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Abbreviation List: 

 

1,3-BPG: 1,3-bisphosphoglycerate 

2PG: 2-phosphoglycerate 

3PG: 3-phosphoglycerate 

ADP: adenosine diphosphate 

AERD: aspirin-exacerbated respiratory disease 

AHR: airway hyperresponsiveness 

AMP: adenosine monophosphate 

AMPK: adenosine monophosphate-activated protein kinase 

ARE: antioxidant response element 

ATF4: activating transcription factor 4 

ATP: adenosine triphosphate 

BALF: bronchoalveolar lavage fluid 

BSO: buthionine sulfoximine 

CaMKI: Ca2+/calmodulin-dependent protein kinase I 

CaMKII: Ca2+/calmodulin-dependent protein kinase II 

CAT: catalase 

COPD: chronic obstructive pulmonary disease 

CREB: c-AMP-response element binding protein 

Cys: cysteine 

DCs: dendritic cells 

DEM: diethyl maleate 

DHAP: dihydroxyacetone phosphate 

DP: dipeptidase 

DUBs: deubiquitnases 

EAATs: excitatory amino acid transporters 

F6P: fructose 6-phosphate 

FBP: fructose 1,6-bisphosphate 

G6P: glucose 6-phosphate 

GAPDH: glyceraldehyde 3-phosphate 

GCL: glutamate cysteine ligase 

GGT: γ-glutamyltranspeptidase 

GGCT: γ-glutamylcyclotransferase 
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GLRX: Glutaredoxin 

GM-CSF: granulocyte macrophage colony-stimulating factor 

GPX: glutathione peroxidase 

GR: glutathione reductase  

GS: glutathione synthase 

GSH: glutathione 

GSSG: oxidized form of glutathione 

GSTs: glutathione S-transferase 

GSTP1: glutathione S-transferase Pi 1 

HAT: heteromeric amino acid transporter family 

HDM: house dust mite extract 

HK: hexokinase 

ICS: inhaled corticosteroids 

IL1B: interleukin-1B 

ILC2: innate lymphoid cells type 2 

IPF: idiopathic pulmonary fibrosis 

Keap1: Kelch-like ECH-associated protein 1 

mTORC2: mechanistic target of rapamycin complex 2 

NAD+: nicotinamide adenine dinucleotide 

NADH: nicotinamide adenine dinucleotide reduced 

NADPH: nicotinamide adenine dinucleotide phosphate 

NF-κB: nuclear factor-κB  

NOXs: NADPH oxidases 

Nrf2: nuclear factor-erythroid 2-related factor 2 

O2
-: superoxide 

OPLAH: 5-oxoprolinase 

OTUB1: ovarian tumor (OTU) deubiquitinase binding protein-1 

OVA: ovalbumin 

PEP: phosphoenolpyruvate 

PFK: phosphofructokinase 

PK: pyruvate kinase 

PKA: protein kinase A 

PKC: protein kinase C 

PPP: pentose phosphate pathway 
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PRXs: peroxiredoxins 

PSSG: protein S-glutathionylation 

R5P: ribose 5-phosphate 

RNS: reactive nitrogen species 

ROS: reactive oxygen species 

SOD: superoxide dismutase 

TBH: tert-butyl hydroquinone 

TCA: tricarboxylic acid cycle 

TGF-β1: transforming growth factor-β1 

Th2: T helper type 2 

TNFα: tumor necrosis factor α 

TRXs: thioredoxins 

TSLP: thymic stromal lymphopoietin 

UPR: unfolded protein response 
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1.1 Metabolism and glycolysis 

Metabolism can be broadly defined as the sum of the biochemical reactions and processes 

taking place within each cell that either produce or consume energy. Cellular metabolism is very 

complex and can be classified into three main categories; anabolism, catabolism, and waste 

disposal [1]. Anabolism involves the metabolic pathways that synthesize small molecules or 

polymerize them into complex macromolecules. Catabolism, on the other hand, includes 

pathways that degrade molecules and compounds and is often accompanied by energy release. 

Processes responsible for eliminating the toxic waste produced by the other pathways fall under 

the waste disposal category [1]. 

Scientific research progressed greatly in studying some of these different metabolic 

pathways including glycolysis, tricarboxylic acid (TCA) cycle, respiration, oxidative 

phosphorylation and others. Multiple studies reported strong links between several disease 

conditions and metabolic perturbations. These scientific data were also supported by many 

clinical observations. Cells undergo several metabolic adaptations in order to meet specific needs, 

such as increased energy demand, or the requirement of building blocks for various organelles 

[2]. These alterations in cellular metabolism in fact have been described as a cause and/or a 

contributor to many diseases including cancer [3-5], Alzheimer [6], diabetes [7], chronic 

obstructive pulmonary disease (COPD) [8] and recently asthma [9-11].   

Glycolysis, the metabolic pathway that is used by all the cells for energy generation, has 

been extensively studied in the last century. The word “glycolysis” is derived from the Greek origin 

“glykys” that refers to sweet, and “lysis” which means breakdown. The term then describes the 

splitting/ breakdown of one glucose molecule into two molecules of pyruvate, the end product of 

glycolysis. This can occur in presence of oxygen (aerobic), where pyruvate enters the 

mitochondria, or in its absence (anaerobic), in which pyruvate gets converted into lactate. 

Importantly, glycolysis is the only known pathway that is able to generate ATP in absence of 

oxygen or in cells lacking mitochondria. In addition to generating ATP, glycolytic intermediates 

are able to funnel into and fuel many biosynthetic pathways. Under some circumstances, cells 

consume more glucose and secrete more lactate, even under aerobic conditions. This type of 

metabolic reprogramming is known as the Warburg effect [3]. The advantage of this type of 

metabolic reprogramming is not only the generation of copious amount of ATP, but also in the 

biosynthetic capacity of glycolysis as mentioned above. This enhanced glycolysis was originally 

described in, and is considered the hallmark of, cancer metabolism, however it is now known to 

contribute to pathogenesis of multiple inflammatory and metabolic diseases [12, 13].  
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The glycolysis pathway comprises ten steps reactions occurring in the cytosol and 

generates two molecules of adenosine triphosphate (ATP) without the requirement of oxygen. 

The pathway can be subdivided into two phases: ATP investment and ATP payoff phases (Figure 

1). In the first step of glycolysis, a phosphate group is transferred from ATP to glucose forming 

glucose 6-phosphate (G6P) in presence of hexokinase enzyme. The G6P then is rearranged into 

fructose 6-phosphate (F6P) by the action of phosphoglucose isomerase. It is also worthy to note 

that fructose can enter the glycolysis pathway by phosphorylation at this step [14]. 

Phosphofructokinase-1 enzyme then converts F6P into fructose 1,6-bisphosphate (FBP) at the 

expense of one ATP molecule. The FBP’s hexose ring then gets split by the enzyme aldolase to 

form two triose sugars, glyceraldehyde 3-phosphate (GAPDH) and dihydroxyacetone phosphate 

(DHAP) in the fourth step of glycolysis. The DHAP gets rapidly converted to GAPDH by the action 

of triose phosphate isomerase enzyme in the fifth and last step of the ATP investment phase of 

glycolysis. With that said, each molecule of glucose entering the glycolysis pathway generates 2 

molecules of GAPDH at the expense of two molecules of ATP in the ATP investment phase of 

glycolysis (Figure 1). The second payoff phase of glycolysis starts by forming 1,3-

bisphosphoglycerate (1,3-BPG) from GAPDH through glyceraldehyde 3-phosphate hydrogenase 

enzyme while utilizing two inorganic phosphate and reducing two molecules of NAD+ to NADH.  

In the next step, two ATP molecules are released after the transfer of a phosphate group 

from 1,3BPG to ADP by phosphoglycerate kinase enzyme forming 3-phosphoglycerate (3PG). 

The 3PG will be converted to 2-phosphoglycerate (2PG) then to phosphoenolpyruvate (PEP) in 

the subsequent steps through the action of phosphoglycerate mutase and enolase respectively. 

The last and final step of glycolysis is catalyzed by pyruvate kinase in which PEP forms pyruvate 

that can either be converted to lactate or enter mitochondria where it fuels the TCA cycle (Figure 

1). The net gain of glycolysis is the generation of two ATP and two NADH molecules from each 

glucose molecule breakdown. There are three key irreversible steps in the glycolysis pathway 

(step 1, 3 and 10). These steps are catalyzed by hexokinase, phosphofructokinase and pyruvate 

kinase. The activity of these three enzymes is crucial for controlling glycolysis and there are 

multiple ways of regulating them. Allosteric modulators, product inhibition and post translational 

modifications are examples of the different mechanisms that contribute to the activity of these 

three key enzymes [15-17]. 
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Hexokinase (HK), the enzyme that catalyzes the conversion of glucose to G6P in the first 

step of glycolysis, plays a major role in determining the rate of the pathway. HK has four subtypes: 

HK-I, II, III and IV. HK-I is the main isoform found in brain, but in addition it is also ubiquitously 

expressed in other tissues. HK-I is considered, in most cases, as housekeeping enzyme that is 

Figure 1: The glycolysis 

pathway: Steps boxed in 

blue are the ones 

included in the ATP 

investment phase. Steps 

boxed in red are the 

steps in the ATP payoff 

phase. 
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not affected by most metabolic changes. HK-II however is the most regulated isoform of all 

hexokinases. It is predominantly found in insulin sensitive tissues such as cardiac muscles, and 

it is upregulated in many cancers. HK-III is universally expressed without dominating any tissues, 

but little is known about this isoform and its regulation. The fourth isoform HK-IV (also known as 

glucokinase) is mainly found in liver and pancreas. This isoform differs in its kinetics and function 

than the other three HK isoforms. HK-IV has a Km for glucose that is 100 times higher than HK-

I, -II and -III, which means it will only phosphorylate glucose if its concentration is very high [18-

21].  

Phosphofructokinase (PFK) is considered the most crucial and the rate limiting enzyme in 

the glycolysis pathway [22]. PFK is subjected to extensive regulation since it catalyzes the 

committed step in the glycolysis pathway (phosphorylation of F6P into FBP). PFK can undergo 

allosteric inhibition by high levels of ATP, an effect that can be reversed by AMP. In this type of 

regulation, a lower ATP/AMP ratio increases PFK activity and enhances glycolysis [23]. Low pH 

levels, such as in the case during excessive lactic acid release from muscles after strenuous 

exercise, also inhibits PFK and hence protect the muscle from extensive damage [24]. PEP, acyl-

coA, citrate and ADP have also been reported to allosterically inhibit PFK [25, 26], while fructose 

2,6-bisphosphate leads to its activation [27]. Cancer cells as well as some viruses including the 

herpes simplex virus type-I over express and/or activate PFK enzyme to keep up with their high 

metabolic demand [27, 28].  

Pyruvate kinase (PK), the enzyme that catalyzes the last and irreversible step of 

glycolysis, is another key regulator of the pathway. There are four mammalian PK isoforms, 

PKM1, PKM2, PKL and PKR. PKM1 is present in the tetrameric form and is expressed in tissues 

with high catabolic demand such as brain, heart, and muscles [29]. PKM2 is highly expressed 

during embryogenesis and is present in proliferating cells [30]. PKM2 presents itself in a 

monomer, dimer, or tetramer form, with each of these structures dictating a different intracellular 

function. PKL isoform is found mainly in the liver and to lower extent in kidneys, while PKR is 

exclusive to red blood cells [31, 32]. As expected, the pyruvate kinase enzyme undergoes 

extensive regulation. FBP binds to the allosteric binding site on domain C of PK, changing its 

conformation and leading to its activation [33, 34]. Serine is another allosteric activator of PKM 

[35, 36], while phenylalanine, alanine, ATP, and thyroid hormone T3 can all inhibit the PK 

enzymatic activity [37-39]. Post translational modifications also play a key role in PK regulation. 

Phosphorylation of the PKM2 isoform at tyrosine 105 has been described to suppress its activity 

[40]. In addition, higher ROS concentration during oxidative stress inhibits PKM2 activity through 

oxidizing the enzyme at cysteine 358 [41]. Acetylation at lysine 305 is another example of post 
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translational modification of PKM2 that leads to its degradation [42]. Other types of modifications 

that can regulate PKM include methylation [43], ubiquitination [44], hydroxylation [45], 

glycosylation [46] and sumoylation [47]. Given the extensive regulation of pyruvate kinase, it is no 

wonder that any dysregulation and/or modification to its structure will have drastic effects on its 

fate and activity.  

 

1.2 Glycolysis and redox homeostasis 

Glycolysis and glycolytic reprogramming have been linked to redox homeostasis through 

the pentose phosphate pathway (PPP). The PPP is an offshoot of glycolysis that starts with the 

consumption of G6P and generates F6P and GAPDH. In addition, the PPP supplies ribose 5-

phosphate (R5P) and NADPH, instead of ATP in case of glycolysis. The R5P is the building block 

for nucleic acid synthesis, while the NADPH is the major reducing equivalent that drives 

biosynthesis of fatty acids, cholesterol, amino acids, and nucleotides, in addition to its 

indispensable role in redox homeostasis [48] (Figure 2).  

 

The term “redox homeostasis” has 2 components: “redox” which is used 

as an abbreviation for reduction/oxidation, and “homeostasis” that 

describes the balance between the reactive oxygen/nitrogen species 

(ROS/RNS) production and removal. NADPH generated from the PPP, is used in the regeneration 

of GSH antioxidant (discussed below) following oxidants scavenging and in the generation of 

Figure 2: The pentose 

phosphate pathway (PPP): 

PPP branches from 

glycolysis at the glucose 6-

phoshate step before it 

gets back at the fructose 

6-phosphate and 

glyceraldehyde 3-

phosphate steps. PPP 

generates NADPH 

necessary for redox 

homeostasis. 1: Glucose 6-

phosphate 

dehydrogenase, 2: 6-

phosphoglucololactonase, 

3: 6-phosphogluconate 

dehydrogenase, 4: 

ribulose-5-phosphate 

epimerase, 5: Ribose-5-

phosphate isomerase, 6: 

transketolase, 7: 

transaldolase  
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superoxide (O2
-) by NADPH oxidases (NOXs), therefore is essential for maintaining redox balance 

[49, 50].  

Reactive oxygen species (ROS) are usually generated as byproducts of normal 

physiological processes. Contrary to the notion that oxidants are always bad, moderate amounts 

of ROS are indeed beneficial in many cases such as in wound healing and fighting invading 

pathogens [51, 52]. ROS are also well described as key signaling regulators governing 

autophagy, necrosis, apoptosis, proliferation, as well as other cellular processes [53-58]. ROS 

elicit their effects altering protein’s structure and function through special types of oxidations on 

reactive cysteine residues of their target protein. Methionine, tyrosine and tryptophan are also 

targets for oxidation by ROS, however they are not as well studied and will not be focused on 

here. Reactive cysteine can be oxidized to form sulfenic or sulfinic acids (-SOH, -SO2H), form a 

disulfide with another cysteine (S-S), gets S-nitrosylated if there is a nitrogen nearby (-SNO), 

forms a protein mixed di-sulfide with glutathione (PSSG) or gets irreversibly oxidized to sulfonic 

acid (SO3H) [59] (Figure 3). 

 

  

Several antioxidant systems are responsible for eliminating excessive amount of ROS in 

order to maintain the redox homeostasis.  They can be subcategorized to enzymatic and non-

enzymatic antioxidants. The enzymatic category include: thioredoxins (TRXs), glutathione S-

transferase (GSTs), catalase (CAT), superoxide dismutase (SOD), glutathione peroxidase (GPxs) 

and peroxiredoxin (PRXs). In addition, cells also use non-enzymatic small antioxidant molecules, 

such as glutathione (GSH), ascorbic acid (vitamin C), α-tocopherol (Vitamin E) and β-carotene to 

neutralize oxidants and fight oxidative stress. The focus of this thesis will be on the antioxidant 

glutathione.  

 

1.3 Glutathione 

Figure 3: Different fates of cysteine 

oxidation: S-: reactive cysteine, PSSG: 

S-glutathionylation, S-S: disulfide, 

SNO: S-nitrosylation, SOH: sulfenic 

acid, SO2H: sulfinic acid, SO3H: 

sulfonic acid. Arrows serve illustrative 

purposes only and do not indicate 

directionality. Adapted from [59] 
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The most abundant non-protein thiol antioxidant that is present in all mammalian cells is 

glutathione (GSH). The antioxidant is a tripeptide composed of cysteine, glycine and glutamic 

acid. GSH can exist in the thiol-reduced (GSH) or thiol-oxidized (GSSG) forms, with GSH being 

the predominant form and is present in millimolar concentration in the cytosol, while GSSG 

represents less than 1% of total GSH [60]. Glutathione reductase (GR) is the enzyme responsible 

for catalyzing the reduction of GSSG to GSH, using NADPH as a cofactor, thereby maintaining 

GSH homeostasis. There are two ATP requiring steps involved in GSH synthesis in the cytosol: 

 

1- 𝐿 − 𝐺𝑙𝑢𝑡𝑎𝑚𝑎𝑡𝑒 + 𝐿 𝑐𝑦𝑠𝑡𝑒𝑖𝑛𝑒 + 𝐴𝑇𝑃 → 𝛾 − 𝑔𝑙𝑢𝑡𝑎𝑚𝑦𝑙 − 𝐿 − 𝐶𝑦𝑠𝑡𝑒𝑖𝑛𝑒 + 𝐴𝐷𝑃 + 𝑃𝑖  

2- 𝛾 − 𝑔𝑙𝑢𝑡𝑎𝑚𝑦𝑙 − 𝐿 − 𝐶𝑦𝑠𝑡𝑒𝑖𝑛𝑒 + 𝐿 − 𝑔𝑙𝑦𝑐𝑖𝑛𝑒 + 𝐴𝑇𝑃 → 𝐺𝑆𝐻 + 𝐴𝐷𝑃 + 𝑃𝑖 

 

The first step is catalyzed by glutamate cysteine ligase (GCL) and is considered the rate limiting 

step in GSH synthesis, while the second step is catalyzed by glutathione synthase (GS). GCL is 

composed of two subunits: the catalytic or heavy subunit GCLC and a modifier or light subunit 

GCLM. GCLC subunit exhibits all the catalytic activity of the enzyme and is subjected to feedback 

inhibition by GSH [61, 62]. On the other hand, GCLM subunit lowers the Km of GCL for glutamate 

and raises the Ki for GSH, making the holoenzyme more catalytically efficient and less subject to 

inhibition by GSH than GCLC alone [62]. In addition to GCL and GS, several other enzymes are 

involved in the synthesis and/or degradation of GSH including: γ-glutamyltranspeptidase (GGT), 

γ-glutamylcyclotransferase (GGCT), 5-oxoprolinase (OPLAH), and dipeptidase (DP) (Figure 4). 

The enzyme GGT breaks down GSH extracellularly into cysteinylglycine and Ɣ-glutamyl 

aminoacid. Cysteinylglycine gets broken down into cysteine and glycine by the DP enzyme, where 

they can be re-uptaken by the cells and incorporated in GSH synthesis or shunted into other 

metabolic pathways. The Ɣ-glutamyl aminoacid will be converted to 5-oxoproline, by the action of 

GGCT, before it gets converted back to glutamate by OPLAH enzyme and then used in GSH 

biosynthesis [63-65]. Recently, exciting discoveries have identified the glutathione-specific γ-

glutamylcyclotransferase ChaC1 and 2 as another GSH degradation pathway that takes place 

intracellularly [66, 67]. ChaC1 was originally identified downstream of activating transcription 

factor 4 (ATF4) as part of the unfolded protein response (UPR) before proving its involvement in 

other processes such as proliferation and apoptosis [68-70]. ChaC1, and to a lesser extent 

ChaC2, break down intracellular GSH into cysteinylglycine and 5-oxoproline directly [66, 67].  
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In addition to its function as an antioxidant, GSH plays a role in several other vital 

processes in our bodies. For example, the elimination of several xenobiotics is accomplished by 

conjugation with GSH followed by the secretion of the glutathione adduct from the cells through 

membrane transporters such as the multidrug resistant proteins [71]. GSH also regulates cell 

cycle progression [72], and its level correlates with growth of many cell types including liver and 

metastatic cancer melanoma cells [73]. The Ɣ-glutamyl cycle proves that GSH also serves as a 

continuous source of cysteine, which is essential for protein and non-protein compounds 

biosynthesis [64, 74]. Metabolism of estrogens, leukotrienes, and prostaglandins, synthesis of 

DNA and maintenance of the cell redox potential are also among the several functions of GSH 

[75-79]. 

 

1.4 Glutathione and redox signaling 

One critical role of GSH is modulating redox-dependent cell signaling. Protein S- 

glutathionylation (PSSG), which occurs through the conjugation of GSH to a protein cysteine 

residue, is an important regulator of multiple biological processes due to its effect on changing 

proteins’ structure and/ or function (Figure 5). For instance, S-glutathionylation of the cytoskeletal 

protein actin inhibits its polymerization [80, 81]. Aldolase S-glutathionylation, is another example 

Figure 4: 

Synthesis and 

degradation 

pathways of GSH 

[65] 
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in which S-glutathionylation regulates cellular functions through inhibiting the enzymatic function 

of the S-glutathionylated target [82]. Uncoupling proteins UCP2 and UCP3, mitochondrial complex 

I and Ca2+/calmodulin-dependent protein kinase I (CaMKI) are some other examples of targets 

inhibited by S-glutathionylation [83-85], while the 20S proteasome core and adenosine 

monophosphate-activated protein kinase (AMPK) exhibit increases in their activities following S-

glutathionylation [86, 87]. 

The post-translational modification S-glutathionylation is a reversible process. While 

glutathione S-transferase Pi 1 (GSTP1) catalyzes the forward reaction leading to PSSG of some 

proteins, the thiol transferase glutaredoxin (GLRX) is responsible for the reverse reaction and 

removal of GSH (Figure 4). Interestingly, GLRX has emerged as a key regulator of multiple 

physiological processes including inflammation, energy metabolism and fibrosis [88-90]. 

 

 

 

 

 

 

 

 

 

 

1.5 Glutathione regulation 

Given the vast cellular processes influenced by GSH, it is not surprising that it is 

extensively regulated. In addition to GSH recycling from GSSG by the GR, at the expense of 

NADPH (mentioned above), regulation of cellular GSH levels falls under two main mechanisms: 

regulation of the synthesis rate and regulation of its export from cells. The rate of GSH synthesis 

is largely controlled by the expression and the catalytic activity of GCL, which catalyzes the first 

step in GSH biosynthesis. As discussed above, GCLC subunit can be regulated through a 

feedback inhibition by GSH, that is attenuated when GCLM subunit is present [62]. Oxidants and 

electrophiles however have been shown to increase expression levels of GCLC and GCLM 

subunits [91, 92]. The Nuclear factor-erythroid 2-related factor 2 (Nrf2) is a key transcription factor 

that is kept in the cytosol by Kelch-like ECH-associated protein 1 (Keap1), under physiological 

conditions. Upon oxidative stress, Nrf2 dissociates from Keap1 and translocates to the nucleus 

where it upregulates expression of genes involved in the antioxidant defense, including GCLC 

Figure 5: Overview of the S-

glutathionylation process: GSTP: 

glutathione S-transferase Pi 1. 

Glrx1: Glutaredoxin 1 
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and GCLM [93, 94]. The nuclear factor-κB (NF-κB) is another regulator of GSH that has been 

described to control basal levels of GCLC and GCLM subunits [95]. Moreover, under oxidative 

stress, the transcription factor c-Myc binds to GCLC and GCLM promoters and induce their 

activities [96]. In addition, other transcription factors such as c-AMP-response element binding 

protein (CREB) and transforming growth factor-β1 (TGF-β1) have also been described to regulate 

GCLC expression [97-99]. Post-translationally, GCLC is a target for phosphorylation by protein 

kinase A (PKA), protein kinase C (PKC) or Ca2+-calmodulin kinase II (CaMKII), and its 

phosphorylation/ dephosphorylation status impact its activity [100]. GCLC subunit also undergoes 

caspase-3 dependent cleavage which inhibits its activity [101]. Although studied with little 

attention, GS, the enzyme catalyzing the second step in GSH synthesis, can also be regulated 

by Nrf2 [102]. Interestingly, several treatments such as diethyl maleate (DEM), buthionine 

sulfoximine (BSO), tert-butyl hydroquinone (TBH), tumor necrosis factor α (TNFα) and hepatocyte 

growth factor (HGF) were reported to induce expression of the two GCL subunits as well as GS 

enzyme [72, 103]. 

The second major regulator of GSH synthesis is the cysteine availability. Diet, protein breakdown 

and the transsulfuration pathway are all sources of cysteine intracellularly [104]. Extracellularly, 

cysteine is found in its oxidized “disulfide” form (cystine), that gets reduced to two cysteines 

intracellularly [105, 106]. For this reason, transporters that allow cystine uptake intracellularly are 

a great determinant of GSH homeostasis.  

 

1.6 System xc
- 

System xc
- was first discovered in 1980 by Bannai and Kitamura in human fetal lung 

fibroblasts before it grabbed scientists’ attention in the following years [107]. The sodium-

independent, chloride-dependent antiporter is responsible for importing cystine into the cells while 

exporting glutamate in 1:1 ratio. Once inside the cells, the cystine will be reduced to its monomeric 

form, cysteine, that can be incorporated in GSH synthesis. For this reason, system xc
- is 

considered a key regulator of cellular redox homeostasis. The xc
- transporter is a member of the 

heteromeric amino acid transporter (HAT), a family of amino acid transporters consisting of a light 

and a heavy chain linked by a disulfide bridge [108]. In case of xc
-, the heterodimer is composed 

of the light SLC7A11 subunit (also known as xCT), which is responsible for the transporter activity, 

linked via a disulfide bridge to SLC3A2 (also known as CD98, 4F2hc) heavy subunit, that traffics 

the light chain to the cell surface [109, 110] (Figure 6). Along its most obvious role in providing 

cysteine and maintaining redox homeostasis through GSH synthesis, system xc
- also represents 

a non-vesicular source of extrasynaptic excitatory signal in CNS through the export of glutamate 
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[111]. Interestingly, changes in xc
- activity and subsequently glutamate levels at these synapses 

have been associated with the pathophysiology of drug addictions [112-115]. In the eyes, xc
- -

mediated glutamate release, in combination with glutamate vesicular release, were shown to be 

important for the signaling through the photoreceptor, further pointing to the diverse roles played 

by xc
- [116]. Given the crucial roles played by xc

- transporter, and the importance of its substrates, 

it is not surprising that the dysregulation of the transporter has been linked to a variety of diseases. 

Indeed, Alzheimer’s disease [117], Parkinson's disease [118], multiple sclerosis [119] and 

bacterial infection [120] are among some of the diseases affected by system xc
- dysregulation. 

However, the strongest link between overexpression/ overactivation of the xc
- transporter and a 

disease has been established in cancer, where xc
- is necessary for the growth, expansion, and 

survival of many cancer subtypes [121, 122].   

Multiple mechanisms have been identified as regulators of system xc
-. For instance, 

oxidative stress [123], electrophilic agents [124], amino acid deprivation [125, 126], the 

proinflammatory cytokine TNF-α [127], as well as exposure to xenobiotics [128] have all been 

linked to the upregulation of system xc
-. As the case with multiple genes in the GSH biosynthesis 

pathway, SLC7A11 has multiple antioxidant response element (ARE) motifs in its promoter region 

of the gene [123, 129, 130].  Nrf2 binds to these ARE regions, following its activation and 

translocation to the nucleus, leading to the upregulation of these genes [130-132]. A variant 

isoform of the adhesion molecule CD44 (CD44v), which is expressed in cancer stem cells, has 

been described as a regulator of system xc
-, through its interaction with SLC7A11/SLC3A2 

subunits, and stabilizing their membrane insertion [133]. Substrates availability was also identified 

as a regulator of the xc
- transporter. In this type of regulation, high concentration of extracellular 

glutamate acts as a competitive inhibitor of the transporter. When needed and in order to 

overcome this deactivation, cells re-uptake the glutamate via the excitatory amino acid 

transporters (EAATs) and this in turn activates the cystine import [134-136].  

Figure 6: system xc
- structure and 

function: CySS-: cystine, Cys: cysteine, 

Glu: glutamate, Gly: Glycine. Adapted 

from [110] 
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Recently, activity of system xc
- has been shown to be also regulated at the post-

translational level. The mechanistic target of rapamycin complex 2 (mTORC2) was shown to be 

capable of phosphorylating serine 26 of the cytosolic N terminus of SLC7A11, inhibiting its activity 

[137]. Protein ubiquitination, which is the post-translational modification targeting proteins for 

degradation via the proteasome, has also been linked to system xc
- regulation [138]. The 

ubiquitination process can be reversed by the action of deubiquitnases (DUBs). Several families 

and members of DUBs have been identified, with the ovarian tumor (OTU) deubiquitinase binding 

protein-1 (OTUB1) member being linked to system xc
- regulation. OTUB1 was found to directly 

bind to and stabilize SLC7A11 in a CD44-dependent manner in cancer cells [138].  

 

1.7 Redox homeostasis in the development of lung diseases 

Lungs, beside their continuous contact with oxygen in ambient air, are also exposed to 

several other exogenous oxidants, such as these accompanying cigarette smoke, air pollutants, 

irritants, sulfur, nitrogen oxides (NOx) and ozone [139, 140]. In addition, lungs are also exposed 

to endogenous oxidants generated as byproducts of normal cellular processes or released by 

macrophages that normally reside along the lungs’ epithelial surface. Moreover, neutrophils, 

eosinophils and leukocytes that are recruited to the epithelia under acute and chronic 

inflammatory lung disorders also generate ROS that can produce substantial damage [141, 142]. 

Therefore, lungs have a strong antioxidant capacity to protect themselves from the harmful effects 

of oxidants and electrophilic molecules. In fact, concentration of the antioxidant GSH in the lung 

lining fluid, is 100 times higher than that found in blood [143]. Lungs also utilize more GSH than 

any other organ [144]. Despite this protection, lung damage and diseases still occur, with the 

imbalance and/or failure of this protective mechanism contributing to pulmonary pathologies. For 

example, diseases such as idiopathic pulmonary fibrosis (IPF), chronic obstructive pulmonary 

disease (COPD) and asthma, have been linked to oxidative stress without a clear mechanistic 

explanation. From these chronic non-communicable respiratory conditions, we will discuss 

asthma in greater detail. 

  

2.1 Asthma 

A very common but complex lung disease that affects people of all ages is asthma. With 

25 million people affected in the US alone and approximately 300 million people affected 

worldwide, asthma presents a widespread disease with huge burden on economies [145, 146]. 

