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Abstract 

Substrate-dependent effects of myeloperoxidase-derived oxidants on the metabolome and 

transcriptome of human airway epithelial cells 

By Susan O. Kim 

 Chronic inflammatory lung diseases, including genetic diseases such as cystic fibrosis 

(CF) and acquired diseases such as chronic obstructive pulmonary diseases (COPD), collectively 

impact millions of people worldwide. While the etiology is diverse, a convergence between these 

inflammatory lung diseases is the burden of airway leukocytes, often dominated by neutrophils, 

that consequently impede quality of life despite advances in treatment options. Neutrophils play 

a vital role in innate immunity by killing pathogens using a variety of mechanisms including 

mobilization of myeloperoxidase (MPO), a heme peroxidase enzyme, that catalyzes the 

production of potent oxidants that includes hypochlorous acid (HOCl), hypobromous acid 

(HOBr), and hypothiocyanous acid (HOSCN). However, chronic exposure to MPO-derived 

oxidants has the potential to cause severe oxidative stress and result in accumulation of off-target 

damage to host tissue.  Hallmarks of MPO-derived oxidant exposure have been observed in 

patients with CF and COPD and these signatures correlate with structural lung damage in young 

children with CF. Thus, it is imperative to understand the global impact of MPO-derived 

oxidants on the host airway epithelial cells (AECs) in order to elucidate mechanisms of 

adaptation to oxidant exposure and to discover potential biomarkers of disease progression that 

will guide better means of monitoring and/or treating inflammatory airway diseases.  

 The research presented in this dissertation aims to address two main areas of chronic 

inflammatory lung diseases centered around neutrophilic inflammation: 1) the effects of MPO-

derived oxidants on the metabolome of AECs and the translational implications in early CF and 



2) the effects of MPO-derived oxidants on the global transcriptional programming of AECs. This 

dissertation advances the knowledge of metabolic and transcriptional (mal)adaptation of AECs 

exposed to MPO-derived oxidants by demonstrating global substrate-dependent divergent 

responses and our in vitro findings had implications for early cystic fibrosis by revealing 

dehydromethionine, a candidate metabolite biomarker of lung disease. 
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1.1 Neutrophils in chronic lung diseases 

Inflammatory lung diseases, including chronic obstructive pulmonary disease (COPD), cystic 

fibrosis (CF) and asthma, collectively represent a major global public health challenge and 

economic burden1–5. A common pathological theme among these lung diseases is the persistent 

presence of airway leukocytes, particularly neutrophils, and cellular byproducts that associate 

with lung disease severity and progression6–12. Neutrophils form an essential component of the 

innate immune response, particularly through their ability to mount an oxidative burst, a 

metabolic process that generates potent reactive oxygen species prinicipally to eliminate 

pathogens. The enzyme myeloperoxidase (MPO) is key to this mechanism, catalyzing the 

production of hypohalous acids (HOX), including hypochlorous acid (HOCl), hypobromous acid 

(HOBr), and hypothiocyanous acid (HOSCN). While these HOX are crucial for antimicrobial 

activity, their excessive or aberrant production may lead to oxidative stress and tissue damage, 

thereby potentially contributing to chronic inflammatory lung diseases. Each HOX also has 

variable implications in disease – HOCl/HOBr oxidation byproducts have been associated with 

increased bronchiectasis in CF, but patients with higher levels of airway SCN- have better lung 

function, suggesting a protective role for HOSCN11,13–15. Studies have elucidated potential 

biological targets of HOX and cellular responses of host tissue cells to HOX exposure, however, 

we currently lack a comprehensive understanding of the global impact of HOX in airway 

epithelial cells (AEC), potential targets of oxidative burden and injury in chronic lung diseases.  

 

1.2 Role of neutrophils in airway inflammation 

Neutrophils are a major component of innate and adaptive immunity – they are the most 

abundant white blood cell in circulation, comprising up to 70% of all leukocytes circulating in 



human bloods16. They are remarkably multifaceted with critical roles as the initial mediators of 

innate host defense and as modulators of the adaptive immune response through the recruitment 

and activation of lymphocytes17,18. Neutrophils are generated continuously in the bone marrow 

(upwards of 1x1011 cells daily) where they are derived from myeloid progenitor cells and 

released into the bloodstream once they reach maturation in approximately a week19. Once in 

circulation, neutrophils can survive for less than 24 hours20,21, although other studies have 

reported a lifespan of several days22. In response to pro-inflammatory cues (i.e., chemoattractants 

such as IL-8), neutrophils mobilize to sites of inflammation, traversing the extracellular matrix 

(ECM) and ultimately tissue cells to arrive at their destination23,24. Once they do so, neutrophils 

deploy an array of effector functions to rapidly eliminate harmful microorganisms and viruses, 

discussed in depth in the next section.  These short-lived cells are expected to then die via 

apoptosis to restrict their destructive capacity in the surrounding tissue and promote an anti-

inflammatory response in macrophages, which clear the dead cells and aid in resolving the 

inflammation25.  

 

1.2.1 Pathogen killing mechanisms 

Neutrophils display an impressive range of phenotypic heterogeneity in the pursuit of 

pathogen destruction through three primary fates: phagocytosis, degranulation, and neutrophil 

extracellular trap (NET) formation (i.e., NETosis) (Figure 1.1). To aid in these processes, 

neutrophils harbor four types of granules (primary/azurophilic, secondary/specific, 

tertiary/gelatinase, and secretory) that each contain a specific repertoire of inflammatory 

mediators, including proteases and oxidant-generating enzymes26–31. The first fate, phagocytosis, 

is a process by which neutrophils engulf and internalize pathogens into a digestive vacuole called  



 

Figure 1.1 Functional fates of neutrophils during host defense. During inflammation, 

neutrophils circulating in the bloodstream mobilize to the airway, interacting with both the 

extracellular matrix and airway epithelial cells. Once at the site of infection, neutrophils exert at 

least three effector functions to eliminate pathogens: degranulation, phagocytosis, and neutrophil 

extracellular net formation, also referred to as NETosis. 

  



the phagosome32,33. In the phagosome, neutrophil membrane proteins and granule contents fuse 

to rapidly form reactive oxygen species (ROS) that confer antimicrobial activity34. In addition to 

eliminating pathogens, phagocytosis is important for tissue homeostasis through clearance of 

dead cells and tissue debris35. The second fate, degranulation, also leverages the rapid production 

of ROS through exocytosis of granules containing oxidant-generating enzymes into the 

extracellular space36–38. The third fate that neutrophils undergo during host defense is NETosis – 

a specialized process involving the extrusion of a meshwork of modified chromatin strands 

containing citrullinated histones and bactericidal proteins that can trap and kill pathogens that are 

attracted to the material by ionic interactions39–42.  

