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Abstract 

Investigating the Role of JAK/STAT as a Potential Pharmacological Target for Epilepsy 

By Anika Kapur 

 Epilepsy is a prevalent neurological condition characterized by recurrent 

spontaneous seizures. The efficacy of current pharmacological agents used to treat 

epilepsy is limited. Hence, there is a need for the identification of new treatment approaches 

that incorporate diverse pharmacological targets. Daily administration of CP-690,550 

(Tofacitinib Citrate), a JAK 3/1 competitive inhibitor, to kainite-induced epileptic mice in the 

chronic phase decreases seizure severity and frequency that persisted even after the 

medication was discontinued. In these same mice, epilepsy-associated deficits in spatial 

memory and working memory were also rescued. Single-nucleus RNA sequencing (RNAseq) 

from the same study determined that the general observed upregulation of inflammatory 

markers was driven by STAT3. A complete understanding of which pathways Tofacitinib is 

suppressing in which specific cell types to produce this anti-inflammatory effect remains 

unresolved. Here, in this study, we first establish and optimize a model for LPS induction to 

mimic the inflammatory cellular environment in the epileptic brain. Subsequently, we use 

the model of LPS induction to probe the exact effects of Tofacitinib on inflammatory 

mediators in two relevant cells: BV2-hEP2 microglia and THP1 monocytes. Our hypothesis 

is that direct inhibition of the JAK/STAT pathway by CP-690,550 reduces the production of 

inflammatory mediators by microglia and monocytes. We find a promising trend in 

Tofacitinib’s suppression of LPS-induced IL-6 mRNA in BV2-hEP2 microglia but fail to detect 



  

any statistically significant effects of Tofacitinib on the mRNA levels of any of the screened 

pro-inflammatory markers within the selected dose range in THP1 monocytes.  
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1. Introduction 

Defining the Disease Burden of Epilepsy 

Epilepsy is a neurological disease characterized by spontaneous and recurrent seizures and 

effects 65 million individuals worldwide.1 Individuals with epilepsy not only suffer from the 

seizures themselves but also suffer from various comorbidities including but not limited to 

depression, anxiety, autism, and cognitive impairment.1 These comorbidities can affect the 

patient’s quality of life as much as, or even more than the seizures themselves. Importantly, about 

30% of patients do not respond to the current available treatment options.1 Those that are 

responsive to treatment, must take medication multiple times a day, as no FDA-approved drugs 

have demonstrated persistent seizure relief.2 Hence, there is a need for the identification of new 

treatment approaches that incorporate diverse pharmacological targets.  

Diagnostic criteria for Epilepsy includes the incidence of two or more epileptic seizures, at 

least 24 hours apart, that lack “any immediate identified cause”.3 Alternatively, an epilepsy 

diagnosis can be warranted by a single “unprovoked” seizure if accompanied by an elevated risk 

of experiencing a second seizure in the next 10 years.3 Age of onset, the type of seizure, the EEG 

patterns, along with other epilepsy syndromes, can also contribute to an epilepsy diagnosis and 

treatment plan.4  

Differentiating Action Potentials in the Healthy vs Epileptic Brain 

Spontaneous and recurrent seizures manifest in acquired epilepsy due to cellular and 

molecular changes that create hyperexcitable neurons.5 In a healthy brain, neurons maintain a 

negative resting membrane potential of -70 mV (Em=Ein-Eout) by regulating the concentration of 

ions entering and leaving the cell via active and passive transport channels, including sodium, 

potassium, calcium, and chloride ions.6,7 ATP hydrolysis-powered membrane pumps and leaky 
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potassium channels dominate the maintenance of the resting potential.6,8 Upon the reception of 

stimuli, N-type Ca2+ channels facilitate calcium influx into the presynaptic neuron’s axon 

terminal.9 This triggers the release of excitatory neurotransmitters into the synaptic cleft which 

bind to dendrite receptors on the postsynaptic neuron.  

To understand the subsequent depolarization sequence, glutamate, an excitatory 

neurotransmitter, can be used as a case study. The binding of glutamate opens ligand-gated sodium 

and calcium channels on the postsynaptic neuron, such as AMPA and NMDA, causing sodium 

and calcium ions to enter the cell, increasing the membrane potential.10 If the stimulus is strong 

enough and enough sodium and calcium enter the neuron, a threshold potential (-55 mV) is 

achieved, causing voltage-gated ion channels along the axon hillock to open.11  The opening of 

these channels results in an influx of more sodium and calcium ions, fully depolarizing the cell 

and generating an action potential. This depolarization is at first localized but then diffuses down 

the axon, causing nearby voltage-gated channels to open, propagating the action potential.11  

Sodium channels are present at higher abundances and allow higher influxes of sodium to 

rush into the cell more rapidly, relative to calcium channels. The kinetics of voltage-gated calcium 

channel open/closure are slower than that of sodium.12 Hence, sodium influx tends to drive rapid 

depolarization while calcium channels enhance depolarization and can also modulate neuronal 

excitability.12 Different types of calcium channels open at different potentials, allowing them to 

modulate neuronal excitability outside of the context of a neurotransmitter binding event.9 

As shown in figure 1.1, a single action potential in a healthy brain is characterized by a 

sharp but singular depolarization peak, followed by a refractory period in which the neuron 

hyperpolarizes before returning to its resting potential. In an epileptic brain, seizures occur when 

neurons synchronously exhibit high-frequency bursts of action potentials.5 As depicted in figure 
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1.1, during a seizure, multiple depolarization events happen in rapid succession without a return 

to the resting membrane potential.13 Moreover, the initial magnitude of the depolarization is much 

greater relative to typical single action potentials.13  

 

Figure 1.1: An action potential in a healthy brain overlaid with a rough depiction of an action 

potential that manifest during seizures in an epileptic brain. This figure is based on a figure in 

(Abbaszadeh et al, 2022).13 

 

The development of hyperexcitable neurons can occur via various mechanisms. In many 

cases, increased calcium permeability raises the resting potential of the neuron, increasing the 

probability that stimuli will raise the membrane potential above the action potential threshold.14,15  

Increased levels of excitatory neurotransmitters or decreased levels of inhibitory neurotransmitters 

may also increase the frequency of action potentials.5 An increase in the number of voltage-gated 

ion channels or decreases in the threshold potential can also play a role.16–18 Genetic epilepsies are 

frequently linked to alteration in the genes of ion channels.19 Changes in the cellular environment 
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may include alterations in ion concentration across the membrane, making the neuron more prone 

to depolarization.5  

Cellular and Molecular Changes underlying Epileptogenesis  

Epileptogenesis, the process by which a normal brain is converted to an epileptic brain with 

hyperexcitable neurons, can be summarized in a three-phase model.20 The injury phase occurs 

when a precipitating event such as a trauma or a brain tumor progression initiates drastic changes 

in the cellular environment resulting in status epilepticus, a prolonged seizure lasting greater than 

5 minutes.20 After termination of the seizure, there is a latent phase where further alterations of 

pathways and cellular functions compound, leading to the development of spontaneous seizures.20 

Hence, the chronic phase is marked by the development of spontaneous recurrent seizures 

(SRS).20,21 Seizures beget seizures; each subsequent seizure contributes to the positive feedback 

loop of molecular changes, increasing the probability of further seizures.  This three-phase 

progression is depicted below in Figure 1.2.  

 

Figure 1.2: A three phase model that summarizes the transformation of a healthy brain into an 

epileptic brain (Created in  https://BioRender.com). 

https://biorender.com/
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 A complete picture of the biochemical pathways underlying the three-phase development 

of epilepsy remains largely unresolved. Neuroinflammation is evident following seizures and is a 

complex response that involves many cells and molecules. However, the role of 

neuroinflammation as a cause and a consequence of seizures is still under investigation.22,23 This 

inflammation is promulgated mainly by immune cells in the nervous system, including resident 

microglia in the brain and circulating blood cells like monocytes. 

Microglia are a subtype of glial cells. Glial cells, once thought to only play a structural role 

in the brain, perform a variety of tasks pertaining to metabolism, neuroprotection, and 

neurotransmission.24 As the resident macrophages in the brain, microglia facilitate homeostatic 

maintenance by engulfing apoptotic cells and other cellular debris and releasing anti-inflammatory 

cytokines such as IL-10 in the process.25 Under normal conditions microglia display a “resting 

phenotype” with a ramified shape and release low levels of inflammatory mediators. Rapidly 

following a seizure, microglia become activated, undergo morphology changes to adopt a 

proinflammatory phenotype, begin to proliferate, and release pro-inflammatory cytokines 

including but not limited to IL-6, TNF-α, CCL2, and IL-1β in a process called microgliosis.25–27 

Figure 1.3 depicts the morphology change of Microglia activated in-vitro. 
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Figure 1.3: Morphology changes of Microglia under the microscope, following activation  

by Lipopolysaccharide (LPS).  

 

Amongst the various elevated cytokines secreted by activated microglia, the increase in IL-

1β is sustained while elevated levels of TNF-α and IL-6 are transient.23 Hence, it is suspected that 

IL-1β elevation is a key cytokine that drives activation of downstream inflammatory pathways and 

initial seizure generation. 

