do so, you risk removing the neurons since the channels are small and any 

negative pressure would likely pull the cells with the debris. Using our method, you can 

easily use a cell scraper or cell lifter to remove portions of the cells and very gently remove 

the media with the debris. Another advantage to our system is it accounts for damage to 

the cell bodies of neurons as well. Although we only assessed the ability for neurites to 

regrow, damage to the cell bodies and perhaps death of those cells is part of most 
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degenerative disease. We were not focused on strictly axon or dendritic regeneration, but 

rather neurite regrowth in any form. However, we could determine which type of outgrowth 

occurs by immunocytochemical staining of MAP-2 for axons and tau for dendrites.  

Once we observed the ability of TNF-α treatment to induce neurite outgrowth, we 

then sought to determine the transcriptional effects on genes that are involved in synaptic 

plasticity to give some insight to a potential mechanism by using a synaptic plasticity array. 

We observed many transcriptional changes, both up- and downregulation of genes by 

TNF-α, but the most relevant to neurite outgrowth were increases in NF-κB, EphB2, and 

GRIP mRNA levels detected by quantitative RT-PCR. The upregulation of EphB2 was of 

great interest because of the role of EphB2 receptors in axon guidance and dendritic 

arborization [94-96,163]. An increased expression of EphB2 protein in neuronal cell bodies 

and neuronal processes upon inflicted mechanical injury (“scratch”) was demonstrated by 

immunofluorescence. This correlated the TNF-α-induced EphB2 upregulation to the 

neuronal outgrowth, which provides a possible mechanism for TNF-α-mediated neuronal 

repair to induced injury. EphB2 has been shown to be a repulsive cue to guide neuronal 

projections to their targets [96]. Perhaps this outgrowth is just that: TNF-α-induced EphB2 

repulsion from the injury site to reach a new synaptic target. However, it has been shown 

to be a non-repulsive cue as well. 

Cell surface Eph receptor tyrosine kinases, EphA and EphB, and their ephrin 

ligands regulate various aspects of cell migration, axon guidance, and synaptogenesis 

[94]. Interaction of EphB receptors with ephrin-B ligands induces intracellular signals in a 

bidirectional manner into the receptor-expressing cell (forward signaling) and ephrin-

expressing cell (reverse signaling) [164]. This signaling converge on the cytoskeleton 

affects regulation of not only the repulsion-dependent establishment of topography and 

axonal growth cone collapse, but also axonal attraction [165]. Molecular mechanisms that 
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are responsible for ephrin-induced neurite retraction involve EphB2 mediated 

downregulation of GTP-bound Ras [166]. Conversely, non-repulsive effects of EphB2 has 

been linked to the regulation of NMDA-dependent synaptic function [93,167]. 

In either case, repulsive or attractive, our data shows a correlation of TNF-α-

induced neurite outgrowth and EphB2 upregulation following induced injury. The 

mechanism for which this upregulation of EphB2 by TNF-α has not been established. A 

common pathway for TNF-α to transcriptionally affect the expression of proteins is through 

NF-κB translocation to the nucleus. We hypothesize that this is the mechanism of EphB2 

induction upon TNF-α treatment, and our next set of experiments analyze the potential 

transcriptional regulation of EphB2 by NF-κB binding to the EphB2 promoter.  
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CHAPTER 4. 

TNF-ALPHA/TNFR2 REGULATES EPHB2 GENE INDUCTION VIA NF-KAPPAB 

 

Introduction 

 TNF-α-induced nuclear translocation of NF-κB for transcriptional regulation is a 

very well-established pathway. Transcriptional regulation is an essential aspect to 

understand the changes in neurite outgrowth in response to TNF-α, as it is classically 

linked to NF-κB signaling. Neuronal signaling is dependent on electrophysiological events, 

but the changes in gene transcription are the blueprint to the physical changes that drive 

the dynamics of neuronal processes. When considering how TNF-α is inducing neurite 

outgrowth through EphB2 upregulation, the mechanism of how the signal is conveyed 

from the TNFR to the nucleus to drive the increase in EphB2 expression must be 

determined. Since NF-κB is a well-established transcription factor induced by TNF-α, its 

involvement is very likely. Strong evidence of the influence of NF-κB in synaptic plasticity 

further supports the likelihood of it connecting TNF-α to EphB2 [168]. 

 NF-κB is well known to have a strong role in inflammation and regulation of 

neuronal development and survival. Induction of NF-κB provided neurons with 

neuroprotection against apoptotic signals, as blocking NF-κB led to neuronal death [169]. 

Its expression has been shown to control neurite growth in peripheral and central neurons 

[170]. NF-κB signaling demonstrates a wide range of effects on neurons depending on the 

mode of activation. NF-κB signaling induced neurite outgrowth in PC12 cells and 

prevented apoptosis when treated with the NF-κB-inducing kinase (NIK) [171]. NGF has 

been shown to bind to both TrkA and p75(NTR) (p75) receptors to mediate survival, 

differentiation, and apoptosis in neurons by induction of NF-κB pathways. However each 

receptor exhibits different functional outcomes. When NGF activates NF-κB through TrkA, 

neurite outgrowth is enhanced, while NGF-induced activation of NF-κB through p75 results 
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in neuroprotection from apoptosis [172]. NF-κB has been shown to be expressed by 

neurons, glia, and neural stem cells, and has a strong role in the development of neuronal 

processes [173]. It was shown that neurite outgrowth was significantly reduced both in 

length and complexity by using inhibitors of NF-κB: a super-repressor IκB-α, BAY 11 7092 

(IκB-α phosphorylation inhibitor), N-acetyl-Leu-Leu-norleucinal (proteosomal degradation 

inhibitor), or by a κB decoy [174]. The involvement of NF-κB in dendritic arborization and 

spine density, as well as axon initiation, elongation, guidance, and branching has been 

demonstrated, making it a key player in synaptic plasticity [174]. In another mechanism 

outside of TNF-α signaling, the cytokine ciliary neurotrophic factor (CNTF), which has 

been shown to induce the growth of neurites in various types of neurons throughout 

development and CNS regeneration, was shown to function in an NF-κB-dependent 

pathway [175]. Since NF-κB is expressed in both neurons and glial cells, its ability to 

modulate glutamate signaling is very important. Glutamate induction of NF-κB was shown 

to be dependent on the glutamate-activated Ca2+-dependent protease calpain, as 

inhibiting calpain prevented IκB-α phosphorylation and ultimately translocation of NF-κB 

to the nucleus [176]. An interesting observation made by Wellmann et al. is that NF-κB is 

available at the synapses. NF-κB translocation to the nucleus was shown to be induced 

by glutamate, kainate, or potassium chloride and transported in a retrograde direction from 

the neurites to the nucleus [177]. In neurons, NF-κB can be activated by TNF-α and 

glutamate as discussed, and has also been demonstrated to prevent neuronal death by 

inducing Bcl-2, inhibitor of apoptosis proteins (IAPs), and manganese superoxide 

dismutase (Mn-SOD) [178]. It is clear that NF-κB has strong beneficial effects on neurons, 

particularly in survival and neurite outgrowth. Since TNF-α is a strong mediator of NF-κB 

signaling, a connection between TNF-α and NF-κB-induced effects on neurons should be 

considered.  
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 TNF-α has been demonstrated to have positive effects on neurons, but they must 

be understood carefully. Glutamate excitotoxicity has been shown to be induced by glial 

cells stimulated with TNF-α, however TNF-α has been shown to be able to modulate 

glutamate signaling in neurons to prevent damage but is receptor dependent. TNFR1 has 

been shown to induce neuronal loss, while TNFR2 promotes neuronal survival. This has 

been associated with glutamate excitotoxicity as TNFR1 knockout mice were resistant to 

glutamate-induced excitotoxicity while TNFR2 knockout mice died upon glutamate or TNF 

treatment. TNFR1 was shown to induce transient NF-κB activation, while TNFR2 induced 

long term PI3K-dependent NF-κB activation. For this PI3K-dependent NF-κB activation, 

induction of NMDA receptors was required, demonstrating a role for TNFR2 to modulate 

glutamate excitotoxicity [61]. This protection from excitotoxicity has been linked to 

intracellular calcium concentrations, as TNF-α is able to provide embryonic rat cortical, 

septal, and hippocampal neurons neuroprotection from glucose deprivation-induced injury 

and glutamate excitotoxicity by stabilizing intracellular calcium homeostasis, perhaps 

through a mechanism involving calbindin-D28k, which was upregulated 4- to 8-fold [179]. 

TNF-α, when signaling through TNFR2, demonstrates the ability to protect neurons from 

glutamate excitotoxicity through continuous NF-κB activation that upregulates a small 

conductance calcium-activated potassium channel. Small-conductance calcium (Ca2+)- 

activated potassium (K+) channels (SK channels) are vastly expressed in the CNS and 

are only activated by elevated levels of intracellular calcium. They form complexes of ion 

pore-forming subunits with calmodulin, protein kinase CK2, and protein phosphatase 2A. 

Calmodulin acts as the calcium gate, while protein kinase CK2 and protein phosphatase 

2A regulate sensitivity to calcium concentrations. SK channels are found on to 

postsynaptic membranes of glutamatergic synapses, influencing action potential 

propagation and synaptic plasticity. They also are expressed on central neurons to 

modulate somatic excitability [180,181]. In addition to providing protection for neurons 
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against glutamate excitotoxicity, TNF-α responds to nitric oxide excitotoxicity to protect 

neurons [182]. There are various contexts in which both TNF-α and NF-κB can exert 

positive effects on neurons, either independently or cooperatively. If these benefits for 

neurons are initiated by TNF-α-induced NF-κB signaling, they have been shown to result 

from TNFR2 activation. Although various examples were given in Chapter 1, this 

distinction is relatively new and not well known. Most examples speculate from either 

knockout mice of either receptor, as mentioned, or by blocking either soluble or 

transmembrane forms of TNF-α. One study demonstrated this in an autoimmune disease 

mouse model. By blocking soluble TNF-α, membrane-bound TNF-α signaling was induced 

and showed neuroprotection through NF-κB signaling in an experimental autoimmune 

encephalomyelitis (EAE) model, which is a model for multiple sclerosis (MS). Since 

transmembrane TNF-α preferentially binds TNFR2, it can be speculated that this 

neuroprotection is through TNFR2-induced NF-κB signaling [183]. Another model, using 

mechanical injury, was independent of NF-κB signaling, but still highlighted the role of 

TNFR2 in neuroprotection. In an optic nerve crush injury model in mice, an induced 

mechanical injury, TNFR1 induction of JNK demonstrated increased neuronal loss, when 

compared to mice lacking TNFR1 treated with a specific inhibitor of JNK [184]. The positive 

effects of TNF-α and NF-κB on neurons is clear, whether they are promoting neuronal 

survival, maintaining synaptic plasticity, or responding do excitotoxic or physical damage 

to regrow neurites or maintain functionality.  