 

1.2.2 Oxidative burst 

To generate the lethal ROS that directly acts on pathogens within all three fates, 

neutrophils undergo a metabolic process known as “oxidative burst” (also referred to as 

“respiratory burst”) (Figure 1.2). In the first step of oxidative burst, membrane-bound enzyme 

NADPH oxidase 2 (NOX2) rapidly consumes oxygen by transferring one electron from NADPH 

to oxygen to produce superoxide (O2•-)43–46. Next, O2•- dismutates to oxygen and hydrogen 

peroxide (H2O2). H2O2 can then be reduced by MPO to produce HOCl, HOBr, and HOSCN via 

2-electron oxidation of a (pseudo)halide such as chloride (Cl-), bromide (Br-) or thiocyanate 

(SCN-), respectively47–49. The peroxidase-derived oxidants are a unique group of ROS 

collectively categorized as HOX that not only have a role in host defense, but also cell signaling 

to host cells50–58. Each HOX can effectively eliminate various pathogens (e.g., bacteria, fungi, 

and viruses) once released extracellularly into the luminal airway microenvironment or 

intracellularly in the phagolysosome59,59–66. While the initial ROS products (e.g., O2•- and H2O2)  



 

Figure 1.2 NOX2 and MPO in neutrophil oxidative burst. During phagocytosis, oxygen 

consumption rises through activity of NADPH oxidase 2 (NOX2) that results in the production 

of superoxide (O2.-). Dismutation of O2.- generates hydrogen peroxide (H2O2). Then, 

myeloperoxidase (MPO) catalyzes the reaction of H2O2 with halides (Cl-, Br-) or pseudohalide 

(SCN-) to produce the powerful microbicidal oxidants HOCl, HOBr, and HOSCN. 

  



could have some contribution to the direct bacterial killing mechanism, HOX are ultimately 

responsible for the bulk of the antimicrobial activity in the oxidative burst46,67–70.  

A shared feature of numerous inflammatory diseases including COPD, CF, and asthma is 

excessive neutrophil degranulation in the airway, exemplified by significantly elevated levels of 

primary granule components such as MPO in CF airway clinical samples9,11,71–73. Additionally, 

excessive degranulation has been observed with in vitro models of neutrophil transmigration 

through AECs to diluted CF sputum, mimicking airway transmigration in vivo10,74–76. Bacterial 

killing capacity by neutrophils is reduced in many chronic lung disease models, which coincides 

with recurring polymicrobial infections observed in patients with chronic lung disease77–82.  

 

1.3 Myeloperoxidase 

MPO is a heme peroxidase enzyme that is mainly produced by neutrophils during 

development in the bone marrow and abundantly packaged in the primary granules, constituting 

up to 5% of the dry mass of neutrophils83,84. Monocytes also express MPO in lysosomes to a 

significantly lesser extent, however, in vitro studies have shown MPO is lost when monocytes 

are differentiated into tissue macrophages85–87. Although it is somewhat controversial whether 

macrophages express MPO88,89, it is expected that MPO detected in clinical airway samples are 

contributed to neutrophils.  

Previously named verdoperoxidase due to its heme-derived green hue90, MPO is a 

member of the chordata peroxidase subfamily that includes eosinophil peroxidase (EPO), 

lactoperoxidase (LPO), and thyroid peroxidase (TPO) – all mammalian heme peroxidases that 

share a number of conserved features in the heme-binding pocket, including two ester linkages 

between the heme and the protein backbone (Ala280, Glu408)91,92. The structure of MPO has 



previously been described in detail93–97. EPO, LPO, and peroxidasin (PXDN) can also produce 

HOX, yet MPO is the only peroxidase that can produce HOCl, the HOX with the greatest 

reduction potential (i.e., tendency to accept electrons), under physiological conditions98,99. The 

exclusive chlorinating potential of MPO is owed to its structure – MPO contains an additional 

sulfonium linkage from heme to the peptide backbone (Met409) that increases its reduction 

potential, enabling it to oxidize chloride ion98,100,101. In the catalytic reaction pathway of MPO, 

formally termed “halogenation cycle”, H2O2 first reacts with ferric (Fe3+) MPO to generate the 2-

electron oxidized Compound I (an oxy-ferryl species, Fe4+=O, with a porphyrin π-cation radical) 

and a H2O molecule. Then, Compound I is converted back to ferric MPO through the 2-electron 

reduction of a halide (Cl-, Br-) or pseudohalide (SCN-) anion, thus producing HOCl, HOBr, and 

HOSCN92. 

 

1.4 Hypohalous acids 

ROS have traditionally been regarded as toxic byproducts of metabolism that disrupt 

cellular redox homeostasis, leading to pathophysiological conditions. However, as Paracelsus 

famously said, “All things are poison, and nothing is without poison; the dosage alone makes it 

so a thing is not a poison”102. At physiological levels, ROS can function as important intra- and 

intercellular messengers in signaling pathways that maintain immune homeostasis and control 

infection103. HOX, are no exception – not only can they directly kill microbes through the 

destruction of the bacterial cell wall and oxidation of important biomolecules, but they can also 

induce signaling cascades and adaptive responses in various cells50–52,55–58,104–106. However, at 

pathophysiological levels, ROS, particularly HOX, can cause serve oxidative stress and harm to 

the host tissue as exemplified in chronic inflammatory diseases107. 



The production of HOX by MPO is largely dependent on the substrate availability, 

concentration, and reactivity. Cl- is assumed the primary physiological substrate of MPO in the 

airway due to high concentrations (~50-100 mM) in plasma and airway surface liquid with 

evidence suggesting HOCl is the predominant byproduct of MPO activity108–111. The lung airway 

fluid contains ~30-650 µm of SCN-, which in the higher range is enough to displace the majority 

of HOCl production by MPO in favor of SCN-62,112,113. HOCl also accounts for at least 28% of 

oxygen consumed during oxidative burst, although 40% and 72% have been reported109,114,115. 

MPO can oxidize Cl- with a high second-order rate constant (4.5x102 M-1s-1), however, MPO 

preferentially oxidizes Br- (2.7x104 M-1s-1) and favors the pseudohalide SCN- (3.3x105 M-1s-1) as 

a substrate the most49. With specificity constants of 1:60:730 for Cl-, Br-, and SCN-, respectively, 

MPO will favorably form HOSCN > HOBr >  HOCl47,49. 

 

1.4.1 Reactivity and selectivity 

Despite a unifying role in host defense, there are stark differences in reactivity of HOCl, 

HOBr, and HOSCN with a diversity of compounds (e.g, amines, amides, thiols, thioethers, 

disulfides, nucleobases, nucleosides, nucleotides, lipids, sterols, etc) in biomolecules (e.g., 

proteins, metabolites, lipid membranes, DNA) at varying rates of reactions116–122 (Figure 1.3). 