The release of cytokines and other inflammatory mediators, dominated by IL-1β and 

Danger Associated Molecular Patterns (DAMPs) like HMGB1, drives the activation of 

Interleukin-1 receptor type 1 (IL-1R1) and toll-like receptor 4 (TLR4) in affected brain regions.22,28 

These receptors are found on both resident microglia in the brain and circulating monocytes in the 

blood and are activated in response to the binding of cytokines and other endogenous danger-

associated patterns (DAMPs), signals released by glial cells and neurons during pathological or 

stressed conditions.29  Activation of IL_1R1 and TLR4 promotes neuronal hyperexcitability 

directly by triggering the phosphorylation of N-methyl-D-aspartate (NMDA) receptors.14 NMDA 

receptors are ligand-gated ion channels opened by glutamate binding. Phosphorylation of NMDA 

receptors increases their permeability to Ca2+ ions, leading to an influx of calcium into the 
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neuron.14 Upregulation of IL1-R1 and TLR4 also perpetuates an inflammatory cascade, 

summarized in figure 1.4, that induces the transcription of more pro-inflammatory genes including 

TNF-α, IL-6 cyclooxygenase-2 (Cox-2), nuclear factor kappa B (NFKB), and other cytokines.28  

Figure 1.4: IL-1Β upregulation in Epileptogenesis increases activation of the depicted  

pathway, leading to the production of a variety of inflammatory mediators. Activation of this 

same pathway can be induced in-vitro in cells via LPS induction of the TLR4.     
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These pro-inflammatory cytokines not only perpetuate the positive feedback loop of the 

cytokine storm but also modify protein expression post-translationally to increase neuronal 

hyperexcitability. For example, elevated levels of TNF-α upregulate the expression of alpha-

amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors that lack GluR2 

subunits on the membrane.15 An AMPA receptor is another glutamate-controlled ligand-gated ion 

channel. The absence of GluR2 subunits makes AMPA more permeable to Ca2+ ions, increases 

single-channel conductance, and increases channel deactivation kinetics, resulting in larger but 

more short-lived excitatory postsynaptic potentials.15 TNF-α elevation also decreases the 

presentation of gamma-aminobutyric acid (GABAA) receptors that bind inhibitory 

neurotransmitters, decreasing the frequency and strength of inhibitory synapses.23 It has also been 

demonstrated that mice genetically modified to overexpress IL-6 have a lower seizure threshold.23  

In addition to generating inflammation and modulating the excitability of neurons, 

cytokines contribute to neurodegeneration via apoptotic and excitotoxic pathways. Inadequate 

clearance of excitatory neurotransmitters translates into repetitive burst of action potentials that, if 

persistent, culminate in neurodegeneration. Excitotoxic cell death occurs when too much glutamate 

or other excitatory neurotransmitters accumulate in the synaptic cleft.30 This excess glutamate 

increases calcium influx which ultimately triggers proteases, phospholipases, and nucleases to 

break down the cell.30–32 TNF-α increases glutamate release from both glial cells and neurons and 

also lowers the threshold potential for voltage-gated sodium channels.33 IL-1β, TNF-α, and IL-6 

impair glutamate clearance by decreasing the expression of glutamate transporters on 

astrocytes.34,35  

There is also evidence that IL-1β transiently increases blood-brain barrier (BBB) 

permeability via the disruption of tight junctions between endothelial cells, allowing molecules 
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that normally would not get into the brain entry into the brain.36 This leakiness in the BBB allows 

the entry of innate and adaptive immune cells from the periphery to enter into the brain 

parenchyma.23,36 Elevated levels of CCL2, another pro-inflammatory cytokine secreted by the 

activated microglia, facilitate entry into the leaky BBB. The increased CCL2 gradient recruits 

blood-derived monocytes that express the receptor for CCL2 (CCR2).36 Monocytes are derived 

from the same lineage as microglia.37 Upon migration into the brain, monocytes adopt a 

macrophage-like phenotype that ranges on a spectrum between a “pro-inflammatory” phenotype 

(M1 Phenotype) and an “anti-inflammatory” phenotype (M2 Phenotype).38 The exact fate of these 

monocytes and the pathways and conditions under which it is achieved are still uncertain. 

However, monocytes that resemble an M1 phenotype, behave similarly to activated pro-

inflammatory microglia, releasing pro-inflammatory cytokines that modulate neuronal 

hyperexcitability and contribute to the positive feedback loop of inflammation.37,38 Previous work 

has demonstrated that CCR2 knockout mice display decreased levels of monocyte infiltration into 

the brain following status-epilepticus.36 Importantly, in the absence of monocyte infiltration, 

opening of the BBB was decreased, suggesting that infiltrating monocytes work alongside 

microglia to perpetuate the inflammation that increases BBB permeability.36 The decrease in 

monocyte infiltration also enhanced weight regain and decreased hippocampal neurodegeneration 

3 days post-status epilepticus.36 This indicates that monocytes significantly contribute to 

neuroinflammation associated with seizures.  
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The JAK/STAT pathway is a crucial mediator of cytokine-induced cellular changes 

The mechanism by which cells respond to increased cytokines produced by monocytes and 

microglia relies on key downstream signaling pathways of the receptors such as the JAK/STAT 

pathway. The JAK/STAT pathway is one of the signaling mediators in cytokine expression and 

signal transduction in all cells.39 Janus Kinases (JAK) are constitutively expressed multidomain 

non-receptor tyrosine kinases found on the cytoplasmic tails of select transmembrane cytokine 

receptors.40 There are 4 known Janus Kinases: JAK1, JAK2, JAK3, and TYK2. Upon cytokines 

binding to their designated receptor, JAK becomes activated via dimerization and subsequent 

trans-autophosphorylation. Activated JAKs then phosphorylate and activate signal transducers and 

activators of transcription (STATs).39 Upon phosphorylation, STATs dimerize, allowing them to 

be translocated into the nucleus where they act as a transcription factor, regulating gene 

transcription in pathways crucial for hematopoiesis, inflammation, cell growth/survival, 

development, and stem-cell maintenance, just to name a few.39–41  

Unlike the other members of the JAK family, which are ubiquitously expressed and whose 

deletion results in “perinatal and embryonic lethality”, JAK3 is primarily expressed in lymphoid 

cells and only directly regulates transduction on cytokine receptors that possess the common 

gamma chain subunit.42,43 The deletion of JAK3 is non-lethal; JAK3 knockout mice remain viable 

while displaying a severe immunodeficiency phenotype.42 Consequently, in diseases where 

inflammation is persistent and abnormally elevated, JAK3 is an attractive and pharmacological 

target due to its specificity.  

There is some debate as to whether JAK3 inhibition on its own is effective in the treatment 

of autoimmune diseases and other conditions in which an excessive inflammatory response is 

observed.44 Historically, without the crystal structure of JAKs, and due to their structural 



Page 12 of 64 
 

  

homology, it was difficult to develop an inhibitor with exclusive specificity towards JAK3. As 

insights into JAK structures advance, some still seek to develop inhibitors that dually act on JAK3 

and JAK1.44 It is thought that optimal treatment of autoimmune diseases requires some targeting 

of JAK1 due to its presence on many of the common 𝛾c-containing cytokine receptors, often in 

conjunction with JAK3.44 In fact, without JAK1 inhibition, JAK3 inhibition alone only partially 

blocks cytokine signaling.45  

JAK Structure and Chemistry 

The structure of all JAKs was initially divided into 7 JAK Homology Domains (JH1-JH7), 

based on sequence homology.39 However, the elucidation of the crystal structure of JAKs reveals 

four functional domains.39 JAKs (Janus Kinases) derive their name from the two-faced Roman 

God because they are single polypeptide chains consisting of two kinase domains. JH1, the 

tyrosine kinase domain that is mostly conserved amongst all JAKs, starts at the carboxylic acid 

terminal, constituting the first 275 amino acids of the primary sequence, and serves as the catalytic 

domain.46  

The kinase domain is constituted of a small N-terminal lobe connected to a large C-terminal 

lobe by a short kinase hinge.47,48 These lobes form a binding cavity in which an incoming ATP 

substrate is sandwiched between the N-terminal lobe above and the C-terminal lobe below, 

abutting the kinase hinge.47,48   

The N-terminal lobe is composed of a 5-stranded beta-sheet and singular alpha helix while 

the C-terminal lobe is primarily composed of alpha helices.47,48 In the N-terminal lobe, between 

the first and second beta strands, resides a glycine-rich ATP-phosphate-binding loop. This binding 

loop contains a GxGxΦG motif which engages in hydrogen bonding with anchoring ATP and 
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stabilizing its binding to the kinase.47,48 The third beta-strand contains a lysine which engages in 

salt-bridge interactions with the alpha and beta phosphate groups on ATP.47,48  

The kinase hinge, the loop motif that links the N-terminal and C-terminal lobe, also 

interacts with ATP via hydrogen bonding. As shown below in Figure 1.5, two nitrogen on ATP 

form two hydrogen bonds with the backbone of two residues on the kinase hinge to secure it to the 

binding cleft. The nitrogen at the 6th position of ATP’s adenine ring hydrogen bonds to the 

carbonyl on the backbone of the first residue of the kinase hinge and the nitrogen on the 1st position 

of the adenine ring hydrogen bonds to the backbone of the 3rd residue.48  
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MgATP1- + Protein Tyrosine-O-H → Protein Tyrosine-O-PO3
2- + MgADP + H+ 

 

Figure 1.5: An illustration depicting key residues in the binding pocket on JH1 
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Steady-state competitive JAK inhibitors, like Tofacitinib, mimic the structure of ATP while 

optimizing hydrogen bond interactions with the kinase hinge to block ATP from accessing the 

binding cleft.48 JAK1, JAK2, JAK3, and TYK2 have slightly different residues at the 1st and third 

position, allowing for inhibitor specificity.48 Of note, JAK1 and JAK3 are the only two JAKs that 

both have a glutamate and a leucine as the 1st the and 3rd residues on the kinase hinge, 

respectively.48   

The c-terminal lobe contains a catalytic loop and an activation loop. One of two adjacent 

tyrosine residues on the activation loop engages in a nucleophilic attack on the γ-phosphate of 

ATP.47,48 This nucleophilic attack is facilitated by a histidine-arginine-aspartate motif (H-R-D 

motif) and an Aspartate-Phenylalanine-Glycine motif (D-F-G motif) on the catalytic loop .47,48 The 

Aspartate on the H-R-D Motif acts as a general base, increasing the nucleophilicity of tyrosine by 

deprotonating it. The Aspartate on the D-F-G motif chelates Mg2+. A divalent cation, like Mg2+, 

coordinates with ATP’s α- β- and γ-phosphates and is crucial for establishing the correct 

orientation for phospho-transfer.47,48 The chemical reaction facilitated by the kinase domain is 

depicted above in Figure 1.1. There are several other residues on the kinase domain that stabilize 

the binding of ATP to JAK. This includes another asparagine on the activation loop that contributes 

to Mg2+ chelation.48  

Another set of hydrophobic residues that exist on both the c-terminal lobe and n-terminal 

lobe constitute the hydrophobic catalytic (C-Spine) and regulatory (R-spine) spines that assemble 

upon ATP binding.49,50 These hydrophobic spines in the catalytic core stabilize the bound ATP 

and influence its orientation for catalysis. The C-Spine consists of hydrophobic residues on the N-

terminal lobe and C-terminal lobe, linked by the adenine ring. The R spine runs parallel to the C-

Spine, engaging two aromatic residues from the C-lobe, including the phenylalanine from the DFG 
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motif, and two aliphatic residues from the alpha-helix and β4 strand on the N-lobe.49,51 Again, the 

positions of these residues and motifs differ slightly between the different JAKs, allowing for 

specificity to be built into any potential inhibitor. 