 The connection to EphB2, however, is not entirely clear. The role of Eph/ephrin 

signaling in neurons has been established to regulate neurite outgrowth (particularly 

during development) and synaptic plasticity. There is one study that demonstrated a 

connection of EphB2 to TNF-α, in which TNF-α treatment induced EphB2/ephrin-B1 

expression in human dental pulp stem cells in a JNK-dependent manner [185]. Although 

this is not connected to NF-κB, it does provide evidence of a possible link between 
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Eph/ephrin signaling and TNF-α. As discussed, NF-κB is a well-established pathway of 

transcriptional regulation by TNF-α, but clearly not the only method. We considered NF-

κB for the connecting link between EphB2 upregulation and TNF-α because of two pieces 

of evidence. The first comes from our data from the synaptic plasticity array, in which NF-

κB was upregulated upon TNF-α treatment. Although this was expected and served as a 

control for TNF-α treatment, it was the only transcriptional regulator expressed in our 

assay. This prompted the analysis of the EphB2 promoter region, and indeed there are 

three binding sites for NF-κB upstream of the transcription start site.  

 In light of these two pieces of evidence, this present study aims to determine the 

direct mechanism of TNF-α-induced EphB2 expression that was observed by TNF-α 

treatment alone and during the scratch assay. We propose that the connecting link 

between TNF-α and EphB2 is NF-κB due to the direct role in neurite regrowth, well 

established induction by TNF-α, and EphB2 promoter analysis results showing NF-κB 

binding sites. We utilized a reporter construct of the EphB2 promoter region encompassing 

the binding sites that can be analyzed using a luciferase assay, and we observed an 

upregulation of EphB2 by TNF-α treatment alone, p65 overexpression, and TNF-α 

treatment in combination with p65 overexpression. The effects were abolished with an IκB 

mutant that is unable to be phosphorylated, preventing the release and translocation of 

p65 to the nucleus. We further demonstrated direct binding of p65 to each binding site on 

the EphB2 promoter using a chromatin immunoprecipitation assay (ChIP) assay, which 

analyzes the association of transcriptional regulatory molecules to a specific promoter 

[186]. We determined that p65 directly binds to site 2 and 3 upon TNF-α treatment, so 

these two sites became the focus. Upon mutating the sites in the original reporter construct 

with the EphB2 promoter, we determined that binding of p65 to site 2 is most responsible 

for the TNF-α-induced EphB2 upregulation. Also, by inhibiting either TNFR1 or TNFR2, 

we determined that this signaling is proceeding mostly through TNFR2, providing strong 
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evidence for a beneficial role of this EphB2 induction and potentially a direct role in the 

observed increase in neurite outgrowth following induced injury upon TNF-α treatment.  

 
 
Results 
 
TNF-α Induces EphB2 Promoter Activation via NF-κB Signaling. 

 In order to identify mechanisms involved in the observed increase in the levels of 

expression of EphB2, in silico promoter analysis with PROMO [187,188] was performed 

and three NF-κB binding sites -232 to -222 (site 1), -560 to -548 (site 2), and -730 to -719 

(site 3) base pairs upstream from the transcription start site on the EphB2 promoter were 

identified. Since TNF-α strongly signals through NF-κB, the potential of these three binding 

sites for EphB2 activation was pursued. We investigated the impact of TNF-α on EphB2 

promoter activity that encompasses the region starting from the position -840 to +83 base 

pairs using pGL3- EphB2 (-840/+83) luciferase reporter plasmid. Human primary fetal 

neurons were transfected using Lipofectamine 2000 with the reporter plasmid either alone 

or together with plasmids expressing NF-κB p65 or constitutively active IκBα mutant in the 

presence or absence of TNF-α treatment (100ng/µL). As shown in Figure 13, treatment 

with TNF-α resulted in only a modest 1.3-fold enhancement in transcription activity driven 

by EphB2 promoter (-843/+83). Similarly, modest dose dependent activation of EphB2 

promoter activity was observed in neurons co-transfected with reporter and NF-κB 

expressing plasmid in the absence of TNF-α treatment (1.5 fold). The greatest induction 

of EphB2 promoter activity was achieved when neurons were co-transfected with reporter 

and NF-κB p65 expressing plasmids in combination with TNF-α treatment (100ng/µL). A 

2.2-fold to 4.6-fold induction of promoter activity was associated with increased amount of 

NF-κB p65 expressing plasmid used for the transfection (1µg to 3µg, respectively). These 

results led to the conclusion that while the NF-κB p65 subunit can modestly activate EphB2 

promoter, this ability is greatly potentiated in the presence of TNF-α. To confirm the direct 
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involvement of p65, the p65 expression plasmid in the luciferase reporter experiment was 

replaced with a constitutively active IκBα mutant, which prevents translocation of p65 to 

the nucleus. EphB2 promoter activity was abolished even with TNF-α treatment. These 

results demonstrate that the presence of NF-κB p65 is essential for TNF-α-mediated 

activation of EphB2 promoter.  

 

 

 

 

 

 

 

 

 

Figure 13. TNF-α Increases EPHB2 Promoter Activity via NF-κB.  
Human primary neurons were transfected with pGL3-Basic EPHB2 (-640/+83) and/or 
an overexpression NF-κB p65 plasmid in combination with TNF-α treatment. 
Overexpression of a constitutively active IκBα mutant, which prevents translocation of 
p65 to the nucleus was used as a control. Luciferase activity (RLU/s) was normalized 
to protein concentration in each condition and fold change is represented as RLU/s/µg 
of protein. Reproduced from [145] with permission. 
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TNF-α Activates EphB2 Promoter via Stimulation of the Binding of NF-κB p65 to Sites 2 

and 3 on the EphB2 Promoter. 

 To determine if p65 directly interacts with the EphB2 promoter, ChIP promoter 

analysis was performed using human primary fetal neurons. The human fetal neurons 

were cultured for 14 days and either untreated or treated with TNF-α at a concentration of 

100ng/mL. DNA was prepared and incubated with 2µg of ant-p65 antibody overnight. 

Control samples were incubated with IgG. The salmon sperm DNA agarose beads were 

then added for one hour and the DNA-antibody complex was then eluted. PCR with 

specific primers was performed for amplification of the DNA fragments bound to p65: NF-

κB binding sites 1 (-232 to -222), 2 (-560 to -548), 3 (-730 to -719), and IκBα binding site, 

with latter used as a control. The EphB2 promoter schematic with binding sites is shown 

in Figure 14A. The distinct bands, corresponding to NF-κB binding sites 1 (-232 to -222), 

2 (-560 to -548), 3 (-730 to -719), and IκBα binding site were detected in all extracts 

incubated with anti-p65 antibody (Figure 14B). The intensity of the band corresponding to 

NF-κB binding site 2 (-560 to -548) in TNF-α treated neurons is significantly higher 

compared to untreated cells, suggesting that TNF-α treatment markedly enhances the 

binding of p65 to NF-κB binding site 2 (-560 to -548). Only modest increase in the binding 

of p65 to NF-κB binding site 3 (-730 to -719) was detected in the response to TNF-α 

treatment. Interestingly, binding of p65 to the NF-κB binding site 1 (-232 to -222) was 

decreased upon TNF-α treatment. DNA input was verified by extraction of DNA directly 

from cellular lysates (without prior immunoprecipitation) following PCR. Binding was 

quantified as a percent of input DNA (Figure 14C). 
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These observations point to the enhanced in vivo association of p65 with NF-κB 

binding site 2 (-560 to -548) in the EphB2 promoter in response to TNF-α. We hypothesize 

that site 2 (-560 to -548) is most responsible for TNF-α-induced activation of EphB2 

signaling. To test this hypothesis, site-directed mutagenesis was utilized for our EphB2-

pGL3 Basic reporter plasmid. For this, mutations were introduced in site 2 (-560 to -548) 

and/or 3 (-730 to -719). Site 1 (-232 to -222) was not included since there was a reduction 

in binding demonstrated by the ChIP assay. Human primary fetal neurons were 

transfected with the wild type, site 2 mutant, site 3 mutant, and combined site 2 and 3 

mutant constructs after the cells were cultured for 14 days. Once the transfection was 

performed, TNF-α treatment at a concentration of 100ng/mL was initiated 24 hours post 

Figure 14. NF-κB Directly Binds to the EphB2 Promoter in Response to TNF-α.  
A. The schematic representation of the EphB2 promoter shows three NF-κB binding 
sites upstream of the transcription start site. B. Agarose gels showing the PCR products 
after immunoprecipitation was performed for each binding site on the EphB2 promoter 
region. IκBα was used as a positive control of successful TNF-α treatment. C. Band 
intensity was quantified as a percent of input to show relative changes in binding. 
Adapted and reproduced from [145] with permission. 
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transfection. The treatment duration was 24 hours and one additional treatment was 

performed 30 minutes prior to generating lysates from the cells. Results of luciferase 

reporter assay show that TNF-α treatment induced a 26% increase in the activity of the 

wild type EphB2 promoter, a 15% increase in the activity of the EphB2 promoter with 

mutated NF-κB binding site 2, and 18% increase in the activity of the EphB2 promoter with 

mutated NF-κB binding site 3 (Figure 15). When both sites 2 and 3 were mutated, TNF-α 

treatment only increased EphB2 promoter activity by 5%, confirming the results from the 

ChIP which demonstrated that sites 2 and 3 are primarily responsible for TNF-α-induced 

EphB2 promoter activation. This data provides evidence for a possible mechanism of TNF-

α –mediated transcriptional regulation of EphB2. 