HOCl has the greatest reduction potential (E′°pH 7 = +1280 mV) out of the group of HOX, 

followed by HOBr (E′°pH 7 = +1130 mV) and HOSCN (E′°pH 7 = +560 mV)98. HOCl and HOBr 

are quite indiscriminate in their reactivity with biomolecules, although HOBr is more reactive 

with aromatic rings and double bonds118. In contrast, HOSCN is highly selective for thiols and 

selenols92,121,122. This alludes to HOSCN having a more specific and controlled role since the  

  



 

Figure 1.3 The production and reactivities of hypohalous acids (HOX) promote diverse 

cellular responses. HOX are produced by the mammalian peroxidases lactoperoxidase (LPO), 

peroxidasin (PXDN), eosinophil peroxidase (EPO), and myeloperoxidase (MPO), which can all 

generate HOSCN and HOBr. However, only MPO can uniquely produce HOCl. The different 

reactivities and selectivity of HOX with biological molecules can induce cellular redox sensing 

and signaling, ultimately influencing cellular fate. Adapted from Chandler JD, Mammalian Heme 

Peroxidases (1st Ed.), 2021123.  



thiol group in cysteine proteins can undergo reversible oxidative posttranslational modifications 

that modulate its activity and function124. HOCl reacts fastest  

with nucleophiles containing sulfur (e.g., thiols and thioether) or nitrogen (e.g., amines) 

atoms, thus making cysteine and methionine residues in proteins and glutathione (GSH) prime 

targets of HOCl92. Although HOCl is promiscuously reactive, certain chlorinated byproducts 

(i.e., chloramines and chloramides) react more selectively and could contribute injury to host 

tissue in chronic lung pathologies via specific pathways92. The comprehensive reactivity and 

reaction rates of HOX have been well reviewed elsewhere92,117,118. Altogether, the differences in 

reactivity and selectivity of HOX influence their targets, thus impacting various redox sensing 

and signaling pathways that can dictate cellular fate and influence the progression of 

inflammatory lung pathologies.  

 

1.4.2 Cellular effects on airway epithelium 

Knowledge about the cellular impact of HOX on AECs is particularly limited. Studies 

assessing the cytotoxic effects of HOX on host cells were primarily performed on macrophages 

and endothelial cells due to their significant relevance in cardiovascular disease92,125,126. HOX 

exposure observed in vitro that causes cell death can often be owed to concentrations of HOX 

that reflect pathological conditions and potentially experimental exposures like bolus dosing that 

can overwhelm the cells beyond their capacity to adapt. The lethality of HOX exposure in cells is 

also influenced by the components within its microenvironment that can scavenge it, such as 

SCN- and GSH, and negate cell death. HOX-induced injury to AECs occurs on the apical side of 

the cells where neutrophils are excessively recruited and aberrantly activated in chronic airway 

diseases such as CF and COPD. However, in chronic airway diseases, significant damage from 



MPO and HOX is proposed to occur in the ECM where the basolateral side of AECs are in direct 

contact. The ECM is a complex and dynamic network of macromolecules that make up the 

interstitial matrix and basement membrane, providing structural and mechanical properties to the 

tissues, but it is also important for immune regulation127. MPO can be released or leaked into the 

ECM during neutrophil transmigration to the inflamed airway and it can bind to numerous ECM 

proteins, consequently localizing it in the ECM where it can produce HOCl and HOBr24,128. Not 

only can this lead to degradation of ECM components but it could potentially cause damage to 

AECs from the basolateral side.  

Additionally, HOX are involved in a number of metabolic processes and could 

profoundly impact primary metabolism pathways in AECs57,106,129–131. Evidence suggests a 

metabolic rewiring of energy metabolism in cells by HOSCN occurs to support adaptation to 

oxidative stress106,123,132. HOSCN can redirect the glycolytic flux of glucose to pyruvate and 

lactate through the inactivation of glyceraldehyde 3-phosphate dehydrogenase (GAPDH), which 

has a redox-sensitive cysteine residue in the enzyme active site106,132. This is presumably to 

enhance pentose phosphate pathway (PPP) activity, which would increase the production of 

nicotinamide adenine dinucleotide phosphate (NADPH), an electron donor that provides the 

reducing power to restore redox balance133. HOSCN can also target the glycolytic enzymes 

fructose-bisphosphate aldolase and triose-phosphate isomerase, which are also susceptible to 

modulation of activity via thiol modification106. It has been proposed that the diminished levels 

of pyruvate due to the attenuation of glycolysis by HOSCN contributes to the inhibition of 

mitochondrial respiration and consequent decrease in ATP that has been observed in 

macrophages134. Currently, the impact of HOX on primary energy metabolism in AECs and how 

that may translate into cellular (mal)adaptation remains underexplored. 



 

1.4.3 HOX redox and cell signaling in airway epithelium 

ROS at physiological levels can modulate immune, antioxidant and various cellular 

processes through redox signaling. One of the essential regulators of redox homeostasis and 

antioxidant defense is the transcription factor Nrf2 (nuclear factor erythroid 2-related factor 2). 

Nrf2 is constitutively expressed in the cytoplasm where it is sequestered and inactivated by 

Keap1 (kelch like ECH associated protein 1), a protein that functions as a thiol-based redox 

sensor and facilitates ubiquitination for proteasomal degradation of Nrf2 under homeostatic 

conditions135,136. When the active site cysteine thiols of Keap1 become modified, Nrf2 is released 

and translocated to the nucleus to activate the transcription of antioxidant response element 

(ARE) genes137. In AECs, HOCl can induce the expression of Nrf2 transcriptional coactivators 

MAFF (MAF Basic Leucine Zipper Transcription Factor F) and MAFG (MAF Basic Leucine 

Zipper Transcription Factor G) and continued exposure can activate Nrf2 to induce the 

expression of ARE genes TXNRD1 (thioredoxin reductase 1), HMOX1 (heme oxygenase 1), 

ALDH1A3 (aldehyde dehydrogenase 1 family member A3), NQO1 (NAD(P)H quinone 

dehydrogenase 1), and GCLM (glutamate-cysteine ligase modifier subunit) – enzymes of 

antioxidant defense and detoxification56. Nrf2 conferred cytoprotection in AECs from HOCl-

induced cytotoxicity at HOCl doses ranging from 0.6-1.5 mM. This suggests an early adaptive 

mechanism via Nrf2 signaling that could help to prevent tissue injury during acute inflammation. 

Currently, whether HOBr or HOSCN can activate Nrf2 signaling specifically in AECs has not 

yet been shown.  

HOX can also activate other essential signaling pathways that elicit cytoprotective or 

destructive responses to cellular stress. HOX activation of the MAPK (mitogen-activated protein 



kinases) signaling pathway and NF-κB (nuclear factor kappa B) signaling pathway have been 

observed in various cell types, but these pathways in AECs are much less characterized51,56–58. 

MAPK signal transduction regulates a plethora of cellular processes including cell stress 

response, differentiation, proliferation, survival, metabolism, inflammation, and death138. Three 

mammalian MAPK families have been extensively characterized (i.e., ERK1/2, JNK, and p38) 

and can be initiated by diverse stimuli including TNF-α (tumor necrosis factor alpha), EGFs 

(epidermal growth factors), and FGFs (fibroblast growth factors)138. In macrophages, HOCl and 

HOSCN can cause phosphorylation of JNK and p38, but they decrease phosphorylation of 

ERK1/251. In AECs, HOCl can promote phosphorylation of JNK, p38, and ERK1/2, presumably 

through EGFR56. Interestingly, when SCN- is added to HOCl, there are no changes in JNK, p38, 

ERK1/2 (de)phosphorylation which suggest SCN- prevents HOCl-induced modulation of 

MAPKs that may be causing cell death51. It is unclear if HOBr and HOSCN promote the 

phosphorylation of MAPKs in AECs, but MAPKs have redox-sensitive cysteine residues within 

or near its substrate recognition sites that could potentially be a direct target of HOX139. 