The disease is characterized by chronic airway inflammation, airflow obstruction, airway 

hyperresponsiveness (AHR) and airway remodeling. Symptoms of asthma include shortness of 
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breath, wheezing, chest tightness, cough accompanied with reversible airway obstruction. 

Several subtypes of asthma have been identified including occupational asthma, steroid-resistant 

asthma, cold air or exercise-induced asthma as well as the most studied subtype allergic asthma. 

Additionally, there are several risk factors that are linked to asthma development. These include 

exposure to environmental allergens such as dust mites, air pollution, tobacco smoking, viral 

infection, and obesity. Although asthma often begins in childhood, the disease can still occur 

anytime throughout life. And while asthma prevalence is higher in children, the complications and 

mortality are a lot more prevalent in adults [146].  

 

2.2 Pathophysiology of Asthma 

Through the years, asthma has been well described with its hallmarks of reversible airflow 

obstruction, bronchial hyper-reactivity, and chronic airway inflammation without affecting the lung 

parenchyma [147]. The underlying mechanism of the chronic airway obstruction and airflow 

limitation in asthma is complex and includes multiple key players. Allergic asthma has two phases, 

an early and a late phase. The early phase is initiated by the IgE, which is produced by plasma 

cells in response to sensitization to the common inhaled allergens such as, house dust mite 

(HDM), fungi, animal dander or pollens. Upon exposure to these allergens, IgE binds the high 

affinity IgE receptor (FcεRI) expressed on mast cells leading to their activation. This in turn leads 

to the release of several mediators that activate epithelial, endothelial, and smooth muscle cells, 

neurons as well as other immune cells, thereby inducing changes in lung function [148, 149]. In 

addition, T helper type 2 (Th2) lymphocytes produce several types of interleukins (IL-) such as IL-

4, IL-5 and IL-13 as well as the granulocyte macrophage colony-stimulating factor (GM-CSF), 

which communicate with other cell types to sustain the inflammation [150, 151]. IL-3 and IL-5 help 

eosinophils and basophils to survive, while IL-13 contributes to remodeling, fibrosis and 

hyperplasia [150]. All these events lead to the sensitization of the patients to a specific allergen. 

Re-exposure to the same sensitized allergen, induces an aggregation on receptor-bound IgE 

molecules and results in the activation of type I hypersensitivity reactions [152]. The later phase 

of the disease typically starts within the next few hours, when dendritic cells (DCs) process the 

antigen molecules into small peptides and present them, through the major histocompatibility 

complexes I and II, for recognition by T cell receptors. There are no DCs in the airways at birth, 

but upon damage to and activation of the respiratory epithelium, bone marrow starts producing 

immature DCs that will migrate towards the epithelium and underlying mucosa in response to 

chemoattractants [153, 154]. The presence of the GM-CSF released from the epithelium and other 

structure and immune cells in presence of IL-4, and tumor necrosis factor-α (TNF-α), leads to DC 
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maturation to fully competent antigen processing cells. These mature DCs form an immunologic 

synapse with the allergen-specific T lymphocyte to initiate a Th response. Some of the Th cells 

will be directed to the B- cell follicle to facilitate immunoglobulin class switching from IgM to IgE, 

while others will move back to the airway mucosa and induce the classical Th2 response through 

secretion of proinflammatory cytokines [155]. Eosinophils, basophiles, neutrophils as well as 

helper and memory T-cells localize to the lungs in the late phase of asthma and contribute to the 

inflammation and bronchoconstriction.  

Multiple studies suggest that asthma persistence is driven by the ongoing host immune response 

that generates mediators inducing the airway dysfunction and remodeling. Increased airway 

smooth muscle mass, thickening of basement membrane and subepithelial fibrosis are all 

hallmarks of airway remodeling [156] (Figure 7). 

 

2.3 Airway epithelium 

Airway epithelial cells play a critical role in asthma progression and development. These 

cells are the first line of defense against inhaled allergens and consist mainly of basal cells that 

are found in close proximity to ciliated and secretory cells, together forming a tight unit that not 

only maintains a physical barrier but also responds to the inhaled environment. Ciliated and 

secretory cells function primarily to facilitate the mucociliary clearance of particulate matter and 

infectious pathogens in the air we breathe. In addition, and like other mucosal surfaces, the airway 

epithelium is at an interface with the environment and is therefore critically important to host 

defense. An impaired epithelial barrier in susceptible individuals, exposes their airways rendering 

them more vulnerable to virus infections, and penetration by inhaled allergens [157]. Once 

activated, the airway epithelial cells produce a variety of cytokines, including thymic stromal 

lymphopoietin (TSLP), GM-CSF and interleukins (IL) -25 and -33, that drive the Th2 response 

[74, 158-160]. 
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2.4 Classification of asthma subtypes 

The complexity of asthma, its heterogeneity, different underlying mechanisms, and 

different treatment responsiveness, urged for a better classification of asthma subtypes. The 

original thought that asthma is considered an excessive Th2 response and IgE-driven airway 

hyperresponsiveness does not apply to all asthma patients [151]. Indeed, the newer classification 

of asthma, generated by employing different methodologies and data sets in an unbiased way, 

divides asthma into two subclasses: type 2 (T2) and non-type 2 (non-T2) groups [161-163]. 

Characteristics of the T2 subgroup include higher levels of airway inflammation, airway 

eosinophilia and higher numbers of mast cells in airways [164, 165]. T2 endotype can further be 

subdivided into early-onset “extrinsic” allergic asthma, late-onset “steroid-resistant” eosinophilic 

asthma and aspirin-exacerbated respiratory disease (AERD) [165]. The non-T2 patients are 

usually characterized with neutrophilic or pauci-granulocytic (normal levels of eosinophils and 

neutrophils in sputum) inflammation, resistance to corticosteroids, and absence of T2- biomarkers 

such as eosinophilia. Unfortunately, the mechanistic etiology of non-T2 subtype is not yet well 

defined, however, chronic infection with atypical bacteria, smoking and obesity have all been 

linked to play a role in its disposition [166-168]. Although currently we have better classifications 

of asthma and its subtypes, a huge overlap between these subcategories exists in subpopulation 

of patients.  

Inhaled corticosteroids (ICS) combined with short acting β-agonists are the first line 

treatment for asthmatics, which were proven to reduce asthma exacerbations and improve the 

Figure 7: Asthma under the microscope 

A: Histology of a healthy control lung. B: 

Lung of a patient with severe asthma 

highlighting the airway remodeling, 

inflammation (INF), basal membrane 

thickening (BMT), smooth muscle 

hypertrophy (SMH) and goblet cell 

metaplasia (GCM) [151]. 
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disease control [169-171]. Patients with poorly controlled asthma and history of exacerbations, 

however, may benefit more of combining ICS with long acting β-agonists [172]. Other asthma 

treatment strategies include leukotriene antagonists [173, 174], and targeted biological therapy 

[175]. Unfortunately, as mentioned above, there is a subgroup of patients that cannot be classified 

under one asthma subtype and are not responsive to the conventional therapy. Therefore, more 

studies are needed to better understand and characterize specific biomarkers to help with 

treatment optimization and overall care [176].   

 

2.5 Metabolism and redox homeostasis in asthma 

As previously explained, the aberrant inflammatory response induced by respiratory 

insults and the airway epithelial damage, creates a state of chronic activation of innate immune 

effector cells leading to lung remodeling [177]. This activation is usually accompanied by 

widespread changes in cellular metabolism [178], as well as an imbalance in the redox 

environment [179-181]. In addition, large number of studies have identified ROS, RNS and the 

loss of the antioxidant defense, not only as effects but also as contributors to asthma 

pathogenesis [182-184]. For instance, bronchoalveolar lavage fluid (BALF) of asthmatics 

exhibited 50% reduction in the activity of the antioxidant enzyme catalase compared to healthy 

controls. This reduction in activity was accompanied by oxidation of catalase at cys 377 [185], 

which likely amplified oxidative stress and contributed to the inflammatory state of the asthmatic 

airway. In fact, higher levels of nitric oxide, eosinophil-mediated oxidative tissue injury and 

bioactive lipid oxidation products are some of the characteristic features of asthma [186-189]. 

Elevated levels of eosinophil peroxidase and myeloperoxidase were found to parallel numbers of 

eosinophils and neutrophils, respectively, and were increased in asthmatic peripheral blood, 

sputum and BALF [184, 190, 191]. Importantly, asthma and asthma exacerbations elicit changes 

in intracellular and extracellular GSH and GSSG, leading to rapid changes in the redox potential 

immediately following antigen challenge in epithelial lining fluid of asthmatics [192]. This altered 

redox signaling induces protein S-glutathionylation that can be reversed by glutaredoxins and 

thioredoxins [193]. Interestingly, Glutaredoxin 1 (GLRX1) was found to be increased in a murine 

mouse model of asthma [194], as well as in sputum derived from asthmatics [195]. The nuclear 

factor-κB (NF-κB), that regulates multiple inflammatory genes responsible for asthma 

pathogenesis, is another example of targets modulated by S-glutathionylation and S-nitrosylation 

in lung epithelial cells [196, 197]. Additionally, the glutathione S-transferase (GST) family, 

including GSTP1 and GSTM, has also been implicated in asthma pathophysiology [198].  

Together, these findings confirm the implications of oxidative stress and altered redox balance in 
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asthma pathogenesis. Moreover, activation of mast cells, dendritic cells, neutrophils as well as 

polarization of the proinflammatory macrophages are all accompanied by increases in glycolysis 

and shifts towards the PPP and fatty acid synthesis [199-202]. This metabolic shift provides the 

macromolecules required for proper functioning of the immune cells. On the other hand, the anti-

inflammatory macrophages utilize the fatty acid oxidation and oxidative phosphorylation to 

generate sufficient energy required for prolonging survival [178, 202]. Other studies highlighted 

the role played by TLR-mediated increase in glycolysis and its necessity for the proper activation 

and function of DCs [200, 203]. Inhibition of type 2 innate lymphoid cells (ILC2)-driven IL33 by 

PKM2 is yet another example of how glycolysis and metabolic reprogramming affect asthma 

progression [204]. In addition, modulation of the glycolysis pathway via phosphorylation and 

inactivation of PKM2 had been shown to be indispensable for mast cells degranulation [205]. 

Interestingly, airway epithelial cells have recently been shown to be modulated by glycolytic 

reprogramming and redox homeostasis. For instance, airway epithelial cells derived from 

asthmatics exhibit increases in mitochondrial numbers and enhanced oxidative phosphorylation 

due to the arginine metabolism reprogramming [206]. In addition, increased glycolysis was 

demonstrated in epithelial cells and platelets of obese asthmatics compared to lean asthmatics 

and healthy subjects, pointing at a potential role of metabolic reprogramming in epithelial cells in 

asthma pathogenesis [207]. It is obvious then that metabolic reprogramming and redox balance 

may contribute to asthma pathogenesis, however, there is still a lot to be unraveled.  
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It is now well recognized that oxidants, via redox sensitive processes, control several 

physiological functions, including cell proliferation, migration, mitochondrial function, and energy 

metabolism. The highly abundant antioxidant molecule glutathione (GSH) plays a critical role in 

the effector function of T-lymphocytes. In addition, enhanced glycolysis has been shown to 

promote growth and survival, through increasing GSH levels to combat the oxidative environment, 

in multiple cell types including cancer cells. Similarly, it has been demonstrated that the metabolic 

signature of inflammatory cells can modulate their pro-inflammatory phenotype.  For example, the 

glycolytic metabolite phosphoenolpyruvate’s (PEP) accumulation has been shown to promote the 

inflammatory phenotype of macrophages by increasing the secretion of proinflammatory 

cytokines [1]. Lactate, however, was reported to suppress the immune response by blocking pro-

inflammatory signaling pathways in monocytes, macrophages and DCs [2, 3]. On the other hand, 

some inflammatory signals such as NF-κB and IL-6 have also been demonstrated to increase 

glycolysis [4, 5]. As mentioned earlier, some studies have reported a potential link between 

changes in cellular metabolism and subsequently enhanced inflammation in pathogenesis of 

asthma. However, it is not fully clear how changes in redox biochemistry and cellular metabolism 

affect lung epithelial cells and whether this paradigm plays a role in the development of allergic 

lung diseases. Thus, the overall aim of this thesis was to study the role played by metabolic 

reprogramming in the development of allergic airways disease and whether this is controlled by 

redox perturbations.  

 

The use of in vivo animal models is an invaluable tool in studying complex diseases like 

asthma. This allows for better understanding of the disease pathophysiology, mechanism, and 

help evaluate both efficacy and safety of treatments before introducing them to patients. Mice, 

the most commonly used animal in biomedical research, do not develop asthma spontaneously 

and require a sensitization and re-exposure protocol to elicit the allergic response.  Injection of 

ovalbumin (OVA) along with an adjuvant, followed by intranasal or aerosolized OVA exposure 

have been used for years as an asthma mouse model. However, some drawbacks to this model 

exist, and this include: (1) OVA is injected intraperitoneal whereas asthmatic patients are 

sensitized by inhalation. (2) Prolonged exposure to OVA develops immunological tolerance [6]. 

(3) OVA-induced immunologic response is primarily of the Th2 type with eosinophil but not 

neutrophil influx [7]. (4) OVA is not considered one of the common asthma triggers. For these 

reasons, allergens such as ragweed extract, cockroach antigens and house dust mite extract 

(HDM), that can be directly relevant to human asthma are now more acceptable [8-10]. 
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Approximately 50-85% of asthmatics are allergic to HDM, making it the most common allergen 

used in modeling asthma nowadays [10]. The allergic airways disease induced by HDM is largely 

dependent on the epithelial cells [11] and the production of the proinflammatory cytokines TSLP, 

GM-CSF, IL-25 and IL-33 [12]. In addition, HDM exposure leads to both eosinophilic and 

neutrophilic immunologic response, airway inflammation, along with other characteristics of 

fibrotic remodeling such as smooth muscle hypertrophy, subepithelial fibrosis and mucous 

hyperplasia [13]. In this thesis, HDM was used as model of allergic airways disease in mice. 

 

Growing body of evidence point at the role played by glycolysis in the development of 

inflammation. Given that chronic inflammation is an underlying cause of asthma pathogenesis, in 

chapter 3 we investigate whether glycolysis is altered and the significance of these alterations in 

allergic asthma. In addition to our in vivo studies in mice, we used samples (nasal cells and 

sputum) derived from asthmatics, as well as mouse tracheal epithelial cells to confirm our findings. 

In this chapter, we highlight the involvement of enhanced glycolysis in the development of allergic 

airways disease. We specifically demonstrate that interleukin-1B (IL1B) is the main driver of the 

enhanced glycolysis during the disease progression. In addition, we demonstrate that enhanced 

glycolysis and IL1B induce pro-inflammatory cytokines, notably TSLP and GM-CSF, contribute to 

allergic airways disease. Moreover, we propose increases in lactate and IL1B as biomarkers for 

severe asthma subtype.  

 

In chapter 4, we dive deeper in studying the glycolysis-induced inflammatory responses 

in the settings of allergic airways disease. Specifically, we focus on PKM2, the enzyme 

responsible for catalyzing the last step of glycolysis, and its role in the disease progression. We 

indeed demonstrate that PKM2 activation attenuates the secretion of several IL1B-induced 

proinflammatory mediators, decreases mucus metaplasia and collagen deposition during allergic 

airways disease. Together, proposing PKM2 as a potential target for asthma therapeutics.   

 

The link between metabolic reprogramming and redox homeostasis has been described 

earlier whereby glycolysis, through PPP, provides NADPH reducing equivalents necessary for 

redox homeostasis. In chapter 5, we use unbiased approaches to study whether and how 

changes in the redox environment, specifically in protein S-glutathionylation, regulate metabolic 

reprogramming in lung epithelial cells. Utilizing multi-omics platforms, that include S-

glutathionylated proteome, metabolome, and DNA array, we demonstrate that IL1B induces S-

glutathionylation of multiple proteins involved in metabolic regulation. Furthermore, cells 
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exhibiting higher basal level of S-glutathionylation (Glrx-/-) have a modulated metabolic profile, 

exhibit an enhanced IL1B-induced glycolytic reprograming and secrete higher amounts of TSLP, 

a key cytokine in asthma. This chapter provides an intriguing link between S-glutathionylation 

chemistry and glycolytic reprogramming in epithelial cells.  

  

The antioxidant glutathione is at the core of the redox system. Our multi-omics study 

performed in chapter 5 highlighted increases in GSH in response to IL1B stimulation, a scenario 

similar to the observations made in cancer cells where increases in glycolysis leads to the 

upregulation of GSH. In addition, our data in the previous chapter point at multiple proteins being 

targets of S-glutathionylation in response to IL1B. Therefore, in chapter 6, we asked whether S-

glutathionylation chemistry plays a role in IL1B-induced GSH increases in epithelial cells and 

whether this has any functional relevance on inflammatory signaling. Our results here show that 

indeed S-glutathionylation of the deubiquitinase OTUB1 stabilizes the cystine transporter system 

xc
-, a rate limiting step in GSH synthesis, and allows for increases in GSH levels. Inhibition of 

GSH, interestingly, attenuates proinflammatory cytokine release, notably TSLP. In addition, the 

outcome of this chapter points at a unique feed-forward regulation of GSH by S-glutathionylation.  

 

Lastly, chapter 7 provides a general discussion of the key findings of the thesis, 

accompanied by future directions, implications, and limitations. 
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Abstract 

Background: 

Emerging studies suggest that enhanced glycolysis accompanies inflammatory responses. 

Virtually nothing is known about the relevance of glycolysis in allergic asthma. 

Objectives: 

Here we sought to determine if glycolysis is altered in allergic asthma and to address its 

importance in the pathogenesis of allergic asthma. 

Methods: 

We examined alterations in glycolysis in sputum samples from asthmatics and primary human 

nasal cells, and used murine models of allergic asthma as well as primary mouse tracheal 

epithelial cells to evaluate the relevance of glycolysis. 

Results: 

In a murine model of allergic asthma, glycolysis was induced in the lungs in an IL-1-dependent 

manner. Furthermore, administration of IL-1β into airways stimulated lactate production and 

expression of glycolytic enzymes, with notable expression of lactate dehydrogenase A occurring 

in the airway epithelium. Indeed, exposure of mouse tracheal epithelial cells to IL-1β or IL-1α 

resulted in increased glycolytic flux, glucose usage, expression of glycolysis genes, and lactate 

production. Enhanced glycolysis was required for IL-1β- or IL-1α-mediated pro-inflammatory 

responses and the stimulatory effects of IL-1β on HDM-induced release of TSLP, and GM-CSF 

from tracheal epithelial cells. Inhibitor of κB kinase ε was downstream of house dust mite (HDM) 

or IL-1β, and was required for HDM-induced glycolysis and the pathogenesis of allergic airways 

disease. SiRNA-ablation of lactate dehydrogenase A attenuated HDM-induced increases in 

lactate and attenuated HDM-induced disease. Primary nasal epithelial cells from asthmatics 

intrinsically produced more lactate as compared to cells from healthy subjects. Lactate content 

was significantly higher in sputum supernatants from asthmatics, notably those patients with 

>61% neutrophils. A positively correlation was observed between sputum lactate and IL-1β, and 

lactate content negatively correlated with lung function. 

Conclusions: 

Collectively, these findings demonstrate that IL-1β/IKKε signaling plays an important role in HDM-

induced glycolysis and the pathogenesis of allergic airways disease. 
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Keywords: Asthma, house dust mite, glycolysis, interleukin-1, inhibitor of κB kinase ε, lactate, 

lactate dehydrogenase A 

Capsule summary: 

IL-1 and IKKε play important roles in HDM-induced glycolysis and the pathogenesis of allergic 

airways disease, and lactate is a potential biomarker for increased glycolysis and IL-1-associated 

pro-inflammatory signals in airways of asthmatics. 
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Introduction 

Asthma is a pulmonary disorder that is characterized by reversible airflow obstruction, chronic 

airway inflammation, airways hyperresponsiveness (AHR) and remodeling. Asthma affects nearly 

10% of the US population and is increasing in prevalence, making it a major public health problem 

(1). Asthma is a complex and heterogeneous syndrome and has a number of different clinical 

phenotypes that are associated with distinct cellular and molecular mechanisms (2) controlled by 

innate and adaptive immune responses to allergens, which rely on both immune (such as DCs, 

Th2 and Th17 cells, and innate lymphoid cells) and structural cells that include airway epithelium 

(3, 4). The exact biochemical processes underlying the diverse phenotypes of asthma, and the 

precise contributions of lung structural and immune cells during asthma pathogenesis remain 

incompletely understood. 

Changes in cellular metabolism, notably increases in glycolysis, accompany inflammatory 

responses (5). Glucose is taken up by cells through glucose transporters and subsequently 

undergoes glycolysis via a step-wise cascade to form pyruvate that can enter the mitochondria 

and undergo oxidative phosphorylation. Alternatively, pyruvate can be metabolized to lactate, via 

lactate dehydrogenase (LDHA). Aerobic glycolysis, the metabolism of glucose to form lactate in 

the presence of oxygen, is a feature of tumor or metabolically active cells, and is associated with 

increased glucose uptake and lactate over-production (6, 7). Aerobic glycolysis also generates 

NADPH that is important in protection against oxidative stress, and preserves the carbon 

backbone of glucose to fuel the synthesis of macromolecules (6, 7). 

Glucose metabolism is implicated in immune activation, and increases in glycolysis regulate 

immune effector function through multiple mechanisms (8). For example, enhanced glycolysis 

has been shown to facilitate the polarization and/or activation of immune cells (9). Moreover, 

lactate, the end product of glycolysis, accumulates at the sites of chronic inflammation (10, 11), 

and tumor microenvironments (12), indicative of increased glycolytic flux. Virtually nothing, 

however, is known about the glycolytic status in the setting of, and the relevance of deregulated 

glycolysis in the pathogenesis of allergic airways diseases. A previous study demonstrated 

increases in lactate in serum of asthmatics compared to patients with COPD or healthy controls, 

and increases in lactate in proliferating CD4 T cells isolated from asthmatics compared to healthy 

subjects. The same authors demonstrated that intraperitoneal injection of dichloroacetate, an 
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inhibitor of pyruvate dehydrogenase kinase, attenuated increases in lactate in proliferating CD4 

T cells, and attenuated ragweed-induced allergic airways inflammation and airways 

hyperresponsiveness in mice (13). However, the extent of increases in glycolysis in airways of 

asthmatics remain unknown. Similarly, the signals that promote increases glycolysis in 

allergically-inflamed lung tissue also remain elusive. It also is not clear whether increases in 

glycolysis occur in lung epithelial cells and affects the response of epithelial cells to house dust 

mite allergen. Therefore, the goal of the current study was to address some of these questions, 

using a mouse model of house dust mite (HDM)-induced allergic airways disease, nasal epithelial 

cells and sputum samples derived from asthmatics. Our results demonstrate that increases in 

glycolysis are a critical feature of allergic airways disease, controlled by an IL-1/IKKε signaling 

axis. 

Materials and Methods 

Subject characteristics 

The study population was enrolled at the asthma clinic in CHU Liege (Belgium). Healthy subjects 

were recruited at the hospital and University of Liege, Belgium. The study cohort consisted of 

healthy subjects (n = 20) and patients with asthma (n=94). The demographic and functional 

characteristics of the 114 subjects from the study cohort are shown in Table E1. The study was 

approved by the local ethics committee, University of Liege, Belgium, (reference 2005/181; 

conforming to the declaration of Helsinki). 

Nasal epithelial cells were isolated from healthy subjects (n=6) or patients with allergic rhinitis and 

asthma asthmatics (n=7) enrolled at the University of Vermont Medical Center. Patient 

characteristics are provided in Table E2. The local IRB granted approval for all of the procedures 

involving human subjects (CHRMS 15–067).  

Additional details are provided as Online Supplementary Information. 

Mouse studies 

Age-matched, 8- to 12-week-old mice were used (The Jackson Laboratory, Bar Harbor, ME) for 

all experiments. Wild-type (WT, C57BL6/NJ)), Rag−/− (C57BL6/J), or Ikbke−/− (C57BL6/J) mice 

along with their strain-matched controls were sensitized (Days 1 and 8), challenged (Days 15–

19), and rechallenged (Days 29, 32, 36, and 39) with HDM extract as shown in Figure 1A. All 

animal experiments were approved by the Institutional Animal Care and Use Committee. 

Cell studies 
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Human nasal epithelial cells were isolated from healthy subjects or asthmatics. Cells were 

cultured and exposed to HDM for assessment of glycolysis proteins and lactate content in culture 

supernatants. Mouse tracheal epithelial cells were isolated from tracheas from WT mice of mice 

or mice lacking Ikbke. Cells were cultured and exposed to the indicated mediators, for the 

assessment of lactate in supernatants, glucose uptake, extracellular acidification rate, and 

cytokine levels in medium. 

Statistical analysis 

All data were evaluated using JMP Pro 10 software (SAS Institute, Cary, NC) and GraphPad 

Prism 6 (GraphPad Software, Inc., La Jolla, CA). Cell culture and mouse data were compared 

with either one-way, or two-way ANOVA, followed by a Tukey post hoc test. Scoring of histological 

staining was analyzed by the Kruskal-Wallis test. Human demographic data were compared by 

Student T-test, Chi-squared test or Wilcoxon rank sum test. Human sputum data for lactate and 

IL-1β were log-transformed before being compared by Student T-tests. Comparisons of sputum 

data between asthmatic and healthy participants were adjusted for differences in BMI using 

ANCOVA. P values less than 0.05 were considered statistically significant. 

More detailed information on the materials and methods used in this study is available as 

supplemental information. 
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Results 

Increases in glycolysis in lungs from mice with house dust mite (HDM)-induced allergic 

airways disease. 

Low pH is a characteristic of chronic inflammatory sites (10, 14, 15) and results mainly from a 

metabolic shift to aerobic glycolysis and subsequent lactate over-production. Little is known about 

the glycolytic status in asthma. We therefore first determined whether glycolysis was affected in 

a HDM model of allergic airways disease (Figure 1A). No increases in lactate were observed 

acutely following HDM (Day 1 and 2, Figure 1B). Five consecutive daily exposures to HDM in 

week 3 without prior sensitization during week 1 and 2 (day 20: 2X saline, 5X HDM) also did not 

result in increases in lactate (Figure 1B). However, lactate levels were increased in the BAL and 

lung tissue homogenates of mice at Day 20 following 2 sensitizations and 5 challenges (Figure 

1B). Significant increases in lactate production were also observed 24 h (Day 30) following HDM 

re-challenge on day 29, in mice previously sensitized and challenged with HDM (2XHDM, 5X 

HDM, HDM). These increases in lactate on days 20 and 30 corresponded with increases in total 

cells and notably increases in neutrophils in BAL (16) (Figure E1 A and B) and suggest that 

increases in lactate are a feature of the adaptive immune response. Increased expression of 

glycolysis proteins, including hexokinase 1 (HK1), HK2, and lactate dehydrogenase A (LDHA) 

were observed in lung tissue homogenates 20 or 29 days post HDM exposure, while they tended 

to decrease at day 30 (Figure 1C). LDHA preferentially converts pyruvate to lactate (17). 

Immunohistochemical analysis of LDHA in saline-exposed mouse lung tissues revealed that 

LDHA was constitutively expressed in bronchial epithelial and alveolar type II cells (Figure 1D). 

In response to HDM sensitization and challenge, widespread increases in expression of LDHA 

were apparent in lung tissue, with increases in immunoreactivity present not only in cells 

resembling infiltrating immune cells, consistent with the previously appreciated role of glycolysis 

in immune effector function (9), but also in bronchial epithelial cells (Figure 1D). These findings 

suggest that both structural and hematopoietic cells might be responsible for HDM-mediated 

increases in lactate production. 
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Figure 1. Evaluation of glycolysis in the lung tissues of mice exposed to house dust mite (HDM). A, 

Schematic depicting the dosing regimen of HDM (Detailed information is provided in the Supplemental 

Material). B, Lactate levels in BAL (top) and lung tissues (bottom) following a single or multiple exposures 

to HDM, according to the schematic in A. *P < 0.05 (ANOVA) relative to the saline group (n=5–8 per group). 

C, Protein expression of glycolysis enzymes in lung lysates from saline- or HDM-challenged mice harvested 
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at the indicated times. β-Actin = loading control. D, LDHA immunohistochemistry in lung tissues of HDM-

sensitized and -challenged mice harvested at Day 20 (Top: scale bar, 50 μm; Bottom: scale bar, 25 μm). 

Blue = LDHA. 2°control; HDM-inflamed tissue wherein primary antibody was omitted as a negative control. 

 

An adaptive immune response and Interleukin-1 (IL1) signaling are required for increases 

in glycolysis in lungs of mice with HDM-induced allergic airways disease: 

To elucidate the mediators that cause glycolysis, we evaluated a number of proinflammatory 

mediators and assessed whether their levels correlated with increases in lactate. Levels of IL-1β, 

IL-6, and TNFα but not IL-1α and IL-17 were increased at times that roughly corresponded with 

increases in lactate (Figure 2A). We next sought to determine whether IL-1 signaling plays a 

causal role in the augmentation of glycolysis in HDM-induced disease. Neutralization of IL-1 with 

IL-1 trap (18) (Figure E2) attenuated the HDM-mediated lactate increases (Figure 2B) as well as 

expression of glycolytic enzymes HK2 and LDHA (Figure 2C), demonstrating the functional 

importance of IL-1 in augmenting glycolysis in HDM-exposed mice. 

The delayed increases in lactate in BAL and lung tissues following HDM sensitization and 

challenge suggest the requirement of an adaptive immune response. To directly test whether IL-

1-dependent increases in glycolysis in response to HDM were dependent on adaptive immunity, 

we assessed lactate levels in HDM-exposed WT and RagT−/− mice which lack mature B and T 

lymphocytes (19). We previously published that Rag1−/− mice exhibited robust decreases in HDM-

induced immune cell influx in BAL and IgG and IgE production (20). Strikingly, the HDM-mediated 

increases in lactate levels (Figure 2D) and IL-1β (Figure 2E) were completely inhibited in Rag−/− 

mice. Taken together, our results suggest that HDM-induced adaptive immunity is required for IL-

1 signaling and resultant increases in glycolysis. In order to address whether IL-1β is sufficient to 

increase glycolysis, we directly administrated IL-1β into the airways of WT mice. IL-1β caused 

increases in lactate levels in BAL at 6 and 24 h post administration, and in lung tissue after 48 h 

post administration, and resulted in increases in BAL neutrophils, along with increases in the pro-

inflammatory cytokines, CCL20, KC, GM-CSF and TSLP in lung tissue (Figure E3A-C). Increases 

in lactate were accompanied by increases in HK2 and LDHA in lung tissue (Figure 2G). Evaluation 

of LDHA by immunohistochemistry revealed increases in LDHA in bronchial epithelia 24 h post-

administration of IL-1β (Figure 2H). 
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Figure 2. House dust mite (HDM)-induced T and B-cell adaptive immune responses are required for 

IL-1 β production and resultant increases in glycolysis in lung tissues. A, Levels of pro-inflammatory 

cytokines in lung tissue of HDM-exposed mice at the times indicated. *P < 0.05 compared to saline groups 

(ANOVA) (n=5 per group). B-C, Lactate levels in the broncho-alveolar lavage fluid (BAL) and homogenized 

lung tissues (B) and Western blot analysis of HK2 and LDHA in lung tissues (C) from saline-exposed mice 

or HDM-exposed mice treated with vehicle (Veh) or IL-1 TRAP. Mice were harvested at day 20. *P < 0.05 

compared to the saline group, †P < 0.05 compared to the HDM/Veh group (ANOVA) (n = 5 per group). 