 

 

 

 

 

 

Figure 15. NF-κB Binding Sites 2 and 3 are Primarily Responsible for EphB2 
Promoter Activation in Response to TNF-α. 
Human primary neurons were transfected with pGL3-Basic EPHB2 (-840/+83) and site-
directed mutagenesis was performed. Luciferase activity (RLU/s) was normalized to 
protein concentration in each condition and is represented as RLU/s/µg of protein. 
Adapted from [145] with permission. 
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TNF-α-induced EphB2 Upregulation Occurs through Activation of TNFR2. 

 Next, we investigated TNF-α receptors involved in induction NF-κB signaling, 

leading to upregulation of EphB2. Human primary fetal neurons were cultured for 14 days 

and either TNFR1 or TNFR2 were blocked before initiating TNF-α treatment. TNFR 

blocking was achieved by treating the cells with either anti-TNFR1, anti-TNFR2 antibody 

or the nonspecific control IgG, all at a concentration of 2µg/mL. After incubation with 

antibodies for 30 minutes, TNF-α treatment was initiated at a concentration of 100ng/mL 

for 24 hours, RNA was isolated and RT-qPCR was performed for EphB2 mRNA 

expression. EphB2 mRNA expression levels were normalized to β-actin mRNA levels. As 

seen in Figure 16, a 77% increase in EphB2 mRNA expression compared to untreated 

control was achieved by TNF-α treatment in the nonspecific control sample (Figure 16). 

When TNFR1 was blocked, TNF-α induced an increase in EphB2 mRNA by 65% (Figure 

16), but only 5% when TNFR2 was blocked (Figure 16), indicating that TNF-α induces 

EphB2 mRNA expression primarily through TNFR2, with a limited role of TNFR1. 
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Discussion 

 The transcriptional regulation achieved by TNF-α signaling to regulate 

inflammation and cellular pathways involving survival, proliferation, and differentiation has 

been characterized to occur predominantly through pathways regulated by NF-κB 

activation [189,190]. There are five NF-κB proteins, p50 (NF-κB1), p52 (NF-κB2), p65 

(RelA), RelB, and c-Rel (Rel) that all contain a conserved N-terminal Rel homology domain 

(RHD). These proteins function as either homo- or heterodimers that bind to DNA through 

direct interaction with the RHD and initiate or repress gene transcription through protein 

Figure 16. TNFR2 Signaling Upregulates EphB2.  
TNFR1 and TNFR2 were blocked using respective antibodies in human primary 
neurons with and without TNF-α treatment. IgG antibody was used as a non-specific 
control. EphB2 mRNA levels were normalized to β-actin expression. Adapted from 
[145] with permission. 
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binding domains that recruit co-activators or co-repressors. p65, RelB, and c-Rel utilize a 

transactivation domain to recruit co-activators to induce gene transcription. p50 and p52 

are not as straightforward since they do not contain transactivation domains, so they must 

form heterodimers with p65, RelB, or c-Rel to initiate transcription or repress transcription 

by competing for binding with other NF-κB proteins or form heterodimers with non-Rel 

proteins, including some IκB proteins [191,192]. 

 Before binding DNA the NF-κB proteins are bound to IκB proteins in the cytoplasm 

and are considered inactive. Two of the eight members of the IκB proteins are mostly 

responsible for the regulation of the canonical and non-canonical pathways of NF-κB 

signaling, IκBα and p100 respectively. The regulation of the canonical pathway by IκBα is 

achieved by binding and modulating the inactive state of the p65:p50 heterodimer in the 

cytoplasm. The binding of the heterodimer to prevent nuclear translocation is mediated by 

a nuclear export sequence on IκB and by preventing the expression of a nuclear 

localization sequence on p65. A key signaling event leading to the release and 

translocation of the p65:p50 heterotrimer is the phosphorylation of two serine residues in 

the destruction box motif (DSGXXS) of IκB. Once translocated to the nucleus, the p65:p50 

heterotrimer binds to the consensus sequence (5’ GGGRNWYYCC 3’ (N - any base; R – 

purine; W – adenine or thymine; and Y – pyrimidine)) on the target gene. This binding can 

occur to promoter regions and enhancer elements to mediate transcriptional regulation 

and chromatin remodeling [193-195]. 

 As discussed, NF-κB signaling can have a wide range of effects in both TNF-α-

dependent and independent pathways. Induction of both the TNFR1 and TNFR2 can 

initiate the canonical NF-κB pathway, which is of focus in the present study [190,196]. We 

have established that TNF-α induces EphB2 and this induction is correlated to neurite 

regrowth upon induced injury, but the pathway leading to the transcriptional induction of 
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EphB2 by TNF-α was not established previously. Because of the results of our initial 

experiments, we hypothesized that this regulation occurs in an NF-κB-dependent 

pathway. 

Promoter analysis with PROMO [187,188] identified three potential NF-κB binding 

sites near the transcription start site of the EphB2 gene. The ChIP and site mutagenesis 

data shows that TNF-α signaling directly induces EphB2 in an NF-κB-dependent 

mechanism in human primary fetal neurons. An alternative to the ChIP assay is analysis 

by an electrophoretic mobility shift assay (EMSA), which measures protein-DNA 

interactions using synthesized oligonucleotides containing the target region [197]. The 

benefits of this method is it demonstrates direct binding of a protein to a target region to 

establish exactly where the protein is binding, but it does not demonstrate the actual 

interaction in the cell. A ChIP assay demonstrates the actual occurrence of an interaction 

between protein and DNA within a cell, but does not distinguish whether the observed 

binding to chromatin is directly to DNA or other DNA binding proteins [198]. Because we 

identified distinct NF-κB binding sites on the promoter, we proceeded with a ChIP assay 

to determine whether or not p65 binds to the promoter region of EphB2 in neurons and 

indeed determined that NF-κB p65 binds to site 2 and 3 in response to TNF-α treatment. 

An interesting observation is that NF-κB p65 binding to site 1, which is most similar to the 

consensus sequence in the 3’ end of the binding site, was reduced upon administration of 

TNF-α. It has been reported that the strongest binding of p65 is at the 3’ end [199], so it 

would be expected that p65 would preferentially bind the site 1. However, site 1 does not 

contain any of the 5’ region of the consensus sequence, so perhaps there is not enough 

similarity to encourage stronger binding. Another possibility to affect p65 binding is 

epigenetic regulation, by which DNA methylation is regarded as repressing transcription 

[200] and acetylation as encouraging the activation of transcription [201]. Using the 
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EMBOSS “newcpgreport” tool, 3 CpG islands are present on the promoter region of EphB2 

(in relation to start site: 572-803, 1146-1428, and 2697-3002). This shows a CpG island 

to encompass p65 binding site 3 and to be directly upstream of site 2. CpG islands, which 

are, on average, 1000 base pairs (bp) long, co-localize with the majority of promoters in 

both the human and mouse genomes, and it has been suggested that promoters 

containing CpG islands may often lack TATA boxes [202]. This may be the case with the 

EphB2 promoter, as the prediction software indicates a lack of TATA boxes but presence 

of three CpG islands, suggesting that EphB2 promoter activity may be epigenetically 

regulated. TNF-α has also been shown to alter the methylation status of DNA to modulate 

gene expression [203] and EphB2 promoter methylation has been demonstrated to have 

an effect on EphB2 expression in cancer [204,205]. The TNF-α treatment could lead to 

the activation of DNA methyltransferase [206], causing inhibition of binding to site 3, 

promoting more binding at site 2. TNF-α has also been shown to promote demethylation 

of DNA, which could lead to increased p65 binding to sites 2 and 3 since they are most 

proximal to the CpG islands. This is purely speculation based on computer modeling, but 

the epigenetic regulation of EphB2 activity should be investigated in neurons as it could 

play a large role in the effects of EphB2 signaling. 

In addition to epigenetic regulation, the interference of other transcriptional 

regulators could restrict binding tendencies of p65 to the binding sites on the EphB2 

promoter. NF-κB p65 site 1 on the EphB2 promoter has two other potential binding sites 

competing for the first 5 and 6 nucleotides, E2F-1 and GR-α respectively. E2F-1 

transcription has been shown to stabilize IκB to prevent translocation of p65 to the nucleus 

[207], opposite to TNF-α signaling, but no interaction with EphB2 has been described. 

Since TNF-α and E2F-1 have opposite effects, it is possible to speculate that this 

transcription factor could interfere with p65 binding to this site. GR-α has been shown to 

for a complex with NF-κB p65 to prevent its binding to target genes; and its signaling is 
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considered to be an opposing factor to inflammatory cytokines, including TNF-α, so 

interference in binding of p65 to EphB2 should be considered [208]. 

There are three potential binding sites of other transcription factors downstream of 

the NF-κB p65 binding site 2 on the EphB2 promoter: E2F-1, GR-α, and Sp1. E2F-1 and 

GR-α could cause interference as mentioned for site 1, but the most likely to influence p65 

binding is Sp1 as TNF-α has been shown to increase Sp1 binding to transcriptional targets 

in endothelial cells [209]. Since binding was strongest at site 2, this could potentially work 

to help open the DNA to increase p65 binding to site 2. 

The third NF-κB binding site (site 3) on the EphB2 promoter shares the binding 

sequence with five other transcription factors: E2F-1, GR-α, AP2-α, STAT1, and IRF-1. 

The potential interference of E2F-1 and GR-α has been described for the other two sites. 