The transcription factor NF-κB governs many critical innate and adaptive immune 

functions such as the expression of pro-inflammatory genes to often promote cell survival140–142. 

AECs, alongside resident macrophages, are the primary cells in the airway that initially sense 

pathogens and respond by releasing cytokines through the NF-κB pathway to recruit and activate 

neutrophils140,141. Studies have demonstrated that HOCl and HOSCN can increase the expression 

of pro-inflammatory genes (e.g., IL-1β, TNF-α, IL-6, IL-8) in macrophages through NF-κB 

pathway activation and that HOCl can inhibit NF-κB activation in melanoma tumor cells, but 

whether HOX activate this pathway in AECs is currently unresolved50–52. Given that AECs can 

express and release NF-κB -dependent inflammatory molecules in response to pathogens and 



NF-κB is a redox-sensitive factor143,144, it is plausible that HOX induce NF-κB signaling in AECs 

to mount an immune response, which could promote neutrophil recruitment and activation in 

chronic airway pathologies.   

 

1.4.4 Therapeutic potential of thiocyanate 

 There is mounting evidence that HOCl is a causative agent of pathogenesis in multiple 

lung diseases92. As a result, SCN- has been studied for its antioxidant properties against HOCl-

induced damage51,145–147 and has been studied as a potential therapeutic intervention62,63,148,149. 

The goal of SCN- therapy for chronic airway diseases is to decrease the levels of HOCl by 

supplementing the airway with a pharmacologic dose of SCN-, essentially replacing HOCl with 

HOSCN, a less harmful oxidant that retains pathogen killing capabilities (Figure 1.4). It has 

become increasingly evident that secretory epithelium is tolerant of HOSCN exposure150,151.  In 

adults with CF, the concentration of saliva SCN- is significantly decreased compared to non-CF 

control subjects14. Additionally, CF patients with higher levels of SCN- had better lung function 

than those with lower levels15. SCN- therapy could be especially beneficial to patients with CF 

where the levels of SCN- are inherently reduced due to the nature of the disease. CF is caused by 

mutations to CFTR (cystic fibrosis transmembrane conductance regulator), which encodes for an 

ion channel for which SCN- is one substrate150. Because anion transport is defective in CF, SCN- 

levels in the airway may be decreased and reduce HOCl scavenging capacity, consequently 

leaving the airway more vulnerable than normal to pathological HOCl exposure152. CFTR 

mutations are currently categorized into five classes according to how function is lost, but it is 

not obvious whether certain mutations have greater or lesser impact on SCN- channeling  

  



 

Figure 1.4 Qualitative graph demonstrating the impact of increasing thiocyanate (SCN-) on 

the relative ratios of HOX concentration within plasma. Decreased SCN- levels, as observed 

in cystic fibrosis, are associated with pathophysiological outcomes. However, a pharmacologic 

dose of SCN- can alter the proportion of HOX to favor HOSCN formation, thus attenuating 

HOCl-induced toxicity. Adapted from review by Chandler JD and Day BJ, Free Radical 

Research, 2014148.  



specifically153. The promising outcomes of SCN- supplementation thus far warrant further 

investigation of its use to prevent HOCl-mediated damage61,62,146,148,150.  

 

1.6 Dissertation direction 

The redundancy of HOX exposure and lung function decline in chronic lung diseases 

necessitate a greater understanding of the impact of HOX on AECs to ultimately mitigate 

damage. AECs function as the first barrier in airway host defense. This places AECs at the 

forefront of infection and within the crossfire of inflammation. Hence, this dissertation seeks to 

define the global impact and cellular fate of HOX exposure on AECs. Leveraging a multi-omics 

approach (i.e., metabolomics and transcriptomics) and complimentary reductionist techniques in 

an in vitro oxidant exposure model, we delineated the substrate-dependent impact of HOX on 

AEC viability, redox status, and global metabolite profile, allowing us to identify potential 

metabolite biomarkers of early CF lung disease (Chapter 2), as well as the transcriptional 

programming of AECs exposed to HOX that may contribute to their (mal)adaptation in chronic 

lung disease (Chapter 3). 
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2.1 Abstract 

Myeloperoxidase (MPO) is released by neutrophils in inflamed tissues. MPO oxidizes 

chloride, bromide, and thiocyanate to produce hypochlorous acid (HOCl), hypobromous acid 

(HOBr), and hypothiocyanous acid (HOSCN), respectively. These oxidants are toxic to 

pathogens but may also react with host cells to elicit biological activity and potential toxicity. In 

cystic fibrosis (CF) and related diseases, increased neutrophil inflammation leads to increased 

airway MPO and airway epithelial cell (AEC) exposure to its oxidants. In this study, we 

investigated how equal dose-rate exposures of MPO-derived oxidants differentially impact the 

metabolome of human AECs (BEAS-2B cells). We utilized enzymatic oxidant production with 

rate-limiting glucose oxidase (GOX) coupled to MPO, and chloride, bromide (Br-), or 

thiocyanate (SCN-) as substrates. AECs exposed to GOX/MPO/SCN- (favoring HOSCN) were 

viable after 24 h, while exposure to GOX/MPO (favoring HOCl) or GOX/MPO/Br- (favoring 

HOBr) developed cytotoxicity after 6 h. Cell glutathione and peroxiredoxin-3 oxidation were 

insufficient to explain these differences. However, untargeted metabolomics revealed GOX/MPO 

and GOX/MPO/Br- diverged significantly from GOX/MPO/SCN- for dozens of metabolites. We 

noted methionine sulfoxide and dehydromethionine were significantly increased in GOX/MPO- 

or GOX/MPO/Br--treated cells and analyzed them as potential biomarkers of lung damage in 

bronchoalveolar lavage fluid from 5-year-olds with CF (n=27). Both metabolites were associated 

with increasing bronchiectasis, neutrophils, and MPO activity. This suggests MPO production of 

HOCl and/or HOBr may contribute to inflammatory lung damage in early CF. In summary, our 

in vitro model enabled unbiased identification of exposure-specific metabolite products which 

may serve as biomarkers of lung damage in vivo. Continued research with this exposure model 



may yield additional oxidant-specific biomarkers and reveal explicit mechanisms of oxidant 

byproduct formation and cellular redox signaling. 

 

  



2.2 Introduction 

Chronic inflammatory lung diseases, such as acquired chronic obstructive pulmonary 

disease (COPD) and inherited cystic fibrosis (CF), collectively affect millions of people 

worldwide 1,2. A common feature of these diseases is an increased burden of airway leukocytes, 

contributing to airway obstruction and remodeling, with neutrophils comprising the majority of 

infiltrating cells 3–6. Neutrophils kill pathogens at sites of infection by secretion of proteases and 

generation of a range of reactive oxygen species (ROS) 7–9. ROS generated by neutrophils during 

inflammation also react with host tissue, and may result in adaptive responses and/or oxidative 

tissue injury, which has been reported for several chronic inflammatory diseases 3,4,10–12. 