Lactate levels in BAL fluid and lung tissues (D) and IL-1β levels in the lung tissues (E) from Rag−/− mice 

and WT mice exposed to saline or HDM. Mice were analyzed at Day 20. *P < 0.05 compared to the saline 
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controls, †P < 0.05 compared to the respective WT group (ANOVA, n = 4–8 per group). F, Lactate levels 

in BAL fluid and lung tissues from the mice 6, 24, 48, and 72 h post intranasal administration of IL-1β. *P < 

0.05 compared to Veh-exposed mice (ANOVA, n=5–8 per group). G, Western blotting of HK2 and LDHA in 

lung tissues from mice treated with recombinant IL-1β (1 μg/mouse) for 48 h. H, Immunohistochemical 

analysis of LDHA in lung tissues 24 h post administration of IL-1β or vehicle (Top: scale bar, 50 μm; Bottom: 

scale bar, 25 μm). Blue = LDHA. 

 

Increased glycolysis promotes Interleukin-1α- and Interleukin-1β-mediated pro-

inflammatory responses in airway epithelial cells and augments release of pro-

inflammatory mediators following subsequent exposure to house dust mite. 

Our findings demonstrating that intranasal administration of IL-1β increases BAL lactate levels 6 

h later, a time point prior to the recruitment of inflammatory cells (Figures E3B and E3C), suggest 

that IL-1β increases glycolysis in airway epithelial cells in settings of allergic airways disease. In 

order to directly address this possibility, we exposed mouse tracheal epithelial (MTE) cells to IL-

1β or IL-1α for 24 h. Both cytokines resulted in significant increase in lactate levels in culture 

supernatants. No increases in lactate were observed 24 h after exposure to IL-6, IL-13, IL-33, 

TGF-β1, TNFα, IL-17, LPS, or HDM (Figure 3A), demonstrating notable selectivity of IL-1 α/β in 

augmenting glycolysis in MTE cells in these experimental settings. Concomitant to increases in 

lactate, IL-1β significantly augmented expression of a number of genes in the glycolysis pathway 

(Figure 3B). IL-1β-treated MTE cells had higher basal extracellular acidification rates (ECAR) than 

vehicle-exposed cells, indicating a higher rate of release of lactate into the culture medium. In 

response to glucose injection, IL-1β-treated cells demonstrated higher rate of ECAR compared to 

control cells. IL-1β-treated cells were also more sensitive to the ATP synthesis inhibitor, 

oligomycin and maintained a higher ECAR (Figure 3C), revealing the higher glycolytic capacity of 

IL-1β- treated cells. Addition of 2-deoxyglucose (2-DG), a competitive inhibitor of glucose 

hexokinase, decreased ECAR to baseline levels, confirming that the observed ECAR is due to 

glycolysis (Figure 3C). In contrast to changes in ECAR, oxygen consumption rates (OCR) were 

similar in control and IL-1β-treated cells (Figure 3C). In line with these observations, glucose 

levels in the medium decreased and glucose uptake was increased in response to IL-1β (Figure 

3D). These findings collectively demonstrate IL-1β (and IL-1α) as an inducer of glycolysis in lung 

epithelial cells, and that the ability of IL-1 to augment glycolysis in these experimental settings is 

not shared by other asthma-relevant mediators tested herein. 
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The importance of glycolysis in regulating immune effector function responses is well established 

(21, 22). It is not known whether glycolysis regulates pro-inflammatory responses in epithelial 

cells exposed to IL-1β. We therefore inhibited glycolysis by pre-treating the MTE cells with the 

hexokinase inhibitor, 2-DG, or the LDHA inhibitor, oxamate, and assessed IL-1β-induced pro-

inflammatory cytokines. As shown in Figure 4A, 2-DG completely blocked IL-1ß-induced lactate 

production and strongly attenuated production of TSLP, GM-CSF, KC and CCL20 in response to 

IL-1β (Figure 4B). Similar inhibitory effects on IL-1β-induced lactate and pro-inflammatory 

cytokines were observed in cells treated with oxamate (Figure 4C and D). 2-DG or oxamate did 

not induce cell death (Figure E4A) demonstrating that decreases in cytokines observed are not 

due to a loss of survival. Similar to IL-1β, IL-1α also resulted in increases in the same cytokines 

which were also inhibited by 2-DG or oxamate (Figure E4B), suggesting that both interleukins 

trigger similar glycolysis-dependent pro-inflammatory responses in epithelial cells. 
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Figure 3. IL-1α/β increase lactate production, glycolysis gene expression, glucose usage, and 

glycolytic flux rate in primary mouse tracheal epithelial (MTE) cells. A, Lactate levels in the cell-culture 

supernatants of MTE cells following 24 h stimulation with IL-1α, IL-1β, IL-6, IL-13, IL-33, TGF-β1, TNFα, IL-17, LPS, or 

HDM. *P < 0.05 compared to the sham group (ANOVA). Representative results from one out three independent 

experiments are shown. B, mRNA expression of glycolysis-related genes in MTE cells treated with or without IL-1β (10 

ng/mL). P values from Student’s t test are indicated. C, ECAR and OCR of IL-1β- or sham-treated MTE cells, measured 

via a Seahorse Extracellular Flux (XF24) Analyzer. Glucose, oligomycin, and 2-DG were injected sequentially marked 

by the vertical lines. *P < 0.05 compared to the sham group (Student’s t test). Representative results out three 

independent experiments were shown. D, glucose consumption (left) and uptake (right) in MTE cells 24 h post 

stimulation with IL-1 β. *P < 0.05 compared to the sham group (Student’s t test). 

 

 

Figure 4. Importance of glycolysis for IL-1β-induced pro-inflammatory responses and the IL-1β-

mediated augmentation of HDM-induced innate cytokine responses in primary mouse tracheal 

epithelial (MTE) cells. A-D, Lactate (A&C) and levels of proinflammatory mediators (B&D) in the cell 

culture supernatants of MTE cells. MTE cells were pre-treated with 2-Deoxyglucose (2-DG, 10 mM) (A-B), 
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or oxamate (10 mM) (C-D), followed by stimulation with IL-1β (10 ng/mL) for 24 h. E-F, Importance of 

glycolysis in the IL-1β- mediated augmentation of HDM (50 μg/ml)-induced KC, CCL20, TSLP, and GM-

CSF levels in culture supernatants. *P < 0.05 compared to non-HDM exposed sham group, †P < 0.05 

compared to respective non-IL-1β treated vehicle group (Veh.), and ‡P < 0.05 relative to non-2DG or non-

oxamate treated control group (Ctrl) (two-way ANOVA). 

 

Results in Figures 2F and H demonstrate that IL1β was sufficient to increase lactate in lung 

tissues and expression of LDHA in bronchial epithelia. We next tested whether IL-1β-mediated 

increases in glycolysis in epithelial cells affected their subsequent response to HDM, in order to 

gain insights into the functional impact of enhanced glycolysis (which would be expected to occur 

in a setting wherein IL-1 is increased), for subsequent responses to allergens in airway epithelia. 

We treated MTE cells with 2-DG for one h or oxamate overnight, followed by treatment with IL-1β 

for 24 h. Cells were then washed and exposed to HDM for 2 h (Figure 4E and F). While IL-1β or 

HDM individually led to increases in pro-inflammatory cytokines, a strong synergy was observed 

in cells sequentially exposed to IL-1β and HDM. Importantly, inhibition of glycolysis with 2-DG 

strongly attenuated the IL-1β plus HDM induced levels in TSLP or GM-CSF, and moderately 

decreased CCL-20 and KC (Figure 4E). Similar responses were observed with oxamate (Figure 

4F) with the exception of KC which remained unaffected. Collectively, these data demonstrate 

that IL-1β-induced glycolysis augments the subsequent pro-inflammatory responses of epithelial 

cells to HDM. 

Inhibitory kappa B kinase-epsilon, (IKKε) promotes IL-1β-induced glycolysis in epithelial 

cells and HDM-induced allergic airways disease in mice 

The inhibitory kappa B kinase (IKK) family includes four kinase members, the canonical IKKα and 

IKKβ, as well as two non-canonical family members, IKKε and TBK1. We have previously shown 

that activation of IKKβ play a critical role in the pathogenesis of allergic airways disease (23, 24). 

Essentially no information exists about the role of other IKKs. IKKε is emerging as a critical 

regulator of Th17 maintenance, IL-17-induced airway neutrophilia (25), and glycolytic 

reprogramming in DCs (21). We therefore explored whether IKKε was increased during the 

pathogenesis of HDM-induced allergic airways disease, and whether IKKε contributed to IL-1β-

induced glycolysis. In mice with HDM-induced disease, expression of IKKα and IKKβ increased 

in lung tissues (Figure 5A), consistent with our previous observations (16, 26). We also observed 

robust and prolonged increases in IKKε and TBK1 in lung tissues (Figure 5A). We next addressed 

the impact of Ikbke ablation (the gene encoding IKKε) (Figure 5B) on HDM-induced glycolysis 
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and allergic airways disease. Ablation of Ikbke significantly attenuated the HDM-mediated 

increases in lactate (Figure 5C), suggesting the requirement of Ikbke in HDM-induced glycolysis. 

Assessment of HDM-induced airway inflammation revealed slight decreases in overall BAL cell 

counts in HDM-challenged Ikbke−/− mice compared to WT littermates, reflected by slight 

decreases in neutrophils (albeit not significant), significant decreases in eosinophils, and a lack 

of differences in macrophages or lymphocytes (Figure 5D). Similar to our previous studies (16) 

significant increases airway resistance (RN) occurred in HDM-challenged WT mice compared to 

controls (Figure 5E). While HDM-exposed Ikbke−/− mice showed comparable increases in 

baseline RN compared to saline-exposed mice, no further increases in RN in response to 

increasing doses of methacholine were observed. No differences in tissue resistance (G) were 

observed between any of the groups. Converse to the attenuation of HDM-mediated increased in 

RN observed in HDM-exposed Ikbke−/− mice, tissue elastance was significantly elevated (Figure 

5E), suggesting complex modulation of AHR in mice lacking Ikbke. In WT mice, HDM led to mucus 

metaplasia and increases in Muc5AC in BAL (Figure 5F-G), in association with increases in IL-33 

and IL-13 in lung tissues (Figure 5H), consistent with a type 2, eosinophil-associated inflammatory 

response. In contrast, HDM-mediated increases in mucus metaplasia, Muc5AC, IL-33, IL-13, and 

CCL-20 were strongly attenuated in ikbke−/− mice (Figure 5F-H), suggesting that absence of ikbke 

attenuates type 2 inflammation. Although levels of TSLP were constitutively lower in ikbke−/− mice, 

compared to WT counterparts, no effect of HDM was observed at this time point (Figure 5H). No 

differences between HDM-mediated increases in IL-1β were observed between WT or ikbke−/− 

mice (Figure 5H), suggesting that IL-1β is increased proximally to, or independently of, ikbke. 

Because of these findings, the attenuation of HDM-induced lactate in lung tissues from ikbke−/− 

mice, compared to WT littermates (Figure 5C), and the previously reported role of IKKε in 

glycolytic reprogramming of DCs (21), we next addressed the role of ikbke in IL-1β-mediated 

increases in glycolysis in lung tissue. IL1β administration was sufficient to increase lactate in WT 

mice. The IL-1β-mediated increases in lactate were almost completely abolished in ikbke−/− mice 

(Figure 5I), suggesting that ikbke is required for IL-1β-induced glycolysis. 
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Figure 5. A causal role for Inhibitory kappa B kinase ε (IKKε) in HDM- and IL-1β-mediated increases 

in glycolysis and the pathogenesis of allergic airways diseases. A, Western blot analyses of IKKs in 

lung tissues of WT mice subjected to the HDM regimen for the indicated times. WT or Ikbke −/− mice were 

exposed as described in Fig. 1. Mice were euthanized at day 20 for assessment of IKKε in lung tissue via 
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Western blot analysis (B), lactate levels in lung tissues (C), total and differential cell counts in BAL fluid (D), 

and AHR (E). *P < 0.05 compared to the saline control group, †P < 0.05 compared to respective wildtype 

(WT) (ANOVA, n = 5–10 per group). F, Assessment of mucus metaplasia in WT or Ikbke−/− mice exposed 

to HDM or saline (scale bar, 50 μm) (Top). Quantification of airway mucus staining (PAS) intensity 

(Bottom). Data are expressed as means (±SEM) from five mice per group. *P < 0.05 compared with 

respective saline controls. †P < 0.05 compared with WT HDM groups (Kruskal-Wallis). Levels of Muc5AC 

(G) and pro-inflammatory mediators (H) in lung tissues of WT and Ikbke−/− mice exposed to HDM as 

described in B-E. I, BAL and lung lactate levels in WT and Ikbke−/− mice exposed to IL-1β for 24 h. *P < 

0.05 relative to Veh (vehicle) control group, †P < 0.05 relative to the respective wild-type (WT) group 

(ANOVA, n = 5–10 per group). 

 

Strong increases in IKKε immunolocalization were observed in bronchial epithelial cells in 

response to HDM or IL-1β (Figure 6A). We therefore explored the effect of IL-1β on IKKε 

expression and the role of IKKε in IL-1β-induced glycolysis. Exposure of MTE cells to IL-1β was 

sufficient to upregulate ikbke mRNA (Figure 6B). IL-1β-mediated increases in lactate were 

attenuated in ikbke−/− MTE cells (Figure 6C). Similarly, the IKKε/TBK1 inhibitor, Amlexanox 

resulted in a dose-dependent decrease in IL1β-induced lactate in MTE cells (Figure 6D), and 

abrogated IL1β-mediated increases in Glut1, Hk2, Ldha, and Pkm2 mRNA (Figure 6E). The more 

potent effects of Amlexanox compared to ikbke ablation are potentially due to Amlexamox 

targeting both IKKε and TBK1 (27). We next addressed the impact of IKKε/TBK1 on the IL-1β-

mediated augmentation of HDM-induced pro-inflammatory responses. WT cells were treated with 

Amlexamox overnight, followed by treatment with IL-1β for 24 h. Cells were then washed and 

exposed to HDM for 2 h (Figure 6F). Similar to results in Figure 4E, prior exposure to IL-1β led to 

an augmentation of HDM-induced release of pro-inflammatory mediators from MTE cells (Figure 

6F). Amlexanox ablated the IL-1β plus HDM-mediated increases in TSLP and GM-CSF, and 

attenuated CCL20 and KC (Figure 6F), identical to our findings with 2-DG (Figure 4E). 

Comparative evaluation of WT and Ikbke−/− epithelial cells demonstrated a strong attenuation of 

IL-1β/HDM-mediated increases of TSLP, and a modest attenuation of KC and GM-CSF, while 

CCL20 was increased equally in Ikbke−/− cells and WT cells in response to IL-1β/HDM. (Figure 

6G). Overall, these data suggest that IKKε is a critical mediator in IL-1β-induced glycolysis and 

subsequent augmentation of HDM-mediated increases of TSLP in airway epithelial cells, and that 

the further decreases in CCL20, GM-CSF and KC observed in response to Amlexamox in these 

settings (Figure 6F) may be attributable to TBK1. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6278819/figure/F6/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6278819/figure/F6/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6278819/figure/F6/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6278819/figure/F6/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6278819/figure/F6/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6278819/#R27
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6278819/figure/F6/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6278819/figure/F4/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6278819/figure/F6/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6278819/figure/F6/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6278819/figure/F6/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6278819/figure/F4/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6278819/figure/F6/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6278819/figure/F6/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6278819/figure/F6/


IL-1/IKKε-induced glycolysis promote allergic airways disease 

64 
 

 

Figure 6. Inhibitory kappa B kinase ε (IKKε) is required for IL-1β-mediated increases in glycolysis, 

and the IL-1β-mediated augmentation of HDM-induced innate cytokine responses in MTE cells. A, 

Immunofluorescence analysis of IKKε in the lungs from HDM- or IL-1β-exposed mice. Red: IKKε, Blue: 

DAPI counterstain (scale bar, 50 μm). B, mRNA expression of Ikbke in MTE cells exposed to IL-1β. *P < 

0.05 relative to sham control (Student’s t test). C, Lactate levels in supernatants of WT or Ikbke−/− MTE cells 

stimulated with IL-1β for 24 h. *P < 0.05 compared to sham controls, †P < 0.05 relative to respective WT 

(ANOVA). D, Lactate levels in cell culture supernatants of MTE cells treated with vehicle or amlexanox, at 

the indicated concentrations. *P < 0.05 compared to sham controls (Student’s t test). E, Attenuation of IL-

1β-induced expression of glycolysis genes in MTE cells pre-treated with 100 μΜ amlexanox. *P < 0.05 

relative to the veh/sham group, †P < 05 relative to Veh/IL-1β (ANOVA). F MTE cells were pre-treated with 

100 μΜ amlexanox, followed by stimulation of IL-1β for 24 h prior to exposure to HDM (50 μg/ml) for an 

additional 2 h according to the indicated schematic. KC, CCL20, TSLP and GM-CSF in the cell culture 

supernatants of mouse tracheal epithelial cells. G KC, CCL20, TSLP and GM- CSF levels in supernatants 
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of WT or Ikbke−/− MTE cells sequentially exposed to IL-1β and HDM according to the schematic. *P < 0.05 

relative to non-HDM exposed sham group, †P < 0.05 compared to respective non-IL-1β treated vehicle 

group (Veh.), and ‡P < 0.05 relative to respective non-amlexanox treated control group (Figure F) or wt 

group (Figure G) (two-way ANOVA). 

 

Lactate dehydrogenase A (LDHA) augments lactate levels in lung tissues and contributes 

to HDM-induced allergic airways disease 

To address the functional importance of increased glycolysis, we administered Ldha siRNA in 

mice with pre-existing allergic airways disease (Figure 7A). SiRNA-mediated ablation of Ldha 

attenuated HDM-mediated increases in LDHA expression (Figure 7B) and lactate (Figure 7C), 

and markedly decreased HDM-mediated increases in airway inflammation (Figure 7D). Ldha 

siRNA attenuated tissue levels of IL-33, IL-13 and CCL-20, but did not affect GM-CSF, IL-1 β, or 

TSLP (Figure 7E). Ldha siRNA decreased HDM-induced mucus metaplasia and diminished 

Muc5AC levels in BAL in HDM-exposed mice (Figure 7F-G), consistent with diminished type 2 

inflammatory responses. Although siRNA-mediated ablation of Ldha did not affect Rn, it 

attenuated tissue resistance and elastance, compared to Ctrl siRNA HDM-exposed mice (Figure 

7H). Collectively, these findings point to the functional relevance of LDHA-linked glycolysis in 

HDM-induced airways disease, and that increases in glycolysis are an important pro-inflammatory 

signal. 

Evidence for increased glycolysis in human asthma in association with airway neutrophils 

In order to address the relevance of these findings for human asthma, we evaluated increases in 

glycolysis proteins and lactate in primary nasal epithelial cells (NECs). Protein levels of LDHA 

and pyruvate kinase M2 (PKM2) were constitutively increased in NECs from asthmatics as 

compared to controls (Figure 8A, Figure E5A), in association with increases in lactate (Figure 8B). 

In response to HDM, no further differences in expression of these mediators were observed. 

These findings suggest that asthmatic NECs show an intrinsic increase in glycolysis. Assessment 

of cell-free sputum samples of healthy subjects (n = 20) or asthmatics (n = 94) showed increased 

lactate levels in asthmatics as compared to controls (Figure 8C). Sputum lactate levels negatively 

correlated with %FEV1 in asthmatics but not in healthy individuals (Figure 8D). Although overall 

levels of IL-1β in sputum samples were not significantly higher in the overall asthmatic population, 

than those in controls (Figure 8E) a significant correlation was apparent between lactate and IL-

1β in asthmatics (Figure 8F). Given the large fluctuations in levels of lactate (range 5.3–362.9 
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μΜ) and IL-1β (range 0.8 −262.8 μg/ml) in the asthmatic subjects we further investigated whether 

these parameters were related to specific clinical features. Lactate or IL-1β were not elevated in 

patients with eosinophilic asthma (>3% sputum eosinophils) compared to patients with low 

eosinophils (<3% eosinophils, p= 0.81 and 0.57, respectively). Lactate was not different between 

atopic and non-atopic asthmatics (p=0.67). IL-1β levels trended towards being elevated in atopic 

compared to non-atopic asthmatics (p=0.07). Lactate and IL-1β values trended towards increases 

in asthmatic patients who received corticosteroids compared to the patients who did not (p = 0.09 

and 0.07, respectively). Lactate and IL-1β were significantly elevated in neutrophilic asthmatics 

(>61% sputum neutrophils, Figure E5B) compared to patients with <61% neutrophils. Lactate 

levels (but not IL-1β) were significantly higher in patients whose asthma was uncontrolled (Figure 

E5B). The BMI was increased in asthmatics as compared to healthy subjects (Table E1). 

Adjustment for BMI still showed significant increases in lactate in asthmatics as compared to 

healthy subjects (p=0.0002). Collectively, these data suggest that IL-1-linked glycolysis is an 

important feature of allergic asthma. 
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Figure 7. siRNA-mediated knockdown of Ldha attenuates HDM-mediated increase in glycolysis, 

airway inflammation, and airways hyperresponsiveness. A, Schematic depicting the dosing regimen of 

HDM, control (Ctrl) and Ldha siRNAs. At day 40, Salineexposed mice or HDM-exposed mice treated with 

Ctrl siRNA or Ldha siRNA were harvested for the assessment of LDHA protein levels in the lung tissues 

via Western blot analyses (B) levels of lactate in BAL and lung tissue (C), total and differential cell counts 

in the BAL (D), levels of IL-1β, CCL20, IL-33, TSLP, GM-CSF, and IL-13 in the lung tissue (E). *P < 0.05 

relative to the naive group, †P < 0.05 relative to the HDM/Ctrl siRNA group (ANOVA). F, Periodic acid Schiff 

(PAS) staining of airway mucus in saline- or HDM-exposed mice treated with Ctrl siRNA or Ldha siRNA 

(scale bar, 50 μm) (Left). Quantification of airway mucus staining (PAS) intensity (Right). Data are 

expressed as means (±SEM) from five-six mice per group. *P < 0.05 compared with naive mice. †P < 0.05 

compared to HDM/ctrl siRNA group (Kruskal Wallis) G, Measurement of muc5AC levels in the BAL from 
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mice described in A-E. H, Assessment of AHR. *P < 0.05 relative to naive group, †P < 0.05 relative to 

HDM/Ctrl siRNA group (ANOVA). 

 

Figure 8. Evidence of increases in glycolysis in human asthma. A, Western blot analysis of PKM2 and 

LDHA, in saline or HDM-treated nasal cells isolated from asthmatics or healthy individuals. Data are 

representative of 6 healthy subjects, and 6 asthmatics B, Lactate content in culture supernatants of cells 

shown in A. *P < 0.05 compared to cells from healthy controls not exposed to HDM, †P < 0.05 compared 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6278819/figure/F8/
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to cells from healthy controls exposed to HDM, (ANOVA). C-F, Lactate (C) and IL-1β levels (E) in the 

sputum supernatants from healthy subjects (n=20) or asthmatics (n=94). Correlations between lactate 

content and forced expiratory volume in 1 s percentage predicted (FEV1%) (D) or IL-1β levels (F) in 

asthmatics and healthy subjects. Correlation analyses were performed via Spearman rank correlation 

coefficients. 

 

Discussion 

Perturbations in glycolysis are implicated in the pathogenesis of several chronic inflammatory 

diseases (10, 28). However, the role of dysregulated glycolysis in allergic asthma is not well 

appreciated. Herein, we discovered that in mice with HDM-induced allergic airways disease, 

glycolysis was increased in association with HDM-induced inflammation, mucus metaplasia, and 

AHR. Our results also illuminated that IL-1- and IKKε-dependent signals are important in 

augmenting glycolysis in HDM-exposed mice, and in enhancing HDM-induced pro-inflammatory 

signals in epithelial cells. Importantly, inhibition of glycolysis via administering Ldha siRNA in mice 

with pre-existing allergic airways disease attenuated the patho-physiological manifestations of 

allergic airways disease. These findings have potential relevance to human asthma given the 

robust increases in expression of LDHA and increased levels of lactate in primary human NECs 

and cell culture supernatants, respectively, and the observed positive correlation between lactate 

and IL-1β in asthmatic sputum samples. 

In the present study we demonstrated the importance of IL-1 signaling in mediating HDM-induced 

glycolysis. This claim is based upon findings demonstrating that increases in IL-1β levels were 

temporally correlated with increases in lactate in response to HDM, that neutralization of IL-1 

significantly attenuated HDM-induced glycolysis, and that administration of IL-1β into airways or 

to MTE cells was sufficient to increase glycolysis. These findings are consistent with earlier 

studies showing that IL-1 signaling increases glycolysis during Th17 cell differentiation (29), and 

in mesangial cells (30). IL-1α and IL-1β share biological activity by acting exclusively on 

Interleukin 1 receptor, type I (IL1RI) (31), and various studies suggest that both cytokines play 

critical roles in asthma (32–37). Neutralizing IL-1α during allergic sensitization to HDM resulted in 

strongly attenuated Th2 inflammation (36). Although we did not detect increases in IL-1α at times 

that corresponded with increases in lactate, we cannot rule out the possibility that IL-1α may be 

involved in increased glycolysis in settings of allergic airways disease. As IL-1β and IL-1α both 

activate IL-1RI, and increase glycolysis in epithelial cells (Figure 3) and IL1-Trap lowered both IL-

1β and IL-1α in lung tissue (Figure E2), their relative contributions in mediating HDM-induced 
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glycolysis need to be further dissected. Lastly, we also report that HDM-induced adaptive 

immunity is required for the observed increases in IL-1β and associated increases in lactate. 

Alterations in cellular metabolism are known to affect function of immune cells (9), and increases 

in glycolysis have been shown to regulate immune effector function (21, 22, 38–41). Despite these 

studies, the role of enhanced glycolysis in structural cells such as airway epithelium and 

implications for their innate effector function has remained unknown. Here, we demonstrate that 

inhibition of glycolysis via targeting HK or LDHA markedly dampened IL-1α- or IL-1β-induced pro-

inflammatory responses, and strongly attenuated the ability of IL-1β to augment HDM-induced 

innate cytokine responses in MTE cells. Overall these findings suggest that enhanced glycolysis 

is important for the amplification of allergen-induced pro-inflammatory responses. However, 

further mechanistic studies will be required to unravel how glycolysis modulates pro-inflammatory 

responses in epithelial cells. Rapid ATP generation during glycolysis is required for immediate 

energy demand during immune cell proliferation and activation (9). We and others have shown 

that extracellular ATP activates purinergic receptors, leading to release of IL-33 from epithelial 

cells (42), suggesting a potential mechanism whereby increased glycolysis augments epithelial 

effector function. 

In the present study we also demonstrate that IKKε expression is increased in bronchial 

epithelium in response to HDM or IL-1β, and that it promotes glycolysis and pro-inflammatory 

responses in epithelial cells and contributes to HDM-induced allergic airways disease. However, 

the molecular details whereby IL-1 and IKKε enhance glycolysis remain unknown. IL-1 has 

recently been shown to activate IKte and subsequent AKT-mTOR signaling pathway, leading to 

Th17 cell maintenance (25); and, AKT or mTOR, when activated, are known to induce glycolysis 

(21, 43), suggesting the potential role of AKT-mTOR signaling in HDM/IL-1/IKKε-induced 

glycolysis. 

The connection of IL-1 signaling and glycolysis described herein in the murine model of allergic 

airway disease is corroborated by our findings in samples from asthmatics. As was mentioned 

above, lactate was significantly higher in sputum samples of asthmatics. Furthermore, lactate and 

IL-1β level and were positively correlated in asthmatic sputum supernatants, and lactate 

negatively correlated with lung function. Lactate and IL-1β were notably increased in patients with 

neutrophilic asthma (≥61% neutrophils), whereas no correlations between these parameters and 

eosinophils were observed. IL-1β has implicated in a number of pulmonary diseases (44–46). 

Although increases in IL-1β observed herein are not specific to only patients with asthma, IL-1β 

is emerging as a key cytokine relevant to the pathogenesis of asthma (47). IL-1β has been linked 
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to severe, neutrophilic, steroid insensitive asthma in a mouse model (48). In contrast to the 

present data, a recent study suggested a critical role for the IL-1β pathway in patients with 

TH2/TH17-predominant asthma (having 4% of BAL neutrophils) whereas IL-1α was linked to 

neutrophilic asthma (having 16% BAL neutrophils) (49). The discrepancy between these findings 

may be associated with differences in patient characteristics, sampling (sputum as compared to 

BAL analyses) and illuminates the complexities among the various asthma subtypes. Therefore, 

additional studies will be essential to unravel the contributions of IL-1α, IL-1β and activation of 

glycolysis pathways in the asthma subtypes. Excessive β-agonist administration has been 

associated with elevated plasma lactate levels (50–52). We believe it is unlikely that salbutamol 

used to induce sputum in our study contributed to the increased level of sputum lactate because 

a low dose of salbutamol (400 μg) was used, and both healthy and asthmatic patients received 

salbutamol. This notion is also backed by our findings that asthmatic NECs expressed more LDHA 

and produced more lactate as compared to controls, in the absence of exposure to β-agonists 

(Figure 8). The latter findings also suggests that human NECs from asthmatics are intrinsically 

different from their counterparts derived from healthy individuals. Considering that IL-1 proteins 

can be produced by epithelial cells (36), it will be interesting to elucidate whether epithelial IL-1 

and IL-1RI signaling form an autocrine loop that sustains the constitutive over-production of 

lactate observed in NECs derived from asthmatics. Furthermore, an epigenetic mechanism may 

also be involved in this process, as a recent study discovered that, during Th1 cell differentiation, 

LDHA-mediated increases in glycolysis maintain a high concentration of acetyl-coenzyme A that 

in turn enhances histone acetylation (53). 