AP2-α has been shown to be downregulated by TNF-α, which suggests there would not 

be any competition for NF-κB p65 [210,211]. TNF-α induces DNA binding of STAT1, and 

since the predicted binding site contains the first eight nucleotides of the p65 binding site 

on EphB2 site 3, this could compete significantly for binding. However, since we observed 

an increase in binding of p65 to site 3 in response to TNF-α and there is a high basal level, 

this seems unlikely in our experiments. IRF-1 is also induced by TNF-α [212] and shares 

the first seven nucleotides of the p65 binding site on EphB2 site 3, suggesting a potential 

competition in binding. However, since the binding of p65 was increased at site 3 in 

response to TNF-α, it might not interfere significantly, or at all. 

To further characterize the binding to sites 2 and 3, we proceeded with site-

directed mutagenesis of the binding sites on the EphB2 promoter using the reporter 

construct pGL3-Basic which utilizes the expression of luciferin to determine activation of 

the inserted promoter sequence. Since the pGL3-Basic vector does not have a promoter 

or enhancer sequence, luciferin production is strictly driven by the induction of the inserted 

promoter. By lysing the cells with a lysis buffer containing recombinant firefly luciferase, 
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ATP, and magnesium, luciferin is then converted to oxyluciferin with AMP, phosphate, 

carbon dioxide, and light as byproducts. This emitted light is then able to be measured to 

quantify the level of promoter activity, since it is linked to the production of the luciferin 

substrate [213]. An alternative to this method that should be considered is a GFP-labelled 

construct through which activation of the promoter would result in the production of GFP 

and fluorescence can be measured by microscopy and quantification of fluorescence 

intensity. Although this method allows visualization of the promoter activation in cells that 

may be more favorable for studying structural changes in cells, a drawback in the 

quantification makes the luciferase assay more favorable for this analysis. GFP 

fluorescence would generate a brighter signal, which creates higher background 

compared to luciferase reactions. The low background in the luciferase driven 

chemiluminescence enables a more precise measurement of very small differences in 

emitted light [213]. By mutating each site 2 and 3 separately and in combination, we 

determined that both sites are involved in the induction of EphB2 promoter activity by TNF-

α. The ChIP assay demonstrated a much stronger increase in binding to site 2 than to site 

3, which was not as evident in the mutation analysis. We speculate that both sites are 

active in regulating the increase in promoter activity in response to TNF-α, and one may 

act to compensate for the loss of the other.  

Since the effects of TNF-α signaling are dependent on which receptor is activated, 

we determined that TNFR2 activation is most responsible for EphB2 upregulation with a 

slight increase through TNFR1. This could be due to an overlap in TNF-α signaling from 

both receptors as they have been shown to both activate NF-κB signaling [59]. We blocked 

the receptor signaling using blocking antibodies specific for each receptor. Anti-TNF-α 

therapies discussed are not specific to each receptor and are targeted to regulate soluble 

levels of TNF-α, so targeting the receptors with specific antibodies was the most direct 
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approach to determine which receptor is more responsible for EphB2 induction by TNF-α 

treatment in human primary fetal neurons. 

This data provides evidence for a neuroregenerative role of TNF-α and EphB2, as 

well as a novel signaling cascade for EphB2 in primary human fetal neurons. Since TNF-

α levels are increased in neurodegenerative diseases, including HAND, perhaps more 

specific TNF-α blocking agents can be used to direct signaling through TNFR2 for 

beneficial signaling outcomes for neurons, including EphB2 activation. In the case of 

HAND, in which synaptic dysfunction and neuronal death occur, EphB2 signaling might 

be able to be utilized to repair damage and prevent further cognitive deficits, similarly to 

the results in an Alzheimer’s disease model [100]. Here we show that TNF-α –TNFR2 

signaling leads to NF-κB mediated activation of the EphB2 promoter, which results in 

increased expression of EphB2 and associated enhanced growth of neuronal processes, 

particularly after injury. Interestingly, Schäfers and colleagues demonstrated that while 

both TNFR1 and TNFR2 may be involved in the excitation of sensory neurons, the role of 

TNFR2 increases after injury [214]. There are no reports on the possible link between 

TNF-α and EphB2 in neurons, although TNF-α was implicated in cooperating with the 

Eph/ephrin pathways in human dental pulp stem cells and bone [185,215]. Our findings of 

EphB2 upregulation in TNF-α induced enhancement of neurite growth/regrowth provide 

insight into signaling pathways affecting regeneration of neuronal processes after injury. 

Further studies are warranted to decipher molecular pathways which regulate structural 

rearrangements in neuronal processes and the role of EphB2 upregulation in TNF-α 

induced enhancement of neurite growth/regrowth, which can potentially provide a 

therapeutic target in neuronal cell injury in the CNS. 

Due to the complexity of TNF-α signaling in regards to immune activation, overlap 

of downstream signaling between both receptors, and variable distribution of each 

receptor on different cell types, EphB2 might be of greater interest as a direct therapeutic 
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target. As demonstrated with the “scratch” assay, EphB2 appears to be driving 

regeneration, which would be of tremendous benefit for HAND patients and for other 

neurodegenerative disease patients. Although exploiting the increase in TNF-α levels in 

HIV for beneficial effects in the CNS would be more quickly addressed because TNF-α 

modulating therapies have already been developed, targeting EphB2 would not result in 

inflammatory effects. Whether targeting the TNF-α regulatory axis or EphB2 directly, our 

results demonstrate a beneficial effect of TNF-α signaling in response to induced injury 

and a neuroregenerative role of EphB2. 
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CHAPTER 5. 

AN EFFECTIVE STRATEGY FOR EPHB2 KNOCKOUT VIA CAS9 NICKASE GENE 

EDITING 

Introduction 

 Since we have established a mechanism of EphB2 induction by TNF-α/TNFR2-

induced NF-κB signaling and have a correlation with this mechanism and neurite 

outgrowth following induced injury, a strategy to mediate EphB2 independent of TNF-α 

must be used to demonstrate the direct involvement of EphB2 in the observed neurite 

outgrowth. Although evidence has linked EphB2 to effects on neurites, particularly axon 

growth, dendritic arborization, and synaptic plasticity, these effects have not been 

demonstrated with EphB2 specifically on neurite regrowth. Therefore, we developed a 

strategy to conditionally induce EphB2 expression and genetically edit the genome to 

eliminate EphB2 gene transcription to be able to observe the direct effects of EphB2 

signaling. There are many techniques to modulate gene expression, whether to induce or 

eliminate signaling of a target gene, and each technique has its advantages and 

disadvantages. One technique of gene knockout that has recently gained much attention 

is the CRISPR/Cas9 gene editing strategy, which we developed to remove exon 1 of the 

EphB2 gene to prevent the start of transcription.  

 When considering the function of a specific gene in any physiological condition, 

manipulation of expression is imperative to understand the functional consequences of 

the gene. Researchers must employ strategies to induce and eliminate the gene of study 

to fully explain its involvement in the proposed mechanism. Genome editing has been 

widely used to engineer cells or animals to functionally assess the result of gene 

expression or lack thereof. The identification of repair mechanisms for double-stranded 
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DNA breaks (DSBs), which if left unrepaired could be lethal, prompted researchers to 

exploit this intrinsic ability to introduce strategic breaks in DNA at target regions to edit the 

genome and has developed into highly specific techniques of genome engineering [216-

221]. The early methods utilized oligonucleotides or small molecules to recognize specific 

DNA base pairs for targeted modification of chromosomes, later progressing to using self-

splicing introns that were able to edit DNA or RNA sequences [222-224]. These methods 

were not very efficient, however they demonstrated the ability to edit the genome at 

specific sites by base pairing. This prompted researchers to consider homing 

endonucleases, which are intron-encoding nucleases, to induce site-specific cleavage of 

DNA and integrate sequences of choice into introns to edit the genome at homing 

endonuclease recognition sites [225-227]. In conjunction with this, zinc finger-mediated 

binding of DNA was identified to be utilized by transcription factors and was considered 

for the possibility to be utilized for site-specific DNA editing [228]. This led to the 

development of zinc finger nucleases (ZFNs) that couple the DNA recognition proteins to 

the nuclease domain of FokI, a restriction enzyme, to perform nuclease activity at specific 

sequences of DNA [229,230]. ZFNs are effective but difficult to design and validate the 

specificity of the DNA recognition proteins, which recognize 3- to 4-base pair sequences, 

and can be cytotoxic, so an easier method using transcription activator-like (TAL) effectors 

in combination with the FokI restriction enzyme was developed as TAL effector nucleases 

(TALENs) [231,232]. TALENs are easier to develop and validate than ZFNs and also have 

lower cytotoxicity, but considerable drawbacks still exist. The TALE DNA-binding motif of 

TALENs recognizes single base pairs for DNA recognition, making the TALEN genes 

about three times larger than ZFNs, making the gene assembly in E coli. more difficult 

[233]. The size of the highly repetitive genes is large, so generating viruses containing 

TALENs for delivery to cells is challenging and commercial pricing at the initial stages of 

TALEN development was very costly [233]. Although both methods are effective, despite 
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their drawbacks, the development of CRISPR-Cas9 technology accelerated before the 

optimization of TALENs. 

 The function of clustered regularly interspaced palindromic repeats (CRISPRs) 

were first described as possible repair or regulatory mechanisms for bacterial genomes, 

but a later observation that CRISPRs contain spacer sequences that are derived from 

plasmids or viruses initiated the discovery of the true function [234,235]. It was speculated 

that CRISPR-Cas is an adaptive immune-like system for bacteria that may have the ability 

to recognize the presence of foreign DNA by RNA sequences that were previously 

encoded from invasions upon the bacteria since the loci of CRISPR is transcribed and the 

CRISPR-associated (cas) genes encode proteins with helicase and nuclease domains 

[236]. It was eventually shown in E coli. that mature CRISPR RNAs (crRNAs) function to 

guide Cas proteins to interfere with proliferation of virus as the speculated defense 

mechanism [237]. This was more elaborately explained through the finding that CRISPR-

Cas loci entail a CRISPR with identical repeats including spacer regions targeting foreign 

DNA that encode crRNA and a cas operon that encodes the Cas protein [221,238]. The 

immunity from invaders is achieved by the bacteria in three stages. The first stage involves 

the insertion of a short sequence of the foreign DNA into the CRISPR array as a spacer. 