However, because different oxidants are concomitantly produced in the inflamed environment 

and can have overlapping reactivities with many compounds, it is difficult to predict the effects 

of oxidant production in the complex milieu of small molecules and macromolecules present in 

vivo. 

Neutrophils express large amounts of myeloperoxidase (MPO), an enzyme packaged 

inside their primary granules during bone marrow development 13. MPO secreted into the lumen 

of phagosomes or into the extracellular environment reduces hydrogen peroxide (H2O2) and 

oxidizes chloride (Cl-), bromide (Br-), or thiocyanate (SCN-) to generate hypochlorous acid 

(HOCl), hypobromous acid (HOBr), and hypothiocyanous acid (HOSCN), respectively 

(collectively referred to as [pseudo]hypohalous acids [HOX]) 14–16. Under physiological 

conditions, MPO is the only mammalian enzyme capable of oxidizing Cl- to HOCl, which has 

the greatest reduction potential among HOX 17,18. However, substrate availability is critical to 

determine which oxidants are generated by MPO 16,19–21. HOX are important for anti-microbial 

activity, but also react with biological targets important for normal functioning of host tissue 



10,22–29. HOCl and HOBr oxidize macromolecules including thiols, amino groups, and lipids, 

generating irreversible oxidation products in several cases 29–31. HOSCN is less reactive, 

preferentially oxidizing thiols and selenols to form reversible products that are repaired by 

antioxidant systems 32,33, although HOSCN was also shown to irreversibly oxidize cysteine in 

reactions with isolated enzymes 34. A growing list of enzymes in eukaryotes and bacteria are 

efficient HOSCN reductases, including mammalian thioredoxin reductase and the proteins 

encoded by har and rcla genes in S. pneumoniae and E. coli 35–37. Because it selectively targets 

thiols and selenols, HOSCN can initiate redox signaling mediated by sensitive cysteine- and 

selenocysteine-containing protein targets 34,35,38,39. Conversely, because HOCl and HOBr also 

readily oxidize amino acids and lipids not targeted by HOSCN, they have the potential to elicit 

different cellular responses 29,40–45. 

The concept that differences in HOX reactivity may impact lung health outcomes in 

airways is supported by numerous studies. For example, CF patients who have increased nasal 

lining fluid SCN- have increased lung function 46. Furthermore, mice treated with SCN- have 

lower airway inflammation and increases clearance of P. aeruginosa infection 47,48, and mice 

infected with a lethal dose of influenza virus and treated with HOSCN have increased survival 

and decreased morbidity 49. Conversely, products of HOCl/HOBr but not HOSCN, such as 

glutathione sulfonamide (GSA) and methionine sulfoxide, have been repeatedly associated with 

worse lung health in patients with CF 10,50–52. 

As airway epithelial cells (AECs) are exposed to HOX during inflammation, a holistic 

understanding of the metabolomic effects of HOX on these cells may help elucidate underlying 

pathways that regulate health and disease. To discern the effects of HOX on AECs in a complex 

chemical environment, comparable to airway fluid, we employed an in vitro enzymatic model of 



MPO-derived oxidant exposure using noncancerous immortalized human bronchoepithelial cells 

(BEAS-2B cell line). The culture medium contains chloride so the addition of glucose oxidase 

(GOX) and MPO produces HOCl. To favor generation of HOBr or HOSCN, we added Br- or 

SCN-, respectively. We evaluated the impact of GOX/MPO and various substrates or GOX alone 

(H2O2 control) on cytotoxicity, thiol-disulfide redox state, and cellular metabolomics. Here, we 

demonstrate that conditions favoring formation of specific HOX had distinct effects on BEAS-

2B cell cytotoxicity and metabolomics, while their effects on low molecular weight thiol-

disulfide systems were largely indistinguishable. Notably, the identification of methionine 

oxidation products specific to GOX/MPO and GOX/MPO/Br- exposures in vitro were associated 

with in vivo evidence of bronchiectasis in 5-year-old children with cystic fibrosis, supporting the 

hypothesis that increased chloride or bromide utilization by MPO in CF patient airways is 

associated with lung disease.  



2.3 Methods & materials 

Culture of BEAS-2B cells 

BEAS-2B cells (CRL-9609), SV40-immortalized from human non-cancerous 

bronchoepithelial cells, were obtained from American Type Culture Collection (Manassas, VA). 

Cells were maintained in RPMI-1640 medium (Invitrogen) supplemented with 10% (v/v) heat 

inactivated fetal bovine serum (FBS, MilliporeSigma), 100 IU/ml penicillin (Corning), and 100 

µg/mL streptomycin (Corning) in a humidified incubator held at 37 ˚C and 5% CO2. Cells were 

seeded in 12-well plates (1 ml working volume) or 6 cm dishes (3 ml working volume) at a 

density of 50,000 cells per cm2 of culture vessel growth surface area. Experiments were 

conducted approximately 24 h after seeding. 

HOX exposure model 

Prior to oxidant exposure, cells were gently washed once with PBS warmed to 37 ˚C. 

Growth medium was replaced with oxidant exposure medium comprised of Medium-199 

(Gibco) supplemented with 100 pg/ml recombinant human epidermal growth factor 

(MilliporeSigma) and 0.1% FBS, which was needed to maintain cell viability during prolonged 

low-serum exposure. Depending on experimental conditions, various combinations of GOX 

(MilliporeSigma G7141) from A. niger, 200 mU/ml MPO isolated from human neutrophils 

(MilliporeSigma 475911), and 1 mM of either Br- or SCN- were added. Medium-199 contains 

116 mM of NaCl which was the primary source of chloride for HOCl production. GOX was 

added at final 2.5 mU/ml concentration, or 2 mU/ml in a subset of experiments (low molecular 

weight thiol and peroxiredoxin-3 redox assays) with a GOX formulation (MilliporeSigma 

G0543) that exhibited higher specific activity (calibrated to the same H2O2 production rate as 

other experiments using Amplex Red). MPO was in catalytic excess so that GOX activity was 



rate-limiting, standardizing oxidant production rates across conditions. Medium was 

supplemented with 0.1 g/l additional glucose (final 1.1 g/l) to replace the majority consumed by 

GOX over a 24 h exposure period. In the absence of Br- or SCN-, medium Cl- was anticipated to 

be the major substrate for MPO. 

Human subjects 

 Bronchoalveolar lavage (BAL) fluid samples from clinically stable 5-year-olds with CF 

came from participants in the Australian Respiratory Early Surveillance Team for Cystic Fibrosis 

(AREST CF) cohort (Human Research Ethics Committee Approval Number 25054). The AREST 

CF cohort has been previously described 11, with participants undergoing serial assessment of 

lung health by chest computed tomography (CT) scans and BAL as part of clinical surveillance 

and care. The main outcome of the chest CT scan is bronchiectasis, which represents altered lung 

structure resulting in scarring and poorer future health outcomes 53–56.  