In summary, the present study demonstrates the importance of glycolysis in the pathophysiology 

of allergic airways disease, and suggests that targeting glycolysis (6, 54, 55) may ultimately 

provide a new approach in the treatment of asthma. Additional studies will be required to elucidate 

the cell types wherein enhanced glycolysis occurs in settings of asthma. Similarly, the molecular 

details whereby changes in glycolysis regulate the effector function of epithelial and other cell 

types also warrant further investigation. 

Key message: 

• Primary nasal epithelial cells from asthmatics intrinsically express more LDHA and 

produce more lactate as compared to healthy controls, and sputum lactate levels 

negatively correlate with lung function in asthmatics. 
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• The IL-1/IKKε signaling axis mediates HDM-induced glycolysis and allergic airways 

disease in mice. 

• Increases in glycolysis are critical in the augmentation of HDM-triggered proinflammatory 

Abbreviations: 

• AHR:  Airways hyperresponsiveness 

• LDHA: Lactate dehydrogenase A 

• HDM: House dust mite 

• WT: Wild-type 

• HK1: Hexokinase 1 

• HK2: Hexokinase 2 

• MTE cells: Mouse tracheal epithelial cells 

• ECAR: Extracellular acidification rates 

• OCR: Oxygen consumption rates 

• 2-DG: 2-Deoxyglucose 

• IKK: Inhibitory kappa B kinase 

• IL1RI: Interleukin 1 receptor, type I 

• TLR4: Toll like receptor-4 

• TGFβ: Transforming growth factor β 

• GAPDH: Glyceraldehyde 3-phosphate dehydrogenase 

• IFNγ: Interferon γ 

• NECs: Nasal epithelial cells 

• PKM2: Pyruvate kinase M2 
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SUPPLEMENTAL MATERIAL AND METHODS 

Sputum induction 

Sputum was induced and processed, as described previously (1-3). Prior to sputum induction, 

subjects inhaled 400 μg salbutamol using a metered-dose inhaler (+spacer). Sputum was induced 

using an ultrasonic nebulizer (ultra-Neb 2000, Devilbiss; output set at 0.9 ml/min). Subjects 

inhaled hypertonic saline (NaCl 5%) when FEV1 post salbutamol was ³ 65% predicted and 

isotonic saline (NaCl 0.9%) when FEV1 was <65% predicted. The aerosol was inhaled for three 

consecutive periods of 5 min. FEV1 was monitored every 5 minutes for safety reasons, and when 

FEV1 dropped to 80% of the post-bronchodilator values, the induction procedure was stopped. 

The whole sputum was weighted and three volumes of PBS were added. After homogenizing by 

manual agitation for 30 sec and centrifugation (800 g) for 10 min at 4°C, the cell pellet and 

supernatant were separated.  

Cells were treated with Sputolysinâ 0.1% (Calbiochem, Germany), washed with PBS and 

resuspended in 1 ml. Total cell counts, % squamous cells and cell viability (trypan blue staining) 

were determined with a manual hemocytometer. Sputum cell differentials were determined by 

counting 500 cells non squamous cells on Cytospin samples that were stained with RAPI-DIFF II 

stain (Atom Scientific, Manchester, United Kingdom). 

Cell culture and treatments 

Primary human nasal epithelial cells (NECs) were isolated from 6 healthy volunteers and 6 

patients with allergic rhinitis and asthma by gentle stroking of the inferior turbinate surface with a 

Rhino-Probe curette and cultured as recently described (4) in bronchial epithelial cell growth 

medium (Lonza). Atopy was confirmed by positive skin tests and elevated serum IgE (>100 IU/ml), 

and asthma was diagnosed by physicians, confirmed by positive response to bronchodilator (≥200 

cc and 12% improvement in FEV1 and/or FVC) or a positive methacholine challenge test (PC20 

< 8 mg/ml), and had rhinitis with a sinonasal questionnaire (SNQ) score (5) of greater than 1. 

Healthy volunteers had no history of rhinitis or asthma, negative skin tests, negative methacholine 

challenge tests, and a SNQ score of less than 1. For experiments, NECs were plated on collagen-

coated 12-well plates at a density of 2 × 105 cells/well and cultured in a 1:1 mixture of bronchial 

epithelial cell basic medium and DMEM-H with SingleQuot supplements (Cambrex), bovine 

pituitary extract (13 mg/ml), bovine serum albumin (1.5 μg/ml), and nystatin (20 units). Following 

2 h starvation in basal medium, NECs were treated with 50ug/ml of HDM D. pteronyssinus; 

GREER, Lenoir, NC; 144.9 endotoxin units/mg protein, lot 290903) for 24 h. Primary mouse 
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tracheal epithelial (MTE) cells were isolated from wild-type (WT) C57BL/6 mice or C57BL/6 mice 

lacking the Inhibitor of κB kinase ε gene (referred to herein as Ikbke-/-) and cultured as previously 

described (6, 7). After reaching confluence, MTE cells were incubated for 16 h in serum-free 

medium. Cells were stimulated with IL-1α (10 ng/mL), IL-1β (10 ng/mL), IL-6 (10 ng/mL), IL-13 (5 

ng/mL), IL-33 (5 ng/mL), TGF-β1 (5 ng/mL), TNFα (5 ng/mL), IL-17 (20 ng/mL), lipopolysaccharide 

(LPS, 1 μg/mL), or HDM (10 μg/mL or 50 μg/mL as indicated in the Figure Legend) for 2 or 24 hr.  

To address the importance of glycolysis or IKKε/TBK1 in IL-1β induced pro-inflammatory 

responses in MTE cells, cells were pre-treated with the hexokinase inhibitor, 2- Deoxyglucose (2-

DG, 10 mM) for 1 h prior to exposure to IL-1β for 24 h. Alternatively, cells were incubated with the 

lactate dehydrogenase A inhibitor, oxamate (10 mM), or the IKKε/TBK1 inhibitor, Amlexanox (10-

100 μM, Tocris) overnight, followed by the stimulation IL-1β (10 ng/mL) for 24 h. To determine 

whether IL-1β-induced glycolysis or IKKε/TBK1 augmented the subsequent response to HDM, in 

select experiments, cells were washed post inhibitor/IL-1β treatment, incubated with DMEM/F12 

medium for 2 h before stimulation with HDM for an additional 2 hours according the schematic 

illustrations shown in the relevant figures. To address the role of glycolysis in IL-1α-dependent 

proinflammatory responses, MTE cells were pre-incubated with 10 mM 2-DG for 1 h or 10 Mm 

oxamate for 16 h prior to exposure to IL-1α for 24 h and subsequent assessment of 

proinflammatory mediators in supernatants. Note that absolute values of KC vary between studies 

due to freezing of some supernatants. 

Mouse studies 

Age-matched, 8- to 12-week-old mice were used (The Jackson Laboratory, Bar Harbor, ME) for 

all experiments. Wild-type (WT, C57BL6/NJ), Rag-/- (C57BL6/J), or Ikbke-/- (C57BL6/J) mice 

along with their strain-matched controls were sensitized (Days 1 and 8), challenged (Days 15-

19), and rechallenged (Days 29, 32, 36, and 39) with HDM extract containing 10 μg protein 

(GREER, Lenoir, NC; 144.9 endotoxin units/mg protein, lot 290903) as shown in Figure 1A. Mice 

were euthanized and analyzed at different end points at Days 1 (2 h post HDM sensitization), 2 

(24 h post HDM sensitization), 20 (24 h post the last challenge of 5 consecutive HDM challenge), 

29 (2 h post the first HDM re-challenge), 30 (24 h post the first HDM rechallenge), and/or 40 (24 

h post the last HDM rechallenge). The control group was subjected to saline as a vehicle control. 

In the Ldha siRNA knockdown studies, WT C57BL6/NJ mice were anesthetized with isoflurane 

and subjected to 10 mg/kg of siRNA targeting Ldha or scrambled small interfering siRNA 

oropharyngeally on days 26, 30, 33, and 37 post-initiation of the HDM exposure regimen, and 

mice were harvested in day 40 (24h post the last HDM re-challenge). In the IL-1 neutralization 
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experiments, WT C57BL6/J mice were challenged with HDM on days 15, 16, 17, and 18, and 

analyzed on day 20. Mice received 5 mg/kg of IL-1 Trap (Regeneron Pharmaceuticals, Tarrytown, 

NY) on Day 14 and Day 17 by i.p. injections, based upon a previous study demonstrating that this 

dosing regimen of IL-1 Trap attenuated cardiac remodeling after experimental acute myocardial 

infarction in mice (8). In select experiments, 1 μg of IL-1β (R&D Systems, resuspended in 0.1% 

BSA in PBS) was directly administered intranasally. 

Assessment of airway hyperresponsiveness 

Following completion of the HDM protocol, mice were anesthetized with intraperitoneal 

pentobarbital sodium (90 mg/kg), tracheotomized, and mechanically ventilated at 200 

breaths/min. Mice were subjected to increasing doses of methacholine (0, 12.5, 25, 50, and 100 

mg/mL) administered via ultrasonic nebulization, and respiratory mechanics were assessed using 

a forced oscillation technique on a computer-controlled small animal ventilator (SCIREQ, QC, 

Canada), as previously described (9, 10). Parameters of Newtonian resistance (Rn), tissue 

resistance (G) and elastance (H) were calculated and quantified by averaging the three highest 

measurements obtained at each incremental methacholine dose for each mouse (9, 10). 

Assessment of mucus metaplasia 

Airway mucus was stained via Periodic acid Schiff (PAS) and the staining intensity was evaluated 

by scoring of slides by two independent blinded investigators (11). Levels of MUC5AC were 

evaluated in lung tissue or BAL via ELISA (My Biosource). 

Bronchoalveolar lavage fluid processing 

After mice were euthanized, bronchoalveolar lavage (BAL) was performed using 1 ml PBS. BAL 

was collected and total cell counts were determined using an Advia 120 Automated Hematology 

Analyzer. BAL was spun down at 1200xg for 5 min. Cells were transferred to slides using a 

cytospin, fixed in methanol and stained using the Hema3 kit (Fisher Scientific, Kalamazoo, MI) 

and analyzed by counting a minimum of 300 cells per mouse, as described elsewhere (11). 

Supernatants were flash frozen in liquid nitrogen and stored at -80 °C until analysis. 

Enzyme-Linked Immunosorbent Assay (ELISA) 

IL-1α, IL-1β, IL-6, TNFα, IL-17, GM-CSF, and CCL20 were detected by ELISA in lung 

homogenates (normalized for protein) or supernatants from cell culture, according to the 

manufacturer’s instructions (R&D Systems, Minneapolis, MN). 
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Quantitative Reverse Transcription-Polymerase Chain Reaction (qRT-PCR) 

RNA was extracted using miRNeasy columns (Qiagen, Valencia, CA) as directed by the 

manufacturer. One μg of RNA was reverse transcribed to cDNA for gene analysis using SYBR 

Green (Bio-Rad; Hercules, CA, USA) to assess expression of Mct4, monocarboxylate transporter 

4; Pfkl, phosphofructokinase, live type; Hk2, Hexokinase 2; Glut1, glucose transporter 1; Glut3, 

glucose transporter 3; Pkm2, pyruvate kinase isoenzyme type M2; Ldha, lactate dehydrogenase 

A; Pgm1, phosphoglucomutase 1; Pdk1, pyruvate dehydrogenase kinase 1; Tpi1, 

triosephosphate isomerase 1; Eno1, enolase 1; Pgk1, phosphoglycerate kinase 1; Gpi, glucose-

6-phosphate isomerase; Pfkfb3, 6-Phosphofructo- 2-Kinase/Fructose-2,6-Biphosphatase 3; 

Mct1, monocarboxylate transporter 1; Glut2, glucose transporter 2; and Ikbke, inhibitory kappa B 

kinase ε. Expression values were normalized to the house keeping gene cyclophilin. Detailed 

primer sequences are provided in the online supplement, Table E3. 

Bioenergetics 

The extracellular acidification rate (ECAR) was measured using the Seahorse Extracellular Flux 

(XF24) Analyzer (Agilent Technologies). MTE cells were seeded onto 24-well seahorse plate at 

a density of 50,000 cells per well and cultured with or without 10 ng/mL IL-1β for 24 h. Cells were 

then washed 3 times with Seahorse stress test glycolysis assay media (DMEM without glucose, 

L-glutamine, phenol red, sodium pyruvate, and sodium bicarbonate [Sigma-Aldrich] 

supplemented with 1.85 g/l sodium chloride, 2mM Lglutamine, and 3 mg/l phenol red [GlycoStress 

Assay], pH 7.35). The plate was incubated in a 37°C non-CO2 incubator for 1 h. The plate was 

then transferred to the Seahorse XF24 Analyzer for analysis and subjected to ECAR 

measurements followed by successive treatments with glucose (10 mM), oligomycin (0.25 μM), 

and 2-deoxyglucose (100 mM). 

Glucose measurements 

Glucose consumption and uptake in MTE cells were measured 24 h post stimulation with IL-1β, 

by measuring glucose concentration in the cell culture supernatants (Eton Bioscience) and cellular 

incorporation of fluorescent glucose analog [2-NBDG, 2-(N-(7-Nitrobenz-2-oxa- 1,3-diazol-4-

yl)Amino)-2-Deoxyglucose, Life technology] using a plate reader (Biotek, Winooski, VT). 

Immunohistochemistry 

Fixed sections were prepared for immunostaining by deparaffinizing with xylene and rehydrating 

through a series of ethanol. For antigen retrieval, slides were heated for 20 min in 95°C citrate 
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buffer (pH 6.0), then rinsed in distilled water. Sections were then blocked for 1 h in blocking serum 

as per manufacturer’s instructions (Vectastain Alkaline PhosphataseUniversal, Vector). Slides 

were then washed in TBS with 0.1% TWEEN-20 3×5 min, followed by incubation with primary 

antibody for lactate dehydrogenase A overnight at 4°C. Sections were washed again and 

incubated with a biotinylated universal secondary antibody (Vectastain Alkaline Phosphatase 

Universal, Vector) for 30 min at room temperature. Slides were washed and incubated with the 

Vectastain ABC-AP reagent (prepared as per manufacturer’s instructions) for 30 min at room 

temperature. Sections were then incubated with Vector Red/Vector Blue Alkaline Phosphatase 

Substrate Kit I (Vector) for 10 min at room temperature, rinsed with tap water, and counterstained 

with Mayer’s Hematoxylin. 

Immunofluorescence 

Following euthanization, left lobes were fixed with 4% paraformaldehyde, stored at 4°C overnight 

for fixation of the tissue, mounted in paraffin, and 5 μm sections were affixed to glass microscope 

slides for histopathology as previously described (12). For antigen retrieval, slides were heated 

for 20 min in 95°C citrate buffer (pH 6.0) with 0.05% TWEEN- 20 then rinsed in distilled water. 

Sections were then blocked for 1 h in 1% bovine serum albumin (BSA) in PBS, followed by 

incubation with primary antibody for IKBKE (Cell Signaling Technology, Danvers, MA) at 1:100, 

overnight at 4°C. Slides were then washed 3x5min in PBS, incubated with Alexafluor 647, and 

counterstained with DAPI in PBS for nuclear localization. Sections were imaged using a Zeiss 

510-META confocal laser scanning microscope. 

Lactate assay 

The concentration of lactate in the medium, BAL, and lung homogenates was assessed with a 

Lactate Assay Kit (Eton Bioscience) according to each manufacturer's recommendations. 
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SUPPLEMENTAL DATA 

 

Figure E1: Airway inflammation in mice exposed to house dust mite (HDM). (A) Total and (B) 

differential cell counts in bronchoalveolar lavage (BAL) in response to saline or HDM, (see 

schematic in Figure 1A). Data are expressed as means (± SEM) (n = 5 mice per group). *p < 

0.05 (Student’s t test) compared with saline controls. 
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Figure E2: Assessment of levels of IL-1α and IL-1β in lung tissues from mice subjected to vehicle 

control or IL1 Trap. Mice were challenged with HDM on days 15, 16, 17, and 18, and received 5 

mg/kg of IL-1 Trap or vehicle on days 14 and 17 intraperitoneally. Levels of IL-1α and IL-1β in 

lung tissues homogenates were evaluated on day 20 via ELISA. *P < 0.05 compared to saline 

control, † p < 0.05 compared to HDM/Veh group (ANOVA). 

 

Figure E3: Evaluation of pro-inflammatory mediators and airway inflammation in mice exposed 

to interleukin (IL)-1β. A: Lung tissue levels of KC, TSLP, CCL20 and GM-CSF following intranasal 

administration of IL-1β or vehicle. Total (B) and differential cell counts (C) in BAL from the mice 

at multiple time points post intranasal administration of vehicle or IL-1β. Data are expressed as 

means (± SEM) (n = 5 mice per group). *p < 0.05 (ANOVA) compared with Vehicle controls. 
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Figure E4: A: Assessment of viability following exposure to MTE cells to oxamate or 2-

deoxyglucose. Epithelial cells were exposed to IL-1β in the presence or absence of inhibitors. Cell 

survival was evaluated via crystal violet staining of cells. Results were expressed as % survival 

compared to untreated control cultures. B: Impact of 2-DG or oxamate on IL1α-mediated 

increases in lactate and the indicated pro-inflammatory mediators measured 24 hr post exposure 

to IL-1α. *P < 0.05 (ANOVA) compared to the sham group. †p < 0.05 compared to the IL-1β 

treated Vehicle group (ANOVA). 
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Figure E5: A: Quantification of Western blots shown in Figure 8A. Data reflects n=3 healthy 

subjects and n=3 asthmatics. Data were normalized to β-actin and are expressed as fold change 

from healthy sham controls *P < 0.05 compared to the sham healthy group. †P < 0.05 compared 

to HDM healthy group (ANOVA). B: Sub-analysis of sputum lactate and IL-1β in asthmatics with 

normal neutrophils (cut off ≤ 61%) or high neutrophils (cut off > 61%), controlled (ACQ ≤ 1.5) or 

uncontrolled asthma (ACQ > 1.5). p-values (ANOVA or Wilcoxon rank sum test) are provided in 

each of the figures. 

 

 



IL-1/IKKε-induced glycolysis promote allergic airways disease 

86 
 

Supplementary table I. Demographic, functional, and inflammatory characteristics of the study 

cohort 

 

Data are expressed as means ± SDs, or medians with interquartile range (IQR). P values are 

based on the student’s t test (mean ± SD), the χ2 test for proportions (sex), the Wilcoxon rank 

sum test (median [range]), or Poisson regression (atopy). Atopy is defined as positive test results 

for at least 1 specific IgE to common aeroallergens. FENO: Fraction of exhaled nitric oxide. * Dpt.: 

Dermatophagoid pteronyssinus. ICS: inhaled corticosteroid. LABA: long acting beta agonist. 

OCS: oral corticosteroids. SABA: Short acting beta agonist. LTRA: leukotriene receptor agonists. 

Ethnicity: All subjects are Caucasian except for 2 African subjects. 
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Supplementary table II. Demographic, functional, and inflammatory characteristics of the study 

cohort enrolled at the University of Vermont Medical Center 

 

Data are expressed as median (range). ICS_LABA: inhaled corticosteroid_long acting beta 

agonist. ICS: inhaled corticosteroid. SABA: short acting beta agonist. SNQ: sinonasal 

questionnaire. *All participants were allergic to house dust mite as determined either by positive 

skin prick test to D. pteronyssinus or positive serum IgE to D. pteronyssinus. All subject are 

Caucasian. 

Supplementary table III. The primers used in this study
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ABSTRACT 

Asthma is a chronic disorder characterized by inflammation, mucus metaplasia, airway 

remodeling and hyperresponsiveness. We recently showed that interleukin-1 (IL-1)-induced 

glycolytic reprogramming contributes to allergic airway disease using a murine house dust mite 

(HDM) model. Moreover, levels of pyruvate kinase M2 (PKM2) were increased in this model as 

well as in nasal epithelial cells from asthmatics as compared to healthy controls. While the 

tetramer form of PKM2 converts phosphoenolpyruvate to pyruvate, the dimeric form of PKM2 has 

alternative, non-glycolysis functions as a transcriptional co-activator to enhance the transcription 

of several pro-inflammatory cytokines. In the present study, we examined the impact of PKM2 on 

the pathogenesis of HDM-induced allergic airways disease in C57Bl/6NJ mice. We report here 

that activation of PKM2, using the small molecule activator, TEPP46, augmented PKM activity in 

lung tissues and attenuated airway eosinophils, mucus metaplasia, and subepithelial collagen. 

TEPP46 attenuated IL-1b-mediated airway inflammation and expression of pro-inflammatory 

mediators. Exposure to TEPP46 strongly decreased the IL-1b-mediated increases in thymic 

stromal lymphopoietin (TSLP) and granulocyte macrophage colony stimulating factor (GMCSF), 

in primary tracheal epithelial cells isolated from C57Bl/6NJ mice. We also demonstrate that IL-1b-

mediated increases in nuclear phospho-STAT3 were decreased by TEPP46. Lastly, STAT3 

inhibition attenuated the IL-1b-induced release of TSLP and GM-CSF, suggesting that the ability 

of PKM2 to phosphorylate STAT3 contributes to its pro-inflammatory function. Collectively, these 

results demonstrate that the glycolysis-inactive form of PKM2 plays a crucial role in the 

pathogenesis of allergic airways disease by increasing IL-1b-induced proinflammatory signaling, 

in part through phosphorylation of STAT3. 

Key Points: 

- A small molecular activator of PKM2 attenuates allergic airways disease in mice. 

- Activation of PKM2 decreases IL-1b-induced airway inflammation. 

- PKM2 activation decreases IL-1b-induced nuclear phosphorylation of STAT3. 

Keywords: 

Asthma, Pyruvate Kinase M2, Interleukin-1β, TEPP46, Thymic stromal lymphopoietin, 

Granulocyte macrophage colony stimulating factor 

Abbreviations 

BAL: bronchoalveolar lavage; EGF: epidermal growth factor; EGFR: EGF receptor; GLUT-1: 

glucose transporter 1; HDM: house dust mite; HIF-1α: hypoxia-inducible factor 1α; IKKε: 

inhibitory k B kinase ε; MTE: mouse tracheal epithelial; PEP: phosphoenolpyruvate; PK: 
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pyruvate kinase; PKM1: PK muscle isozyme M1; PKM2: PK muscle isozyme M2; α-SMA: α– 

smooth muscle actin; TEPP46: 6-[(3-Aminophenyl)methyl]-4,6-dihydro-4-methyl- 

2(methylsulfinyl)-5H-Thieno[29,39:4,5]pyrrolo[2,3-d]pyridazin-5-one; TSLP: thymic 

stromal lymphopoietin; WT: wild-type. 

INTRODUCTION 

Asthma is a complex pulmonary disorder that is characterized by mucus metaplasia, airways 

hyperresponsiveness (AHR) and remodeling, and is accompanied by a chronic inflammatory 

process controlled by cells of the innate and adaptive immune system (1). The precise metabolic 

alterations that are induced in structural or immune cells which promote the disease processes 

remain incompletely understood. However, glycolytic reprogramming has been shown to be 

important in the regulation of immune cell activation and differentiation (1, 2). Our laboratory 

recently described that interleukin-1 (IL-1)-induced glycolytic reprogramming contributes to 

allergic inflammation, airway remodeling and AHR in a mouse model of house dust mite (HDM)-

induced allergic airway disease (3). Moreover, enhanced glycolysis was shown to be required for 

the IL-1β-mediated release of the pleiotropic cytokines thymic stromal lymphopoietin (TSLP) and 

granulocyte macrophage colony stimulating factor (GM-CSF), two major epithelium-derived 

inflammatory mediators implicated in the pathogenesis of asthma. Levels of lactate were also 

increased in sputum of asthmatics, and significant correlations were observed between lactate 

and IL-1β. Moreover, lactate levels were elevated in subjects with neutrophilic asthma who had 

poor disease control (3), suggesting that increased glycolysis may be feature of severe asthma.  

During glycolysis, glucose is converted into pyruvate which can be further metabolized in the 

mitochondria to produce adenosine triphosphate (ATP) via oxidative phosphorylation. Pyruvate 

kinase (PK) catalyzes the final, rate-limiting step in glycolysis, the formation of pyruvate from 

phosphoenolpyruvate (PEP) while generating two molecules of ATP per glucose molecule. 

Pyruvate can also be converted into lactate under hypoxic conditions (anaerobic glycolysis), or in 

the presence of oxygen (aerobic glycolysis) in metabolically active cells such as cancer cells (4, 

5). The PK family consists of four isoforms, which are encoded by two distinct genes. The Pkrl 

gene encodes the isoforms PKL and PKR, which are expressed in the liver and red blood cells 

respectively, and the PK muscle isozymes M1 and M2 (PKM1 and PKM2) which are derived from 

alternative splicing of the PKM gene (6, 7). PKM1 naturally occurs in a highly active tetrameric 

form, and is expressed in many differentiated tissues such as the muscle and the brain (8), 

whereas PKM2 can adopt monomer, dimer or tetramer structural forms that dictate its intracellular 

function (9, 10). PKM2 is highly expressed during embryonic development as well as in 
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proliferating cells (9). Tetrameric PKM2 has a high binding affinity to its substrate, PEP, prompting 

PKM2 glycolytic activity (11). In contrast, PKM2 in its dimer form has a low binding affinity to PEP, 

and can translocate into the nucleus where it acts as a transcriptional co-activator to enhance 

transcription of multiple pro-inflammatory cytokines (12). PKM2 has been shown to phosphorylate 

signal transducer and activator of transcription 3 (STAT3), which in turn augments its 

transcriptional activity (13). PKM2-linked STAT3 activation was recently shown to contribute to 

LPS-induced lung injury (14). 

We previously showed that in mice with HDM-induced airway disease, levels of pyruvate kinase 

M2 were increased, compared to controls. Similarly, primary nasal epithelial cells derived from 

asthmatics also displayed increased PKM2 protein levels, compared to cells from healthy 

controls. These observations of increases in PKM2 in settings of allergic airway disease along 

with its dichotomous role as a glycolysis enzyme (glycolytic kinase) or proinflammatory mediator, 

led us to investigate whether a small molecule activator of PKM2, which stabilizes tetrameric 

PKM2 to promote conversion of PEP to pyruvate, affects HDM-induced allergic airways disease 

and IL-1β-induced inflammation. 

Here we show that activation of the glycolysis function of PKM2 with the small molecule activator, 

TEPP46, exerts an anti-inflammatory effect in models of HDM- or IL-1β-induced lung inflammation 

in association with diminished activation of STAT3. 
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MATERIALS AND METHODS 

Reagents and antibodies 

All reagents were from Sigma-Aldrich unless otherwise noted. 

Mouse studies 

Age-matched 8-10 weeks old male and female wild-type C57Bl/6NJ mice (WT mice) were bred 

at the University of Vermont. All animal experiments were approved by the Institutional Animal 

Care and Use Committee. To induce allergic airways disease, mice were sensitized intranasally 

with 10 μg of HDM (GREER, Lenoir, NC, XPB70D3A2.5, lot 348718; volume: 2.5 mL/vial; 

endotoxin: 1140 EU/vial; Der p 1 levels: 144.9 mcg/vial; dry weight: 17 mg/vial; protein 2.92 

mg/vial) in week 1 (day 1), re-sensitized in week 2 (day 8) followed by 5 consecutive challenges 

in week 3 (day 15-19). Moreover, mice were intraperitoneally (i.p.) injected once per day with 25 

mg/kg or 50 mg/kg TEPP46 (6-[(3-Aminophenyl)methyl]-4,6-dihydro-4-methyl-2-(methylsulfinyl)-

5H-Thieno[2',3':4,5]pyrrolo[2,3-d]pyridazin-5-one, Cayman Chemicals) on days 14-19. HDM was 

dissolved in saline, whereas TEPP46 was dissolved in 100% DMSO and further diluted 1:1 in a 

0.5% carboxy methyl cellulose solution in water. Therefore, the vehicle control groups were 

exposed to saline and received DMSO (50%) in carboxy methyl cellulose solution (50%). Mice 

were harvested on day 20, 24 hours after the last HDM installation. In separate experiments, WT 

mice were intraperitoneal injected with 50 mg/kg TEPP46 at day 1, followed by a second injection 

after 24 hours of 50 mg/kg TEPP46 at day 2, together with intranasal administration of 1 μg of IL-

1β (R&D Systems). IL-1β was dissolved in 0.1% Bovine Serum Albumin (BSA) in Phosphate 

Buffered Saline (PBS). Mice were harvested 6 or 24 hours after the IL-1β administration. 

Bronchoalveolar lavage (BAL) fluid processing 

Mice were euthanized, and BAL was performed using 1 mL PBS. BAL was collected and total 

cells were counted manually using a hemocytometer. BAL was centrifuged at 500xg for 10 

minutes at 4°C. Supernatant was stored at -80°C for further analysis. The cells were resuspended 

in 5% BSA in PBS and subsequently transferred to slides using a cytospin, fixed in 100% 

methanol for 5 minutes and stained with the Hema3 kit (Fisher Scientific, Kalamazoo, MI). Total 

macrophages, neutrophils, eosinophils, and lymphocytes were analyzed by counting a total of 

300 cells per slide by two independent investigators blinded to the identity of the samples. 

Cell culture 
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Primary mouse tracheal epithelial cells (MTE) were isolated from WT C57BL/6NJ mice 

(purchased from The Jackson Laboratory, Bar Harbor, ME) and cultured as previously described 

(15, 16). WT MTE cells were grown on 12-well transwell inserts to confluency, followed by 

overnight starvation, and pre-treated with 100 μM TEPP46 (Cayman Chemicals) for 1 hour prior 

to stimulation with 10 ng/mL IL-1β (R&D Systems) for 24 hrs. In all cell experiments, MTE cells 

were treated at the apical and basolateral side. In HDM-treated MTE cell experiments, cells were 

washed 24 hours after IL-1β treatment, incubated with DMEM/F12 medium for 2 hours before 

stimulation with 50 μM HDM (GREER, Lenoir, NC, XPB70D3A2.5, lot 348718; volume: 2.5 

mL/vial; endotoxin: 1140 EU/vial, Der p 1 levels: 144.9 mcg/vial; dry weight: 17 mg/vial; protein 

2.92 mg/vial) for an additional 2 hours. Cells were harvested for protein or mRNA, and medium 

was collected for analysis of lactate and cytokine levels. To examine the contribution of 

phosphorylation of STAT3, MTE cells were treated with Stattic (17) (Abcam, Cambridge, UK) at 

the indicated concentrations for 1 hour prior to IL-1β treatment for 24 hrs. 