This foreign DNA was incorporated into the bacterial genome upon the first invasion and 

these short repeats are transcribed and inserted into the CRISPR array to guide the 

nuclease to the complementary DNA from the invader to cut and destroy its DNA. The 

second stage is the transcription of precursor crRNA (pre-crRNA) to mature into individual 

crRNAs that are comprised of a repeat sequence and a spacer sequence that is targeted 

to the foreign DNA. The third step is cleavage of the foreign DNA from the bacteria DNA 

using cr-RNA to guide the Cas protein to the sites complementary to the crRNA spacer 

sequence [235]. Although this is the general scheme, the three types (I, II, and III) of 
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CRISPR-Cas systems use different mechanisms to identify and cleave foreign DNA. 

Types I and II systems use a protospacer adjacent motif (PAM) that is a short sequence 

adjacent to the crRNA-guided sequence on the foreign DNA that is integral to the 

adaptation and cleavage steps. A large complex of Cas proteins is used by types I and III 

systems to regulate crRNA-guided recruitment to the foreign DNA sequence, as opposed 

to type II that uses a single Cas protein [221]. The use of a PAM, which increases 

specificity, and requiring only one Cas protein, reducing complexity for cloning, makes the 

type II system ideal for gene editing strategies.  

 The type II Cas9 protein was first identified to have two nuclease domains, HNH 

and RuvC-like, and serve multiple functions key to this adaptive immunity in S. 

thermophiles primarily serving as a necessity for defense from invading viruses and 

introducing double stranded breaks in foreign phages and plasmids [221, 238]. More 

details have been discovered for Cas9 functionality, which has helped promote its utility. 

Small RNA that is trans-encoded upstream of the type II CRISPR-Cas locus in 

Streptococcus pyogenes, called trans-activating crRNA (tracrRNA), has been identified to 

be required for the maturation of crRNA by ribonuclease III and Cas9, which was 

determined to promote sequence-specific immunity against foreign invaders [221,238]. 

This Cas9 from S. pyogenes induces DNA cleavage by using the tracrRNA:crRNA 

complex and has been determined to be a dual-RNA-guided DNA endonuclease, as it 

uses the HNH domain to cleave the DNA strand complimentary to the crRNA and the 

RuvC-like domain to cleave the opposite strand. To recognize the foreign DNA target, the 

base pairing to the 20-nucleotide crRNA sequence and the inclusion of the PAM sequence 

is necessary [221,238]. Importantly, mutations in either the HNH or RuvC-like domain 

developed a Cas9 mutant that only cleaves single-stranded DNA, which is called Cas9 

nickase. If both domains are mutated, an RNA-guided DNA binding protein is the result 
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[221,238]. To simplify and enable the system to be targeted to any DNA sequence that is 

adjacent to a PAM sequence, the tracrRNA:crRNA was developed into a single guide RNA 

(sgRNA) that highlights two main components, the 5’ end having the 20-nucleotide 

sequence to determine the DNA target sequence by Watson-Crick base pairing and the 

3’ end having the double-stranded sequence that binds to Cas9 [221,238]. This 

demonstrates that although the final result may be the same between ZFNs/TALENs and 

Cas9, shown in Figure 17, the important difference from ZFNs and TALENs is that only 

the guide RNA (gRNA) sequence needs to be changed to target Cas9 to the DNA 

sequence of interest, rather than developing specific proteins for each target DNA 

sequence as with ZFNs and TALENs.  

  

 

  

 

 

 

Figure 17. Comparison of ZFN/TALEN and Cas9 Directed Gene Editing.  
Zinc-finger nucleases (ZFNs) and transcription activator-like effector nucleases 
(TALENs) use proteins with DNA-binding domains to recognize the target DNA 
sequence, while clustered regularly interspaced short palindromic repeat (CRISPR)-
associated protein 9 (Cas9) recognizes the target DNA sequence through RNA-DNA 
interactions mediated by a single guide RNA (sgRNA). Both events lead to a double-
strand break (DSB) in the DNA that is repaired by either non-homologous end-joining 
(NHEJ) or homology-directed repair (HDR). NHEJ can form insertion or deletion (indel) 
mutations that result in a frame shift, a premature stop codon, and ultimately gene 
knockout. The HDR can introduce genetic modifications, such as knock-in or gene 
correction, is there is homologous DNA as a template. Reproduced from [239] with 
permission. 
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Although very effective, the Cas9 system has been shown to have a significant 

drawback that should be considered very carefully. The most concern is off-target activity 

of the Cas9-mediated cleavage that could create significant, unwanted effects regardless 

if being utilized in vitro or for clinical applications. The cause of the off-target effects is the 

potential repetitiveness of the sequence used for the sgRNAs, as the guide RNAs can still 

function with three to five base pair mismatches in the sequence distal from the PAM 

sequence [221,240]. The sgRNA contains two main regions, a 10-12 base pair sequence 

at the 3’ end adjacent to the PAM sequence that is called the seed sequence, which 

promotes Cas9 specificity. Further analysis by ChIP followed by sequencing (ChIP-seq) 

showed that one to five base pairs of the immunoprecipitated DNA was complementary to 

the guide sequence, which suggests that the seed region is only one to five base pairs 

next to the PAM sequence is the seed sequence [240]. More evidence showed that 

although the region proximal to the PAM engaged binding of Cas9, no cleavage was 

detected, suggesting that some off-target prediction may be not entirely accurate. 

However, the distal region to PAM was proposed to induce a conformational change in 

Cas9 that could initiate cleavage, which would suggest that the distal region should also 

be considered carefully when designing the sgRNAs to direct cleavage of target DNA 

regions [240]. The PAM region is crucial for the recognition of the target sequence by 

Cas9, so it may also play a role in Cas9 specificity. Typically the canonical PAM sequence 

is NGG, with N being any base pair, but Cas9 can also utilize NRG, with R being G or A, 

though only with one-fifth of binding efficiency [240]. Since every sgRNA has its own PAM, 

these considerations should be made to increase both efficiency and specificity. Another 

consideration is the version of Cas9 to employ for targeted DNA cleavage. The wild type 

uses a sgRNA to induce a double stranded break, but the mutated Cas9 nickase (Cas9n) 

version only makes a single stranded break with a sgRNA. There are two nickase mutants, 



84 

as mentioned above, and depending on the desired outcome, one might be more optimal 

than the other (Figure 18).  

 

 

 

 

 

 

 

By using two sgRNAs, the specificity of the recognition site is increased since two guide 

RNAs must align with the target sequence to make a double stranded break. This strategy 

has been shown to reduce off-target effects by 50-1,500-fold in vitro and has not been 

reported to reduce cleavage efficiency [240]. If the removal of a region of target DNA is 

the desired effect, two double stranded breaks must be performed by Cas9n on both sides 

of the target region. To perform this, four total sgRNAs must be used (two at each site), 

and the specificity is increased as the chance of repeats in the genome of these four target 

sequences is greatly reduced. If the sgRNAs are chosen carefully, potential off-target 

effects may be eliminated.  

Figure 18. Cas9 Nickase Mutants Create Single Strand Nicks, Rather than Double 
Strand Breaks.  
The D10A Cas9 nickase mutant only uses the HNH nuclease domain to nick the DNA 
strand complementary to the sgRNA, which is demonstrated by the red arrows. The 
N863A Cas9 nickase mutant utilizes the RuvC nuclease domain to generate nicks in 
the noncomplementary DNA strand. Reproduced from [241] with permission. 
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 In the present study, this was the strategy we chose to direct Cas9 cleavage of 

exon 1 from the EphB2 gene to remove the transcription start site in order to prevent 

transcription and effectively eliminate EphB2 protein expression. By using computational 

modeling, it was predicted that using wild type Cas9 would generate frequent off-target 

effects, but with Cas9n and four sgRNAs, these off-target effects are reduced to none. 

Before utilizing the Cas9n-directed EphB2 on primary cells, we first validated its efficacy 

to cleave exon 1 from the EphB2 gene by PCR detection of cleavage and RT-qPCR 

analysis for EphB2 mRNA expression. We successfully achieved cleavage, which was 

confirmed by sequencing, and significantly reduced EphB2 mRNA expression. The effects 

on cell viability and cell cycle were then assessed to determine any potential toxicity of the 

system, and we observed no changes in Nexin staining, which indicates the induction of 

apoptosis, and no effects on cell viability by an MTT assay. We also verified no changes 

to cell cycle status by flow cytometry. Since EphB2 has been implicated in the migration 

of cells [242], we utilized 293T cells in the scratch assay as a functional analysis of the 

Cas9n-mediated EphB2 knockout system and demonstrated that migration was prevented 

when exon 1 is cleaved from the EphB2 gene. This provides full characterization of the 

developed strategy to utilize Cas9n with a combination of 4 sgRNAs to cleave exon 1 from 

the EphB2 gene as an induced knockout system.   

 

Results 

EphB2 Targeted Cas9 Nickase Effectively Cleaves Exon 1 from the EphB2 Gene 

We first tested the ability of our CRISPR/Cas9 nickase gene editing system to 

cleave exon 1 from the EphB2 gene in HEK293T, human embryonic kidney cells that 

express the large T antigen that drives replicating plasmids containing an SV40 origin of 
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replication to high levels of expression in the transfected cell. These cells are appropriate 

to verify the EphB2-targeted Cas9n system as EphB2 expression has been demonstrated 

in this cell line [243]. We designed our guide RNAs (gRNAs) using the CRIPSR/Cas9 

design tool developed by the Zhang lab to exhibit no off-target effects. The primary 

assembly of the EphB2 gene is shown in a shortened form in Figure 19A with exon 1 

highlighted in yellow and the start codon, ATG, designated in green font and as 

“Translation Start”. The gRNA target sequences are highlighted in light blue with the PAM 

sequence in red. The gRNAs were inserted into the cloning site of the pKLV-

U6gRNA(BbsI)-PGKpuro2ABFP vector, a lentiviral backbone driven by the U6 promoter 

that drives the expression of blue fluorescent protein (BFP) to visualize successful delivery 

by fluorescence. Highlighted in green are the primers used for sequencing and amplifying 

PCR products. The sequences for each gRNA are shown in Figure 19B. The successful 

delivery and expression of Cas9n and gRNAs would result in the cleavage of exon 1 to 

remove the transcription and translation start site and is shown in Figure 19C.  
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Expression of Cas9n and gRNAs were verified by immunofluorescence and 

fluorescence microscopy. The Cas9n construct has a Flag protein tag, enabling easy 

visualization in cells and through Western blot. The gRNAs were cloned into the pKLV 

backbone that has a blue fluorescent protein tag, also enabling easy visualization in cells. 