Measurement of H2O2 production 

 The production of H2O2 by GOX was calibrated fluorometrically using Amplex Red 

(Invitrogen A12222). GOX was dissolved in pre-warmed (37 ˚C) Hank’s balanced salt solution 

and placed in humidified atmosphere at 37 ˚C with 5% CO2. At specified times, aliquots were 

filtered using 10 kDa Amicon Ultra filters (Millipore) to remove GOX, then diluted with 50 mM 

sodium phosphate, pH 7.4. Fifty µl of samples or standards of reagent H2O2 (MilliporeSigma) in 

sodium phosphate were pipetted into black-walled 96-well plates and mixed with 50 µl of assay 

buffer containing 50 mM sodium phosphate buffer, pH 7.4, 100 µM Amplex Red, and 0.2 U/ml 

horseradish peroxidase. Fluorescent resorufin product was measured at lex 544 nm / lem 590 nm 

on a SpectraMax iD3 (Molecular Devices).   

Cytotoxicity of HOX 



 Lactate dehydrogenase (LDH) activity in the media was used as an indication of cell 

death, owing to loss of cell membrane integrity. LDH activity was measured 

spectrophotometrically according to the rate of NADH oxidation at A340, as previously described 

35. Total LDH activity was defined as the sum of intracellular and extracellular LDH activity. 

LDH release was expressed as the percentage of LDH in the extracellular medium compared to 

total LDH activity. Control experiments used recombinant human LDHA (MilliporeSigma 

SAE0049). 

Glutathione and cysteine redox 

 Glutathione (GSH), glutathione disulfide (GSSG), cysteine (Cys), and cystine (CySS) 

were analyzed as previously described 57. Briefly, cells were gently washed with ice-cold PBS. 

Thiol-disulfide couples were extracted with a mixture of 10% perchloric acid, 0.2 M boric acid, 

and 10 µM γ-glutamylglutamate internal standard, and protein isolated by centrifugation at 

14,000 g for 2 min. The extract was mixed with iodoacetic acid and pH adjusted to 9.0. Then, 

samples were derivatized with dansyl chloride in acetone and extracted by addition of 

chloroform. Samples were analyzed via high-performance liquid chromatography (HPLC) 

coupled to fluorescence detection, with concentrations determined by comparison to γ-

glutamylglutamate. Results were normalized to protein concentration as determined by 

bicinchoninic acid (BCA) assay (ThermoFisher). Intracellular results normalized to nmol/mg 

protein were converted to mM by assuming that intracellular protein concentration was 

consistently 0.2 g/ml 58.   

Peroxiredoxin redox western blot 

Cells were washed with PBS and treated with N-ethylmaleimide to react with protein 

thiols  as previously described 59. 20 µg of protein was separated by SDS-PAGE using a 10% 1.5 



M Tris pH 8.8 gel with a 1 cm 4% 0.5 M Tris pH 6.8 stacking gel at 100 V for 10 min and 120 V 

for 70 min. Proteins were transferred onto a PVDF membrane at 100 V for 60 min. Membranes 

were blocked with 50% PBS-T and 50% Odyssey PBS blocking buffer (Li-Cor) for 1 h at room 

temperature, then incubated with anti-peroxiredoxin 3 (Prx3, Abcam ab16751) overnight at 4 ˚C. 

Membranes were washed three times with PBS-T and incubated with IRDye 680RD goat anti-

mouse IgG for 1 h at room temperature and washed three times prior to imaging. Band densities 

of low molecular weight Prx3 monomer and high molecular weight Prx3 dimer were quantified 

in ImageJ 60.  

Metabolomics 

Metabolites were extracted from cells as previously described, with modifications 61. 

Cells grown in 60 mm dishes were washed once with 1X PBS before being scraped into 250 µl 

of 2:2:1 acetonitrile:methanol:water + 0.1 M formic acid. A second 250 µl was added and pooled 

with the first to maximize recovery. Formic acid was neutralized by 45 µl of 15% ammonium 

bicarbonate, and the samples were incubated at -20 ˚C for 30 min. Then samples were 

centrifuged at 20,000 g and 4 ˚C for 10 min. Supernatants and pellets were stored at -80 ˚C. 

Pellets were later redissolved at 45 ˚C in 100 mM Tris-buffered saline (pH 7.5) with 1% sodium 

dodecyl sulfate to assay for total protein (BCA method), confirming comparable yields per 

sample. A small, equal volume of each sample was pooled to make a global quality control 

sample and experimental group-specific quality controls. 

Metabolites were extracted from 50 µl of clinical BAL fluid by 1:1:1 mixture with 

acetonitrile and methanol, vortexed for 5 sec, incubated on ice for 30 min followed by 

centrifugation at 20,000 g and 4 ˚C for 10 min. One-hundred µl of supernatant were transferred 



into a new tube and stored at -80˚C. A small, equal volume of each sample was pooled with all 

others to make a global quality control sample.  

Data acquisition was conducted using a VanquishTM Horizon Binary ultrahigh 

performance liquid chromatography system coupled to a Q Exactive High Field Hybrid Orbitrap 

mass spectrometer (ThermoFisher). Two-and-a-half µl of extract (standardized to be equivalent 

to 125 ng of protein, in the case of cell extracts) was injected for liquid chromatography with a 5 

µm, 2.1 x 150 mm iHILIC-(P) Classic column (HILICON) pumped at 0.2 ml/min and 40 ˚C with 

a 15-minute gradient of water containing 15 mM ammonium acetate, pH 9.4 (mobile phase A) or 

acetonitrile (mobile phase B). The gradient began at 10% A and progressed to 90% A, followed 

by a 2-minute hold and 8-minute re-equilibration of the column at 10% A. Column eluate was 

introduced to a heated electrospray ionization source held at 320 ˚C and +3.5 or -2.75 kV for 

positive and negative ionization modes, respectively, and an ion capillary temperature of 275 ˚C. 

The automatic gain control (AGC) was set to 1x106 ions with a maximum injection time of 200 

ms. Scan range was 67-1000 m/z and Orbitrap resolution was 120,000 full width at half 

maximum. For data-dependent acquisition of ions for MS2 identification, we used Top20N with 

dynamic exclusion of 8.0 sec, AGC of 1x105, and maximum injection time of 25 ms. The data 

acquisition sequence was randomized before injection and a global quality control was injected 

every 10 samples to determine measurement reproducibility. Data was analyzed using 

Compound Discoverer 3.3 and FreeStyle 1.7 (Thermo Fisher Scientific). mzCloud (mzcloud.org) 

and LipidSearch (ThermoFisher) were used for MS/MS identifications. 