Assessment of mucus metaplasia and collagen deposition 

Left lung lobes were fixed in 4% paraformaldehyde in PBS, embedded in paraffin, and sectioned. 

Airway mucus was analyzed via Periodic acid Schiff (PAS) stain. Collagen deposition was 

assessed via Masson’s trichrome stain. The intensity of the staining was evaluated by scoring of 

slides by two independent blinded investigators. 

Western blotting 

Protein concentrations in cell and tissue lysates were determined by Bio-Rad DC Protein Assay 

Kit (Bio-Rad, Hercules, CA). Proteins were resolved using reducing sodium dodecyl sulfate 

(SDS)-polyacrylamide gel electrophoresis, then transferred to polyvinylidene difluoride (PVDF) 

membranes followed by incubation with the indicated primary antibody. PKM1 (#7067), PKM2 

(#4053), p-STAT3 (#8119), STAT3 (#4904), IKKε (#3416) and histone H3 (#4499) antibodies 

were obtained from Cell Signaling Technology (Danvers, MA, USA). β-actin antibody was 

acquired from Sigma-Aldrich. Subsequently, membranes were incubated with peroxidase-

conjugated secondary antibodies and visualized using chemiluminescence (Pierce, Rockford, IL, 

USA). Non-reducing gel electrophoresis assays in the presence of the disuccinimidyl suberate 

(DSS) crosslinker (Thermo Scientific, MA, USA) were performed to evaluate the formation of 

tetrameric PKM2. Densitometric analyses were performed using Image J Software. Values were 

normalized to corresponding β-actin bands. 

PKM activity assay 
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PKM activity assay was performed using a pyruvate kinase activity kit according to the 

manufacturer’s protocol (BioVision, CA, USA). Briefly, lung tissues or MTE cells were 

homogenized in PBS and lysates were normalized to equal protein concentrations. Equal volumes 

(total volume of 50 μl) of normalized lung tissue or cell lysates were used in the assay. The relative 

fluorescence units (RFU), which displays the rate of pyruvate yield, was normalized and 

expressed as RFU per minute per μg of protein. 

Preparation of nuclear extracts 

For fractionation, MTE cells were stimulated with 10 ng/mL IL-1β (R&D Systems) for 24 hours. 

Fractionation of nuclear and cytosolic extracts was performed by using the Nuclear and 

Cytoplasmic Extraction kit (Thermo Scientific, MA, USA) according to manufacturer’s protocol 

followed by western blotting. 

Lactate measurements 

Lactate levels were measured in cell culture medium with a lactate assay kit (Eton BioScience) 

according to manufacturer’s instructions. Equal volumes of cell culture medium was used in 10 

kDa Amicon Ultra centrifugal filters (EMD-Millipore). Samples were deproteinized by 

centrifugation for 1 hour at 14000xg at 4°C. 

Cell viability assay 

MTE cells were gently washed twice in ice cold PBS and stained with a Crystal Violet dye (0.5% 

Crystal Violet solution in 20% methanol) for 20 minutes at room temperature. After incubation, the 

staining solution was carefully removed and the cells were washed 4 times with distilled water. 

Subsequently, 10% acetic acid was added to the cells for 30 seconds while shaking. Lastly, 100 

μl of the acetic acid solution per well was transferred to a 96 wells plate and the optical density 

was measured at a wavelength of 595 nm. In addition, a Calcein AM assay kit (Cayman 

Chemicals) was used according to manufacturer’s instructions. Cell survival was expressed as 

percentage of survival compared to untreated control cultures. 

Real-Time quantitative PCR (Q-PCR) 

Total RNA was extracted using miRNeasy columns (Qiagen, Valencia, CA) according to the 

manufacturer’s protocol. First-strand cDNA was synthesized from 1 μg RNA and reverse 

transcribed for gene analysis using SYBR Green (Bio-rad, Hercules, CA). cDNA from the samples 

were amplified by real-time quantitative PCR (Q-PCR) with specific primers for Tslp, Csf2, Cxcl1, 
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Ccl20, Muc5AC, and Col1a1. The data was normalized to Ppia (also known as cyclophilin A). The 

primer sequences are listed in supplementary table I. 

Enzyme-linked immunosorbent assay (ELISA) 

CCL20, TSLP, GM-CSF, KC, IL-33, and IL-1β were detected by enzyme-linked immunosorbent 

assay (ELISA) kits (R&D systems, Minneapolis, MN) in normalized lung tissue lysates, or 

supernatants from cell cultures according to the manufacturer’s instructions. 

Statistical analysis 

Data are expressed as means ±SEM. All cell experiments were performed at least 3 times with 

n=3 per group. Significant differences between groups were determined using the GraphPad 

Prism software (Graphpad) by two-way ANOVA with a Tukey post hoc test for multiple 

comparisons. P values lower than 0.05 were accepted as significant. 
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RESULTS 

Activation of the glycolysis function of PKM2 with TEPP46 attenuates airway inflammation, 

mucus metaplasia, and subepithelial collagen in mice with HDM-induced allergic airways 

disease 

To investigate the role of PKM2 in the pathogenesis of HDM-induced allergic airways disease, 

C57BL6/NJ mice were sensitized with HDM once in week 1, and in week 2, followed by 5 

consecutive challenges in week 3 to induce allergic airways disease (Figure 1A). To promote 

PKM2 glycolytic activity, mice were injected intraperitoneally once per day with TEPP46 during 

the HDM challenges (days 14-19), starting the day prior to the HDM challenges in week 3 (Figure 

1A). Administration of TEPP46 resulted in elevated activity of PKM in lung tissue from saline 

control animals and further increases in PKM activity were observed in lungs from mice exposed 

to HDM, indicating that TEPP46 augmented PKM2 activity (Figure 1B). While protein levels of 

PKM1 did not differ between the groups, we observed slight increases in PKM2 expression in 

HDM-exposed mice (Figure 1C), consistent with our previous observations, and these increases 

in PKM2 expression were no longer observed in mice receiving TEPP46. No statistically 

significant differences in overall PKM activity were observed in lungs from saline or HDM-treated 

mice in the absence of TEPP46 (Figure 1B, vehicle groups), despite observed increases in PKM2 

expression in mice exposed to HDM (Figure 1C), suggesting that the increased expression of 

PKM2 does not contribute to its enhanced activity as a glycolysis enzyme, converting PEP to 

pyruvate. Next, we assessed the extent of inflammation by total and differential immune cell 

counts in the BALF. Activation of PKM2 by TEPP46 attenuated the HDM-mediated increases in 

total cells in the BALF, reflected by a decrease in eosinophils (Figure 1D, E), while the number of 

neutrophils, macrophages and lymphocytes were comparable between the HDM-treated groups. 

To further investigate the impact of activation of PKM2 on the extent of HDM-induced allergic 

airway inflammation, we evaluated protein levels of various cytokines in lung tissue homogenates. 

HDM-mediated increases of the cytokines CCL20 and KC, were attenuated upon PKM2 activation 

(Figure 1F). Small, but not statistically significant, decreases in IL-33 were observed in HDM 

exposed mice that received TEPP46, compared to the respective control group while IL-1β levels 

did not change (Figure 1F). Together, these results show that PKM2 activation, using TEPP46, 

attenuates HDM-induced inflammatory cytokines in the lung. 
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Figure 1: Activation of PKM2 by TEPP46 attenuates pro-inflammatory cytokines in mice with HDM-

induced allergic airway disease. A, Schematic depicting the exposure regimen. Mice were sensitized 

twice with 10 μg of HDM or saline on days 1, and 8. Mice were treated with 50 mg/kg TEPP46 

intraperitoneally daily, starting on day 14. Mice were challenged with HDM on days 15- 19 and euthanized 

24 hours after the final HDM challenge. B, Assessment of PKM activity in lung tissue homogenates. C, 

Representative western blots and quantification for total PKM1, and PKM2 levels. b-actin; loading control. 

n=3-6 per group. D and E, Total and differential cell counts in bronchoalveolar lavage fluid. F, 

Measurements of CCL20, IL-33, KC, and IL-1b in lung tissue homogenates by ELISA. For A-B, D-F; n=8-

10 per group. *P < 0.05; **P < 0.01; ***P < 0.001; **** P < 0.0001. 
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We next evaluated the impact of PKM2 activation on airway remodeling, by assessing mucus 

metaplasia, subepithelial collagen and alpha smooth muscle actin (α-SMA). Results in Figure 2A-

E demonstrate that administration of TEPP46 attenuated HDM-mediated increases in mucus 

metaplasia, subepithelial collagen and α-SMA content, and decreased expression of Muc5AC, 

and Col1a1 mRNAs. These results demonstrate that activation of PKM2 by TEPP46 attenuates 

airway remodeling in mice with HDM-induced allergic airways disease. 
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Figure 2: Activation of PKM2 by TEPP46 attenuates mucus metaplasia, subepithelial collagen, and 

markers of airway remodeling in mice with HDM-induced allergic airway disease. A, Assessment and 

quantification of mucus metaplasia by PAS staining intensity and B, Collagen deposition by Masson’s 

trichrome staining. Scale bars: 200 μm. C, mRNA expression of Muc5AC, and Col1a1, normalized to Ppia. 

D, Representative western blots for α-smooth muscle actin (SMA) levels and the loading control b-actin. E, 

Assessment of SMA staining around large airways. Scale bar: 300 μm. n=5 per group. *P < 0.05; ***P < 

0.001. 

 

Activation of PKM2 by TEPP46 attenuates IL-1β-mediated pro-inflammatory responses in 

mouse lungs 

We have previously shown that increases in glycolysis promote pro-inflammatory responses in 

airway epithelial cells exposed to IL-1β by increasing the production of the proinflammatory 

cytokines TSLP, GM-CSF, KC and CCL20 (3). Results in Figure 1F demonstrate similar increases 

in IL-1β levels in lung tissue from HDM-exposed mice receiving vehicle or TEPP46, suggesting 

that TEPP46 does not regulate expression of IL-1β. To examine whether PKM2 activity affects 

the responsiveness of lungs to IL-1β, WT mice were intraperitoneally injected with TEPP46 prior 

to intranasal IL-1β instillation for either 6 or 24 hours (Figure 3A). TEPP46 increased the total 

PKM activity in WT mice, with no further increases being observed in response to IL-1β (Figure 

3B) after 6 hours and similar results were observed after 24 hours (data not shown). As expected, 

IL-1β elicited increases in total cell counts, reflected by neutrophils 24 hours post intranasal 

administration, without affecting airway eosinophils, macrophages, and lymphocytes (Figure 3C 

and D). In animals receiving TEPP46, the IL-1β-mediated increases in total cell counts and 

neutrophils were diminished (Figure 3C and D). In agreement with these findings, mRNA 

expression levels of Csf2 and Ccl20 and the respective protein levels of GM-CSF, and CCL20, 

were significantly attenuated in mice treated with TEPP46 prior to IL-1β instillation for 6 hours 

(Figure 3E, F), while there was less to no effect on Cxcl1 and Tslp mRNA and protein levels (KC 

and TSLP). Doses of 25 mg/kg or 50 mg/kg of TEPP46 were similar in their ability to induce PKM 

activity and dampen proinflammatory responses (Figure 3B, 3E, and 3F). Collectively, these 

results demonstrate that PKM2 activation decreases select IL-1β-induced inflammatory 

responses in the lung. 
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Figure 3: PKM2 activation attenuates the release of pro-inflammatory cytokines following intranasal 

administration of IL-1b. A, Schematic depicting the pre-treatment with 25 or 50 mg/kg TEPP46 prior to 

intranasal administration of 1 μg of IL-1β for either 6 or 24 hours. The total cell count and cell differentials 

in the BAL fluid reflect 24 hours post IL-1β treatment, the other results shown are obtained 6 hours post IL-

1β. B, assessment of PKM activity in lung tissue homogenates. C, and D, Total and differential cell counts 
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in BAL fluid. E, mRNA expression of pro-inflammatory cytokine genes in lung tissue homogenates. Results 

were normalized to the house keeping gene, Ppia. F, Levels of pro-inflammatory mediators TSLP, GM-

CSF, KC, and CCL20 in lung tissue homogenates by ELISA. n=6-11 per group. *P < 0.05; **P < 0.01; ***P 

< 0.001; ****P < 0.0001. 

 

TEPP46 decreases nuclear translocation of PKM2 and dampens IL-1β-mediated 

proinflammatory responses in mouse tracheal basal cells 

Airway epithelial cells are important contributory cells to allergic airway disease, as these cells 

release a number of mediators that promote innate and adaptive immune responses (18, 19). We 

previously demonstrated that IL-1β-induced glycolysis is critical for the release of TSLP and other 

asthma-relevant cytokines by epithelial cells, and that IL-1β-induced glycolysis also primes these 

cells to elicit augmented pro-inflammatory responses to HDM (3). PKM2 in its dimer form has a 

low binding affinity to PEP, and can translocate into the nucleus where it acts as a transcriptional 

co-activator to enhance transcription of multiple pro-inflammatory cytokines. We therefore next 

determined whether IL-1β affects the status and/or nuclear presence of PKM2 in epithelial cells, 

and whether PKM2 activation affects the response to IL-1β. Primary MTE cells were pre-treated 

with TEPP46 for 1 hour, prior to IL-1β stimulation for 24 hours. This experimental regimen did not 

result in apparent changes in expression levels in PKM1 and PKM2 (Figure 4A). However, 

TEPP46 augmented overall PKM glycolytic activity in control cells, and a further enhancement of 

PKM activity occurred when cells were treated with TEPP46 in combination with IL-1β (Figure 

4B). PKM2 is active as a glycolysis enzyme in its tetramer form, and loses its activity as a glycolytic 

kinase in the dimer form (11). Instead, dimeric PKM2 has been shown to translocate into the 

nucleus where it acts as a protein kinase to induce phosphorylation of STAT3, augmenting STAT3 

transcriptional activity, leading to increased expression of proinflammatory mediators and 

increased expression of glycolysis enzymes including glucose transporter 1 (GLUT-1), thereby 

promoting glycolytic reprogramming (20). IL-1β led to a slight attenuation of PKM2 tetramers in 

MTE cells, while TEPP46 increased PKM2 tetramers in both control and IL-1β-treated cells, 

relative to the respective vehicle groups (Figure 4C). We did not observe an increase in nuclear 

PKM2 24 hrs post-administration of IL-1β. However, TEPP46 diminished the nuclear presence of 

PKM2 and increased its cytoplasmic localization, in both control and IL-1β-stimulated cells (Figure 

4D). Consistent with the attenuation of glycolytic reprogramming, TEPP46 administration led to a 

decrease in IL-1β-mediated lactate secretion (Figure 4E). 
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Figure 4: TEPP46 augments PKM activity, and PKM2’s cytosolic presence and attenuates 

interleukin-1b-mediated lactate secretion in primary MTE cells. MTE cells were treated with 100 μM 

TEPP46 for 1 hour prior to stimulation with 10 ng/mL IL-1β for 24 hours. A, representative western blot of 

total PKM1 and PKM2 levels, and b-actin. B, PKM activity assay in MTE cells and C, representative western 

blot for tetrameric, dimeric and monomeric PKM2 and the loading control b-actin. MTE cells were incubated 

in the presence or absence (first lane of each condition) of the DSS crosslinker to evaluate the formation 

of the isoforms of PKM2. D, Representative western blots of nuclear and cytosolic extracts of PKM2. (n=3 

per group). E, Lactate levels in supernatants of MTE cells. Experiments were performed at least 3 times. 

*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. 

 

To investigate whether activation of PKM2 attenuates pro-inflammatory cytokine release from 

airway epithelial cells, MTE cells were pre-treated with TEPP46 followed by stimulation with IL-

1β (Figure 5A). Strikingly, PKM2 activation strongly attenuated the IL-1β-induced mRNA and 

protein levels of Tslp (TSLP) and Csf2 (GM-CSF), respectively, while it modestly or did not affect 

Ccl20 (CCL20) or Cxcl1 (KC) (Figure 5B, C). As was stated earlier, exposure to IL-1β primes MTE 

cells to subsequent stimulation with HDM, leading to augmented release of pro-inflammatory 

cytokines. We therefore pre-treated primary MTE cells with TEPP46, followed by stimulation with 
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IL-1β for 24 hours. Cells were then washed and exposed to HDM for 2 hours (Figure 5D). In 

agreement with our previous observations, prior exposure to IL-1β leads to potent HDM-

stimulated release of TSLP, GM-CSF, KC and CCL20. TEPP46 almost completely abolished 

TSLP and GM-CSF in this sequential exposure regimen, and significantly decreased KC and 

CCL20 (Figure 5E). TEPP46 treatment alone or in combination with IL-1β or IL-1β+HDM did not 

induce cell death (Figure 5F), demonstrating that the decreased cytokine production is not due to 

a loss of cell survival. Collectively, these data demonstrate that TEPP46 diminishes IL-1β and 

HDM-mediated proinflammatory responses in epithelial cells, in association with increases in 

PKM2 cytosolic presence and enhanced PKM glycolytic activity. 
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Figure 5: Activation of PKM2 attenuates IL-1b-mediated pro-inflammatory responses in primary MTE 

cells and the release of pro-inflammatory mediators following subsequent exposure to HDM. A, 

Schematic depicting the pre-treatment with 100 μM TEPP46 followed by stimulation of 10 ng/mL IL-1β for 

24 hours. B, mRNA expression of Tslp, Csf2, Cxcl1 and Ccl20 in MTE cells. Ppia is used as housekeeping 

gene. C, Pro-inflammatory cytokine mediators TSLP, GM-CSF, KC, and CCL20 in cell culture supernatants 

of MTE cells were detected by ELISA. D, Schematic depicting the pre-treatment with 100 μM TEPP46 

followed by stimulation of 10 ng/mL IL-1β for 24 hours. Media was replaced and exposed to HDM (50 

μg/mL) for an additional 2 hours. E, Proinflammatory cytokine mediators TSLP, GM-CSF, KC, and CCL20 

in cell culture supernatants of MTE cells. F, Cell survival was evaluated by crystal violet staining (left) and 

Calcein AM assay (right) in MTE cells. n=3-6 per group. Experiments were performed at least 3 times. *P 

< 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. 

 

PKM2-mediated phosphorylation of STAT3 contributes to IL-1β-mediated proinflammatory 

signaling in epithelial cells 

It has been previously described that nuclear PKM2 phosphorylates STAT3, thereby augmenting 

the production of pro-inflammatory cytokines, including IL-6 and IL-1β (11, 20). We therefore 

addressed whether PKM2 contributed to STAT3 activation, and in turn whether STAT3 promoted 

IL-1β-induced pro-inflammatory signaling in mouse epithelial cells. Despite the lack of observed 

increases in nuclear PKM2 in response to IL-1β (Figure 4D), IL-1β elicited strong increases in 

nuclear pSTAT3 using an antibody directed against phosphorylation of tyrosine 705, the residue 

known to be phosphorylated by PKM2 (11) (Figure 6A). Total content of STAT3 in the nucleus 

was also increased in epithelial cells exposed to IL-1β (Figure 6A). Exposure to TEPP46 led to a 

strong diminution of nuclear pSTAT3 (Figure 6A), consistent with the aforementioned role of 

PKM2 as a STAT3 kinase (20). Similarly, phosphorylation of nuclear STAT3 was also increased 

in lung tissues from mice with HDM-induced allergic airways disease, and was diminished in mice 

also treated with TEPP46 (Figure 6B). We previously showed data suggesting that inhibitory 

kappa B kinase epsilon (IKKε) is a critical mediator in IL-1β-induced glycolysis. Here we show 

that the IL-1β-induced expression levels of IKKε were unaffected when MTE cells were pretreated 

with TEPP46, suggesting that the effect of TEPP46 on diminishing STAT3 phosphorylation may 

be downstream or independent of IKKε (Figure 6A). To further corroborate the role of STAT3 in 

promoting IL-1β-induced pro-inflammatory responses, we used the STAT3 inhibitor, Stattic (17, 

20), in vitro. Concentrations greater than 1 μM Stattic caused marked epithelial cell death (Figure 

6C). Nonetheless, a concentration of 0.5 μM Stattic diminished IL-1β-mediated phosphorylation 

of STAT3 in whole cell lysates (Figure 
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6D), and attenuated the IL-1β-mediated increases of TSLP, and GM-CSF without affecting the 

other cytokines (Figure 6E). All together, these data suggest that activation of PKM2 as a 

glycolytic kinase by TEPP46 diminishes the pro-inflammatory responses induced by IL-1β in lung 

epithelial cells or in mice with allergic airway disease, and that the increased kinase activity of 

PKM2 towards STAT3 in these settings may in part contribute to PKM2-linked inflammation. 

 

Figure 6: PKM2-mediated phosphorylation of STAT3 contributes to IL-1b-mediated pro-

inflammatory signaling in epithelial cells. A, Representative western blots of total and phosphorylated 

STAT3 in nuclear and cytosolic extracts from MTE cells, and total IKKe levels in whole cell lysates. B, 

Representative western blots of total and phosphorylated STAT3 in nuclear and cytosolic extracts from 

HDM- or saline-treated lung tissues. C, Impact of Stattic on survival of MTE cells was evaluated by a Calcein 

AM assay. D, Representative western blots of total and phosphorylated STAT3 in whole cell lysates from 

control or IL-1β stimulated MTE cells pre-treated with Stattic or vehicle control. E, Pro-inflammatory 

mediators TSLP, GM-CSF, KC, and CCL20 in cell culture supernatants of MTE cells, after treatment for 1 

hour with 0.5 μM Stattic, followed by stimulation of 10 ng/mL IL-1β for 24 hours. Experiments were 

conducted at least 3 times. **P < 0.01; ***P < 0.001; ****P < 0.0001. 
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DISCUSSION 

Allergic airway disease is associated with chronic inflammation and airway remodeling, processes 

that are metabolically demanding. During glycolysis, some of the carbons derived from glucose 

are used to allow for biosynthetic processes. In addition, glycolysis has also been linked to pro-

inflammatory responses in immune cells (21, 22). Our laboratory has previously shown that 

glycolysis is a feature of allergic asthma in association with neutrophilic inflammation and steroid-

resistant disease, and that IL1 is an important driver of glycolysis in settings of allergic airways 

disease in mice (3). In addition to these observations, increases in aerobic glycolysis have been 

shown to promote T cell activation (23) and to promote T cell effector function (21). Increases in 

glycolysis also have been implicated in lipopolysaccharide (LPS)-induced airway smooth muscle 

cell proliferation (24) and in IL-33-mediated increases in cytokine production in mast cells (25). 

Asthma associated single-nucleotide polymorphisms within the orosomucoid-like 3 (ORMDL3) 

locus have been implicated in disease susceptibility. A recent study showed that ablation of 

ORMDL3 attenuated IL1-mediated endoplasmic reticulum stress and cytokine responses in A549 

lung epithelial cells, in association with alterations in glycolysis and glucose metabolism genes 

(26) indicating a potential link between glycolysis and asthma susceptibility. Increases in 

glycolysis, basal and maximal respiration, and oxidative stress were demonstrated in airway 

epithelial cells and platelets from obese asthmatics (who tend to have more severe disease), in 

comparison to lean asthmatics and healthy subjects (27). Notably, increases in airway lactate 

were demonstrated in asthmatics with a high fraction of exhaled nitric oxide (FeNO), in association 

with elevated expression of inducible nitric oxide synthase and arginase 2, and suggests a link 

between enhanced glycolysis, arginine metabolism and a high FeNO asthma phenotype (28). 

Nonetheless, the precise signals and settings that elicit the glycolysis-associated pro-

inflammatory responses in lung epithelial cells remain unclear. In the present study we 

demonstrate the importance of the glycolytic enzyme PKM2 in promoting inflammation and airway 

remodeling in mice with HDM induced allergic airway disease. PKM2 has generated substantial 

interest due to its impact on glycolytic reprogramming in activated immune cells and tumor cells, 

and its emerging role as a pro-inflammatory mediator (9, 12). Herein we demonstrate that 

activation of the glycolysis function of PKM2 with TEPP46, augments pyruvate kinase activity in 

lung tissue and airway epithelial cells, and dampens inflammation, evidenced by attenuated 

airway eosinophilia and airway remodeling in mice with HDM-induced allergic airways disease. 

Moreover, administration of TEPP46 attenuated IL-1β-induced airway neutrophilia in mice and 

significantly reduced IL-1β-mediated expression of pro-inflammatory cytokines and lactate. These 

results, in addition to our previous results (3), show that enhanced glycolysis is important for the 
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amplification of allergen-induced pro-inflammatory responses and show the importance that 

PKM2 plays in regulating this process.  

Results herein point to the importance of glycolysis in the secretion of specific proinflammatory 

mediators from airway epithelial cells, notably TSLP and GM-CSF. Activation of PKM2 with 

TEPP46 almost completely abolished expression of both cytokines, while Stattic also attenuated 

the IL-1β-mediated release of these cytokines (Figure 5C, and 6E). These findings are in line with 

our previous study wherein we demonstrated that inhibition of inhibitory kappa B kinase epsilon 

(IKBKE) or TANK-binding kinase 1 (TBK1), two kinases critical in promoting IL-1β-induced 

glycolysis also virtually abolished secretion of TSLP and GM-CSF (3). The importance of TSLP 

in asthma has been extensively studied (22, 29-32). TSLP is primarily expressed in epithelial cells 

and acts on both innate and adaptive immune cells thereby promoting T-helper 2 immunity and 

steroid resistance (33). Overexpression of TSLP results in the development of severe airway 

inflammation and airway hyper responsiveness (29, 32). The USA Food and Drug Administration 

(FDA) has granted Breakthrough Therapy Designation for tezepelumab, a TSLP-blocker, in 

patients with severe asthma. Blocking TSLP may prevent the release of other pro-inflammatory 

cytokines by immune cells resulting in the prevention of asthma exacerbations and improved 

asthma control (34). Similarly, GM-CSF has been shown to activate macrophages and promote 

eosinophil migration, differentiation and survival, in addition to its function in the differentiation 

and maturation of dendritic cells (35). Our present data showing that activation of PKM2 with 

TEPP46, preferentially attenuates TSLP and GM-CSF, while modestly or not affecting CCL20 

and KC, suggest that avenues to attenuate glycolysis, or to activate PKM2 in an environment 

where IL-1 signaling is operative will be attractive strategies to dampen TSLP and GM-CSF. 

The pro-inflammatory role of PKM2 has been extensively studied in tumor and immune cells, and 

a number of transcription factors have been demonstrated to mediate the proinflammatory effect 

of PKM2 (36-38). In macrophages and tumor cells, LPS induces nuclear binding of PKM2 to 

hypoxia-inducible factor 1-alpha (HIF-1α) (20, 39). In tumor cells, an interaction between PKM2 

and Jumonji C domain-containing dioxygenase (JMJD5) also has been shown (37). These 

interactions with PKM2 have been linked to the transcription of glycolysis genes including LDHA 

and GLUT-1. Moreover, nuclear PKM2 was also shown to phosphorylate STAT3 (13, 36), which 

in turn augments IL-1β and IL-6 production (20). In line with the latter findings, the present 

observations that IL-1β or HDM led to increases in phosphorylation of STAT3, which were 

attenuated by TEPP46, suggest the importance of PKM2 in promoting STAT3 phosphorylation. 

Our findings that inhibition of STAT3 attenuated release of TSLP and GM-CSF in airway basal 



Chapter 4 

111 
 

cells, strongly suggest that the ability of PKM2 to phosphorylate STAT3 contributes to its pro-

inflammatory function. Findings from the present study using an activator of PKM2 are in line with 

another study showing that activation of the glycolysis function of PKM2 attenuated the pro-

inflammatory phenotype of macrophages from patients with atherosclerotic coronary artery 

disease (20), and inhibited the PKM2-HIF-1a complex (39) leading to decreased IL-1β production 

and glycolysis and pro-inflammatory genes (38, 39). Moreover, it has been shown that inhibition 

of STAT3, by Stattic, attenuated inflammatory injury in LPS-challenged mice (14). PKM2 and 

PKM1 are both encoded by the same PKM gene, however they represent different splicing 

products (exon 9 for PKM1, exon 10 for PKM2). Unlike PKM1, PKM2 is not a constitutive stable 

tetrameric enzyme, and can be allosterically regulated by fructose-1,6- bisphosphate (FBP) to 

enhance tetramer formation. The PKM2 tetramer can be converted to dimers following a number 

of post translational modifications that include phosphorylation (40, 41), acetylation (42, 43), 

oxidation (44), hydroxylation (37, 38), ubiquitination (45), glycosylation (46), methylation (47), and 

sumoylation (48) in response to various stimuli. Interestingly, epidermal growth factor (EGF)-

activated ERK2 binds directly to PKM2 and can induce phosphorylation of PKM2 at serine 37, in 

association with its nuclear translocation and increases in transcriptional activation of GLUT-1, 

and LDHA (49, 50). The EGF receptor (EGFR) is of notable interest due to its role of type 2 

inflammatory responses in allergic airways disease, including mucus metaplasia (51-53). 

Additional studies will be required to elucidate whether EGFR activation contributed to 

phosphorylation and subsequently the inactivation of PKM2 that was observed in the present 

study. Other studies have demonstrated that PKM2 can be inactivated following oxidation of 

cysteine 358 (44). Changes in the oxidative environment and notably cysteine oxidations 

accompany allergic airway disease and lead to activation of EGFR in cells (51). Similarly, changes 

in the oxidative environment also control dendritic cell activation and Tcell subsets (54). Additional 

studies will also be required to address whether oxidative events regulate PKM2 activity herein.  

Small molecule activators of PKM2 such as TEPP46 (also known as ML265) and DASA-58 have 

been developed to stabilize PKM2 in the tetramer configuration. TEPP46 activates PKM2 by 

binding to the dimer-dimer interface between two subunits of PKM2, which stabilizes tetrameric 

PKM2 to promote conversion of PEP to pyruvate, hence increasing its glycolytic activity. TEPP46 

is highly selective in its ability to activate PKM2 (55), since it does not affect recombinant PKM1 

in vitro (10) and has no significant effect in PKM2 knockout models (39, 56). These observations 

suggest that the effects observed by TEPP46 herein are due to the activation of the glycolysis 

function of PKM2, and not due to off target effects, although additional studies will be required to 

corroborate the lack of off target effects. Paradoxically, while activation of PKM2 dampened 
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inflammation, ablation of PKM2 also elicited anti-inflammatory effects. As discussed earlier, the 

TEPP46-induced PKM2 tetramer inhibited LPS-induced expression of IL-1β and other HIF-1α-

dependent genes in macrophages (20, 39), while macrophages lacking PKM2 also showed 

reduced expression of IL-1β and Ldha mRNAs in response to LPS. These findings suggest that 

dimeric PKM2 has a pro-inflammatory gain of function, and that strategies to either remove PKM2 

altogether, or to promote its glycolysis kinase function elicit similar anti-inflammatory effects. 