The pseudokinase domain contains a similar structure and sequence to the kinase domain 

with differences in key residues that render it largely catalytically inactive. For instance, the 

aspartate on the H-R-D motif on the catalytic loop is replaced by an asparagine, which is incapable 

of deprotonating tyrosine.48 In the D-F-G Motif, proline replaces phenylalanine, creating a 

conformation in which the chelating aspartate lies deeper in the binding cleft and becomes hard to 

access.52 The pseudokinase domain also lacks the third glycine in a GXGXXG motif on the n-

terminal lobe which is crucial for orienting and anchoring ATP.53  

The N-terminal lobe of the pseudokinase domain interfaces with the N-terminal lobe of the 

kinase domain at a 90° angle, facilitated primarily by hydrophobic interactions between a 

phenylalanine residue on the pseudokinase domain and hydrophobic residues on the kinase domain 

(Ile, Leu, Met, and Tyr).52 Psuedokinase regulates the kinase domain in an autoinhibitory manner 

as shown by the higher Km and lower activity associated with ATP binding to the pseudokinase–

kinase protein complex relative to ATP binding to the Kinase domain in isolation.52 The SH2 and 

FERM domains primarily mediate the interaction of JAK with the receptor tails.54  

Prior to cytokine binding to their respective receptors, the tyrosine kinase is held in a closed 

or inactive conformation via stabilizing intramolecular interactions with the pseudokinase.46 In this 

inactive state, not only is kinase mobility restricted but it is thought that the JH1-JH2 interaction 

facilitates a DFG flip, where the order of aspartate and phenylalanine residues temporarily switch 

positions, leading to a “DFG-out” conformation where the Mg2+-chelating aspartate is pointed 

away from the active site.55 Other modeling studies have proposed that, in the inactive state, the 
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tyrosine kinase “is folded back on the FERM-SH2 domain” which not only blocks ATP from 

accessing the binding pocket but generates steric repulsion between the FERM and pseudokinase 

domains between JAKs that would otherwise dimerize.56  

Upon cytokine binding, a conformation change is induced in which the pseudokinase 

domain and kinase domain become separated via a rotation.48,57 This separation allows the JAK 

on one receptor to dimerize with another JAK on a proximal receptor, thereby facilitating the trans-

autophosphorylation of the JAKs.57  

Once JAKs are activated, they phosphorylate tyrosine residues located on the intracellular 

cytoplasmic domain. The exact mechanism and conformation changes required for this 

phosphorylation are not yet fully understood.56 Nonetheless, this creates docking sites for STATs 

which attract and bind to the SH2  domain of two STAT proteins via interactions between the 

phosphate group and conserved residues on the SH2 domain.46 Upon docking, JAK phosphorylates 

a tyrosine residue on the transcriptional activation domain of the bound STAT.39,48 The resulting 

phosphotyrosine on one STAT protein binds to the SH2 domain on a neighboring phosphorylated 

tyrosine and vice-versa, creating a pSTAT dimer in an antiparallel β-strands arrangement.46 

Dimerization displaces the SH2 domain interactions with the receptor, causing the pSTAT dimer 

to dissociate from the receptor and translocate from the cytoplasm into the nucleus where its DNA 

binding domain binds to target sequences and either suppresses or enhances transcription.46 Shown 

below in Figure 1.6, is a schematic of the pathway. 
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Figure 1.6: A depiction of the JAK/STAT phosphorylation mechanism. 

 

There are 7 STATs that homodimerize and heterodimerize in a variety of combinations to 

induce the transcription of different proteins. For instance, STAT1 activation initiates the 

transcription of apoptosis proteins such as capsase1.46 STAT1 has also been implicated in inducing 

M1 macrophage polarization downstream of TLR signaling.58 Conversely, STAT3/STAT6 dimers 

promote M2 macrophage polarization.58 

Tofacitinib (CP-690,550) Mechanism of Inhibition 

Tofacitinib (CP-690,550), is a small molecule PAN-JAK competitive inhibitor, initially 

developed by Pfizer to treat autoimmune diseases such as Graft vs Host Disease and Rheumatoid 

Arthritis.59 CP-690,550 is highly potent against JAK3 with a Ki of 0.2 nM. It inhibits JAK1 (Ki=0.7 

nM), JAK2 (Ki=1 nM), and TYK2  (Ki=4.4 nM) with lower potency.60 Its high specificity towards 
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the JAK kinases within the human kinome is remarkable, considering that, at the time of its 

development, the structure of JAK was unknown.59 The structure of CP-690,550 is shown below 

in Figure 1.7. 

 

 

Figure 1.7: The Chemical structure of CP-690.550 

 

CP-690,550 consists of a pyrrolopyrimidine hinge binder group that bears a high structural 

resemblance to Adenine in ATP. The hinge binder group is attached to a methylamino piperidine 

headgroup with an oxopropanenitrile moiety bonded to the nitrogen on the piperidine ring.59 The 

pyrrolopyrimidine ring is oriented against the kinase hinge.60 Analogous to ATP, it creates two 

hydrogen bonds with the 1st and 3rd residues of the kinase hinge; In JAK3, the N-H on the 

polypyrrole forms a hydrogen bond with the carbonyl on the 1st glutamate residue, and the nitrogen 

on the 1st position of the adenine ring hydrogen bonds to the N-H of the backbone of the 3rd 

residue, leucine. The piperidine headgroup is oriented to allow it to engage in hydrophobic 
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interactions. Specifically, the C6 methyl group points towards the C-lobe while the cyano group 

on the other side of the ring forms polar contacts glycine-rich loop, obstructing another key 

anchoring point of ATP.48,60 This is in addition to the many interactions CP-690,550 engages in 

with the aforementioned hydrophobic spines.  Tofacitinib’s high selectivity of JAK3 is attributed 

to the manner in which it binds. Tofacitinib binds the “DFG-in” active conformation of the 

kinase.61 However, specifically with JAK3, it favorably binds in such manner that is causes the 

kinase to adopt of peculiar closed conformation in which an asparagine residue on the N-terminal 

lobe engages in hydrogen bonding with the carboxy group on ASP949, the catalytic aspartate.61 

This structure causes the N-lobe to be twisted against the C-lobe.61 Hence, Tofacitinib does not 

just block ATP’s access to the hinge binding region but, effectively, the whole catalytic subunit.  

Administration of Tofacitinib to Epileptic Mice Decrease Seizure Severity and Frequency 

Recently, single nucleus RNA sequencing (RNAseq) analysis performed on hippocampal 

tissue from pilocarpine-treated mice that was harvested 4 days after status epilepticus revealed that 

“STAT3 was among the top three genes controlling upregulated gene expression across the 

greatest number of cell types”.2 This finding was replicated in transcriptome data from human 

temporal lobectomy samples from patients with chronic epilepsy. The same study found that the 

JAK/STAT pathway is active immediately following status epilepticus in both neurons and glial 

cells but subsides in activity in the days following.2 Upon the recurrence of a spontaneous seizure, 

the JAK/STAT pathway once again demonstrates an uptick in activity.2 The study further 

demonstrated that daily administration of CP-690,550 to chronically epileptic mice reduced both 

seizure frequency by 80% along with seizure severity.2 When CP-690,550 was withdrawn from 

the 65% of mice that responded to the treatment, 75% of those mice remained seizure-free.2 Not 
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only did CP-690,550 suppress seizures but it also demonstrated the ability to reverse cognitive 

comorbidities associated with chronic seizures.2  

It remains to be known which pathways downstream of JAK/STAT activation are being 

inhibited by CP-690,550 and in which cell population to produce the reduction in seizure severity 

and frequency. One possibility is that the reduction in seizure severity and frequency is due to a 

direct suppression of inflammatory cytokine expression and release by monocytes and microglia, 

and not just a disruption in transduction. Therefore, the hypothesis is, by directly inhibiting the 

JAK/STAT pathway, CP-690,550 reduces the production of inflammatory mediators by microglia 

and monocytes. 