Statistical analysis and data visualization 

For the LDH assay and redox assays, one-way ANOVA was performed in R version 

2.12.0. Statistical analyses for the metabolomic data were conducted using log-transformed peak 



areas for univariate analyses (ANOVA with Tukey’s post-test, comparing more than two groups, 

or t-test, comparing only two groups) and auto-scaled peak areas for multivariate analyses 

(principal component analysis [PCA], and partial least squares-discriminant analysis [PLS-DA]) 

in MetaboAnalyst (metaboanalyst.ca) 62. Significance was set as p<0.05 and false discovery rate 

(applied to metabolomics data) <5%. Peak area heatmaps were z-scored per metabolite, and a 

hierarchical clustering analysis was performed using Euclidean distance and Ward clustering 

algorithm. For PLS-DA, the optimal number of components was selected according to the 

highest Q2 value. The 3D scores plot was generated using the Scatter function and the heatmaps 

were generated using the Clustermap function from the Seaborn Python package. MetaboAnalyst 

was employed for pathway analyses of high confidence metabolite annotations. A global test 

enrichment method and relative-betweenness centrality topology analysis were used in the 

pathway analyses and pathways were chosen from the KEGG database for Homo sapiens 63–65. 

Spearman correlation analysis were performed using SciPy stats in Python.  



2.4 Results 

HOX cytotoxicity and redox effects on AECs 

We utilized a HOX exposure model relying on rate-limiting H2O2 generation, via GOX 

and glucose, and excess MPO (when applicable) to create equal dose-rate exposures to specific 

oxidants. We selected a dose of 2.5 mU/ml GOX, which linearly produced 27.8 µM H2O2 per h 

(n=2) (Figure 2.1). Rate of H2O2 production by GOX was linear for at least 4 h. This approach 

phenocopies H2O2 production through oxidase enzymes such as neutrophil NOX2 followed by 

superoxide dismutation, while consuming negligible amounts of media glucose in 24 h 

(estimated <700 µM). Excess MPO was added to catalyze the production of HOCl from 

GOX/MPO with the presence of media Cl-. To favor production of HOBr or HOSCN, we added 

1 mM of either NaBr (GOX/MPO/Br-) or NaSCN (GOX/MPO/SCN-), respectively (Figure 

2.2A). Br- and SCN-  are both preferred substrates for MPO in comparison to Cl-, and can also 

directly react with HOCl to produce either HOBr or HOSCN 16,66. 

We evaluated the cytotoxicity of HOX exposure on AECs using the LDH assay. LDH 

release was not increased by any oxidant exposure after 2, 4, or 6 h, while by 24 h, exposure to 

GOX/MPO with or without Br-, as well as to GOX alone, significantly increased LDH release 

compared to control (Figure 2.2B). However, exposure to GOX/MPO/SCN- was not cytotoxic 

even at 24 h. Recombinant LDHA was modestly inactivated by all oxidant exposures (loss of 

activity after 1 h, 1.7-5.4%, and after 24 h, 3.7-12.6%), but differences between experimental 

conditions were not large enough to suggest artefactual confounding of cytotoxicity results 

(Figure 2.3A). Furthermore, qualitative evaluation of cell morphology at 24 h agreed with LDH 

results (e.g., GOX/MPO/SCN--exposed cells closely resembled naïve controls, GOX-exposed  

  



 

Figure 2.1 Calibration of GOX activity. (A) GOX activity was measured at a range of doses 

using the Amplex Red assay. (B) Linear regression of GOX activity relative to enzyme 

concentration. The equation is y (in units of H2O2, µM, per minute) = 0.185 (GOX concentration, 

U/L) + 0.00167, with an R2 of 0.9996. Results are representative of two independent 

experiments. Error bars represent standard deviation of the mean. 

  



 

Figure 2.2 HOX exposure model. (A) Schematic of MPO-derived HOX generation in vivo (left) 

and in vitro using the HOX exposure model (right), with reagent concentrations indicated. (B) 

Viability of cells exposed to oxidants (no treatment, purple; GOX, blue; GOX/MPO, yellow; 

GOX/MPO/Br-, green; GOX/MPO/SCN-, red) were analyzed using an LDH assay. Data (n=4 per 

group at 2 h and n=8 per group at 4-, 6- and 24 h) expressed as mean % LDH release ± standard 

deviation. One-way ANOVA (24 h time point only); *p<0.0001 significant difference compared 

to untreated control.  



 

Figure 2.3 Validation of cytotoxicity results. (A) 1 U/ml (final) recombinant human LDHA was 

added to oxidant exposure medium and incubated with oxidants for 1 or 24 h (n=2 per group), 

then media was sampled, and activity measured. Results are expressed relative the rate of 

absorbance change of the control condition (set as 1). These results indicate LDH is not highly 
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sensitive to inactivation by oxidant exposures used in this study. (B) Brightfield microscopy 

images (Moticam 5 camera installed in an AE31E microscope set to 100X magnification) 

showing morphology of BEAS-2B cells exposed for 24 hours to GOX, GOX/MPO, 

GOX/MPO/Br-, GOX/MPO/SCN-, and untreated controls (n=4 per group). GOX-exposed cells 

are largely detached; GOX/MPO and GOX/MPO/Br- are shrunken in size; and GOX/MPO/SCN- 

closely resemble unexposed controls. Image brightness (+27-45%) and contrast (+40-71%) 

adjustments were manually applied to individual images for ease of morphology viewing.  

  



cells were largely detached, and GOX/MPO or GOX/MPO/Br- cells were mostly attached but 

exhibited contracted cell bodies) (Figure 2.3B).  

We wanted to determine the impact of these exposures on cellular redox state, using three 

orthogonal measurements: 1) Prx3 dimerization, 2) intracellular glutathione (reduced GSH and 

oxidized GSSG), and 3) extracellular cysteine (reduced Cys and oxidized CySS). Analysis of 

glutathione (2 h and 6 h) and Prx3 (2 h) redox state in AECs revealed that only GOX, but no 

condition containing MPO, caused significant oxidation of these molecules (Figure 2.4A-D). By 

contrast, GOX/MPO/SCN- caused significant Cys oxidation at 2 h, and all oxidant-producing 

exposures did so after 6 h (Figure 2.4E-F). GOX/MPO/SCN- also caused a significant increase 

of media CySS at 6 h. These data indicate that the eventual divergence in the cytotoxic effects of 

our experimental conditions could not be explained by oxidant-specific targeting of global thiol 

redox state, particularly in the cytosol or mitochondria compartments. 

Divergent metabolic effects of HOX exposure on AECs 

We sought to use unbiased methods to determine what molecular effects preceded HOX 

exposures that later led to cytotoxicity (GOX/MPO, GOX/MPO/Br-), or not (GOX/MPO/SCN-). 

We used LC-MS-based metabolomics to profile a range of small molecules spanning many 

different pathways and functional groups in a single experiment. Cellular compounds passing 

QC thresholds for signal-to-noise and reproducibility of quantification included 410 in positive 

ionization mode and 348 in negative ionization mode. Of these, 141 compounds in positive mode 

and 72 compounds in negative mode were annotated as metabolites with high confidence 

identifications, which indicates an accurate mass and LC column retention time match to a 

standard, and/or tandem mass spectrometry (MS2) spectral matches.  