The delivery of both Cas9n and gRNAs were confirmed by immunofluorescence for anti-

Figure 19. Schematic of the EphB2-targeted Cas9n Knockout Strategy.  
A. The human EphB2 gene sequence from chromosome 1, GRCh38 is shown. Exon 
1 of EphB2 is highlighted in yellow, with the start codon, ATG, indicated in green text. 
The gRNA sequences are highlighted in light blue with the PAM sequences highlighted 
in red. Primer sequences used for sequencing and PCR amplification are highlighted 
in green. B. The gRNA sequences used for cloning are listed and were inserted into 
the cloning site of the pKLV-U6gRNA(BbsI)-PGKpuro2ABFP vector. C. The location of 
EphB2 on chromosome 1 shown and zoomed in to show the total 16 exons, further 
zoomed in to show the first three with the start codon shown on exon 1 (orange), and 
following Cas9 nickase cleavage of exon one, only a small sequence remains but 
eliminates the start of transcription of EphB2.  

B. 

C. 
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Flag (Cas9n) and blue fluorescent protein expression (gRNAs) (Figure 20A). We utilized 

the D10A Cas9n mutant, which has a mutation in the RuvC catalytic domain, resulting in 

nicks only by the HNH domain on the complementary strand to the gRNA. This nick is 

generated 3 base pairs downstream from the PAM sequence, as shown by the red arrows 

in Figure 20B, resulting in a 5’ overhang. The resulting repair by DNA repair mechanisms 

could result in slightly different cleavage product sizes, however the effects will be the 

same as exon 1 would be removed in any case. Truncation of EphB2 as described was 

verified by PCR to amplify both wild type EphB2 (1176 kb) and truncated EphB2 (474kb) 

(Figure 20C). Wild type Cas9 was also used to compare efficiency and achieved 

truncation, but higher levels of wild type EphB2 was observed. The truncated band is not 

a clear band, representing the multiple possibilities in sizes of the repaired EphB2 

truncated product. The negative control with empty vector transfection and control with no 

transfection did not result in truncation of EphB2. After extracting and purifying the PCR 

products from the gel and cloning them into TA vector for sequencing, the results 

demonstrated two clones with successful truncation of exon 1 from EphB2, but in two 

slightly different sites, as shown in the sequence alignment in Figure 22D. Clone 1 showed 

complete truncation of exon 1 with repair at guide D occurring upstream of the PAM 

sequence. Clone 2 demonstrated removal of exon 1 from guide B and C, as guide A was 

fully detected and a partial sequence of guide D. This demonstrates that the truncation of 

exon 1 from EphB2 in our system can result in mixed populations of cleavage products, 

which is to be expected as all four gRNAs and Cas9n have to be present and functional 

at the same time in every cell for the truncation to occur according to the model and may 

not occur at such high efficiency 
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We then verified the expression of EphB2 mRNA via RT-qPCR to demonstrate a 

reduction in EphB2 mRNA levels upon delivery of Cas9n and gRNAs. The same 

transfection of Cas9n and gRNAs was used, and we observed a 67% reduction in EphB2 

mRNA expression upon delivery of Cas9n and gRNAs compared to the Cas9n and empty 

plasmid transfected control (Figure 21A). When treated with TNF-α to induce EphB2 

expression as demonstrated with the experiments in neuronal cells, the combined 

transfection of Cas9n and gRNAs exhibited a 94% reduction compared to the Cas9n and 

empty plasmid transfected cells treated with TNF-α. Un-transfected cells were used as 

controls to verify successful induction of EphB2 upon TNF-α treatment. Western blot 

analysis was used to show Cas9n expression with and without the gRNAs (Figure 21B). 

This demonstrates that the designed system to knockout EphB2 expression via Cas9n 

and four gRNAs is efficient, especially when EphB2 is induced with TNF-α. 

Figure 20. Cas9n Successfully Cleaves Exon 1 from the EphB2 Gene.  
A. Expression of Cas9n and gRNAs in 293T cells.  Cas9n is tagged with flag and 
immunolabeled with anti-flag antibody and anti-mouse FITC, shown in green. gRNA 
constructs express blue fluorescent protein (BFP) and are shown in blue. B. Predicted 
nicks by Cas9n guided by each gRNA occurs 3 base pairs away from the PAM 
sequence on the gRNA target sequence. The Cas9n makes a nick on the 
complementary DNA strand to the gRNA, and when combined, they create a double 
stranded break for each guide pair. When all gRNAs recruit Cas9n, exon 1 is cleaved. 
C. PCR shows successful truncation of EphB2 exon 1. Cells were transfected with 
empty plasmid, Cas9n, or Cas9n + gRNAs and showed significant truncation with 
Cas9n + gRNAs. No truncation was detected with empty vector and Cas9n alone. Wild 
type Cas9 was used to compare efficiency, and cleavage was detected but at much 
lower levels than Cas9n. D. Truncated PCR products were purified and cloned into the 
TA vector for sequencing. Truncation of exon 1 was successful according to the design 
for two different clones. Each clone had different truncations, both resulting in the loss 
of exon 1. The alignment is shown and stars indicate where both clones are aligned. 
The dots indicate where clone 2 was not detected by sequencing and the dashes show 
where the truncation occurred. 
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EphB2-targeted Cas9n Does Not Impact Cell Viability or Cell Cycle Status, but Prevents 

Migration in HEK293T Cells 

 In the following cell assays, we transfected HEK293T cells with either empty pKLV, 

Cas9n, gRNAs, or Cas9n with gRNAs and split them accordingly for each assay. The 

transfection efficiency was determined using immunofluorescence for flag-tagged Cas9n 

with a FITC-conjugated secondary (shown in green) and BFP expressing gRNA cassettes 

(shown in blue) (Figure 22A). The control, empty pKLV plasmid, expresses BFP and was 

also quantified. For Cas9n with gRNAs, only the cells positive for both FITC and BFP were 

quantified. Figure 22B shows the quantification of each transfection efficiency. The control 

condition demonstrated a transfection efficiency of 74% and the Cas9n and gRNA 

conditions were slightly higher at 76% and 77%, respectively. The Cas9n with gRNA 

Figure 21.  EphB2 mRNA Expression is Significantly Reduced by Cas9n.  
A. HEK293T cells were transfected with Cas9n + empty vector or Cas9n + gRNAs and 
a 67% reduction was observed with Cas9n + gRNAs. When the same transfection 
conditions were treated with TNF-α to induce EphB2 expression, a 94% reduction was 
observed, demonstrating an effective knockout of EphB2. B. Western blot analysis was 
performed to confirm Cas9n expression and is detected by anti-Flag antibody. Cas9n 
expression was confirmed in the absence and presence of gRNAs.  
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conditions had a 59% transfection efficiency when quantifying cells confirmed for both 

Cas9n and gRNAs.  

 

 

 

 

 

Figure 22. Transfection Efficiency of EphB2-targeted Cas9n Strategy for 
Cellular Assays. A. Expression of pKLV (Control), Cas9n, gRNAs, and Cas9n with 
gRNAs was visualized with immunofluorescence for Cas9n-flag expression (FITC) or 
gRNAs (BFP). Empty pKLV also expresses BFP. B. Quantification of the 
immunofluorescence shows the percentage of cells transfected.  
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 To ensure that the EphB2-targeted Cas9n strategy is not toxic to cells, we utilized 

several assays to demonstrate no toxic effects. Since we were only interested in the 

effects of the expression of our constructs, we transfected HEK293T cells with empty 

plasmid as a control, Cas9n, gRNAs, or Cas9n with gRNAs instead of using lentiviral 

delivery. We first performed cell cycle analysis via flow cytometry and observed no 

changes in the cell cycle distribution with Cas9n, gRNAs, or Cas9n with gRNAs. Most cells 

were in the G1/G0 phase (45-47%), while 22-26% were in the S phase and 26-29% were 

in G2/M phase (Figure 23A). All conditions were similar indicating no effects on cell cycle 

by Cas9n, gRNAs, or Cas9 with gRNAs. We also performed an annexin apoptotic assay 

using the same conditions in HEK293T cells and observed no change. Nearly all cells 

were healthy (96-97%), only 1.5-1.7% of cells were in the early stage of apoptosis, and 

1.4-2.2% of cells were in late stage apoptosis or dead (Figure 23B). There were no 

significant changes for any of the conditions when comparing all stages. Next, to further 

confirm the lack of toxic effects of the EphB2-targeted Cas9n system we performed an 

MTT assay. The MTT assay is a colorimetric assay that measures cell metabolic activity 

by the reduction of the tetrazolium dye MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide to its insoluble form, formazan. The reaction is dependent on 

the NAD(P)H-dependent oxidoreductase enzymatic activity, as the more viable the cells 

are, the enzyme is more active and more formazan is produced, which results in a purple 

color from yellow. The higher the absorbance at 570nm, the higher the viability. We used 

the same transfection conditions in HEK293T cells (empty plasmid, Cas9n, gRNAs, and 

Cas9n with gRNAs) and observed no significant change (Figure 23C).  
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Figure 23. Cellular Assays Confirming No Effects of Cas9n on Cell Cycle, 
Apoptosis, and Viability.  
A. Cell cycle analysis was performed in HEK293T cells that were transfected with 
empty vector, Cas9n, gRNAs, and Cas9n + gRNAs and revealed no change in cell 
cycle distribution for any condition. Most cells were in G1/G0 (45%), while the remaining 
cells were either in S (22-26%) or G2/M (26-29%). Few cells for each condition were in 
subG1 phase. B. Annexin staining was performed to assess the potential of the Cas9n, 
gRNA, or Casn + gRNA to induce apoptosis. The majority of cells were healthy (about 
96%), while a small amount of cells were considered to be either in early (1.5-1.8%) or 
late (1.4-2.2%) apoptotic stages. C. The same conditions were tested in the same cells 
for viability using an MTT assay, and no changes were observed as all cells were 
considered to be 100% viable.  
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EphB2 has been shown to reduce proliferation but induce migration in glioblastoma 

cells [244], so we applied our Cas9n-directed EphB2 knockout strategy to HEK293T cells 

and subjected them to the scratch assay. Rather than observing any type of growth, we 

analyzed the ability of the cells to migrate into the area scratched free of cells. The cells 

transfected with Cas9n or gRNAs alone resembled the control and demonstrated 

migration of cells into the scratch area. In the Cas9n with gRNA conditions, the migration 

was nearly inhibited completely (Figure 24A). In Figure 24B, EphB2 mRNA expression 

changes were determined using RT-qPCR, and over 60% reduction was seen using 

Cas9n with gRNAs, demonstrating a significant reduction in EphB2 expression for 

HEK293T cells used for the migration assay. This data combined confirms that not only 

EphB2 expression is successfully reduced and there are no toxic effects, but that the 

EphB2-targeted Cas9n strategy demonstrates a functional application as well.  
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To counteract the knockout system of EphB2-targeted Cas9n that we have 

developed, we also developed an inducible EphB2 system in the lentiviral pCW backbone. 