To test this hypothesis, we developed and optimized an in-vitro inflammatory model, using 

lipopolysaccharide (LPS) to stimulate THP1 monocytes and BV2-hEP2 microglia in culture. LPS 

causes inflammation by binding to and directly activating TLR4 which is believed to be activated 

very early on following seizures.  After establishing the optimal working LPS dose to induce M1 

macrophage polarization and using TAK-242 to confirm that M1 macrophage polarization is 

contingent on LPS activation of TLR4, we exposed monocytes and microglia to various doses of 

Tofacitinib and investigated the effect on multiple LPS-induced pro-inflammatory mediators 

including IL-1β, TNF-α, IL-6 and Cox-2 at both the mRNA level measured by qRT-PCR and the 

protein level by western blot.  We also investigated the impact of Tofacitinib’s effectiveness at 

modulating post-translational modification of downstream targets.  
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2. Material and Methods 

2.1 BV2-hEP2 Microglia Cell Line 

The BV2 microglia were generously provided by Dr. Malu Tansey (Emory University, 

Atlanta, GA).  BV2 cells were stably transfected with human EP2 as previously described (Rojas 

et al., 2019).62  Briefly, murine-derived BV2 microglia were transfected with human EP2 

(Accession no. AY275471) in the pcDNA3.1(+) vector (University of Missouri-Rolla cDNA 

resource center) using Lipofectamine 2000 transfection reagent (Invitrogen) according to the 

manufacturer’s protocol.  Following transfection, the cells were allowed to grow and proliferate 

for 48 hours prior to incubation in complete media supplemented with 400 µg/mL G418 (Sigma-

Aldrich, St. Louis, MO).  After a week of incubation in the presence of G418 the culture was 

subcloned by limiting dilution.  BV2-hEP2 subclones were expanded from a single cell and 

maintained in complete medium supplemented with 800 µg/mL G418 (Sigma-Aldrich) at 37 °C 

in 95% air/5% CO2.  BV2-hEP2 cells were cultured in Dulbecco’s Modified Eagle Medium 

Nutrient Mixture F-12 containing L-Glutamine and Sodium bicarbonate. The medium was 

supplemented with 10% Fetal Bovine Serum (FBS), as a source of growth factors and proteins, 

and 10% Penicillin-streptomycin to prevent bacterial contamination. Cells were maintained in a 

T-75 flask and passaged every 4 days.  To passage the cells, the media was removed from the flask 

and discarded.  The cells attached to the bottom of the flask was washed twice with PBS and then 

incubated with 0.25% Trypsin-EDTA for 5 minutes at 37 ° C to detach the cells.  Media was then 

added to the flask to deactivate the trypsin and the cells were collected, counted and either 

transferred to a new flask or plated in plates for subsequent experiments. 
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2.2 THP1 Monocyte Cell Line 

The THP1 monocyte cell line, derived from a human leukemia patient and named for 

Tohoku Hospital Patient (THP), was cultured in sterile-filtered RPMI-1640 High Glucose Media 

with L-Glutamine and HEPES, a buffering agent. The media was further supplemented with 10% 

FBS, 10% Penicillin-streptomycin, and an additional 10% HEPES. The media was also 

supplemented with 10% sodium pyruvate, imperative for facilitating ATP production in a high 

glucose environment.  Cells were maintained in a T-75 flask at 37 °C in 95% air/5% CO2 in 

suspension and passaged every 5 days by pelleting and reseeding the cells in fresh media.  

2.3 THP1 Monocyte LPS Optimization and Cell Dosing (protein extraction) 

         THP1 cells were plated in a sterile 6-well plate at a confluency of 1,000,000 cells per well 

and allowed to acclimate and adhere to the plate for 24 hours. Each well was treated with 

lipopolysaccharide (LPS) dissolved in water at various concentrations (0 ng/mL, 0.1 ng/mL, 1 

ng/mL, 10 ng/mL, 100 ng/mL of LPS). The LPS stock was dissolved to maintain the same 

concentration of DMSO which was lower than 1% for all concentrations used.  Treated cells were 

then incubated for 24 hours before being collected and pelleted at 2,000 RPM for 5 minutes.  The 

cells were collected in a tube and pelleted by centrifugation to extract total protein.  The cell pellet 

was resuspended in RIPA lysis and extraction buffer (Supplemented with 100x Phosphatase 

Inhibitor and 100x Protease Inhibitor).  The lysate was incubated on a platform rocker for 20 

minutes at 4 ° Celsius and sonicated to further lyse the cells and solubilize the protein. The cell 

lysates were centrifuged to separate any cellular debris left after the extraction process. The total 

protein from the soluble fraction in each lysate was quantified and further prepared for western 

blot described below in section 2.7.        
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2.4 THP1 Monocyte and LPS/TAK-242 Cell Dosing (protein extraction) 

THP1 cells were plated in a 6-well plate at a confluency of 1,000,000 cells per well and 

allowed to acclimate and adhere to the plate for 24 hours at 37℃. Cells were then treated with 10 

µM TAK-242 (dissolved in DMSO), a toll-like receptor 4 (TLR4) inhibitor, or DMSO only in 1x 

Phosphate Buffered Saline (PBS) for 1 hour. Thereafter cells were treated with 10 ng/mL of LPS 

or water which was used as the vehicle for LPS. Treatment groups included DMSO, DMSO/TAK-

242, DMSO/LPS, and LPS/TAK-242. Treated cells were then incubated for 24 hours before being 

collected and pelleted at 2000 RPM for 5 minutes. Total protein was extracted, separated into 

soluble and insoluble fractions, quantified, and prepared for western blot experiments as described 

above in section 2.3.     

2.5 Working Tofacitinib Stock Solution:  

CP-690,550 citrate (C16H20N6O), also known as Tofacitinib Citrate, was provided by 

Tocris and dissolved in DMSO to make a 0.935 µM working solution. This working solution was 

further serially diluted in DMSO to obtain lower concentrations of the drug for subsequent 

experiments.   

2.6 Western Blot: 

Protein lysates were quantified via a Bicinchoninic Acid (BCA) protein assay. The assay 

relies on the interaction of peptides with Copper (II) Sulfate. The peptides reduce the Cu2+ to Cu+ 

which, at high temperatures, forms a colored purple complex whose absorption at 562 nM varies 

proportionally with protein concentration. The protein samples are quantified against a standard 

curve.  Once the protein was quantified, samples were mixed with 4x Laemli buffer containing 

loading dye and beta-mercaptoethanol as a reducing agent to linearize proteins and then heated at 

70 ° C for 7 minutes.  Total protein lysates (20 μg of total protein) were separated by size using a 
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4-20% gradient sodium dodecyl sulfate polyacrylamide gel by electrophoresis (SDS-PAGE) for 1 

hour at 150 mV and electroblotted onto polyvinylidene fluoride (PVDF) membranes (88520, 

Millipore, Burlington, MA) for 16 hours at 30 mV. Membranes were blocked with 5% (w/v) non-

fat milk at 25 °C for 1 hour and subsequently incubated overnight at 4 °C with the primary 

antibody: rabbit anti-IL-6 (1:1000, 12153S Cell Signaling Technology, Danvers, MA), mouse anti-

IL-1β (1:1000, 12242S, Cell Signaling Technology, Danvers, MA), rabbit anti-STAT (1:1000, 

30835T, Cell Signaling Technology) or mouse anti-pSTAT (1:1000, 4113T, Cell Siganling 

Technology). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (1:1000, ab181602, 

Milipore) and heat shock protein 60 (HSP60, 1:1000, ab5622, Millipore) were used as internal 

loading controls.  The blots were washed three times for 5 minutes each with tris buffered saline 

containing tween-20 (TBST).  After washing, the blots were incubated with goat anti-rabbit (111-

035-003) or goat anti-mouse (115-035-003) horseradish peroxidase-conjugated secondary 

antibodies (1:2000, Jackson Immuno, West Grove, PA) at room temperature for 1 h. The blots 

were washed again (3x, 5 min each), developed by enhanced chemiluminescence (Immobilon 

Western Chemiluminescent HRP Substrate) (Milipore Sigma, Burlington, MA), and scanned using 

a ChemiDoc MP imaging system (12003154, BioRad, Hercules, CA).  The band intensities were 

quantified directly from the .scn file by ImageLab 6.0.1 (BioRad).  For each sample, the protein 

quantification was normalized to the loading control and expressed as the fold change relative to 

the corresponding control samples. 

2.7 RNA isolation and quantitative real-time polymerase chain reaction (qRT-PCR) 

Total RNA was extracted using the Zymo Research Quick-RNA Microprep kit reagents 

and protocol. The RNA concentration and purity were measured by a SmartSpec 3000 

spectrophotometer (Biorad, Hercules, CA) using the A260 value and the A260/A280 ratio, 
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respectively.   RNA was converted into cDNA by adding 1 µg of RNA to a 20 µL reaction mix 

with 4 µl of Quantabio qScript cDNA Supermix (contains M-MLV reverse transcriptase, 

ribonuclease inhibitor protein, Deoxynucleotide triphosphates (dNTPs), primers, and enzyme 

stabilizers). The First-strand cDNA synthesis reaction was performed at 42 ºC for 50 min. The 

reaction was terminated by heating at 70 ºC for 15 min.  RNA from the THP1 cells (1 µg total 

RNA) and the BV2-hEP2 cells (2 µg total RNA) was converted to cDNA.  

The newly synthesized cDNA was diluted and then added to qRT-PCR reaction mixes on 

a 96-well plate, containing 8 µl of 10x diluted template cDNA, SYBR green, HotStart DNA Taq 

polymerase, dNTPs, Taq buffer, and forward and reverse primers at a total concentration of 1 µM 

(0.5 µM forward primer, 0.5 µM reverse primer) with a final volume of 20 µl.  qRT-PCR reactions 

were run in the iQ5 Multicolor Real-Time PCR Detection System (Bio-Rad). Cycling conditions 

were as follows: 95 ºC for 2 min followed by 40 cycles of 95 ºC for 15 sec and 60 ºC for 1 

min.  Melting curve analysis was used to verify the specificity of the primers by single-species 

PCR product. Fluorescent data were acquired at the 60 ºC step. Samples without cDNA template 

served as the no-template controls.  The threshold cycle (Ct) values for each gene in each treatment 

group were obtained at the end of each PCR. The mean of cycle thresholds for mouse β-actin and 

glyceraldehyde-3-phosphate (GAPDH) was used as an internal control for relative 

quantification.  Cycle threshold (Ct) values for each gene in each treatment group were obtained 

and converted into fold-change values, after standardizing them to the Average Ct values of the 

housekeeping genes (actin and GAPDH). Analysis of quantitative real-time PCR data was 

performed by subtracting the average mean of two internal control genes from the measured cycle 

threshold value obtained from the log phase of each amplification curve of each gene of interest. 

The fold increase of each gene of interest was estimated for each treatment relative to the amount 
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of RNA found in the control samples using the 2ΔΔCT method.63 The sequences for the primers of 

the targeted genes of interest (mouse and human) are listed below in Table 2.1 and Table 2.2. 