Another limitation of the current manuscript is that experiments were performed in mice only. 

Further studies using human samples will be required to fully understand the contribution of PKM2 

to pro-inflammatory responses in epithelial cells or airways from asthmatics. Altogether, our 

results demonstrate that the glycolysis-inactive form of PKM2 plays a crucial role in the 

pathogenesis of allergic airway disease in association with enhancing IL- 1β-induced pro-

inflammatory signaling, in part through phosphorylation of STAT3, and notably the upregulation 

of Tslp and Csf2 genes. PKM2 therefore could be a novel potential target for the development of 

anti-inflammatory therapies for the treatment of IL1 high, glycolysis-associated asthma. 
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ABSTRACT 

Glycolysis is a well-known process by which metabolically active cells, such as tumor or immune 

cells meet their high metabolic demands. Previously, our laboratory has demonstrated that in 

airway epithelial cells, the pleiotropic cytokine, interleukin-1 beta (IL1B) induces glycolysis and 

that this contributes to allergic airway inflammation and remodeling. Activation of glycolysis is 

known to increase NADPH reducing equivalents generated from the pentose phosphate pathway, 

linking metabolic reprogramming with redox homeostasis. In addition, numerous glycolytic 

enzymes are known to be redox regulated. However, whether and how redox chemistry regulates 

metabolic reprogramming more generally remains unclear. In this study, we employed a multi-

omics approach in primary mouse airway basal cells to evaluate the role of protein redox 

biochemistry, specifically protein glutathionylation, in mediating metabolic reprogramming. Our 

findings demonstrate that IL1B induces glutathionylation of multiple proteins involved in metabolic 

regulation, notably in the glycolysis pathway. Cells lacking Glutaredoxin-1 (Glrx), the enzyme 

responsible for reversing glutathionylation, show modulation of multiple metabolic pathways 

including an enhanced IL1B-induced glycolytic response. This was accompanied by increased 

secretion of thymic stromal lymphopoietin (TSLP), a cytokine important in asthma pathogenesis. 

Targeted inhibition of glycolysis prevented TSLP release, confirming the functional relevance of 

enhanced glycolysis in cells stimulated with IL1B. Collectively, data herein point to an intriguing 

link between glutathionylation chemistry and glycolytic reprogramming in epithelial cells and 

suggest that glutathionylation chemistry may represent a therapeutic target in pulmonary 

pathologies with perturbations in the glycolysis pathway. 

Abbreviations 

2-DG: 2-deoxy-D-glucose  

ACO2: aconitate hydratase  

ALDOA: fructose-bisphosphate aldolase  

CCL20: Chemokine (C-C-motif) ligand 20  

CS: citrate synthase  

ENO1: alpha-enolase  

FH: fumarate hydratase  

GAPDH: glyceraldehyde-3- phosphate dehydrogenase  

GLRX: glutaredoxin-1  

GLRX KO: glutaredoxin knockout cells  



Chapter 5 

121 
 

GM-CSF: granulocyte macrophage colony stimulating factor  

GPI: glucose-6-phosphate isomerase  

GSH: glutathione  

HIF: hypoxia-inducible factor  

HK1: hexokinase1  

IDH2: isocitrate dehydrogenase  

IL-1: interleukin-1  

KC: Chemokine (C-X-C) motif ligand 1  

KEGG: kyoto encyclopedia of genes and genomes  

LDHA: L-lactate dehydrogenase A  

MDH2: malate dehydrogenase, mitochondrial  

MMTS: methyl methanethiosulfonate  

MTE cells: mouse tracheal epithelial cells  

OGDH: 2-oxoglutarate dehydrogenase  

PFK: phosphofructokinase  

PFKFB3: 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3  

PKM: Pyruvate kinase M  

PGAM1: phosphoglycerate mutase 1  

PGK1: phosphoglycerate kinase1  

SDH: succinate dehydrogenase  

TSLP: thymic stromal lymphopoietin  

TPI1: triosephosphate isomerase  

WT Ctrl: wild-type control cells  

 

 

 

 

 

 

 

 

 

 

 



Glutathionylation chemistry promotes glycolytic reprogramming and pro-inflammatory signal 

122 
 

INTRODUCTION 

Metabolic reprogramming is defined as an altered configuration of cellular metabolism to meet 

the specialized needs of cells or tissues exposed to distinct stimuli or stresses. Multiple stimuli 

that reconfigure cellular metabolism and various metabolites that regulate effector functions have 

been recognized. Aerobic glycolysis, is one example of metabolic reprogramming and is a well-

known feature of metabolically active cells enabling the use of glucose-derived carbons to 

synthesize macromolecules. Rapidly proliferating tumor cells utilize carbons from glucose to meet 

their metabolic demands.1 The activation of immune cells is also accompanied by enhanced 

glycolysis to permit effector function and cytokine production. For example, the activation of 

dendritic cells or macrophages with pro-inflammatory stimuli increases glycolysis to produce lipids 

important for the subsequent activation of T cells,2-4 and enhanced glycolysis contributes to 

chronic inflammation and autoimmunity.5 

Epithelial cells at mucosal barriers play key roles in protecting tissues from environmental 

stressors and produce a diverse array of antimicrobial factors, mucins, growth factors, 

chemokines and cytokines to promote homeostasis, tissue repair and afford protection against 

invading pathogens.6, 7 Epithelial cells are therefore metabolically active and are likely to respond 

to diverse stimuli through metabolic reprogramming. Previous work from our laboratory and others 

has shown that aerobic glycolysis is a key feature of epithelial cell activation or regeneration, akin 

to observations in immune cells.8, 9 Notably, we demonstrated that interleukin-1 (IL1) is a 

prominent inducer of glycolysis in airway epithelial cells and in settings of allergic inflammation.8 

Enhanced glycolysis contributed to allergic inflammation, remodeling, and hyperresponsiveness 

in a mouse model of house dust mite-induced allergic airway disease. Furthermore, increases in 

lactate, a marker of glycolysis, were observed in sputum samples from asthmatics and directly 

correlated with increases in airway neutrophils and disease severity.8 

Glycolytic reprogramming is closely linked to changes in redox homeostasis. Enhanced glycolysis 

offers protection against oxidative stress owing to increases in NADPH derived from the pentose 

phosphate pathway, an offshoot of glycolysis. Notably, tumor cells augment glycolysis to combat 

enhanced oxidative stress and to maintain homeostasis of glutathione,10 a major cellular redox 

system.11 Numerous proteins in the glycolysis cascade are redox regulated, suggesting that 

oxidative events contribute to increases in glycolysis. Of note, oxidation of the glycolysis enzymes 

glyceraldehyde-3-phosphate dehydrogenase,12, 13 6-phosphofructo-2-kinase/fructose-2,6-

bisphosphatase 3 (PFKFB3),14 triosephosphate isomerase,15 lactate dehydrogenase, and 

enolase16 have been demonstrated, in association with changes in their function.  

https://faseb.onlinelibrary.wiley.com/doi/full/10.1096/fj.202002687RR#fsb221525-bib-0001
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One facet of glutathione biochemistry that remains less well recognized is its ability to regulate 

protein oxidation. Under conditions of oxidative stress, reactive cysteines are oxidized to sulfenic 

acid and other intermediates.17 Glutathione can react with sulfenic acid intermediates leading to 

glutathionylated moieties. Glutathione disulfide, the oxidized form of glutathione, also can induce 

protein glutathionylation (also known as S-glutathionylation or protein mixed disulfides). 

Glutathionylation is critical in the protection from irreversible overoxidation of protein cysteines, 

and also affects protein structure and function. Glutaredoxin-1 is a cellular enzyme that 

deglutathionylates its target proteins and reestablishes the reduced protein thiol groups.18, 19 To 

date, it remains unclear whether glutathionylation affects glycolytic reprogramming and 

subsequent pro-inflammatory responses. Furthermore, the extent to which changes in glycolysis 

and other metabolic pathways occur in primary epithelial cells in response to an innate immune 

stimulus remains incompletely known. In the present study, we sought to investigate the 

importance of glutathionylation chemistry in metabolic reprogramming of primary airway basal 

cells via the comparative evaluation of WT or Glrx–/– cells. Given the importance of IL1B as an 

innate immune activator, its ability to induce glycolysis in epithelial cells and prior observations 

that IL1B induces oxidative stress,20, 21 we utilized IL1B as the stimulus to assess metabolic 

reprogramming using multiple-omics approaches, while emphasizing glycolysis. Our results 

demonstrate that IL1B-stimulated glycolysis is enhanced in the absence of Glrx and that multiple 

proteins in the glycolysis pathway are targets of glutathionylation.  

Methods 

Reagents and antibodies 

Recombinant mouse IL1B was purchased from R&D systems, Minneapolis, MN, USA. Anti-GSH 

antibody was acquired from Virogen, Watertown, MA, USA. GAPDH and HK1 antibody were from 

Cell signaling technology, Danvers, MA, USA. [U-13C] labeled glucose and 2-deoxy-D-glucose (2-

DG) were obtained from Sigma-Aldrich, St. Louis, MO, USA. TSLP, GM-CSF, CCL20/MIP-3 

alpha, and CXCL1/KC mouse ELISA kits were purchased from R&D systems, Minneapolis, MN, 

USA.  

Mouse airway basal cell cultures and exposure to IL1B 

Primary mouse tracheal epithelial (MTE) cells were isolated from wild-type (WT) C57BL6/NJ mice 

or C57BL6/NJ mice lacking Glrx gene (GLRX KO) and cultured as previously described.22, 23 Cells 

were grown on transwell inserts with media change every 2 days until forming a monolayer 

depicted by stable transepithelial electrical resistance (TEER) measurement. Media was then 
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switched to plain DMEM:F12 media overnight followed by the incubation with IL1B (10 ng/mL) or 

0.1% bovine serum albumin (BSA) in phosphate-buffered saline (PBS) (vehicle control) for 

24 hours. To test the effect of glycolysis inhibition on pro-inflammatory cytokines release, cells 

were incubated in media containing 10 mM 2-DG for 1 hour before stimulation with IL1B.  

13C-glucose labeling and metabolomics analysis  

MTE cells were grown to confluency as described above. The cells were washed and incubated 

overnight in plain DMEM:F12 media containing 6 mM glucose and 2 mM glutamine. The next day, 

cells were washed three times in media with no glucose, then, treated with IL1B or 0.1% BSA in 

PBS in media containing 6 mM of 13C-glucose and 2 mM glutamine. After 24 hours, cells were 

washed with PBS and pelleted. The supernatant was removed, and pellets were snap frozen in 

liquid nitrogen. Mass spectrometry-based metabolomics was performed at the University of 

Colorado, School of Medicine Metabolomics Core. Metabolites were extracted from frozen cell 

pellets by vortexing 30 minutes in the presence of ice-cold 5:3:2 methanol:acetonitrile:water 

(v/v/v) at 2 million cells per mL as described.24 Supernatants were clarified via centrifugation at 

18 000g for 10 minutes at 4°C, then, analyzed on a Thermo Vanquish UHPLC coupled to a 

Thermo Q Exactive mass spectrometer using a 5 minutes C18 gradient in positive and negative 

ion modes (separate runs) exactly as previously described.25, 26 Quality control, metabolite 

annotation, and peak area integration were performed using Maven (Princeton University) as 

described.26, 27 Isotopologue distribution was plotted in GraphPad Prism 8.0. Heat maps were 

created by using a range scale function to scale the data set and visualized using the 

ComplexHeatmap package in R.28, 29 

DNA array 

Microarray samples were prepared with a 50 ng RNA input as previously described using the 

Ovation Pico WTA System V2 (PN3302-12). Samples were biotinylated (a 5.5 µg input) with the 

Encore Biotin Module Part No. 4200-12. Briefly, Encore Biotin Module employs a proprietary 

fragmentation and labeling process that combines enzymatic and chemical processes for the 

preparation of labeled cDNA suitable for hybridization to Affymetrix GeneChip. Efficiency of the 

fragmentation and labeling reactions were verified using NeutrAvidin (10 mg/mL) with a gel-shift 

assay. An input of 2.5 µg of Biotin labeled single primer isothermal amplification (SPIA) cDNA 

was combined with a hybridization mix, injected into Mouse Clariom S arrays, and placed in the 

Affymetrix GeneChip Hybridization Oven 645 at 45°C and 60 RPM for 16.5 hours overnight. 

Arrays were stained using the Affymetrix GeneChip Fluidics Station 450 and scanned with the 7G 
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Affymetrix GeneChip Scanner 3000. DNA array was normalized using the Transcriptome Analysis 

Console software (Thermo Fisher). The data were loaded into R28 using the Biobase package30 

and annotated using the R package affycoretools.31 Differential expression between groups was 

calculated using the LIMMA package in R32 and a P value of less than .05 and fold change greater 

than 2 were used as a cutoffs. Heat maps of mRNA expression were created using the 

ComplexHeatmap package in R.29 

Identification of glutathionylated proteins using GLRX-catalyzed cysteine derivatization 

and mass spectrometry 

Cells were lysed in 50 mM Tris buffer pH 7.4 with 150 mM NaCl, 1% Igepal-630, 5 mM 

ethylenediaminetetraacetic acid (EDTA), 0.1% sodium dodecyl sulfate (SDS), 0.5% sodium 

deoxycholate, and 80 mM methyl methanethiosulfonate (MMTS). A 2 mL of blocking buffer 

containing 100 mM HEPES, pH 7.5, 1 mM EDTA, 2.5% SDS, and 80 mM MMTS was added to 

each sample and they were incubated at 50°C for 20 minutes to block free thiol groups on cysteine 

residues. Samples containing 1 mg protein were acetone-precipitated three times with 70% ice-

cold acetone to remove excess MMTS from the solution and resuspended in binding buffer 

(10 mM HEPES pH 8.0, 0.1 mM EDTA, and 0.1% SDS). Each sample was incubated with 1 mM 

NADPH, 35 µg/mL glutathione reductase (Sigma-Aldrich, St. Louis, MO), 25 µg/mL wild-type 

mouse GLRX,33 and 0.2 mM reduced GSH for 30 minutes at 37°C to remove the GSH adduct 

from cysteine thiol groups. Negative control samples were incubated in the absence of GLRX and 

GSH. Proteins containing free thiol groups following GLRX-derivatization were pulled down by 

rotating each sample with 10 mg of Thiopropyl Sepharose beads (Sigma-Aldrich, St. Louis, MO) 

for 1 hour at room temperature. The beads were washed three times with 10 mM HEPES (pH 

8.0), 0.1 mM EDTA, 1% SDS, and 250 mM NaCl and proteins were eluted from the beads by 

boiling the samples in 1x Laemmli buffer for 8 minutes at 95°C before loading the samples onto 

10% of acrylamide gels. Gels were stained with Coomassie blue, bands were excised from the 

gel, and washed with 50% of methanol and 5% of acetic acid overnight. The proteins were 

reduced with 10 mM dithiothreitol and alkylated with 100 mM iodoacetamide followed by digestion 

with Promega sequencing grade modified trypsin (20 ng/µL) (Promega, Madison, WI). The 

digested samples were analyzed on the Q Exactive Plus mass spectrometer coupled to an EASY-

nLC 1200 (Thermo Fisher Scientific). Samples were loaded onto a 100 μm x 125 mm capillary 

column packed Halo C18 (2.7 μm particle size, 90 nm pore size, Michrom Bioresources, CA, 

USA) at a flow rate of 300 nL/min. The column end was laser pulled to a ~3 μm orifice and packed 

with minimal amount of 5 μm Magic C18AQ before packing with the 2.7 μm particle size 
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chromatographic materials. Peptides were separated by a gradient of 0%-35% CH3CN/0.1% FA 

over 60 minutes, 35%-80% CH3CN/0.1% FA in 1 minute, and then 80% CH3CN/0.1% FA for 

4 minutes, followed by an immediate return to 0% CH3CN/0.1% FA and a hold at 0% 

CH3CN/0.1% FA. Samples were randomized in run order. Mass spectrometry data were acquired 

in a data-dependent “Top 10” acquisition mode with lock mass function activated (m/z 371.1012; 

use lock masses: best; lock mass injection: full MS), in which a survey scan from m/z 350-1600 

at 70 000 resolution (AGC target 1e6; max IT 100 ms; profile mode) was followed by 10 higher-

energy collisional dissociation (HCD) tandem mass spectrometry (MS/MS) scans on the most 

abundant ions at 35 000 resolution (loop count = 10; AGC target 5e4; max IT 100 ms; centroid 

mode). MS/MS scans were acquired with an isolation width of 1.2 m/z and a normalized collisional 

energy of 35%. Dynamic exclusion was enabled (peptide match: preferred; exclude isotopes: on; 

underfill ratio: 1%). Minimum AGC target = 1e3. Product ion spectra were searched using 

SEQUEST in the Proteome Discoverer 2.2 against a Uniprot Mus musculus protein database 

downloaded on June, 2017) with the “Basic” Processing and Consensus workflows. Appropriate 

fix and variable modifications were considered. Target Decoy PSM Validator was included in the 

workflow to limit the false discovery rate to less than 1%.  

Western blot analysis 

Cell lysates were prepared and protein concentration was determined using the Bio-Rad DC 

protein estimation kit. Equal amounts of proteins were resolved using sodium dodecyl sulfate 

(SDS)-polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride (PVDF) 

membranes. Overnight incubation with GSH, GAPDH or HKI antibody was performed before 

membranes were developed using peroxidase-conjugated secondary antibodies and imaged with 

chemiluminescence. For immunoprecipitating glutathionylated proteins, 200 µg of proteins were 

used in the pull down with one sample incubated with 50 mM DTT as a negative control. 

Statistical analysis 

Data in this manuscript are expressed as means ± SEM. Significant differences between groups 

were determined using the GraphPad Prism (GraphPad 8.2.1) software and analyzed by one-way 

ANOVA with a Tukey's post hoc correction test for multiple comparisons. P values lower than .05 

were considered significant.  
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RESULTS 

Increased glutathionylation of multiple classes of proteins in response to interleukin-1 

beta (IL1B) and exacerbation in the absence of glutaredoxin-1 (Glrx) 

We previously demonstrated that IL1B is a key inducer of glycolysis in lung epithelial cells which 

enhances production of pro-inflammatory cytokines and augments responsiveness to house dust 

mite allergen.8, 34 Previous studies have also demonstrated that IL1B induces oxidative stress.20, 

21 We therefore explored whether increases in glutathionylation occur in response to stimulation 

with IL1B. In epithelial cells exposed to IL1B for 24 hours, overall glutathionylation was increased 

(Figure 1A). Comparative evaluation of epithelial cells lacking Glrx–/– demonstrated further 

increases in glutathionylation compared to control cells (Figure 1A), consistent with the 

physiological role of GLRX as a deglutathionylase. We next identified the proteins that were 

glutathionylated in this experimental setting, by blocking reduced thiols with MMTS followed by 

GLRX-mediated cysteine derivatization, thiopropyl sepharose bead capture and identification of 

captured protein by mass spectrometry. Although the absolute number of glutathionylated 

proteins differed between two independently conducted experiments, a substantial portion of 

captured proteins overlapped, including 102 proteins in WT control cells, and 277 proteins in WT 

cells stimulated with IL1B. In control Glrx–/– cells, 167 glutathionylated proteins were detected, 

while in Glrx–/– cells stimulated with IL1B this number increased to 179 proteins (Figure 1B, 

Supplementary Figure 1A). Four glutathionylated proteins were uniquely detected in WT control 

cells, and 83 glutathionylated proteins were unique to WT cells stimulated with IL1B, whereas 9 

proteins were uniquely detected in control Glrx–/– cells and 19 in Glrx–/– cells treated with IL1B 

(Supplementary Figure 1A). Pathway enrichment analysis performed using the Kyoto 

Encyclopedia of Genes and Genomes (KEGG) database35 revealed that the identified 

glutathionylated proteins in each group occurred in overlapping categories (Figure 1C) with hits 

predominantly occurring in metabolic pathways, including glycolysis (Supplementary Figure 1B). 

As expected, GLRX itself also was detected in all four groups (Supplementary Figure 1A), likely 

reflecting the capture of exogenous GLRX used in the derivatization reaction. 

Immunoprecipitation of glutathionylated proteins using an anti-GSH antibody followed by Western 

blotting validated some of these glutathionylation targets in the glycolysis pathway (Figure 1D). 

Overall, these data show that IL1B increases total protein glutathionylation in airway epithelial 

cells that is exacerbated in the absence of GLRX and suggest that protein glutathionylation affects 

multiple biochemical pathways, with a notable enrichment of proteins that govern cellular glucose 

metabolism.  
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Targeted metabolomics identification of metabolites in epithelial cells stimulated with IL1B 

Given that glutathionylated proteins were enriched in metabolic pathways, we next conducted 

targeted metabolomics analysis in order to unravel whether the abundance of metabolites 

changed in epithelial cells stimulated with IL1B, and whether these patterns were affected in the 

absence of GLRX. Heat maps demonstrate a statistically significant difference in the abundance 

of multiple metabolites in MTE cells exposed to IL1B, with a further enrichment of some 

metabolites occurring at baseline or in response to IL1B in Glrx–/– cells compared to WT 

counterparts (Figure 2). KEGG pathway analyses revealed significant differences in metabolites 

between WT control and IL1B-exposed cells in the categories of aminoacyl t-RNA biosynthesis, 

alanine, aspartate and glutamate metabolism, arginine biosynthesis, phenylalanine, tyrosine and 

tryptophan biosynthesis, glutathione metabolism and valine, leucine, and isoleucine biosynthesis 

(Supplementary Figure 2). Compared to WT cells exposed to IL1B, IL1B-exposed Glrx-deficient 

cells revealed increases in metabolites representing some of these pathways along with additional 

metabolites occurring in the TCA cycle as well as arginine and proline metabolism 

(Supplementary Figure 2).  
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FIGURE 1: Assessment of IL1B-mediated effects on protein glutathionylation in mouse airway basal cells 

and the impact of ablation of Glrx. A, Western blot of total glutathionylated proteins in WT and Glrx–/– airway 

basal cells treated with 10 ng/mL IL1B for 24 hours or vehicle control. Top: Anti-GSH, Middle: GLRX, 

bottom: GAPDH as a loading control. B, Venn diagrams showing numbers of glutathionylated proteins in 

WT ctrl, WT + IL1B, Glrx–/– Ctrl, and Glrx–/– +IL1B groups appearing in two independent experiments. 

Results in C and supplementary Figure 1 reflect analyses done on only the overlapping proteins between 

the two experiments. C, KEGG pathways analysis for glutathionylated proteins appearing in each group. 

D, Confirmation of select glutathionylation target using immunoprecipitation with an GSH antibody followed 

by Western blotting for GAPDH and HK1. Dithiothreitol (DTT) was added to the cell lysate prior to 

immunoprecipitation as a negative control. Bottom input panels: Western blots of whole cell lysates. 
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FIGURE 2: Metabolomics analysis 

in WT or Glrx–/– airway basal cells 

stimulated with IL1B. Heat map 

showing the top differentially 

regulated metabolites appearing in 

each of the four groups. Each 

column represents a biological 

replicate. The heat map was 

generated using range scaled 

metabolomics data with a P 

value < .05 for one of the four 

comparisons 
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Assessment of differential gene expression in epithelial cells stimulated with IL1B 

Based on the complex differences in glutathionylated proteins and metabolites observed in 

epithelial cells exposed to IL1B, we next sought to explore whether gene expression changes 

induced by IL1B mirrored some of these changes. We therefore conducted a DNA array study to 

address this question. As anticipated, the most significantly upregulated mRNAs reflected genes 

important in inflammation and innate host responses, including the TNF signaling pathway, 

(Figure 3, Supplementary Figure 3). KEGG pathway analysis revealed significant differences 

between control and IL1B-exposed cells in multiple categories, and expression changes in genes 

within many of these classes were enhanced in Glrx–/– cells (Supplementary Figure 3). Of note, 

expression of genes in glycolysis/gluconeogenesis and metabolic pathways were preferentially 

enhanced in Glrx–/– cells compared to the respective control groups (Supplementary Figures 3 

and 4), consistent with targets observed in these pathways identified in the glutathionylated 

proteome and via targeted metabolomics.  

Multi-omics pathway analysis in IL1B-stimulated epithelial cells 

The assessment of the glutathionylated proteome, metabolome, and gene expression profiles 

revealed significant overlapping KEGG pathway enrichments across all three-omics platforms. 

Notably, the glycolysis pathway contained numerous hits across all three platforms. Intracellular 

levels of hexose-6-phosphate were significantly increased in Glrx–/– cells compared to WT 

controls. In addition, hexose-6-phosphate, glyceraldehyde-3-phosphate, pyruvate, and lactate 

were significantly elevated in Glrx–/– cells after IL1B stimulation compared to WT counterparts 

(Figure 4A, right). Glrx–/– cells showed constitutive increases in a number of glycolysis genes 

relative to WT cells including Hk1 (hexokinase1), Pfk (phosphofructokinase), Aldoa (fructose-

bisphosphate aldolase), Tpi1 (triosephosphate isomerase), Gapdh (glyceraldehyde-3-phosphase 

dehydrogenase), Pgk1 (phosphoglycerate kinase1), Eno1 (enolase), Pkm (pyruvate kinase M), 

and Lhda (lactate dehydrogenase A). Expression of some of these genes also increased in 

response to IL1B both in WT and Glrx–/– cells, consistent with earlier findings.8 Interestingly, 

numerous of the enzymes in the glycolysis cascade were also identified as targets for 

glutathionylation, without any clear differences between genotypes or treatment groups 

(Figure 4A, left, green boxes). In addition to the modulation of the glycolysis pathway, a number 

of TCA metabolites including succinate, fumarate, and malate were more robustly increased in 

IL1B-exposed Glrx–/– cells compared to the WT groups (Figure 4B, bottom). These alterations 

were accompanied by changes in mRNA expression in TCA cycle genes (Figure 4B, top). 

Interestingly, citrate synthase, aconitase, isocitrate dehydrogenase, oxoglutarate dehydrogenase, 
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succinate dehydrogenases, and malate dehydrogenase were all identified as targets for 

glutathionylation in one or more of the treatment groups or genotypes compared (Figure 4B, top, 

green boxes). Together, these multi-omics pathway analyses point to a prominent regulatory role 

for glutathionylation in the reconfiguration of the glycolysis pathway and the TCA cycle.  

 

FIGURE 3: Microarray 

analysis in WT or Glrx–/– 

airway basal cells stimulated 

with IL1B. Heat map for the 

top 50 differentially regulated 

genes in the four groups. P 

values were calculated by 

comparing all four 

comparisons using Linear 

Models for Microarray Data 

(LIMMA)  
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FIGURE 4A: Multi-omics integration of KEGG pathways affected in airway basal cells stimulated with IL1B 

that are affected by GLRX status. Visualization of hits in the TCA cycle and glycolysis pathway identified in 

the -omics platforms described in Figures 1-3-1-3. A, Glycolysis pathway; right panel shows the total 

metabolites and left panel shows the microarray gene expression data as well as glutathionylated protein 

hits in each of the four groups (present; green, absent; white). ## Metabolites measured are hexose-6 
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phosphate (top) and phosphoglycerate (bottom). Hk1: hexokinase1, Pfk: phosphofructokinase, Aldoa: 

fructose-bisphosphate aldolase A, Tpi1: triosephosphate isomerase, Pgk1: phosphoglycerate kinase1, 

Gapdh: glyceraldehyde-3-phosphate dehydrogenase, Pgam1: phosphoglycerate mutase1, Eno1: 

enolase1, Pkm: pyruvate kinase M, Ldha: lactate dehydrogenase A, HK1: hexokinase1, GPI: glucose-6-

phosphate isomerase, PFK: phosphofructokinase, ALDOA: Fructose-bisphosphate aldolase, TPI1: 

triosephosphate isomerase, GAPDH: glyceraldehyde-3-phosphate dehydrogenase, PGK1: 

phosphoglycerate kinase1, PGAM1: phosphoglycerate mutase 1, ENO1: alpha-enolase, PKM: pyruvate 

kinase M, LDHA: L-lactate dehydrogenase A  4B: B, TCA cycle; bottom panel shows the total metabolites 

and top panel shows the microarray gene expression data as well as glutathionylated protein hits in each 

of the four groups (present; green, absent; white). Csl: citrate synthase, Aco2: aconitate hydratase, 

mitochondrial, Idh2: isocitrate dehydrogenase, mitochondrial, Ogdh: 2-oxoglutarate dehydrogenase, 

mitochondrial, Suclg2: succinate coA ligase, subunit G, Sdhd: succinate dehydrogenase, mitochondrial, 

Mdh2: malate dehydrogenase, mitochondrial. CS: citrate synthase, ACO2: aconitate hydratase, IDH2: 

isocitrate dehydrogenase, OGDH: 2-oxoglutarate dehydrogenase, SDH: succinate dehydrogenase, FH: 

fumarate hydratase, MDH2: malate dehydrogenase, mitochondrial. *P < .05, ** P < .01, *** P < .001, **** 

P < .0001 (ANOVA). 

 

Ablation of Glrx enhances glycolysis in airway epithelial cells and regulates pro-

inflammatory signaling induced by IL1B  

In order to corroborate that glycolysis was increased in the absence of Glrx, we traced carbons 

from [U-13C] glucose through glycolysis and TCA cycle. Consistent with unlabeled metabolite 

analyses, 13C-hexose phosphate and 13C-lactate were increased 24 hours post IL1B, with further 

increases in 13C-hexosephosphate, 13C-glyceraldehyde-3-phosphate, 13C-pyruvate, and 13C-

lactate occurring in Glrx–/– cells stimulated with IL1B (Figure 5A), along with more pronounced 

increases in lactate detected in the media from Glrx–/– cells detected in parallel experiments not 

using 13C-glucose (Figure 5B). In addition, 13C-fumarate, 13C-malate, and 13C-succinate were 

increased in response to IL1B stimulation in WT and/or Glrx–/– cells (Figure 5C). A time course 

analysis revealed time-dependent changes in labeled metabolites between the groups 

(Supplementary Figure 5). Collectively these findings demonstrate that carbons derived from 

glucose enter the glycolysis pathway and are used to fuel the TCA cycle, in response to IL1B and 

that glucose usage in these pathways is enhanced in the absence of Glrx.  