The EphB2 doxycycline-inducible plasmid was a gift from Dr. Lennart Mucke from the 

University of California, San Francisco that was originally cloned and characterized in the 

FUW backbone [100]. We removed the EphB2 construct by restriction enzyme digestion 

and inserted it into the lentiviral pCW backbone. This plasmid was confirmed for 

expression by transfection of HEK293T cells and protein detection by Western blot (Figure 

25). 

 

Figure 24. EphB2-targeted Cas9n Prevented Migration of HEK293T Cells upon 
Induced Scratch Assay.  
A. HEK 293T cells were transfected with empty vector, Cas9n, gRNAs, or Cas9n + 
gRNAs, and subjected to the scratch assay. After 4 days, cells were observed for 
migration into the scratch area and Cas9n-induced knockout of EphB2 prevented 
migration. B. RT-qPCR was performed to determine EphB2 mRNA expression using 
cells from the migration assay. 
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Discussion 

 The CRISPR/Cas9 system discovery began in 1987 and its application was first 

described in the late 2000s in the dairy industry to provide bacteria with immunity against 

phages [221], but the applications have since grown with tremendous possibilities. The 

publication record has significantly increased and the considerations for utilizing the 

technology range from plant biology [245] to human applications for cancer [246], viral 

infections [247] (including HIV-1 [248]), and neurodegenerative diseases [249], among 

others. We have developed a tool to study the effects of the loss EphB2 gene function that 

can be very useful in the field of synaptic plasticity and neurodegeneration.  

 We have designed and validated a Cas9n-directed EphB2 knockout system to 

permanently eliminate EphB2 gene expression that can be delivered in vitro or in vivo. We 

Figure 25. Inducible EphB2 Expression is Confirmed by Western Blot.  
HEK293T cells were transfected with the empty pCW backbone or pCW-EphB2 
construct and induced with doxycycline. The EphB2 protein is flag-tagged, thus EphB2 
protein expression was detected using anti-flag antibody and shown at the expected 
size of 116 kDa. α-Tubulin was used to demonstrate equal loading of protein and was 
detected at 50 kDa.  
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demonstrated by PCR analysis that our system functions as designed to truncate exon 1 

of EphB2. As shown, the truncated band in Figure 20C is not a thin band, which suggests 

that other lengths of truncated products are present. This is expected as the efficiency of 

all four gRNAs performing with Cas9n in all cells at the same time is not is not 100 percent, 

as demonstrated by only a 67% reduction in EphB2 mRNA expression without induction 

by TNF-α (Figure 21A). We also validated that this system does not generate any toxic 

effects, but does demonstrate functional consequences in migration (Figures 23 and 24). 

The next logical step would be to utilize this system in human primary fetal neurons to 

demonstrate the direct connection of EphB2 expression to the increased neurite outgrowth 

seen in the scratch assay (Figures 9 and 12), which was our initial intention. After 

confirming the efficiency of the system, we began strategizing for lentiviral packaging for 

in vitro delivery, which is why Cas9n and the gRNAs are cloned to lentiviral backbones. 

After producing, purifying, concentrating, and establishing the titer for Cas9n lentivirus 

(LV-Cas9n), we achieved a titer of ~3.4x106 fluorescent infective units (IU) per milliliter 

from 6 10cm dishes of transfected HEK293T cells generating 100µL of concentrated LV-

Cas9n stock (data not shown). This is an extremely low titer as typically effective titers are 

in the range of 108-109 IU/mL. Since effective multiplicity of infection (MOI) for primary 

cortical neurons is 6-8, the minimum amount of infective units for one well of a 6-well plate 

is 12 million as 2 million cells are plated in one well of a 6-well plate for a functional scratch 

assay. This would mean that we would need to generate 4 mL of concentrated LV-Cas9n 

for the minimum MOI for one condition of the experiment. With multiple preparations, this 

would be achievable, but our biggest issue was toxicity to neurons. Within an hour or two 

of treating neurons with the LV-Cas9n, they all died, meaning it is not likely that the Cas9n 

expression is the cause since it can take up to 48 hours to observe expression of vectors. 

This led to different strategies of lentiviral preparations, including filter methods and 

generating the virus in HEK293T cells in neuronal media, but the most successful method 
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was ultracentrifuging the fetal bovine serum (FBS) before adding it to the media for 

collection. The LV-Cas9n transduction did not kill the neurons, however there was no 

detected transduction as the titers were in the same range. Other viral delivery methods 

have been demonstrated successfully in neurons, including adeno-associated viruses 

(AAVs) and adenoviruses, but the size of the Cas9n vector is again at the upper limit for 

AAVs as it is for lentivirus. Shorter mutants of Cas9n are being developed, as the size 

restriction creates a global issue, but other strategies could be considered for manipulating 

EphB2 expression in human primary fetal neurons.  

 One strategy that has been demonstrated in hippocampal neurons [250] is the use 

of small interfering RNA (siRNA) to induce a sequence-specific silencing of a target gene. 

siRNAs can be synthetically designed and generated, but they mimic the intrinsic 

mechanism within cells. First, a long double-stranded RNA (dsRNA) is either transcribed 

from genes within the cell and is processed by Dicer, a ribonuclease III (RNAse III)-like 

enzyme, in the cytoplasm into a shorter dsRNA, which is considered the siRNA that has 

21-23 nucleotides with overhangs at the 3’ end of two nucleotides. The siRNA activates 

the RNA-induced silencing complex (RISC), which results in the endonuclease argonaute 

2 (AGO2) component of the RISC cleavage of the passenger strand, or sense strand, of 

the siRNA. The guide strand, or antisense strand, is left associated with the RISC and 

guides the active RISC to its target mRNA to be cleaved by AGO2. This guide strand only 

recognizes and binds to the complimentary mRNA, promoting target-specific gene 

silencing [251]. Short hairpin RNAs (shRNAs) function in the same pathway, but must be 

introduced to the cell by viral delivery. MicroRNAs (miRNAs) can function similarly to 

siRNAs or shRNAs but with less specificity. Instead of requiring the cleavage by AGO2, 

miRNAs associate with RISC to form an miRISC complex, after which the double-stranded 

miRNA is unwound and releases the passenger strand. Once the passenger strand is 
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released, the miRISC is guided by the guide strand of the miRNA to its target, to which is 

binds partially to its complementary bases. This results in degradation, cleavage, and/or 

translational repression to silence the target gene [251]. A key difference to the Cas9n 

strategy we developed is RNA interference (RNAi) is reversible [239], which could be more 

desirable for neurons therapeutically, as permanently knocking out EphB2 could have 

detrimental effects on synaptic plasticity and neuronal health and function.  

 Another strategy utilized for EphB2 signaling modulation is ephrinB2- or EphB2-

Fc-linked treatment. Studies have demonstrated the effects in neurons to mediate the 

effects on neurite growth by controlling forward or reverse EphB2 signaling. One group 

demonstrated the effects on dendritic branching and further establishing the connection 

of GRIP1 and EphB2 [252]. Effects on cortical growth cones by EphB2 forward signaling 

was shown using this approach [253]. Effects were also seen in optic nerves [254] and 

tendon stem/progenitor cells [255]. EphB2 signaling was stimulated to attenuate the 

phosphorylation of tau, demonstrating the therapeutic potential, as well [256]. In general, 

this approach uses the immunoglobin Fc domain that is linked to another peptide, such as 

a ligand or portion of a receptor [257]. To direct EphB2 signaling, the ephrinB2 ligand can 

be fused to the Fc domain and left unclustered to prevent activation of EphB2 receptors 

or clustered to activate EphB2 signaling. This clustering is achieved by incubating 

recombinant Eph/ephrinB2-Fc chimeras at room temperature for 30 minutes in culture 

media with anti-Fc antibody, demonstrating the inexpensive and easy preparation. 

Another advantage is that by using EphB2-Fc-linked proteins, reverse signaling is initiated 

or inhibited by clustered or unclustered proteins, respectively, and the same effects on 

forward signaling are achieved with ephrinB2-Fc-linked proteins. This allows the 

modulation of the direction of signaling, which could demonstrate opposing effects. 

Additionally, this method does not require any delivery system and operates on the 
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protein/receptor level, providing rapid and complete signal mediation since a genetic 

approach can not completely rule out any existing receptor/ligand interactions that may 

function while the system is proceeding in the cells. One consideration for this strategy is 

that the effects are transient, so either multiple treatments may have to be used if 

observing extended effects, such as the scratch assay that proceeds for 3-5 days [257]. 

However, this could also be an advantage when considered therapeutically.  