Table 2.1: Mouse Primer Sequences 

Gene Forward Primer Sequence Reverse Primer Sequence 

β-Actin 5’- AAG GCC AAC CGT GAA AAG AT -3’ 5’- GTG GTA CGA CCA GAG GCA TAC -3’ 

GAPDH 5’- TGT CCG TCG TGG ATC TGA C -3’ 5’- CCT GCT TCA CCA CCT TCT TG -3’ 

Cox-2 5’- CTC CAC CGC CAC CAC TAC -3’ 5’- TGG ATT GGA ACA GCA AGG AT -3’ 

IL-1β 5’- TGA GCA CCT TCT TTT CCT TCA -3’ 5’- TTG TCT AAT GGG AAC GTC ACA C-3’ 

TNF-α 5’- GGT GCC TAT GTC TCA GCC TCT T -3’ 5’- GCC ATA GAA CTG ATG AGA GGG AG -3’ 

IL-6 5’- TAC CAC TTC ACA AGT CGG AGG C -3’ 5’- CTG CAA GTG CAT CAT CGT TGT TC -3 

 

Table 2.2: Human Primer Sequences 

Gene Forward Primer Sequence Reverse Primer Sequence 

Β-Actin  5’- CAC CAT TGG CAA TGA GCG GTT C-3’ 5’- AGG TCT TTG CGG ATG TCC ACG T -3’ 

GAPDH 5’- TGT CCG TCG TGG ATC TGA C -3’ 5’- CCT GCT TCA CCA CCT TCT TG -3’ 

Cox-2 5’- CGG TGA AAC TCT GGC TAG ACA G -3’ 5’- GCA AAC CGT AGA TGC TCA GGG A -3’ 

CCR2 5’- TGG CTG TGT TTG CTT CTG TC -3’ 5’- TCT CAC TGC CCT ATG CCT CT -3’ 

CD80 5’- CTC TTG GTG CTG GCT GGT CTT T -3’ 5’- GCC AGT AGA TGC GAG TTT GTG C-3’ 

IL-6 5’- AGA CAG CCA CTC ACC TCT TCA G -3’ 5’-TTC TGC CAG TGC CTC TTT GCT G -3’ 
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2.8 THP1 Monocyte and Tofacitinib/LPS Dosing (RNA isolation) 

THP1 monocytes were plated in a 12-well plate at a confluency of 400,000 cells per well 

and allowed to acclimate for 24 hours. Thereafter, the plate was separated into treatment groups 

consisting of two replicates and treated with either DMSO, 1 nM, 10 nM, 100 nM, or 1000 nM of 

Tofacitinib. After an incubation period of two hours with the Tofacitinib at 37℃, the cells were 

treated with 10 ng/mL of LPS for an additional two hours. One group treated with DMSO only 

and not LPS was used to establish a baseline for inflammatory cytokine expression. Following 

treatment with LPS, the cells were collected and centrifuged at 500 xg for 5 minutes. The pellets 

were then resuspended in RNA lysis buffer. Samples were then processed for qRT-PCR as 

described above.   

2.9 BV2-hEP2 Cells and Tofacitinib/LPS Dosing (RNA isolation)  

BV2-hEP2 cells were plated in a 12-well plate at a confluency of 400,000 cells per well 

and allowed to acclimate and adhere to the plate for 24 hours. Thereafter, the plate was separated 

into treatment groups consisting of two replicates and treated with either DMSO, 1 nM, 10 nM, 

100 nM, or 1000 nM of Tofacitinib. DMSO can inhibit cytokine production, hence to isolate the 

effects of Tofacitinib, DMSO serves as the control group.64   DMSO was maintained at a 

concentration of less than 1% in all treatments.  After a 2-hour incubation period with the drug, 

the cells were treated with 10 ng/mL LPS for an additional two hours. One group did not receive 

LPS but were exposed to DMSO to establish a baseline for inflammatory cytokine 

expression.  Following treatment with LPS, the cells were washed with cold 1x PBS to suspend 

metabolic and enzymatic activity and lysed with RNA lysis buffer before being collected and 

pelleted. Samples were lysed and then processed for qRT-PCR analysis as described in detail 
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below. The only deviation from the described qRT-PCR protocol is that 2 µg of RNA were 

converted to cDNA instead of the standard protocol of using 1 µg of RNA.  

2.10 BV2-hEP2 Cells qRT-PCR and Primer Validation 

BV2-hEP2 cells were plated in a 12-well plate at a confluency of 400,000 cells per well 

and allowed to acclimate and adhere to the plate for 24 hours. Cells were treated with 10 ng/mL 

LPS for two hours at 37 degrees Celsius. Following treatment with LPS, the cells were washed 

with cold PBS to suspend metabolic and enzymatic activity and lysed with RNA lysis buffer before 

being collected from the plate. Samples were then processed for qRT-PCR analysis as described 

above. Transcribed cDNA was serially diluted in water at the following concentrations: 10x, 100x, 

1000x, 10,000x. qRT-PCR was performed for all primers used in prior BV2-hEP2 experiments as 

described above.  

2.11 BV2-hEP2 Cells Tofacitinib/LPS Dosing to Observe Tofacitinib’s Effect on Post- 

Translation Modifications (protein isolation) 

BV2-hEP2 cells were plated in a 6-well plate at a confluency of 1,000,000 cells per well 

and allowed to acclimate and adhere to the plate for 24 hours. Each well was treated with either 

DMSO, 1 nM of Tofacitinib, 10 nM of Tofacitinib, 100 nM of Tofacitinib, or 1000 nM of 

Tofacitinib for two hours. After incubation with the drug, cells were treated with 10 ng/mL of LPS 

and allowed to incubate at 37℃ for 24 hours. One of the two DMSO treatment groups did not 

receive LPS to establish a baseline for inflammatory cytokine expression. Following treatment 

with LPS, the cells were washed with cold PBS to suspend metabolic and enzymatic activity. 

Treated cells were then incubated for 24 hours before being collected and pelleted at 2000 RPM 

for 5 minutes. Total protein was extracted, separated into soluble and insoluble fractions, 

quantified, and prepared for western blot experiments as described above in section 2.3.     
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2.12 Data analysis and statistics 

Concentration−response curves were made using GraphPad Prism software (Version 8).  

Statistical analysis was performed using GraphPad Prism software with one-way ANOVA and 

post hoc Bonferroni with selected pairs. For the cytokine induction assays, ΔΔCT values were used 

for statistical analysis while fold changes are represented in the graphs. Differences were 

considered to be statistically significant if p < 0.05.  All data are presented as mean ± SEM. 

3. Results 

3.1 LPS Induction as a Model for Neuroinflammation in THP1 Cells 

Lipopolysaccharide (LPS) is a glycolipid that resides on the outer membrane of gram-

negative bacteria. LPS contains the hydrophobic lipid A moiety whose acyl tails specifically bind 

to the hydrophobic pocket of the MD-2 receptor.65 The phosphate groups above the acyl tails 

engage in hydrogen bonding and ionic interactions with residues on the MD-2 receptor. MD-2 then 

complexes with and activates TLR4, initiating an inflammatory cascade.65 LPS activation of TLR4 

leads to an increase of pro-inflammatory cytokines along the same pathway activated by IL1-

B/DAMP, that is thought to drive inflammation the beginning of epileptogenesis.65 A depiction of 

this pathway is shown above in Figure 1.4. Thus, LPS can be used as an in-vitro agonist to evaluate 

the effects of CP-690,550 on inflammation in cells cultured in a controlled environment.  

To determine the optimal dose of LPS to polarize THP1 monocytes into a pro-

inflammatory M1 phenotype, a dose response was tested to examine the impacts of different 

concentrations of LPS on the protein expression levels of pro-inflammatory cytokines, IL-6 and 

human leukocyte antigen HLA-DR. IL-6 and HLA-DR are abundantly expressed in M1-polarized 

monocytes and are widely accepted markers of M1 polarization.66 Moreover, both are relevant 

markers within the context of neuroinflammation in diseased states. For example, elevated levels 
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of HLA-DR have been observed in the brains of Multiple Sclerosis patients.67 Also, IL-6 

expression is positively correlated with both seizure frequency and severity.68 THP1 cells were 

dosed with LPS for 24 hours. We detected changes in IL-6 and HLA-DR protein expression levels, 

probed using western blots (Fig. 3.1). Expression levels were normalized to the housekeeping gene 

heat shock protein 60 (HPS60), that served as a loading control,  and then also normalized to the 

control group that received no LPS. Because 10 ng/mL LPS maximized IL-6 expression and 

increased average HLA-DR expression in THP1 monocytes, it was selected as the working LPS 

dose for subsequent experiments to create an inflammatory response. 
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Figure 3.1.1: Western blot images measuring the change in IL-6 (A, B) and HLA-DR (C, D) 

protein expression in response to different doses of LPS within 24 hours.  Expression levels are 

normalized to HPS60 which serves as the loading control and subsequently normalized to the no 

LPS treatment group.  LPS doses were compared to no LPS treatment using a one-way ANOVA 

with Sidak’s posthoc test. Data is considered statistically significant if p < 0.05. All biological 

replicates were collected from separate passages.  

 

To evaluate how representative our in-vitro model of neuroinflammation pathway 

progression is, we sought to verify that the observed inflammatory response was a direct 

consequence of LPS induction and that LPS was exclusively signaling through TLR4. To do this, 

THP1 cells were pre-treated with TAK-242, a TLR4 inhibitor (also known as CP-690,550), at a 

concentration of 10 µM before being treated and incubated with 10 ng/mL of LPS for 24 hours. 
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TAK-242 is a non-competitive inhibitor that covalently modifies a key cysteine residue on the 

intercellular domain of TLR4.69 This covalent modification prevents adaptor proteins like MyD88 

from associating with the intraceullar domain of the receptor, thereby blocking the progression of 

the pro-inflammatory pathway seen in Figure 1.4.69 Protein expression levels of IL-6, 

phosphorylated nuclear factor kappa B (NFKB), and phosphorylated IκB kinase (IKK) were 

probed via western blot. If LPS is exclusively signaling through TLR4, then TAK-242 should 

block downstream phosphorylation of NFKB and IKK, consequently also blocking IL-6 induction. 