We previously demonstrated that IL1B-induced glycolysis contributes to enhanced expression of 

select pro-inflammatory genes in epithelial cells notably of thymic stromal lymphopoietin (TSLP) 

and granulocyte monocyte colony stimulating factor (GM-CSF). Based on the findings that 

https://faseb.onlinelibrary.wiley.com/doi/full/10.1096/fj.202002687RR#fsb221525-fig-0005
https://faseb.onlinelibrary.wiley.com/doi/full/10.1096/fj.202002687RR#fsb221525-fig-0005
https://faseb.onlinelibrary.wiley.com/doi/full/10.1096/fj.202002687RR#fsb221525-fig-0005
https://faseb.onlinelibrary.wiley.com/doi/full/10.1096/fj.202002687RR#support-information-section
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glycolysis is enhanced in the absence of Glrx we next addressed whether gene expression and 

secretion of these pro-inflammatory mediators were enhanced in the absence of Glrx. Results in 

Figure 6A, show that IL1B induced increased gene expression of Tslp, Csf2 (encoding GM-CSF), 

Ccl20, and Cxcl1 (encoding KC), with exacerbated increases of Tslp, Csf2, and Cxcl1 apparent 

in IL1B-stimulated cells lacking Glrx. In addition, IL1B-mediated secretion of TSLP was higher in 

Glrx–/– cells compared to WT counterparts along with higher secretion of GM-CSF. In contrast, 

IL1B-induced CCL20 and KC were similar between WT and Glrx–/– cells (Figure 6B). 

Administration of 2-deoxyglucose (2-DG), an inhibitor of glycolysis, potently inhibited secretion of 

TSLP and GM-CSF irrespective of genotype, and also attenuated the release of CCL20 and KC 

in media (Figure 6B). These findings demonstrate that enhanced glycolysis induced by IL1B in 

epithelial cells lacking Glrx results in exaggerated expression of TSLP, a mediator of severe 

inflammation in asthma.36, 37 

https://faseb.onlinelibrary.wiley.com/doi/full/10.1096/fj.202002687RR#fsb221525-fig-0006
https://faseb.onlinelibrary.wiley.com/doi/full/10.1096/fj.202002687RR#fsb221525-fig-0006
https://faseb.onlinelibrary.wiley.com/doi/full/10.1096/fj.202002687RR#fsb221525-fig-0006
https://faseb.onlinelibrary.wiley.com/doi/full/10.1096/fj.202002687RR#fsb221525-bib-0036
https://faseb.onlinelibrary.wiley.com/doi/full/10.1096/fj.202002687RR#fsb221525-bib-0037
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FIGURE 5: 13C-glucose carbon tracing confirms increases in glycolysis in epithelial cells lacking Glrx. A, 

Schematic for glycolysis pathway highlighting metabolites that are differentially regulated 24 hours 

poststimulation with IL1B and in airway basal cells lacking Glrx. Heavy metabolites are depicted as + 3 

and + 6 and presented with hash marks. Solid color panels represent the unlabeled portion of each 

metabolite. ## Metabolites measured are hexose-6 phosphate (top) and phosphoglycerate (bottom). B, 

Levels of secreted lactate (in mM) in cell culture supernatant of airway basal cells. C, Schematic for 

metabolites in the TCA cycle. Heavy metabolites are depicted as + 2, +3, and + 5 and presented with hash 

marks. Solid color panels represent the unlabeled portion of each metabolite. Statistics in this figure 

represent only the heavy portion of the metabolites, with the exception of lactate in panel B. *P < .05, ** 

P < .01, *** P < .001, **** P < .0001 (ANOVA). 
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FIGURE 6: Glutaredoxin absence exacerbates pro-inflammatory signaling induced by IL1B in airway basal 

cells. A, Gene expression of Tslp, Csf2, Ccl20, and Cxcl1 in WT and Glrx–/– control airway basal cell or 

24 hours after stimulation with IL1B. B, Secreted pro-inflammatory cytokines TSLP, GM-CSF, CCL20, and 

KC levels measured in culture media supernatant 24 hours poststimulation with IL1B. A 10 mM of 2-DG 

was used for 1 hour before IL1B stimulation. 
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DISCUSSION 

Airway epithelial cells exert critical effector functions and have considerable plasticity, enabling 

them to respond to inhaled insults via production of cytokines, growth factors, anti-microbials, 

surfactants, mucins, etc The extent to which changes in metabolism and redox processes affect 

epithelial effector function remains incompletely described. Herein, we utilize a multi-omics 

approach involving C13-glucose tracing, targeted metabolomics, DNA array, and redox proteomics 

following stimulation with the critical innate immune effector, IL1B, to obtain insights into the 

pathways governing epithelial cell responses. Furthermore, we conducted these experiments in 

WT versus Glrx–/– epithelial cells in order to address the extent to which these cellular pathways 

were affected by glutathionylation chemistry. KEGG pathway analyses demonstrate the 

modulation of multiple pathways between the different treatment groups, with notable changes in 

the glycolysis and TCA cycle across the different-omics platforms. Our results show that in the 

absence of Glrx, IL1B-induced glycolysis is enhanced along with increased secretion of the 

asthma-relevant cytokine, TSLP. These observations are also supported by the identification of a 

substantial number of glutathionylated protein targets in the glycolysis pathway and TCA cycle 

and point to a close interplay between glutathionylation chemistry and glucose metabolism.  

Links between glutathione, and glycolysis are well recognized in immune cell and cancer biology. 

Glutathione primes T-cell metabolism and effector function.38, 39 Furthermore, in cancer cells, 

activation of the pentose phosphate pathway increases NADPH and promotes glutathione redox 

homeostasis to allow tumor cells to survive in oxidative environments. Interestingly, the pyruvate 

kinase M2 isoform, which is expressed in glycolytically active cells, can be inactivated via 

oxidation of key cysteines.11 This event is important in activation of the pentose phosphate 

pathway and control of glutathione-mediated redox balance.11 PKM was one of the 

glutathionylation targets identified in the present study, suggesting that its glutathionylation may 

contribute to the enhanced glycolytic reprogramming induced by IL1B or in Glrx–/– cells described 

herein. A recent study from our laboratories demonstrating that a small molecule activator of 

PKM2 diminished IL1B-induced lactate and TSLP secretion 34 supports a putative scenario 

wherein glutathionylation of PKM2 is linked to its inactivation and contributes to glycolytic 

reprogramming and the activation of pro-inflammatory signals.  

The findings obtained in epithelial cells that are presented herein are supported by prior studies 

demonstrating that influenza A virus-infected epithelial cells show activation of numerous 

metabolic pathways.40 A role for glycolysis in the control of influenza A infection and replication is 

plausible based on observations that hypoxia-inducible factor 1α (HIF-1α) deficiency in epithelial 

https://faseb.onlinelibrary.wiley.com/doi/full/10.1096/fj.202002687RR#fsb221525-bib-0038
https://faseb.onlinelibrary.wiley.com/doi/full/10.1096/fj.202002687RR#fsb221525-bib-0039
https://faseb.onlinelibrary.wiley.com/doi/full/10.1096/fj.202002687RR#fsb221525-bib-0011
https://faseb.onlinelibrary.wiley.com/doi/full/10.1096/fj.202002687RR#fsb221525-bib-0011
https://faseb.onlinelibrary.wiley.com/doi/full/10.1096/fj.202002687RR#fsb221525-bib-0034
https://faseb.onlinelibrary.wiley.com/doi/full/10.1096/fj.202002687RR#fsb221525-bib-0040
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cells decreased glycolysis and promoted autophagy leading to enhanced influenza A virus 

replication and acute lung injury.41 Further, HIF-1α-mediated activation of glycolysis in 

combination with inhibition of prolyl hydroxylases was shown to protect epithelial cells from 

neutrophil or lipopolysaccharide-induced epithelial cell death and afforded protection from acute 

lung injury.42 Interestingly, HIF-1α glutathionylation leads to its stabilization.43 Although HIF-1α 

was not identified in the glutathionylated proteome described herein, future studies will be 

required to address whether HIF-1α-dependent signals contribute to metabolic reconfiguration in 

epithelial cells exposed to IL1B. Finally, a role for glycolysis and autophagy in epithelial repair 

was demonstrated in variant Club cells, an airway epithelial progenitor cell population.6 The 

authors showed that inhibition of autophagy decreased glucose uptake, and furthermore that 

glucose deprivation, or glycolysis blockade, decreased the proliferative capacity of these 

progenitor cells and instead promoted their differentiation into ciliated and secretory cells.6 These 

observations point to a critical role of the autophagy and glycolysis pathways in controlling the 

regenerative/differentiation potential of epithelial cells. The present study utilized airway basal 

progenitor cells, therefore, additional studies will be required to determine how Glrx and protein 

glutathionylation control epithelial differentiation.  

Finally, it is important to highlight a number of caveats to our work. Following methyl 

methanethiosulfonate (MMTS) blocking of reduced sulfhydryls, we used wild-type murine GLRX 

as the catalyst for cysteine derivatization enabling deconvolution of the glutathionylated proteome. 

This approach differs from the protocols using chemical derivatization strategies that are 

commonly used in redox proteomics studies. Although we revealed numerous protein targets, the 

specific cysteines that are glutathionylated and their implications for alterations in 

structure/function will require additional protocol refinement and follow-up mechanistic studies. 

Those studies will be required in order to unravel the functional implications of key target cysteines 

in the glycolysis pathway and how their glutathionylation affects glycolytic reprogramming. An 

alternative explanation for the findings presented herein could be that the observed changes in 

glycolysis are not due to glutathionylation of a key glycolysis protein target(s), but instead are the 

result of a compensatory response resulting from the effects of glutathionylation on other cellular 

processes, such as ER stress or alterations in mitochondrial function. Furthermore, additional 

analysis also will be necessary to determine whether changes in glutathionylation are linked to 

changes in overall target protein abundance. Finally, besides its role as a deglutathionylase, 

murine GLRX is a dithiol oxidoreductase that can reduce disulfides. We therefore cannot rule out 

that the protein targets revealed by our screen were strictly glutathionylated. However, validation 

of selected targets in the glycolysis pathway using a glutathione-specific antibody (Figure 1D) 

https://faseb.onlinelibrary.wiley.com/doi/full/10.1096/fj.202002687RR#fsb221525-bib-0041
https://faseb.onlinelibrary.wiley.com/doi/full/10.1096/fj.202002687RR#fsb221525-bib-0042
https://faseb.onlinelibrary.wiley.com/doi/full/10.1096/fj.202002687RR#fsb221525-bib-0043
https://faseb.onlinelibrary.wiley.com/doi/full/10.1096/fj.202002687RR#fsb221525-bib-0006
https://faseb.onlinelibrary.wiley.com/doi/full/10.1096/fj.202002687RR#fsb221525-bib-0006
https://faseb.onlinelibrary.wiley.com/doi/full/10.1096/fj.202002687RR#fsb221525-fig-0001
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support our observations. It also is puzzling that the glutathionylated proteome was not increased 

in IL1B-stimulated Glrx–/– cells compared to WT counterparts, which contrasts with the overall 

GSH Western blot shown in Figure 1A. The reason for this discrepancy is not clear and will await 

further analyses related to the efficiency of the GLRX-mediated derivatization. Finally, the 

experimental design herein represents a snapshot analysis conducted at one time point that does 

not give insight into temporal relationships between redox and metabolic states that may fluctuate 

dynamically following IL1B stimulation.  

In summary, using a multi-omics platform, we have demonstrated herein that epithelial cells 

stimulated with IL1B exhibit substantial changes in cellular metabolism which are accentuated in 

the absence of Glrx. KEGG pathway analyses highlight target enrichments in the TCA cycle and 

glycolysis pathway. We also show herein that expression of a key asthma cytokine, TSLP, is 

enhanced in the absence of Glrx and was abrogated using the glycolysis inhibitor 2-DG. 

Collectively, these observations point to an intricate relationship between glutathionylation 

chemistry and metabolic alterations within epithelial cells, findings that offer a rationale for utilizing 

the GLRX/glutathionylation axis to target metabolic reconfiguration for therapeutic purposes. 
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SUPPLEMENTARY FIGURE 1: 
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Supplementary Figure 1: S-glutathionylated proteins identified via redox-Proteomic analysis of 

WT or Glrx-/- airway basal cells under base line conditions or in response to stimulation with IL1BA: 

Glutathionylated proteins appearing in control or IL1B-stimulated WT or Glrx-/-airway basal cells. 

Unique proteins detected in each group are in bold and underlined. Exogenously added GLRX 

identified in the four groups is highlighted in red. B: Identity of glutathionylated proteins hits 

appearing in select KEGG pathways identified in Figure1C in each of the four treatment groups. 
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Supplementary Figure 2: Pathway analysis for the differentially regulated metabolites shown in 

Figure 2: Shown are comparisons between WT ctrl to Glrx-/- ctrl, WT ctrl to WT+ IL1B, WT+ IL1B 

to Glrx-/-+ IL1B and Glrx-/- ctrl to Glrx-/-+ IL1B groups. Metaboanalyst was used to generate the list 

with FDR value of <0.05 as the cut off. 
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Supplementary Figure 3: KEGG pathway analysis for the differentially regulated genes shown 

in Figure 3: Shown are comparisons between WT ctrl to Glrx-/- ctrl, WT ctrl to WT+ IL1B, WT+ 

IL1B to Glrx-/-+ IL1B and Glrx-/-ctrl to Glrx-/-+ IL1B groups. Log fold change of 1 was chosen as a 

cut off value for genes included in the analysis. 
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Supplementary Figure 4: Venn diagrams highlighting unique and overlapping genes in the 

metabolic pathways identified from KEGG analysis shown in Supplementary Figure 3. 



Chapter 5 

151 
 

 



Glutathionylation chemistry promotes glycolytic reprogramming and pro-inflammatory signal 

152 
 

Supplementary Figure 5: 13C carbon tracing metabolites from epithelial cells treated with IL1B 

for 2 (left), 6 (middle) and 24 (right) hours. M+0 depicts the unlabeled, while M+2, 3, 5 and 6 

depict the labeled portion of the metabolites in the glycolysis pathway (A) and the TCA cycle (B). 

* p <0.05, ** p <0.01, *** p <0.001, **** p <0.0001 (ANOVA). Statistical analyses in this represent 

only the heavy portion of the metabolites. All groups were compared to WT control at 2 hours. 
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In the early 1920s, the German biochemist Otto Warburg made a groundbreaking 

discovery that completely changed our understanding about cells’ metabolic state/preferences. In 

his work, Warburg explained that tumor cells prefer to use glycolysis for glucose metabolism, 

rather than the more efficient ATP generating mitochondrial oxidative phosphorylation, even in 

oxygen-rich conditions [1]. Since then, multiple lines of scientific evidence emerged proving that 

it is not only the glucose consumption, but instead, the entire metabolic network that undergoes 

extensive reprogramming to redirect the flow and flux of several nutrients to meet the tumor’s 

energy and macromolecules demand. Recently, several studies confirmed that metabolic 

reprogramming is not confined to cancer cells alone, and that several other cell types exhibit 

metabolic reprogramming including proliferating cells, T-cells and myofibroblasts [2-5]. In 

addition, multiple cellular processes including proliferation, differentiation, autophagy, apoptosis 

and inflammatory responses have been described to be modulated through metabolic 

reprogramming [6-9]. Glycolysis, a great determinant of cell’s metabolic state, generates not only 

ATP but also glycolytic intermediates necessary for the biosynthesis of nucleic acids, proteins, 

lipids and for generating NADPH reducing equivalents (through the PPP) required for redox 

balance [2]. Interestingly, glycolytic reprogramming and redox imbalance started to emerge as 

contributors to multiple diseases such as cancer, neuro/muscular degenerative and several 

inflammatory disorders, however the exact molecular mechanisms governing these processes 

are not yet fully clear [10-13]. In this thesis, we aimed at studying the connection between 

metabolic reprogramming, notably glycolysis, and redox homeostasis as well as the possible 

impact of their crosstalk on inflammatory signaling. We went beyond studying the molecular 

signaling in cells to examine involvement of our findings in an asthma model. The chronic 

inflammatory state induced by airway epithelial cell activation and/or damage, and the flux of 

inflammatory cells in asthma, are usually accompanied by metabolic changes as well as shifts in 

redox homeostasis [14-17], however the mechanistic details are yet to be unraveled.  

 

Glycolytic reprogramming and IL1B in asthma: new paradigm and asthma biomarkers 

As explained earlier in the introduction, asthma is a heterogenous disease with several 

phenotypes (observable characteristics), endotypes (underlying mechanisms) and a big overlap 

between them [18]. This makes it extremely difficult to subgroup and categorize all patients using 

the traditional parameters [18]. A substantial subgroup of patients, mostly with neutrophilic influx, 

suffer from severe disease with less response to therapy. Therefore, there is a dire need of 

identifying new biomarkers to help characterize this subset of patients. A better understanding of 



Chapter 7 

193 
 

the mechanisms underlying asthma pathophysiology is likewise needed to help in designing new 

therapeutics. Glycolytic reprogramming has been described to contribute to multiple diseases, 

including Alzheimer’s and Parkinson’s disease, and Amyotrophic Lateral Sclerosis [19]. In fact, in 

these diseases, aberrant glycolysis has been proposed as a biomarker to the different disease 

stages [19]. In addition, glycolysis- related genes also serve as prognostic tools in some cancer 

subtypes [20]. In this thesis we highlight increases in glycolysis as a critical feature of asthma 

pathophysiology (chapter 3, 4). Work by other groups also support that aerobic glycolysis can be 

involved in asthma by occurring in different cells and affecting different steps in its pathogenic 

process [21-24]. For instance, Ostroukhova et al, showed that aerobic glycolysis is enhanced in 

asthma due to its effect on T cell activation. As anticipated, they showed that blocking glycolysis 

using 2DG, a hexokinase inhibitor, attenuates T cell proliferation and cytokine production [21]. 

Interestingly, our data also show that inhibition of glycolysis (by 2DG and oxamate) significantly 

dropped levels of TSLP, GM-CSF, CCL20 and KC, cytokines important in asthma pathogenesis. 

Together, these findings position aberrant changes of the glycolysis pathway on the map of 

asthma pathogenesis.  

Moreover, we herein demonstrate that IL1B is the driving signal for the increased 

glycolysis in HDM-induced allergic airways disease and in lung epithelial cells (chapter 3, 4, 5). 

The pleiotropic cytokine IL1B has been implicated in multiple diseases including diabetes [25], 

cancer [26], as well as several autoimmune and metabolic syndromes [27]. In addition, 

dysregulation in IL1B synthesis and excess of its release have been found to contribute to the 

pathogenesis of inflammatory bowel disease, psoriasis and rheumatoid arthritis [28]. In the lungs, 

IL1B is present in the airways of patients with asthma, and the cytokine has been shown to play 

a role in the early phase of both the inflammatory events as well as the altered airway 

responsiveness in asthmatics [29, 30]. Moreover, IL1B was shown to modulate airway constriction 

and relaxation in atopic asthmatics by its direct action on airways smooth muscle [31]. In response 

to inhaled allergens, IL1B instructs dendritic cells to induce the Th2 responses and directly 

promotes activation of Th2 cells [32]. Interestingly, and in agreement with our data, IL1B has been 

shown to be required for the induction of chemotactic factors, IL-33 and Muc5ac in a viral-induced 

asthma model, pointing at its role in neutrophilic and Th2 inflammatory response [33]. Moreover, 

the inflammatory state in most asthmatic patients is driven by allergen-induced Th2 response and 

is accompanied by elevated eosinophil counts. This group of patients luckily benefits from 

corticosteroid, the first line treatment in asthma patients [34]. However, a substantial 

subpopulation of patients exhibits a similar inflammatory response but lack steroid 

responsiveness, or instead display neutrophilic inflammation [34]. These patients usually suffer 
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from severe uncontrolled disease. Recently, it has been shown that IL1 signaling increases 

glycolysis during differentiation of Th17 cells, a subset of T cells associated with severe asthma 

and responsible for initiating inflammatory response in autoimmune diseases [35, 36]. 

Remarkably, our data demonstrate that IL1B levels were increased in patients with neutrophilic, 

but not eosinophilic, asthma. Moreover, IL1B administration to epithelial cells increased glycolysis 

while blocking its signal attenuated HDM-induced glycolysis and dampened cytokine release. This 

is in line with evidence of the role played by IL1B in chronic obstructive pulmonary disease 

(COPD), whereby IL1B activates macrophages in these patients to produce inflammatory 

cytokines, chemokines and MMPs [37, 38]. Ongoing studies are currently aiming to study the 

efficacy of blocking IL1B signaling in COPD patients [39]. Additionally, elevated serum IL1B levels 

were associated with more inflammation in severe allergic rhinitis patients [40]. Together, our 

results confirm a pivotal role played by IL1B and increased glycolysis in the pathogenesis of 

asthma and suggest the use of increased IL1B levels and markers of glycolysis such as lactate 

(discussed below) in sputum or serum samples as biomarkers in asthma, specifically the 

neutrophilic subtype.  

 

Elevated lactate as a biomarker in asthma 

Lactate, instead of being considered as a waste product, is now recognized as a fuel 

source. Some studies show that lactate can be used as a precursor for glycogenesis as well as 

gluconeogenesis, whereby lactate is transported through the blood to the liver where it gets 

converted into pyruvate that will be used for glucose synthesis [41]. This suggest that lactate can 

be used as an immediate energy source or as a contributor to the energy reserve [42]. An 

interesting recent study utilizing 13C-lactate metabolomics revealed that in fact glucose feeds the 

TCA cycle through the circulating lactate [43]. Although being produced by most tissues, muscles 

generate the highest amount of lactate in the body [44]. Under resting conditions, the amount of 

lactate production and consumption are approximately equal, resulting in a very low blood lactate 

level (0.5- 1 mmol/l) [45]. High concentration of lactate, however, occurs in several conditions 

such as hypoxia, shock, and intense exercise [44]. In our studies, we show that sputum samples 

from asthmatics had higher levels of lactate which correlated negatively with lung function 

(%FEV1) compared to healthy individuals. In addition, nasal cells isolated from asthmatics 

displayed higher expression of LDHA, the glycolytic enzyme responsible for the conversion of 

pyruvate to lactate (chapter 3). Moreover, altered energy metabolism with significant increases in 

lactate levels, were noted in an ovalbumin-induced asthma model and were associated with 

recruitment of inflammatory cells [46]. In accordance with our results, others have shown that 
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higher pulmonary lactate levels were detected in response to acute lung injury and sepsis, which 

was linked to a more severe form of the disease [47, 48]. Lactate levels in sputum of patients with 

acute lower respiratory tract infection were correlated with neutrophil invasion in another study 

[49]. Interestingly, our data demonstrate higher levels of lactate in sputum samples from patients 

with neutrophilic asthma compared to healthy individuals. These higher levels of lactate positively 

correlate with IL1B, but negatively correlate with lung function as mentioned above (chapter 3). 

Furthermore, activation of the glycolytic enzyme PKM2, using TEPP46, attenuated the increases 

in IL1B- induced lactate secretion in lung epithelial cells (chapter 4), pointing at a potential role 

played by epithelial PKM2 in lactate regulation.  Altogether, our data propose the use of elevated 

lactate in sputum, along with increases in IL1B, as biomarkers for asthma, specifically the 

neutrophilic subtype. These easy to measure non-invasive biomarkers will help physicians 

position their patients in their right subcategories in order to choose their appropriate therapeutic 

regimen. Additionally, a thorough investigation of the mechanism behind and the role played by 

elevated lactate in asthma pathogenesis is necessary to better understand its contribution to the 

disease process.  

 

PKM2: lessons from cancer and implications in asthma 

Further exploration of the mechanism by which glycolytic alterations contribute to the 

allergic airways disease yielded interesting findings for pyruvate kinase PKM2. PK catalyzes the 

conversion of PEP to pyruvate, one of the most important and irreversible steps in glycolysis. 

Interestingly, our analysis shows increases in PKM2 levels both in nasal cells derived from 

asthmatics and in mice with HDM-induced allergic airways disease (chapter 3, 4). In addition, we 

demonstrate that activation of PKM2 by TEPP46 attenuates subepithelial collagen, mucus 

metaplasia, airway remodeling and allergen induced inflammation in mice with HDM-induced 

allergic airways disease (chapter 3), confirming PKM2’s role in asthma pathogenesis. 

PKM2 is the major isoform of PK that is expressed in cancer cells. Blood, serum and stool 

samples collected from cancer patients were reported with elevated levels of PKM2 [50-52]. 

Additionally, increases in PKM2 levels have been correlated with tumor size and stage [51]. PKM2 

exists in a low active dimer or a high active tetramer isoform, as discussed earlier, with each 

isoform dictating different biological actions [53]. Interestingly, the switch between the two 

isoforms has been shown to enable tumor cells to survive in an environment with varying oxygen 

and nutrient supply [51]. Aside from its glycolytic function, many studies reported that PKM2 plays 

several non-glycolytic roles. For instance, PKM2 was demonstrated to directly interact with 

hypoxia-inducible factor 1 (HIF-1) subunit, promoting transactivation of its target genes. 
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Interestingly, HIF-1 can also activate transcription of PKM2, thus creating a feedback loop that 

reprograms metabolism in cancer cells [54]. Nuclear translocation of PKM2 has also been 

described to play a role in cell proliferation in response to different events, such as IL-3 stimulation 

and EGFR activation [55, 56]. In the nucleus, PKM2 acts as a protein kinase that phosphorylates 

STAT3 and enhances transcription of several cancer related genes [57]. Interestingly, in our 

studies, PKM2 was indeed able to phosphorylate STAT3 and enhance the inflammatory events 

in lung epithelial cells (chapter 4). PKM2 can be regulated at multiple levels. It is worthy to note 

here, that PKM2 oxidation at cysteine 358 was shown to inhibit its activity and promote diversion 

to PPP, producing NADPH necessary for redox balance, pointing at a potential role of PKM2 in 

redox regulation. Expression of an oxidation resistant PKM2 mutant interestingly increased 

oxidative stress and inhibited tumor growth [58]. This suggest that PKM2 activators can be 

beneficial in cancer therapeutics, especially when combined with radiation or chemotherapy. 

Indeed, the small molecule activators of PKM2, TEPP46, showed drastic effects on lung and 

breast tumor cell viability when combined with the glucose analog 2DG in another study [59]. 

Paradoxically to activating PKM2, inhibiting the enzyme’s activity, using small interfering RNA 

(siRNA), also increased apoptosis and inhibited tumor growth in mouse xenograft model [60]. 

These conflicting results warrant more studies to further elaborate the benefits of activating or 

inhibiting PKM2 in disease settings.  

Although PKM2 has been extensively studied in cancer, its relevance to other diseases is 

still under explored. In allergic airways disease, we have shown that glycolytic reprogramming 

and PKM2, are critical for the disease pathogenesis. In addition, activating PKM2 using TEPP46 

attenuated inflammatory cytokines, notably TSLP and GM-CSF (chapter 3, 4). Many lessons can 

be learned from the cancer field, where PKM2 was most studied, and tested for their relevance in 

asthma and allergic airways disease. For example, a clinical trial using the PKM2 activator, TP-

15454, was recently announced to start aiming to test the effect of activating PKM2 on the 

progression of patients with metastatic and progressive tumors. Given that glycolytic 

reprogramming is critical to asthma pathogenesis, preclinical studies should aim at examining the 

efficacy and safety of targeting PKM2 as potential treatment for asthmatics who display elevated 

glycolysis in their lungs. Murine asthma models can be a great tool to further depict these goals. 

For instance, and in addition to HDM- induced allergic airways disease, ovalbumin (OVA) can be 

used to model eosinophilic asthma, while lipopolysaccharide (LPS), in combination with OVA can 

be used to model neutrophilic subtype [61]. These animal studies are necessary to test the 

feasibility of targeting PKM2 in the different asthma subtypes. PKM2 is a key player in the 

glycolysis pathway and is known to play a major role in immune response, in addition to the 
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paradoxical effects of activating and inhibiting it. Therefore, it is critical to carefully monitor all the 

possible side effects induced by manipulating (whether activating or inhibiting) PKM2 before 

proposing its use in asthma clinical trials. Great attention should also be given to the different 

characteristics that may impact the results and findings of these studies such as age, sex and 

weight. 

 

Metabolic reprogramming and redox homeostasis: crosstalk in lung epithelial cells and 

asthma pathogenesis 

As described earlier, the link between metabolic reprogramming and redox balance has 

been reported in cancer, whereby cancer cells enhance their metabolic capacity to keep up with 

the high nutrient demand. In addition, upregulation of multiple enzymatic and non-enzymatic anti-

oxidant mechanisms, that function to scavenge the elevated ROS levels, has also been described 

as a hallmark of cancer, with elevated levels of glutathione being one of the key players in this 

regulation [62]. This link between metabolic reprogramming and redox homeostasis, notably S-

glutathionylation, is however understudied. In chapter 5 and 6, we focused our investigations on 

redox chemistry and metabolic reprogramming and whether one is regulating the other in lung 

epithelial cells. We employed a multi-omics approach consisting of glutathionylated proteome, 

metabolome and DNA array and ran unbiased analysis to study overlapping pathways in the three 

platforms. Our metabolomics analysis revealed that glycolytic reprogramming indeed occurs in 

epithelial cells stimulated with IL1B, further confirming our previous findings of IL1B’s role in 

inducing glycolysis (chapter 3, 4, 5). In addition, multiple glycolytic intermediates were 

upregulated in cells lacking Glrx, the enzyme responsible for deglutathionylation, therefore linking 

metabolic reprogramming to redox biochemistry. Interestingly, in response to IL1B, and as 

expected in Glrx-/- cells, multiple proteins were shown to be S-glutathionylated. Kyoto 

Encyclopedia of Genes and Genomes (KEGG) pathway analysis clustered these proteins in 

multiple pathways including carbon metabolism, biosynthesis of amino acids, and metabolic 

pathways. Importantly, the glycolysis pathway contained many S-glutathionylated intermediates 

in response to IL1B stimulation and in absence of Glrx, further proposing that S-glutathionylation 

might be a regulator of metabolic reprogramming in epithelial cells. This is also suggestive of a 

vicious cycle type of regulation whereby glycolytic reprogramming affects redox balance and vice 

versa. 