 Although there are alternatives that could be considered to quickly assess a 

functional consequence of EphB2 in neurite regrowth upon induced injury, the Cas9n 

system is still in development. Perhaps future developments will enable methods to control 

Cas9n function to have a way to prevent its permanent knockout of the target gene. In 

fact, recent studies have begun to develop a system of transcriptional regulation using 

catalytically inactive Cas9 (dCas9) fusion proteins to recruit the effector domains to target 

DNA using gene-specific sgRNAs. Rather than achieving a knockout of gene function, a 

transcriptional repressor domain can be fused to dCas9 and upon guidance from the 

sgRNA to the target sequence, specific gene silencing can be accomplished [258-260]. 

This has been termed CRISPR interference (CRISPRi) and has been developed as an 

inducible system under a doxycycline-inducible promoter, was also reported to be 

reversible [261]. The same strategy can be utilized with a transcriptional activator fused to 

dCas9 [262]. In regards to my strategy for EphB2, p65 could be fused to dCas9 to induce 

EphB2 expression and since c-Rel has been shown to be a transcriptional repressor of 

EphB2 [119], c-Rel could be fused to dCas9 to repress EphB2. Eventually, it would be 

useful to have other mutants with shorter constructs that do not impose on the size 

restrictions of viral delivery methods. Regardless of the hurdle of toxicity and low lentiviral 

titers, we have established a very useful tool to effectively knockout EphB2 and study the 

effects of this loss of function. Considering its role in synaptic plasticity, this could be very 
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useful to investigate the consequences of its loss on downstream pathways to uncover 

other connections than what has already been established.  
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CHAPTER 6. 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

Chronic Inflammation and EphB2: An Environment for Potential Neuroregeneration 

 

 It has been well established that throughout the HIV-1 infection, inflammatory 

cytokines, such as TNF-α, are elevated in the CNS. This has been considered to initiate 

and promote neurodegeneration to progress to HAND that is seen in HIV-1-infected 

patients. Although other effects of the infection, including the increased permeability of the 

BBB, macrophage and astrocyte dysfunction, and release of toxic viral proteins have been 

implicated in neurodegeneration, a common aspect is TNF-α. Although TNF-α has been 

largely regarded as neurotoxic, TNF-α has also been demonstrated to promote neuronal 

health and contribute to synaptic plasticity. We demonstrate for the first time in human 

primary fetal neurons a connection with TNF-α and EphB2, a receptor that has been 

established to be integral to synaptic function and neurite growth. We delineated the 

mechanism to TNF-α-induced activation of TNFR2 to initiate NF-κB translocation to the 

nucleus to upregulate EphB2. We correlated this mechanism to neurite outgrowth 

following induced injury and suspect EphB2 is a driving force. To confirm this, we will 

utilize the developed Cas9n system to knockout EphB2 and our inducible EphB2 in the 

absence of TNF-α to induce EphB2 expression, both in human primary fetal neurons and 

subject them to the scratch assay. We will compare the knockout and inducible systems’ 

ability to regulate neurite outgrowth following induced injury to directly link EphB2 to the 

observed neurite regeneration. If EphB2 is the primary mechanism for directing the neurite 

outgrowth, perhaps a therapeutic intervention can be combined with HAART therapy to 

regulate EphB2 expression in the CNS to prevent or recover from neurite dysfunction and 

loss that is observed in HIV-infected brains. To further characterize the effects of HIV-1 
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on EphB2 expression, we will evaluate EphB2 mRNA expression when neurons are 

treated with supernatants from HIV-1-infected astrocytes and HIV-1-infected microglia. 

We did a preliminary experiment to investigate any effects, and it appears there may be 

some upregulation of EphB2. We collected supernatant from uninfected and HIV-1-

infected astrocytes or microglia with and without antiretroviral treatment, and treated 

human primary neurons with the supernatants for 36 hours. It appears that the 

supernatants from astrocytes had little effects, but the infected microglial supernatant 

upregulated EphB2 when compared to uninfected. This upregulation was slightly reduced 

in neurons treated with the infected microglial supernatants with antiretrovirals, which 

correlates to reduced p24 expression detected by ELISA (data not shown).  

This indicates that HIV-1 infected cells have some effect on EphB2, however this 

preliminary study needs to be more refined. First, we will perform a cytokine array to 

determine the cytokine profile of the supernatants. This is performed by applying the 

supernatants dropwise to a nitrocellulose membrane that have been spotted with capture 

antibodies. The cytokine levels are then detected in a similar manner to Western blot 

detection methods. In addition to this, a glutamate colorimetric assay will be performed to 

assess the levels of glutamate that could be released into the supernatants by either 

astrocytes or microglia. Since EphB2 interacts and regulates NMDAR function, this would 

provide insight into potential effects of HIV infection on synaptic plasticity in human primary 

fetal neurons. A key revision to this experiment would be to use neuronal media for the 

infection of the astrocytes and microglia as there was an increase in EphB2 expression 

by the control media that was not a supernatant from either uninfected or HIV-1-infected 

cells. We will also use this neuronal media supernatants from uninfected and infected 

astrocytes and microglia with and without antiretrovirals in the scratch assay to determine 

if EphB2 can mediate neurite outgrowth following induced injury in the context of HIV-1 
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infection. A consideration for this experiment would be to utilize the inducible EphB2 

construct and the EphB2-targeted Cas9n knockout to determine the effects of modulating 

EphB2 expression in an environment of HIV-infection.  

 

The Involvement of EphB2 in Neurocognitive Deficits in HIV-1 Infection 

 Since HIV-1 infected individuals are living longer and the prevalence of HAND is 

increasing due to this increase in survival, EphB2 may be implicated since it has 

demonstrated a strong role in learning and memory. It would be very interesting and useful 

to determine the effects of EphB2 in cognitive deficits observed after prolonged HIV-1 

infection. To investigate this possible role, we will utilize an HIV-1 infected humanized 

mouse model, in which antiretroviral treatment with atazanvir and ritonavir resulted in an 

increase in microtubule-associated protein-2 (MAP2), synaptophysin, and neurofilament 

expression [263]. These results were described to reflect neuroprotection of the 

antiretrovirals. Using this model, which a humanized NOD/scid-IL-2Rgc
null (NSG) mice is 

established by transplantation of CD34+ human hematopoietic stem cells at birth and later 

infected with HIV-1 at 5 months of age, we will assess the behavioral consequences of 

the HIV-1 infection by using the Barnes maze and novel object recognition test to 

determine if any deficits are induced by the HIV-1 infection. Using this model, we will also 

determine any changes in EphB2 expression by RT-qPCR in brain samples from different 

regions, including the hippocampus and cerebral cortex. After establishing the behavioral 

aspects of the model, we will then modulate EphB2 expression by using the Cas9n-

directed EphB2 knockout and the inducible EphB2 expression construct with and without 

antiretroviral treatment. This will allow us to determine if EphB2 knockout or upregulation 

can worsen or improve learning and memory in the context of HIV-induced cognitive 

deficits.  
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Conclusions 

 As anti-TNF-α therapies have been developed for diseases of chronic and 

debilitating inflammation, we may also consider this for assessing their effects on EphB2 

expression and the cognitive outcomes of the application of the therapies. Since TNF-α 

levels are increased and correlated to the chronic inflammation observed in HIV-1-infected 

patients, their application is very appealing particularly because TNF-α has largely been 

considered to be neurotoxic. However, as our studies and others have demonstrated, 

TNF-α can have highly beneficial effects on neurons to regulate synaptic plasticity, neurite 

outgrowth, and overall neuronal health, especially when impacting neuron-glia 

interactions. In Alzheimer disease, associations of the neuropathology hallmarks and 

cognitive decline have been correlated with TNF-α [264], however in an Alzheimer model 

in mice EphB2 was shown to be downregulated or depleted, and by overexpressing 

EphB2, the cognitive decline was rescued. Perhaps by overexpressing EphB2, or by 

selectively driving TNF-α signaling through TNFR2, these same effects could be achieved 

in an HIV-1 model that demonstrates cognitive deficits. With our observations, we have 

created a model for a novel pathway in neurons for EphB2 activation and regulation of 

neurite outgrowth through a TNF-α-induced NF-κB pathway (Figure 26). 
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Our results demonstrate that the increase in EphB2 expression by TNF-α 

treatment occurred primarily through TNFR2, which has been considered to induce 

pathways that are beneficial to neurons. Since EphB2 is a downstream result of TNFR2 

activation, this could be exploited in inflammatory conditions if selective TNFR blockers 

are developed. Because of the overlap of TNFR1/TNFR2 signaling, it might be more 

Figure 26. Overall Scheme of EphB2-induced Neurite Outgrowth via TNF-
α/TNFR2 Activation of NF-κB Signaling.  
TNF-α binds to TNFR2 to activated the IKK complex, which leads to the 
phosphorylation and ultimately the ubiquitination/degradation of IκB. This results in the 
release of the NF-κB p50/p65 complex for translocation to the nucleus. Upon binding 
to the EphB2 promoter, EphB2 expression is increased, resulting in the increased 
formation of EphB2-GRIP complexes. EphB2 is then recruited and inserted into the 
post-synaptic membrane, where upon dimerization and binding to the ephrin B2 ligand, 
EphB2 directly interacts with and activates NMDAR. This causes an influx of Ca2+ and 
activation of cellular pathways that promote neurite outgrowth, such as Rac. HIV-1 viral 
proteins such as Tat, gp120, nef, and Vpr are indicated here to induce TNF-α 
production that could impact this induction of EphB2. Tat and nef have been shown to 
induce NF-κB signaling, which is also indicated here. Tat can activate NMDAR 
signaling, but it has largely been established to cause neurotoxicity. Adapted from [91] 
with permission. 
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advantageous to utilize downstream targets, such as EphB2 when considering therapeutic 

interventions. This would more directly lead to the desired outcome, which in this case is 

neurite regrowth. Since neuropathological hallmarks of HAND include dendritic pruning, 

synaptic loss and dysfunction, and ultimately neuronal loss, targeting EphB2 could have 

a significant influence in recovering from the neuropathogenesis of HIV.  
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