Treatment of THP1 monocytes with the TLR4 inhibitor blocked any induction of IL-6, 

phosphorylated NFKB, and phosphorylated IKK, maintaining expression of all 3 markers at basal 

levels, comparable to the control group (Fig. 3.2). 
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Figure 3.1.2: Western blot images measuring the change in Phosphorylated NFKB (A), 

Phosphorylated IKK (B), and IL-6 (C).  Changes in phosphorylated protein are calculated by 

normalizing obtained quantification values to a loading control, HPS60. Phosphorylated protein 

band intensities are then divided by corresponding total protein intensities and the normalized to 

the average of the control groups (DMSO-treated) –- Both N1 and N2 were run on the same blot. 

IL-6 was quantified by normalizing band intensity to the HSP60 loading control and then 

normalizing value for all treatment groups to the average of the control group to obtain a fold 

change. All biological replicates were collected from separate passages. 

 

3.2 The Effect of CP-690,550 on Inflammatory Cytokine mRNA Transcription in THP1 

Monocytes 

  Having established an in-vitro model for inflammation, the ability of CP-690,550 to 

prevent LPS-induced inflammation was then investigated.  As previously mentioned, many 

different cell populations, both originating from the brain and originating from the peripheral 

immune system, contribute to neuroinflammation. THP1 monocytes, a population of human-
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derived peripheral immune cells, were pre-treated with CP-690,550 for two hours before exposure 

to 10 ng/mL of LPS for an additional two hours. The dose range for CP-690,550 was selected 

based on the reported cell IC50 in the original synthesis paper which found 11 nM was sufficient 

to prevent IL-2-dependent proliferation of primary T-cells.59 qRT-PCR was then used to probe the 

fold change in mRNA levels for 4 different inflammatory mediators (COX-2, CCR2, CD80 and 

IL-6), relative to the control group. We found that LPS exposure resulted in a change in the mRNA 

of all four  mediators, but Tofacitinib failed to reverse the effect of LPS (Fig. 3.2).  

 

Figure 3.2 m mRNA fold changes of Cox-2, CCR2, IL-6, and CD80 in THP1 monocytes treated 

with varying concentrations Tofacitinib and 10 ng/mL of LPS. Tofacitinib doses were compared 

to the DMSO + LPS treatment using a one-way ANOVA with Sidak’s posthoc test with selected 

pairs.  Data is considered statistically significant if p < 0.05.  Bars represent the mean and SEM (n 

= 4 independent experiments). Each experiment was collected from separate passages.    
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3.3: The Effect of CP-690,550 on Inflammatory Cytokine mRNA in BV2-EP2 Cells 

To determine if the lack of a CP-690,550-induced reduction of inflammatory mediators 

within the 1 nM-1000 nM dose window is cell-specific, we investigated the effect of LPS and CP-

690,550 treatment in a mouse microglia cell line. Microglia are another cell population that 

contributes to neuroinflammation via a similar but distinct mechanism. LPS induced a more robust 

inflammatory response in BV2-EP2 microglia compared to THP1 monocytes (Fig. 3.3.1).  

Similar to THP1 monocytes, CP-690,550 failed to inhibit the induction of IL-1β and TNF-

α. The COX-2 enzyme, another inflammatory marker downstream of TLR4 was also unaffected.  

No visual trend in the average fold change of IL-1β, TNF-α, or Cox-2 was detected (Fig 3.3.1). 

The lack of a dose-dependent change in these 3 inflammatory mediators was also seen represented 

in the slopes of each dose-dependent curve and they did not statistically differ from 0 in a simple 

linear regression (Fig 3.3.2).   



Page 37 of 64 
 

  

 

Figure 3.3.1: mRNA fold changes of IL-1β (A), TNF-α (B), Cox-2 (C), and IL-6 (D) in BV2-

hEP2 cells treated with different concentration Tofacitinib and 10 ng/mL of LPS, calculated 

relative to the amount of RNA found in the control samples using the 2ΔΔCT method. (E) Shows 

modulation of IL-6 expression as Tofacitinib increases across all 4 biological replicates.   

Tofacitinib doses were compared to the DMSO + LPS treatment using a one-way ANOVA with 

Sidak’s posthoc test with selected pairs.  Data is considered statistically significant if p < 0.05.  

Bars represent the mean and SEM (n = 5 independent experiments). Each experiment was collected 

from separate passages.    

 

Despite the variability also displayed in the IL-6 expression data, IL-6 was suppressed in a 

dose-dependent manner across 4 of the 5 trials (Fig 3.3.1). When the average IL-6 fold changes 

across the different doses are subjected to a simple linear regression, a slope of -0.2145 is obtained 

that is statistically significant (P=0.0153) (Fig. 3.3.2). The associated R2 is 0.9696, indicating that 

the variability in average IL-6 expression is strongly dependent on the dose of CP-690,550. 
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Figure 3.3.2: Average fold changes corresponding to different concentrations of CP-690,550 were 

normalized to the marker fold changes of LPS-treated group. A simple linear regression was then 

run on these averages for each marker and the slope, its corresponding p-value, and the R-squared 

were calculated for each inflammatory marker. A normalized fold change greater than 1 indicates 

increased expression with Tofacitinib treatment relative to the LPS-treated group. A normalized 

fold change below 1 indicates inhibition of the inflammatory mediator.  

 

3.4 BV2-EP2 Mouse Primer Validation  

qRT-PCR primer validation was conducted to confirm the quality of each primer, correct 

pipetting techniques and quality of sample and SYBR green. We identified the linear range of 
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detection for each primer set and ensure the concentration of cDNA being used in the qRT-PCR 

reactions was in the linear range. A dilution series of cDNA from cells treated for 2 hours with 

LPS was used with dilution factors ranging from 1/10 to 1/10000. PCR efficiency quantifies the 

efficiency of amplification within the reaction and is defined by the equation below.70  

𝑃𝐶𝑅 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = 𝐸 = (101/𝑠𝑙𝑜𝑝𝑒 − 1) × 100 

If the qRT-PCR was 100% efficient, the amount of cDNA should double in each cycle.71 To 

determine how many qRT-PCR cycles it would take for the 1/100 diluted sample of cDNA to 

achieve the same amount of cDNA in the 1/10 diluted sample, the following equation can be 

used. 

2𝑛 = 10 

𝑛𝑙𝑜𝑔2 = 𝑙𝑜𝑔10 

𝑛 ≈ 3.3 

It would take the 1/100 diluted cDNA 3.3 more qRT-PCR cycles to achieve a given threshold 

value of cDNA than the 1/10 diluted cDNA.  Hence, a standard curve cDNA in a ten-fold dilution 

series should possess a slope of 3.3 if the qRT-PCR was 100% efficient. Practically, optimal 

experimental efficiency lies between 90% and 110%.71 If the slope is lower than 3.3, it will 

generate a qRT-PCR efficiency that is higher than 100%. The lower the slope, the less cycles it 

takes for the reaction to generate the threshold amount of cDNA.  If the dilutions are normalized 

to the geometric mean of the CT values of 3 housekeeping genes, a line with a slope near 0 should 

emerge.  Efficiencies outside of the acceptable range may be due to polymerase inhibition, non-

specific primer binding, or contamination. They also may indicate a departure from the linear range 

of detection for the given primer.70,71 When a departure is observed, the upper and lower Ct (Cq) 

values that are interpretable can be defined.70 Linear standard curves were detected for all primer 
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sets used for the inflammatory mediators (Fig. 3.4).  Linear regression analysis revealed a positive 

correlation with the dilution factor of the primers and the CT value for each gene of interest 

measured (Fig. 3.4). 
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Figure 3.4: Standard curves for mouse primers used in the qRT-PCR reactions in the measurement 

of mRNA of Cox-2, TNF-α, IL-1β, IL-6. The black line represents the change in CT values across 

increasingly diluted cDNA from the same sample of LPS-treated cells. The red line plots the dCT 

values, normalizing to the geometric mean of Housekeeping genes: Actin, GAPDH, and HPRT.  
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3.5 The Effect of CP-690,550 on STAT3 phosphorylation in BV2-hEP2 cells  

 

Figure 3.5.1: Western blot fold changes of pSTAT3 (A) and STAT3 (B) in BV2-hEP2 cells treated 

with different concentration Tofacitinib and 10 ng/mL of LPS. C, shows change in expression of 

phosphorylated STAT3 as a function of total STAT3 as CP690590 increases across all 3 biological 

replicates.   CP690590 doses were compared to the DMSO + LPS treatment using a one-way 

ANOVA with Sidak’s posthoc test with selected pairs.  Data is considered statistically significant 

if p < 0.05.  Bars represent the mean and SEM (n = 3 independent experiments). Each experiment 

was collected from separate passages.    

  

Tofacitinib’s lack of inhibition of the inflammatory mediators could be due to a dose range 

that is insufficient to block JAK activation in the selected cell-lines. Alternatively, qRT-PCR 

measures the relative mRNA levels of genes of interest. Due to additional layers of transcriptional 
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and translational regulation, changes in mRNA transcript levels do not always correlate with 

corresponding protein expression levels. Hence, it is pertinent to probe whether the drug is 

affecting protein expression levels of the inflammatory mediators.  

To determine whether the selected dose range was sufficient to block JAK activation, 

western blot was conducted to probe the levels of STAT3 phosphorylation when exposed to LPS 

in the presence of different doses of Tofacitinib after 24 hours. STAT3 phosphorylation occurs 

directly downstream of JAK phosphorylation, serving as an indication of the activation of the 

pathway following LPS exposure. LPS induction for 24 hours did not appear to show a significant 

change in STAT3 phosphorylation with an average fold change in phosphorylation of 1.11, relative 

to the DMSO group (Fig. 3.5.1). Despite the lack of LPS induced STAT3 phosphorylation, CP-

690,550 appears to suppress the existing phosphorylation of STAT3 in a dose-dependent manner 

(Fig. 3.5.1).  