 Interestingly, PKM2 was one of the identified targets in our unbiased glutathionylated 

proteome screening, which suggests that PKM2-S-glutathionylation may contribute to the 

enhanced metabolic reprogramming induced by IL1B or absence of Glrx. In fact, recent work by 
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our group demonstrates that S-glutathionylation of PKM2 was indeed associated with metabolic 

reprogramming and accompanied by enhanced inflammatory cytokine production in a mouse 

model of obese allergic airways disease (In review for publication). Moreover, our work in chapter 

5, shows the enhanced release of pro-inflammatory asthma-relevant cytokines, notably TSLP and 

to lesser extent GM-CSF, in Glrx-/- epithelial cells (chapter 5). Additionally, s-glutathionylation can 

also modulate inflammation via the direct targeting of key players in the inflammatory signaling 

pathways, such as NF-kB. The transcription factor NF-kB that plays a pivotal role in inflammation, 

has been shown to be modulated by S-glutathionylation through different mechanisms. In 

particular, the p65 subunit of NF-κB was reported to be S-glutathionylated under certain 

conditions [63]. In addition, another study demonstrated that IKK, the protein responsible for IκB 

phosphorylation and NFκB translocation to the nucleus, is also a target for S-glutathionylation at 

cysteine 179 leading to its inactivation [64]. Interestingly, a recent publication demonstrates that 

IL1B itself can be S-glutathionylated at cysteine 188 which protects the cytokine from irreversible 

oxidation and positively regulates its activity [65]. All these studies, along with ours, suggest a 

major role played by S-glutathionylation in regulating metabolic reprogramming as well as 

inflammation. Therefore, targeting S-glutathionylation might provide a useful therapeutic 

approach in pathologies with metabolic perturbations such as asthma. S-glutathionylation, 

however, is very complex and cannot be looked at as one single entity, instead S-glutathionylation 

of each target protein may have different biological effects, even if these proteins are in a shared 

common pathway. Therefore, identification of key S-glutathionylated targets in the inflammatory 

(and other) pathways will provide more viable therapeutic targets to overcome side effects of 

interfering with overall S-glutathionylation.   

 

System xc
-: a new potential target to combat pro-inflammatory signaling 

Various mechanisms have been described by which cancer cells increase their GSH 

content to combat oxidative stress [66]. Amongst these, upregulation of system xc
- has grabbed 

scientists’ attention in the last decade for multiple reasons. The antiporter system xc
- is 

upregulated in multiple cancer subtypes which correlates with more aggressive tumor and 

resistance to therapy [67-69]. Beside its crucial role in importing cystine necessary for GSH 

synthesis, system xc
-‘s export of glutamate is of equal significance. The transporter indeed is 

considered an important non-vesicular extrasynaptic source of glutamate needed for the 

neurotransmitter homeostasis [70]. This although very important, was not the focus of our studies 

and will not be discussed in this thesis. In our experiments, we demonstrate increases in 

SLC7A11, the active subunit of system xc
-, levels in response to IL1B and in cells lacking Glrx, 
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two scenarios in which S-glutathionylation is increased. These increases in SLC7A11 levels, as 

expected, translated to higher amounts of GSH (chapter 6). Blood as well as lung samples from 

asthmatics typically have higher levels of GSH that relate to the extent of airway inflammation and 

are therefore regarded as an adaptive response to the high oxidative environment [71]. 

Interestingly, we demonstrate that inhibiting GSH with a system xc
- inhibitor (or a GCL inhibitor) 

has favorable impact on lowering TSLP levels in epithelial cells (chapter 6). These observations 

point at an important role played by GSH and system xc
- in regulating the pro-inflammatory 

signaling, and further confirm that the IL1B-induced increases in GSH is more than just an 

adaptive response to the increased inflammation and oxidative environment. In fact, a recent 

study showed the involvement of system xc
- in peripheral and central inflammation in an in vivo 

model of LPS-induced sickness and depression-like behavior in mice [72]. Moreover, increased 

system xc
- expression has been associated with inflammation and lower antimicrobial function in 

the development of tuberculosis (TB). Interestingly, inhibiting xc
- or its genetic depletion reduced 

bacterial load and TB pathology in the lungs [73]. Collectively, these data point at a direct 

therapeutic impact of targeting xc
- on several inflammatory diseases, including allergic airway 

disease. However, careful monitoring of the oxidative stress levels and potential oxidative damage 

is necessary in trials involving system xc
- inhibition. Importantly, more studies should take 

advantage of the orally administered FDA approved drug sulfasalazine (xc
- inhibitor), that has 

been used for years in treatment of inflammatory disorders such as Crohn’s disease, ulcerative 

colitis, and inflammatory bowel disease [67], and examine its effects on other inflammatory 

diseases like asthma.  

 

GSH promotes its own synthesis in an S-glutathionylation-dependent mechanism 

Our results demonstrate that elevated levels of SLC7A11 and GSH are linked to higher 

levels of S-glutathionylation (in IL1B and Glx-/- cells), specifically to OTUB1 S-glutathionylation 

(OTUB1-SSG). Moreover, administering recombinant GLRX protein, lowered overall protein S-

glutathionylation, OTUB1-SSG, SLC7A11 as well as GSH levels. In addition to its regulation by 

phosphorylation [74], our data herein describe a new post-translational mechanism by which 

system xc
- can be regulated.  

The antioxidant GSH is extensively regulated to maintain the fine redox homeostasis. GSH 

has been described to negatively regulate its own synthesis by inhibiting GCL [75]. Our findings 

here however highlight a positive feedforward regulation by which GSH increases its own 

synthesis through S-glutathionylation. In addition to our findings, S-glutathionylation of 

cystathionine β-synthase (CBS), a key enzyme in the trans-sulfuration pathway, was shown to 
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enhance the enzyme activity, leading to increases in cysteine synthesis, the rate limiting amino 

acid in GSH biosynthesis [76]. KEAP1 S-glutathionylation is also another mechanism that 

promotes GSH synthesis through SLC7A11 upregulation [77]. Together, these results point at the 

intricate regulation of GSH, and a crucial role played by S-glutathionylation in fine-tuning it. Any 

dysregulation of the GSH delicate balance can be an inducer and/or contributor to different 

diseases as discussed earlier. From the classical oxidative damage perspective, the therapeutic 

aim has been focused on increasing the antioxidant GSH levels in general, however these 

approaches failed to provide therapeutic benefits. Therefore, detailed understanding of the exact 

mechanism(s) underlying changes in GSH homeostasis and its contribution to certain disease is 

necessary before interfering with its signaling. This will help in designing better tailored 

approaches that will lower many of the off-target effects. For instance, interfering with OTUB1-

SSG in settings such as cancers, where increases of GSH were due to SLC7A11 overexpression, 

will provide more therapeutic benefits, with less side effects, than completely blocking GSH 

synthesis.  

Therapeutic roles of GLRX recombinant protein have recently emerged in multiple 

diseases, including cancer, cardiovascular diseases, and lung fibrosis [78-80]. Our data suggest 

that GLRX may also have therapeutic benefits in diseases with elevated GSH levels, including 

asthma. More studies however are needed to further confirm and validate these findings.  

 

Targeting TSLP in therapy for severe asthma  

TSLP is a member of the alarmin family of cytokines that also includes IL-33 and IL-25. 

TSLP is primarily expressed by airway epithelial cells and is released in response to allergens, 

viruses, and other insults [81]. TSLP expression was found to be increased in airways of patients 

with asthma, and it has been shown to play a crucial role in the disease pathophysiology, 

correlating with its severity and lung function impairment [82]. Following its release from 

epithelium, the cytokine activates dendritic cells to induce Th2 allergic responses [83, 84]. In 

neutrophilic asthma, TSLP activates dendritic cells and induces polarization of T cells towards a 

Th17 phenotype that is associated with severe asthma [85, 86]. TSLP was also shown to play 

roles in airway remodeling [87], in stimulating collagen production from fibroblasts [88] and in the 

crosstalk between mast and airway smooth muscle cells [89]. Interestingly, a recent clinical trial 

shows that patients with severe uncontrolled asthma receiving the monoclonal TSLP blocker, 

Tezepelumab, had fewer asthma exacerbations, better lung function and asthma control 

compared to patients receiving the placebo drug [90]. In this thesis, we demonstrate that in 

response to IL1B administration to epithelial cells, TSLP released in cell culture supernatant was 
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significantly increased (chapter 3-6). These increases were attenuated when glycolysis or 

glutathione were inhibited or with PKM2 activation. Additionally, we demonstrate higher levels of 

TSLP in Glrx-/- cells stimulated with IL1B compared to the WT cells, further suggesting a role 

played by PSSG in TSLP regulation. More studies however are needed to elaborate if increases 

in overall S-glutathionylation or of a specific target is eliciting these effects. Overall, our data, 

along with others, highlight the importance of TSLP signaling in asthma pathogenesis and point 

at the importance of understanding its mechanistic regulation. Careful examination of sputum and 

blood levels of IL1B, GSH and PKM2 in subjects enrolled in the Tezepelumab clinical trial will 

provide invaluable information about these players’ involvement in TSLP signaling in severe 

asthma, and therefore is strongly recommended. 

 

Implications beyond asthma 

Finally, we would like to highlight that our findings may have translational values in 

diseases other than asthma. Metabolic reprogramming has been linked to multiple diseases and 

syndromes including diabetes, cancer, and obesity [91-93]. In addition, elevations in IL1B levels 

were found to be associated with numerous inflammatory conditions such as Alzheimer’s, 

Parkinson’s, stroke, atherosclerosis, and diabetes [94-98]. Results in this thesis suggest that 

neutralizing IL1B signaling dampens pro-inflammatory cytokines and therefore may provide 

desirable effects in other diseases with elevated IL1B as an underlying mechanism. Interestingly, 

anakinra, which is an IL1 receptor blocker, is an approved drug that is used in treatment of 

rheumatoid arthritis, gout, and idiopathic pericarditis. More clinical studies should test the effects 

of anakinra and IL1B inhibition in other diseases with aberrant IL1B signaling. Importantly, 

elevated levels of circulating and plasma IL1B were detected in COVID-19 patients accompanied 

by neutrophilic flux and severe symptoms [99]. Lactate and PKM2 expressions were also higher 

in COVID-19 patients, in addition to elevated levels of lactate dehydrogenase (the enzyme 

responsible for generating lactate) [99, 100].  

All the aforementioned observations highlight the relevance of our work in several inflammatory 

diseases other than asthma.  

Cancer is characterized by both metabolic reprogramming and changes in redox 

homeostasis. Our results show that inhibiting glycolysis and/or glutathione have desirable effects 

on decreasing pro-inflammatory cytokines in asthma. In addition, we propose the SLC7A11/ 

OTUB1-SSG as a mechanism by which GSH is regulated. In fact, many cancer subtypes have 

elevated levels of SLC7A11 and/ or OTUB-1 [101, 102]. The higher expression of these two 

proteins is linked to aggressive cancers with metastasis and resistance to therapy [103, 104]. We 
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speculate that the increases in GSH might be a contributor to these events. Therefore, our new 

identified mechanism may provide an explanation and help in better drug design, which will have 

a great impact on the cancer field. Furthermore, our data highlight a new mechanism by which 

system xc
- itself is regulated (through OTUB1-SSG). In addition to its involvement in cancer, 

system xc
- plays a major role in the physiology and pathophysiology of several neurologic and 

inflammatory diseases [105]. In fact, sulfasalazine, a system xc
- inhibitor, is an FDA approved drug 

used in patients with rheumatoid arthritis, Crohn’s disease, ulcerative colitis and others. Our 

mechanistic findings may provide a valuable tool in designing more therapeutics to target system 

xc
-. 

Concerns usually arise when scientists propose inhibition of a common pathway (such as 

glycolysis or glutathione), due to its implications and involvement in many processes. Taking 

glycolysis pathway for instance, although its inhibition may provide beneficial effects against 

several diseases including cancer, other organs and tissues will be drastically affected as well. 

Glucose is the main energy source for multiple organs including the brain, and inhibiting glycolysis 

will be potentially toxic and damaging to these organs. One way of overcoming these off-target 

effects is to design inhibitors that do not cross the blood brain barrier for example and therefore 

protect the brain, however other organs will still be affected [106]. Another solution is to use 

combination therapy where physicians can benefit from titrating down the dose of the inhibitor, to 

correct the disease without affecting normal cells. This however, in many cases, is unrealistic and 

very difficult to be accomplished. Scientists faced same obstacles when they tested GSH 

inhibition in cancer where they found that total GSH depletion was not effective as a single 

treatment, but provided promising results when combined with other cancer chemotherapeutics 

[107]. In addition, studies with N-acetylcysteine (NAC), a widely used antioxidant, provided mixed 

results probably owing to the nature of cancer and whether it relies on ROS for survival and 

metastasis [108]. Therefore, identifying specific targets and/or regulators of complex pathways 

such as glutathione and glycolysis has the potential to help towards the development of improved 

therapeutics.  

 

Limitations and unexplored areas  
 

As explained earlier, asthma heterogeneity, the presence of big overlap between its 

subtypes as well as the different response to therapy urge the identification of new biomarkers 

and an in-depth understanding of molecular mechanisms governing the disease pathophysiology. 

Our data herein suggest that increases in glycolysis and IL1B are hallmarks of neutrophilic 

asthma. We additionally propose elevated lactate, as an indicator for the enhanced glycolysis, as 
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a promising biomarker for neutrophilic asthma patients, in addition to increases in IL1B. Our multi-

omics analysis indeed showed that not only lactate but also several other metabolites are 

increased in response to IL1B. Further tests are needed to determine if other glycolytic 

metabolites can also be used in the characterization of asthmatics. Moreover, our conclusions 

were derived after performing analysis in vitro and in vivo (primary epithelial cells, mice and 

human samples). However, more clinical samples derived from asthmatic patients are needed to 

confirm our results. Attention should be given to different patients’ characteristics including sex, 

age, weight, and medications before drawing solid conclusions.  

In addition to glycolytic reprogramming and enhanced IL1B signaling and their role in 

asthma pathogenesis, we also demonstrate that neutralizing IL1 signaling attenuates lactate, HKII 

and LDHA levels, confirming the role of IL1 in glycolytic reprogramming. The IL1 receptor 

antagonist anakinra has far more off-label uses beside being a drug used for rheumatoid arthritis 

[109]. Giving its promising results in patients with other inflammatory diseases, it will be very 

interesting to test the effect of anakinra in patients with neutrophilic asthma.  

To study the cross talk between glycolytic reprogramming and redox homeostasis, we 

utilized a multi-omics approach, which we believe was invaluable and provided substantial 

amount of data. Beside glycolysis and TCA cycle (that we focused on in chapter 5), there are 

multiple other pathways that overlapped between the three omics platforms and warrant 

investigations. Among these, the glutathione synthesis and degradation pathway represents one 

of the greatest interest due to its direct link with redox homeostasis. Metabolic pathways as well 

as biosynthesis of amino acids are two other examples of pathways that are of high relevance 

and worth attention. We therefore think that our study in chapter 5 provides valuable information 

that can be used to direct future science. 

As a rule of thumb, testing a hypothesis starts with performing analysis in cells (in vitro), 

then moves to in vivo animal models before reaching clinical stages. In this thesis, we unravel a 

new mechanism by which system xc
-, and subsequently GSH, are regulated. In addition, we 

demonstrate beneficial effects of inhibiting system xc
- and/ or GSH in epithelial cells. Further in 

vivo studies are therefore needed to validate our findings. In addition to HDM-induced allergic 

airways disease as a model to corroborate our results, it will be interesting to expand these in vivo 

studies beyond asthma to include other inflammatory conditions.  

Our findings in chapter 6 might also have an impact on the cancer field, due to its 

relevance to some cancer subtypes with high SLC7A11 expression. Xenograft studies aiming to 

test S-glutathionylation/ SLC7A11/ GSH paradigm may indeed provide important value in cancer, 

especially given that SLC7A11-high cancers are severe, aggressive, and resistant to therapy. 
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Overall Conclusion 
 

Deciphering the mechanism(s) underlying a complex and heterogeneous disease like 

asthma, is of great importance in order to develop better therapeutics. In addition, identifying 

biomarkers for the several asthma phenotypes will have a great impact on the disease 

management. Results in this thesis highlight glycolytic reprogramming and redox perturbations 

crosstalk, and their relevance to asthma pathogenesis. We specifically show that IL1B signaling 

contributes to asthma pathogenesis by driving glycolytic reprogramming, increasing inflammation, 

and inducing airway hyperresponsiveness and remodeling. In addition, we propose IL1B and 

lactate as potential non-invasive biomarkers in asthma patients, notably the ones with neutrophilic 

phenotype. Additionally, we showed beneficial effects of activating the glycolytic enzyme PKM2 

in the attenuation of airway remodeling and inflammation. These promising findings represent 

PKM2 as a potential therapeutic target for asthmatics with elevated IL1B and glycolysis (such as 

neutrophilic asthmatics). 

Interestingly, results here demonstrate that S-glutathionylation chemistry has a great 

impact on multiple metabolic pathways in epithelial cells, notably on glycolysis. In fact, we 

demonstrate that not only glycolysis contributes to redox homeostasis through the PPP, but also 

that redox chemistry regulates glycolysis at multiple levels. In addition, we explain a sophisticated 

mechanism by which GSH regulates its own synthesis through an S-glutathionylation and system 

xc
- - dependent axis, which interestingly modulates the pro-inflammatory signaling. The overall 

outcome of this thesis provides new insights on how metabolic changes and redox imbalance 

promote inflammation in allergic lung disease, notably asthma.  
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The goal of this PhD thesis was to understand how changes in redox biochemistry affect 

cellular metabolism and whether this plays a role in the biology of lung epithelial cells and allergic 

lung diseases. We started our investigations by examining the importance of metabolic 

reprogramming in allergic airways disease, before linking these changes with the redox 

environment. Work herein highlights glycolytic reprogramming and redox perturbations as 

contributors in the pathophysiology of allergic airways disease (in mice) and in asthma. In 

addition, we describe a new complex mechanism by which glutathione, a major determinant of 

redox homeostasis, regulates its own synthesis with relevance to inflammatory allergic lung 

diseases, notably asthma. 

 

After the introduction of key players investigated in this thesis along with the supportive 

background and the study questions (chapter 1 and 2), we first explored the importance of 

metabolic alterations in the development of allergic airway disease in mice. In chapter 3, we 

reported the critical role played by enhanced glycolysis in house dust mite-induced allergic 

airways disease, an asthma model that we used in our studies. We additionally described IL1B 

signaling as the driver for the aforementioned glycolytic reprogramming and demonstrated its 

contribution to the pro-inflammatory responses in epithelial cells. Moreover, we confirmed our 

results in human samples where we showed that both sputum and nasal cells derived from 

asthmatics exhibited higher lactate levels, indicative of elevated glycolysis, compared to healthy 

controls. This higher lactate levels correlated positively with IL1B but negatively with lung function. 

We therefore suggested the potential use of elevated lactate and IL1B as non-invasive biomarkers 

in asthmatics.  

 

Results from chapter 3 demonstrated increases in expression of PKM2, a key enzyme in 

glycolysis pathway, levels in nasal epithelial cells derived from asthmatics as well as in mice with 

HDM-induced allergic airways disease. Therefore, in chapter 4, we designed our experiments to 

study a potential role played by PKM2 in asthma pathogenesis. Here, we showed that PKM2 

indeed promoted the allergic response in HDM-induced allergic airways disease and in epithelial 

cells, contributing to the disease pathogenesis. In addition, activating the PKM2 tetramer, using 

TEPP46, decreased mucus metaplasia, attenuated collagen deposition, and dampened IL-1B-

induced proinflammatory cytokines in mice. As a result, we highlight the possibility that targeting 

PKM2 might be of significant value in asthma therapeutics.  
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After confirming the involvement of metabolic alterations in the development and 

pathogenesis of allergic airways disease, we moved to investigate the involvement of redox 

perturbations in this regulation. Utilizing an unbiased multi-omics approach in chapter 5, we first 

confirmed the IL1B contribution to the enhanced glycolysis. Secondly, we demonstrated a role 

played by S-glutathionylation chemistry in regulating glycolysis in epithelial cells. This result 

stemmed from the correlation between overall increases in S-glutathionylation and elevated 

glycolysis. In addition, multiple glycolytic genes were targets for S-glutathionylation, further linking 

metabolic reprogramming with redox biochemistry. Interestingly, we also showed the impact of 

the higher S-glutathionylation on inflammatory signal in epithelial cells, notably the increases in 

TSLP and GM-CSF. This further emphasize the link between redox perturbations and 

inflammatory cytokines in asthma. 

  

Our multi-omics analysis in chapter 5 unraveled an interesting observation whereby GSH, 

the mainstay of redox homeostasis, is increased in response to IL1B. In chapter 6, we sought to 

better understand the molecular mechanism underlying this GSH upregulation and whether this 

have any impact on IL1B-induced inflammatory signaling and therefore is relevant to asthma. In 

this chapter we identified a new mechanism by which GSH, through S-glutathionylation of the 

deubiquitinase OTUB-1, positively regulated its own synthesis. This mechanism involved the 

upregulation of system xc
-, a cystine transporter that have implications in multiple diseases. In 

addition, we demonstrated the contribution of GSH (and system xc
-) in IL1B-induced 

proinflammatory responses, specifically TSLP. The outcome of this chapter highlights the role 

played by S-glutathionylation biochemistry in metabolic reprogramming and its contribution to 

inflammatory events. In addition, in this chapter we identify a new paradigm important in GSH 

regulation that may translate to better therapeutics in multiple inflammatory conditions involving 

GSH, including asthma.  

 

In chapter 7, we discussed the main findings of the thesis and elaborated on connecting 

the dots between metabolic reprogramming, redox homeostasis and their relevance in asthma 

pathogenesis. Overall, work in this thesis broaden our current knowledge on the crosstalk 

between glycolytic reprogramming and redox perturbation and their implications in asthma 

pathogenesis
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CHAPTER 9: IMPACT



 
 

Background and rationale 

Metabolism is the term used to describe the chemical processes taking place in our bodies 

to generate energy and supply our cellular needs. Any alterations in these reactions whether to 

support increase energy demand or other processes such as growth or proliferation will fall under 

metabolic reprogramming [1]. Originally described in cancer cells to support tumor growth under 

harsh conditions, invasion and metastasis, the term metabolic reprogramming now is not confined 

to cancer [2]. In fact, metabolic reprogramming has been linked to many diseases and syndromes 

including diabetes, amyotrophic lateral sclerosis, obesity, and chronic obstructive pulmonary 

disease [3-6]. Glycolysis can simply be defined as the breakdown of the sugar (glucose) in several 

steps and by multiple enzymes to generate energy. It is one of the earliest and most studied 

metabolic pathways that impact our daily cellular functions.  

Oxidants are normal byproducts of multiple cellular processes that were originally thought 

to always be harmful. However, in the recent century, numerous studies have proved otherwise, 

and now oxidants are known to have several roles in physiological processes including wound 

healing and fighting pathogens [7, 8]. In addition, oxidants serve as important regulators of many 

cellular processes. One mechanism by which oxidants work is through oxidizing their target 

proteins, changing their structure and function. However, too much oxidants will indeed be 

harmful, and in order to prevent damage from these excessive amounts of oxidants, our bodies 

adapt several ways to combat them. The term redox homeostasis then appeared to describe the 

balance between the reactive oxidant species (ROS) production and removal. Scientists have 

identified links between glycolytic reprogramming (changes in the glycolysis pathway) and redox 

homeostasis, whereby the sugar breakdown provides molecules (NADPH) necessary for 

synthesizing glutathione (GSH), a major determinant of redox homeostasis [9]. Similarly to 

metabolic reprogramming, redox homeostasis has also been described to contribute to many 

diseases including cancer and several inflammatory conditions [10, 11]. 

Asthma is a very common lung disease that affects more than 300 million people around 

the globe. The disease has drastic impact on patients’ quality of lives and economies [12, 13]. 

Typical symptoms of asthma include shortness of breath, wheezing, cough, chest tightness 

accompanied with reversible airway blockade. Airway chronic inflammation, airflow obstruction, 

airway hyperresponsiveness (AHR) and remodeling are considered the characteristics of asthma, 

however the disease varies a lot between individuals. Several genetic and physiological factors 

are behind the variability and severity of the symptoms in different patients [13]. Therefore, 

scientists and clinicians have divided asthma into several subtypes to help group together patients 

with similar clinical symptoms (phenotypes) or same underlying mechanism (endotypes). This 
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aims at tailoring treatment strategies with the goal of improving patients’ clinical symptoms and 

quality of lives. Unfortunately, due to asthma complexity, there is a huge overlap between these 

different subtypes that makes it very challenging to subcategorize all asthma patients. 

Additionally, most patients who suffer from the classical asthma eosinophilic inflammation are 

responsive to corticosteroid treatments. However, a substantial group of these patients do not 

respond to treatments, or display a neutrophilic inflammation with severe disease [14]. Therefore, 

a better understanding of the molecular mechanism/s underlying asthma is needed. In addition, 

the identification of new biomarkers is very critical to benefit this subgroup of patients with no 

specific asthma subtype and are not responsive to the current therapies. In this work, we aim at 

understanding the molecular mechanism underlying asthma, and specifically investigating a 

potential role played by glycolytic reprogramming and redox homeostasis in the development and 

progression of the disease. 

 

Findings: 

As stated earlier, in this thesis, our first aim was to study if metabolic reprogramming 

contributes to pro-inflammatory signaling in epithelial cells and whether this affects the 

pathogenesis of allergic airways disease and asthma. Here, we demonstrate that indeed 

enhanced glycolysis is a major contributor to the inflammatory response and worsening lung 

function in asthma models. Specifically, we show that the key inflammatory mediator, IL1B, is 

responsible for the increased glycolysis identified in our analysis. Importantly, we detected higher 

levels of IL1B in samples derived from asthma patients compared to healthy controls. These 

elevated IL1B levels positively correlate with higher amounts of lactate, used as a marker for 

enhanced glycolysis. Interestingly, this correlation was found solely in patients with neutrophilic 

asthma, which is a severe subtype that does not usually respond to treatments. Moreover, we 

show that IL1B signaling induces the release of the pro-inflammatory cytokine TSLP from 

epithelial cells, which has also been linked with severe asthma. The contribution of the glycolytic 

enzyme PKM2 in asthma pathogenesis further confirm the involvement of glycolytic 

reprogramming in the development of the disease. Remarkably, we show the advantages of 

activating PKM2 that lowers mucus metaplasia, collagen deposition and inflammation.  

Our second main objective in this thesis was to investigate if redox perturbations affect 

asthma pathogenesis. Our results in epithelial cells highlight multiple pathways that are regulated 

by redox homeostasis including metabolic pathways, glycolysis, and biosynthesis of amino acids. 

Interestingly, we also show that glycolysis is one of the pathways that is extensively regulated by 

S-glutathionylation, an important oxidation process of reactive cysteines. This conclusion is based 
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on the enhanced glycolysis detected in settings of increased S-glutathionylation, as well as the 

identification of multiple glycolytic intermediates being targets for S-glutathionylation. Importantly, 

TSLP and GM-CSF, two pro-inflammatory cytokines relevant in asthma, were found to be 

increased in settings of increased S-glutathionylation. These data point at a role played by S-

glutathionylation and redox imbalance in regulating glycolytic reprogramming, inflammation, and 

contribution in asthma pathogenesis.  

Our last aim was to unravel the mechanism by which IL1B and/or enhanced S-

glutathionylation increases GSH, the mainstay of redox homeostasis, levels. In here, we show 

that IL1B stabilizes system xc
-, a key determinant in GSH homeostasis, in an SLC7A11/ OTUB1-

SSG- dependent manner. This highlights a new unique regulatory mechanism by which GSH, 

through S-glutathionylation, regulates its own synthesis. Finally, we demonstrate that lowering 

GSH levels (by the inhibition of its rate limiting synthesizing enzyme GCL or system xc
-) attenuates 

TSLP release from lung epithelial cells, suggesting GSH relevance in several inflammatory 

disorders including asthma. 

 

Relevance, direct impact and target groups: 

Results in this thesis broaden our current understanding on mechanisms underlying 

asthma pathogenesis. Herein, we demonstrate that glycolytic reprogramming and redox 

perturbations are both contributors to the disease development. In addition, we propose increases 

in IL1B and lactate as potential non-invasive and rapid biomarkers in asthma, specifically in the 

neutrophilic subtype. These biomarkers will help in better characterization of these patients and 

categorize them into their respective asthma phenotype and therefore will aid with their treatment 

strategy. In addition, we show that inhibiting IL1 signaling attenuates pro-inflammatory cytokines. 

IL1 receptor blocker, anakinra, is an FDA approved drug already in the market for treatment of 

rheumatoid arthritis. Our data suggest that patients with severe asthma subtypes may benefit 

from the use of this drug. Beyond asthma, elevated IL1B has been linked to multiple diseases 

including diabetes, stroke, and Alzheimer’s disease [15-17]. Strikingly, COVID-19 patients exhibit 

higher levels of lactate and PKM2, as well as elevated circulating and plasma IL1B levels in severe 

cases [18, 19]. Therefore, it is worthwhile to test effect of neutralizing IL1B signaling in these 

patients.  

In addition, the new SLC7A11/ OTUB1-SSG mechanism of GSH regulation proposed here 

is enlightening to the redox field and will have a great impact on multiple diseases in which GSH 

is increased including asthma. Some aggressive cancer subtypes have upregulated SLC7A11 

and/or OTUB1 and this is usually accompanied by elevated levels of GSH. Our results may then 
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explain part of the mechanistic details underlying these cancers and help tailor better 

therapeutics. Furthermore, the effect of GSH inhibition on attenuating pro-inflammatory cytokines 

in epithelial cells point at GSH being a potential regulator of inflammatory diseases such as 

asthma. Importantly, these results change the public notion that antioxidants are always good to 

better understand the fine balance between oxidants and antioxidants. 

Moreover, herein we demonstrated the beneficial effects of activating the glycolytic 

enzyme PKM2 in lowering inflammation and asthma. This result may translate into developing 

PKM2 activators that will not only benefit asthma patients but also patients with other inflammatory 

conditions as well. Together all the above observations highlight the relevance of our work and 

broaden its implications beyond asthma. 

Results presented herein are (and will be) published in reputable scientific journals and 

will broaden the knowledge of the research and academic field, in addition to gaining the interest 

of the pharmaceutical industry. However, it is also important that this work reach more of the 

general public outside of the scientific field. Therefore, we strongly recommend simplifying the 

scientific findings and presenting them in the forms of articles in newspapers, magazines, social 

media, and videos for easier access by the general population. Additionally, a clear detailed 

communication between scientists, health care professionals and their patients/ their families is a 

must to increase awareness of ongoing research and new approaches to combat disorders and 

diseases.   
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