To determine whether LPS induced a response that differed from control DMSO treated 

cells, western blot was performed using the same samples to probe for IL-1β, a cytokine whose 

expression upon activation is sustained for longer periods. The average fold change for IL-1β 

across all treatment groups was standardized to GAPDH loading controls and then normalized to 

the control DMSO treatment group revealed only a slight change in IL-1β expression over the 24-

hour time period (Fig. 3.5.2).  
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Figure 3.5.2.  Western blot fold changes of pro-IL-1β (A, C) and mature IL-1β (B, D) in BV2-

hEP2 cells treated with different concentration CP690590 and 10 ng/mL of LPS. Shows change in 

expression of phosphorylated STAT3 as CP690590 increases across all 3 biological replicates.   

CP690590 doses were compared to the DMSO + LPS treatment using a one-way ANOVA with 

Sidak’s posthoc test with selected pairs.  Data is considered statistically significant if p < 0.05.  

Bars represent the mean and SEM (n = 3 independent experiments). Each experiment was collected 

from separate passages.    

 

In the LPS-treated group, a slight induction in the average of pro-IL-1β of a 1.7-fold 

increase relative to the DMSO was detected (Fig. 3.5.2). The lack of a more robust change in IL-

1β expression, in combination with the lack phosphorylated STAT induction, suggests there may 

be an exogenous source of inflammation induction in the media or elsewhere in the cellular 

environment. Regardless, unlike with phosphorylated STAT3, the application of the inhibitor did 

not quench pro-IL-1β expression, matching the RNA-level expression observed in the qRT-PCR 
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results (Fig.3.5.2). As expected, the average levels of activated cleaved IL-1β were not increased 

by LPS (Fig.3.5.2). It has been established that LPS alone can increase IL-1β expression but not 

activation.72 Caspase-1 facilitates the cleavage and consequential activation of IL-1β and requires 

secondary stimulation.72  

 

4. Discussion 

4.1 Despite variability in response across the biological replicates, 10 ng/mL of LPS induced 

a maximal response in IL-6 elevation. Interestingly, increasing the LPS dose to 100 ng/mL led to 

a decline in IL-6 expression, relative to the 10 ng/mL treatment group, across all three biological 

replicates. This is in contrast to HLA-DR expression which tends to continuously increase, peaking 

at the 100 ng/mL dose.  The decrease in IL-6 at the 100 ng/mL dose may be attributed to the excess 

stress or damage caused by constant exposure to LPS, which is cytotoxic at high doses.73 This 

stress may trigger other pathways that counteract IL-6 induction while leaving the HLA-DR 

response intact. Alternatively, the IL-6 expression induced by 100 ng/mL of LPS may be quenched 

by a negative feedback mechanism. Endogenous SOCS (Suppressor of Cytokine Signaling) 

inhibits hyperactivity of the JAK-STAT pathway by blocking JAK phosphorylation and is induced 

by cytokines including but not limited to IL-6, IFN-γ, and IL-4.74 LPS induces SOCS-1 expression. 

Importantly, while SOCS-1 has been shown to inhibit LPS-induced IL-6 expression, SOCS has 

not been shown to affect levels of HLA-DR.75,76  LPS (100 ng/mL) may have increased IL-6 

expression to such an extent that it induced SOCS, leading to a decrease in the observed induction 

after 24 hours. To confirm this hypothesis, a western blot probing SOCS-1 level is needed.  

Regardless, because 10 ng/mL LPS maximized IL-6 expression and increased average HLA-DR 
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expression in THP1 monocytes, it was selected as the working LPS dose for subsequent 

experiments to create an inflammatory response.  

 

4.2 IL-6, CD80, Cox-2, and CCR2 are all established markers for M1 polarization. IL-6 is a 

cytokine, Cox-2 is an enzyme, CD80 is a glycoprotein, and CCR2 is a chemotactic receptor found 

on monocytes and macrophages that controls migration to the site of inflammation. As shown in 

Figure 3.2, LPS increased the fold change for IL-6, CD80, and Cox-2, aligning with LPS induction 

as a model for neuroinflammation. Conversely, LPS shows a decrease in CCR2 mRNA. This does 

not align with the neuroinflammation model as the upregulation of CCR2 in monocytes facilitates 

their migration and infiltration into the epileptic brain. During in-vivo inflammatory events CCR2 

is upregulated. This incongruous in-vitro decrease coincides with previous literature which shows 

that LPS does not decrease the rate of mRNA transcription but rather decreases the stability of the 

transcribed mRNA.77   

Nevertheless, CP-690,550 did not affect the average mRNA levels of any of the screened 

markers at any dose. In two of the four trials, IL-6 mRNA transcription did decrease at the 1000 

nM dose. However, the reduction was slight and failed to manifest in the other two biological 

replicates. The lack of effect could indicate that a higher dose is required to inhibit the production 

of the screened markers. The doses tested were chosen in this study based on the reported amount 

of Tofacitinib required to inhibit 50% of IL-2-dependent proliferation in T cells (11 nM). Previous 

studies that screened Tofacitinib, in different cell lines and against different agonists, found the 

drug was effective at decreasing the production of pro-inflammatory mediators at different 

concentrations. While some studies use concentrations on a micromolar scale, several studies 

found a reduction of pSTAT1 and pSTAT3 at lower concentrations of  CP-690,550. For example, 



Page 47 of 64 
 

  

in THP1 monocytes, it was determined that both 500 nM and 2000 nM of CP-690,550 decreased 

pSTAT1 expression that was elevated by IFNℽ.78  In patient-derived fibroblast-like synoviocytes, 

CP-690,550 inhibited 50% of IL-6-induced phosphorylation at concentrations of 23 nM and 77 

nM.79 In Mouse-derived CD4+ T cells, in a dose curve ranging from 0 nM to 1000 nM, Tofacitinib 

doses of 300 nM and 1000 nM both significantly decrease phosphorylation of STAT1 and 

STAT3.80  Slight inhibition was also observed at 100 nM.80  In whole human blood assay, IFN- 

was inhibited by Tofacitinib with IC50= 121 nM.81  In contrast, another paper that treated THP1 

cells differentiated by PMA with a single 10 µM dose of Tofacitinib for 24 hours found a modest 

reduction of IL-6 but no reduction of TNF following LPS treatment.82 In a co-culture with BV2 

microglia and neurons, 30 µM, 60 µM, and 90 µM manifested a significant suppression of IL-6 

and IL-1β mRNA expression at all doses.83 Again, like in our study, TNF-α showed no minimal 

changes in expression levels across treatment groups.83 These concentrations were chosen due to 

the lack of cytotoxic effects displayed by BV2 and primarily microglia cells up to a concentration 

of 100 µM.83 Putting our results in the context of these prior studies, we cannot conclude that 

Tofacitinib fails to alter transcription activities of THP1 monocytes, altogether. Instead, further 

studies must be conducted with an expanded dose range with concentrations in the micromolar 

range.   

 

4.3 Prior studies performed in different contexts have demonstrated CP-690,550’s selective 

suppression of IL-6 and not IL-1β. Daily administration of Tofacitinib in rat adjuvant-induced 

arthritis models showed that IL-6 suppression occurred within 4 hours after the animals received 

their first dose. In contrast, levels of IL-1β mRNA showed no significant difference until the 7th 

day of treatment.84 In another study, peripheral blood mononuclear cells (monocytes) obtained 
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from arthritis patients and dosed with Tofacitinib at concentrations ranging from 0 to 100 

micromolar in-vitro for 6 hours observed a significant reduction in IL-6 but hardly any changes in 

IL-1β.64 In fact, they present a dose curve for IL-1β with a slope that is similar to the one in Figure 

3.3.2. The same study also found that the effects of Tofacitinib on different cytokines differ 

between cell types. Synoviocytes (macrophages that line the joint capsule) did not show the same 

reduction of IL-6 that the monocytes did.64 This demonstrates that, although mechanisms of 

cytokine productions across cell-type may be similar, signaling landscapes are not identical. 

Hence, inhibition of IL-6 in BV2-hEP2 microglia and not THP1 monocytes is possible.   

A different prior study demonstrated that AG-490, a JAK-2 inhibitor blocked hydrogen 

peroxide-induced JAK-2 activation and subsequent Cox-2 and INOS elevation.85 An additional 

study found that JAK3 inhibition via the WHI-P154 had no effect on Cox-2 and only manifested 

effects on TNF-α at 30 µM.86  Our experiments in the current study found that the dual inhibition 

of JAK3 and JAK1 by Tofacitinib also does not inhibit Cox-2 or TNF-α between the doses of 1 

nM and 1 µM. Hence it is possible that Cox-2 inhibition is only associated with JAK2.  Moreover, 

higher doses of Tofacitinib may be needed to observe TNF-α inhibition.  

 The signal transduction of select cytokines, including IL-6, IL-23, IL-21, IL-12, and IFNγ 

all directly involve the phosphorylation of JAKs that reside at the receptor tails of these cytokine’s 

receptors.39 Transduction of IL-1β does not predominantly signal through JAK phosphorylation.87   

CP-690550’s suppression of IL-6 transcription but not IL-1β may perhaps be explained by these 

differences in transduction mechanisms. IL-6 induction increases IL-6 transcription. IL-6 

transduction phosphorylates and activates STAT3 and NFKB which synergistically increase IL-6 

production.88 Since IL-6 transduction is directly facilitated by JAK1, inhibition of JAK1 inflicted 

by Tofacitinib may interrupt this positive feedback loop, manifesting in the observed suppression 
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of IL-6 transcription. While IL-1β engages in a positive feedback loop of similar fashion, the IL-

1β receptors do not predominantly associate with a JAK. Instead, binding of IL-1β to the IL-1 

receptor recruits and complexes with a co-receptor chain (IL-1RAcP).87,89 This leads to the 

subsequent recruit of myeloid differentiation primary response gene 88 (MyD88) protein and 

interleukin-1 receptor–activated protein kinase (IRAK). Together, these components form a stable 

signaling module which, parallel to other phosphorylation events by different IRAK and MAPK 

subtypes, can lead to IL-1β transcription via NFKB, activator protein 1 (AP-1) signaling.87,89 

Unlike IL-6, STAT as a transcription factor and, hence, JAK phosphorylation, is not predominantly 

involved in this positive feedback cycle. Hence, inhibition of JAK-activated STAT3 should not 

drastically impair it.   

CP-690550’s suppression of IL-6 transcription but not IL-1β may also be attributed to the 

number of pathways that regulate the transcription of each cytokine and whether production is 

dominated by a process that is upstream or downstream JAK phosphorylation. Upon LPS 

activation, TLR4 complexes with the MyD88 adaptor protein. This is followed by recruitment and 

activation of the IL-1 receptor-associated kinase (IRAK) which subsequently complexes with and 

activates tumor necrosis factor (TNF)-associated factor 6 (TRAF6).90,91 At this level, several 

distinct signaling pathways branch out as TRAF6 activation can lead to several signal transduction 

pathways.90,91 Some of these pathways include the phosphatidylinositol 3-kinase (PI3K) pathway, 

the NFKB pathway, and several MAPK pathways which include the c-Jun NH2-terminal protein 

kinase (JNK) pathway.  Maximal IL-1β expression is achieved early on, directly facilitated by 

LPS-induced NFKB and JNK-activated AP-1.90,91 While NFKB and AP-1 are also transcription 

factors for IL-6, transcription of IL-6 is perhaps maximized by STAT3. STAT3 exerts significant 
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control over IL-6 transcription; inhibition of STAT3 alone in primary glial cells reduces IL-6 

transcription by 80%.92   

It is may also be possible that IL-6 suppression is enhancing IL-1β signaling.  A prior study 

conducted in co-cultures of astrocytes and microglia found that Si-RNA inhibition of LPS-induced 

IL-6 release consistently led to upregulated IL-1β expression.93 This study suggested that this may 

be due the fact that IL-6 inhibition downregulates SOCS-3 and IL-10 which would otherwise act 

to suppress IL-1β.93   

Alternatively, blockage of the transduction of a cytokine that primarily signals through 

JAK3 may be selectively suppresses IL-6. While IL-4 is traditionally thought of as an anti-

inflammatory marker, IL-4, in certain conditions, has been shown to sensitize macrophages to 

LPS, causing them to express more IL-6.94 Moreover, in vascular endothelium, it has been show 

that IL-4 upregulates IL-6 mRNA and protein.95 Here, it is possible that JAK3 inhibition may have 

blocked IL-4 transduction, decreasing that added IL-6 production.  

Finally, similar to TNF-α, it is possible that higher doses of Tofacitinib (in the micromolar 

range), are needed to observe an inhibition of IL-1β, relative to IL-6. 

 

4.4 The standard curves for both the IL-1β primers and the Cox-2 primers display near-

optimal qRT-PCR efficiencies, indicating a large linear range of detection and good quality cDNA 

sample. IL-6 and TNF-α deviate from the optimal efficiencies. Examining the raw data values for 

TNF-α, the difference in CT values between the 1/10 dilution and the 1/100 dilution is 3.22. The 

CT value difference between the 1/100 and 1/1000 dilutions is 3.37. In contrast, the difference in 

CT values between 1/1000 dilution and 1/10,000 dilutions is 1.66. Hence, the slightly elevated 

TNF-α efficiency of 125.5% is likely skewed by the fact that the 1/10,000 dilution falls outside 
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the linear range. If the 1/10,000 data point is removed from the line, the calculated slope amongst 

the 3 points becomes 3.299 which would yield an efficiency of 101%. Hence the boundary of the 

linear range of detection for TNF-α can be established at the CT-value of 32.54. Any CT value 

that resides above this may not reflect an accurate change in gene expression. All the raw CT 

values obtained in the TNF-α qRT-PCR fall within the linear range, never exceeding a CT value 

of 32.4.   

The calculated efficiency for the IL-6 qRT-PCR reactions is exorbitantly high at 263.8%. 

Removing the 1/10000 datapoint which visually appears to fall outside the linear range of detection 

results in a slope of 2.96 that yields an efficiency of 117%. With the identification of the linear 

range of detection, anything above the CT value of 36.2 is said to fall outside of the linear range 

of detection. All the raw CT values obtained in the IL-6 qRT-PCR fall within the linear range, 

never exceeding a CT value of 36.2.  However, the revised calculated efficiency within the linear 

range of IL-6 qRT-PCR reactions still falls outside the optimal efficiency range. This suboptimal 

efficiency is likely not due to sample quality, reagent quality, or technique as all other reactions 

using different primers yielded optimal qRT-PCR efficiencies. Instead, this may be caused by IL-

6 primer specificity or quality concerns. Hence, future repetitions of these experiments should 

consider using a different primer pair for IL-6.  

4.5. The lack of observed LPS-induced STAT3 phosphorylation could be due to the 

incubation time with LPS.  Phosphorylation is a rapid process and it is possible that the time to 

detect the peak LPS-induced phosphorylation occurred prior to the 24-hour time point and then 

subsequently subsided. That being said, the lack of a more robust change in IL-1β expression, in 

combination with the lack phosphorylated STAT induction suggests there may be an exogenous 

source of inflammation induction in the media or elsewhere in the cellular environment.  
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Importantly, STAT3 phosphorylation is not entirely eliminated by JAK1/JAK3 inhibition. There 

are other kinases that can phosphorylate STAT, including src family kinases and receptor tyrosine 

kinases.96 However, the failure to reduce average STAT3 phosphorylation by at least 50% across 

the three replicates, may suggest that higher doses of Tofacitinib are required to block JAK3/1 

activation and observe modulation. 

 

5.     Conclusion and Future Directions  

This study began by establishing a model for neuroinflammation in THP1 cells, using 10 

ng/mL of LPS to induce a pro-inflammatory response of cells in-vitro. To confirm the robustness 

of our model, TAK-242, was used to verify that LPS was exclusively signaling through TLR4, 

whose activation is believed to occur very early on in epileptogenesis and facilitate the downstream 

pro-inflammatory feedback loops present in epilepsy.   

 Thereafter, Tofacitinib was found to have no effect on the transcription of pro-

inflammatory mediators in THP1 monocytes between the doses of 1 nM to 1000 nM, failing to 

suppress mRNA levels of Cox-2, CCR2, CD80 and IL-6. This lack of transcription suppression 

may be due to an insufficient dose of Tofacitinib to inhibit JAK activation. Hence this study should 

be repeated to include micromolar doses of Tofacitinib.  

 It may also be possible that the observed effect of Tofacitinib in Hoffman et al. (2025) may 

not be due the an anti-inflammatory mechanism involving the screened mediators but rather may 

be acting to block immune cell proliferation via suppression of IL-2, IL-4, IL-7, IL-9, IL-15, and 

IL-21.97 In future experiments, these cytokines should be screened to test this idea.  
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 Furthermore, it could be that the reduction in seizure severity is due to a blockade of 

cytokine transduction on the neurons themselves. Recent evidence suggests that cytokine receptors 

are expressed on neurons, including IL-6 and TNF-α.98,99   

 While Tofacitinib treatment in BV2-hEP2 similarly yielded no statistically significant 

differences in mRNA levels relative to BV2-hEP2 cells treated with LPS alone, all 4 trials 

demonstrate a dose-dependent decrease in IL-6, to various extents. The lack of statistical 

significance is, in part, due to variation in the extent of initial LPS induction and response. While 

variation could result from cell-culture conditions, we suspect it may be symptomatic of the primer 

quality and or specificity. Nonetheless, the consistent decrease in IL-6 is promising and may 

contribute to the larger explanation as to why Tofacitinib decreases seizure severity and frequency 

in kainite-induced epileptic mouse models. To verify this decrease, a western blot probing for IL-

6 protein expression levels should be performed on samples treated in a similar manner. Like with 

THP1 cells, this experiment should also be repeated with an extended dose range.  

 The necessity for repetition of these experiments at a higher dose range is bolstered by our 

final experiment which showed that all doses of Tofacitinib failed to suppress STAT 

phosphorylation in a statistically significant manner. 

 In addition to expanding the dose range, treating both microglia and BV2-hEP2 and THP1 

monocytes with siRNA to silence JAK3 may provide a more complete inhibition of JAK and allow 

us to probe downstream effects on inflammation with more clarity. In addition to collecting 

transcription and expression data via qRT-PCR and Western Blot, RNA-seq would allow us to 

survey the wider landscape of changing cellular pathways and perhaps uncover further markers of 

interest that may be contributing the overall reduction of seizures.  
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 Lastly, it may be interesting to compare the effect of Tofacitinib in different glial cell 

populations such as astrocytes but also compare how the effects of Tofacitinib differ when applied 

to single cell populations versus cell populations that have been co-cultured (e.g. co-cultures of 

microglia and monocytes).  

 

Study Limitations 

 There were limitations of this study. In the last experiment, it is suspected that there was 

source of exogenous inflammation due to the lack of induction of pro-inflammatory markers. 

Moreover, the quality of the IL-6 primers used to probe mRNA transcription in BV2-hEP2 may 

not have been optimal. Western blot was attempted to examine whether the suppression in IL-6 

mRNA translated to the protein expression level. However, the IL-6 antibody failed to produce 

bands across several antibody concentrations and biological replicates. Moreover, the duration of 

each experiment set takes at least 4 weeks in order to wait for cells to reach total confluency, treat 

and collect the cells, extract the RNA and protein and then perform qRT-PCR and western blot 

and troubleshoot the relevant assays for all 4 replicates. Hence, this limited the amount of 

experiments that could be performed and the conditions that to be probed.  
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