  



 

Figure 2.4 HOX effects on AEC redox state. Cells were exposed to GOX, GOX/MPO, 

GOX/MPO/Br-, or GOX/MPO/SCN-, as described for other exposures, for 2 h. (A) Cells were 

washed and thiols alkylated by addition of NEM, then proteins denatured in non-reducing 

loading buffer were resolved by SDS-PAGE followed by immunoblotting for Prx3. (B) 

Quantification of band intensity ratios expressed as % reduced monomer band compared to 

total). (C) Intracellular GSH and GSSG were analyzed via HPLC-FL for 2 h (C) and 6 h (D). 

Additionally, extracellular (media) Cys and CySS were quantified using the same method for 2 h 

(E) and 6 h (F). One-way ANOVA with Tukey’s post-test. *p<0.05 significant difference 

compared to control. Data in bar plots represents mean ± standard deviation (n=4 per group). 

  



We used multivariate analyses to assess intrinsic similarities and differences in the 

datasets. Partial least squares-discriminant analysis (PLS-DA) revealed distinct clustering of 

each group at 2 h and 6 h (Figure 2.5A-D), indicating broad metabolomic changes among the 

GOX/MPO/substrate groups. A total of 56 metabolites at 2 h and 37 metabolites at 6 h had 

variable importance projection (VIP) scores >1 (Figure 2.5E-F) in the top three PLS 

components. The PLS-DA model descriptors (R2, Q2) indicate the models were reliable (Table 

2.1). We noted that the different exposures were well resolved from each other using this model, 

indicating specificity of each oxidant in overall metabolomic impact on AECs in spite of their 

similar effects on thiols. Notably, however, GOX/MPO and GOX/MPO/Br- clustered closely 

together. Because of this, we conducted a separate PLS-DA analysis of only GOX/MPO and 

GOX/MPO/Br- to determine if any metabolites could discriminate them (Figure 2.6A-B). 

Intriguingly, several phosphatidylcholines (PC), lysophosphotidylcholines (LPC) and 

phosphatidylethanolamines (PE) were distinct between GOX/MPO and GOX/MPO/Br- 

exposures (Figure 2.6C). GOX/MPO/Br- increased many of the lipids that were decreased by 

GOX/MPO (each compared to controls), indicating interesting divergent effects on lipids 

between conditions favoring HOBr or HOCl formation.  

 We also conducted an orthogonal univariate analysis, which also showed that different 

GOX/MPO/substrate exposures produce divergent metabolomic effects, from one another and 

GOX alone, yielding clear unsupervised clustering according to exposure (Figure 2.7-2.8). A 

total of 34 metabolites in positive mode and 27 metabolites in negative mode significantly 

differed at 2 h and by 6 h, 46 and 41 metabolites differed in positive mode and negative mode, 

respectively (ANOVA p<0.05, FDR<0.05). GOX/MPO and GOX/MPO/Br- largely clustered 

together at both 2 h (Figure 2.7) and 6 h (Figure 2.8), congruent with the PLS-DA results. 



 

 

Figure 2.5 PLS-DA reveals global divergence of GOX/MPO/substrate groups from each 

other and from GOX alone. 3D score plots of metabolomic data from HOX and control 



exposures at 2 h in positive electrospray ionization (ESI+) mode (A) and negative electrospray 

ionization (ESI-) mode (B) and at 6 h in ESI+ mode (C) and ESI- mode (D) reveal oxidant 

specific groupings. Heatmap of metabolite peak areas with VIP scores greater than 1 in the first 

three PLS components at 2 h (E) and 6 h (F). Peak areas of metabolites were averaged within 

each group and then autoscaled across each of the rows to produce z-scores, plotted on red (high) 

to blue (low) color scales.  

 
 
 
 
 
 
 
 
 

ESI mode Exposure time Components Q2 R2 Accuracy 

Positive 2 hours 3 0.614 0.859 0.557 

Positive 6 hours 3 0.671 0.911 0.649 

Negative 2 hours 3 0.484 0.737 0.414 

Negative 6 hours 3 0.722 0.878 0.514 

 
Table 2.1 PLS-DA component contributions for discrimination (R2) and variance (Q2) of 

oxidants and controls.  

  



 

Figure 2.6 PLS-DA of conditions favoring HOBr and HOCl generation. PLS-DA of only 

HOBr and HOCl metabolomic data reveal an unbiased clustering of each group at both 2 h (A) 

and 6 h (B). Significant metabolites contributing to the variation in the first component include 

various lipid species. Peak areas of lipids were averaged within each group and autoscaled across 

rows to generate z-scores.  

  



 

Figure 2.7 Heatmap of metabolomic differences at 2 h. Hierarchical clustering, using 

Euclidean distance, of significant (one-way ANOVA p<0.05 and FDR<0.05) metabolites at 2 h of 

oxidant exposure is shown. Peak areas were autoscaled to generated z-scores, row-wise, and 

expressed on a red (high) to blue (low) scale. 

  



 

Figure 2.8 Heatmap of metabolomic differences at 6 h. Hierarchical clustering, using 

Euclidean distance, of significant (one-way ANOVA p<0.05 and FDR<0.05) metabolites at 6 h of 

oxidant exposure, is shown. Peak areas were autoscaled to generated z-scores, row-wise, and 

expressed on a red (high) to blue (low) scale.  



HOX distinctly alter important metabolic pathways in AECs 

Next, we performed comparisons of control cells and GOX/MPO/substrate groups using 

Metaboanalyst 3.0 to reveal metabolic pathways impacted by HOX exposure at 2 h and 6 h 

(Figure 2.9) based on the KEGG database. The results of pathway analyses revealed perturbation 

to cysteine and methionine metabolism in cells exposed to GOX/MPO and GOX/MPO/Br- at 2 

and 6 h, driven by oxidation of methionine, and in GOX/MPO/SCN- by 6 h. These results were 

driven by altered abundances of methionine and methionine byproducts. We anticipate the 

cysteine/cystine pool may also be impacted, even if indirectly via methionine disruption, but 

neither metabolite was detected in the BEAS-2B cell lysates. GOX/MPO/SCN- had the most 

pronounced effects on primary metabolism pathways of the GOX/MPO/substrate groups but was 

less potent in this effect than GOX alone. Because GOX/MPO/SCN- was non-toxic at 24 h, we 

also evaluated its effects at this time. Pentose phosphate pathway (PPP) and tricarboxylic acid 

(TCA) cycle perturbation in HOSCN-exposed cells were evident by 24 h (Figure 2.10B), similar 

to the effects that GOX alone had on AECs by 2 h. GOX/MPO/SCN- also increased amino acid 

pathways associated with glutathione synthesis such as glutamine, while primary metabolism 

compounds such as lactate and oxoglutarate decreased, suggesting metabolic rewiring 

emphasizing PPP activity for antioxidant support.  

Based on experimental results and known biological importance to metabolism, we 

created a metabolic network map contrasting effects of different oxidant exposure on an 

individual metabolite basis (Figure 2.11). This network map of metabolites that were statistically 

significant in the ANOVA model highlights primary energy metabolic pathways (glycolysis, PPP, 

TCA cycle) and interconnected amino acid metabolic/degradation pathways related to HOX 

exposure. There are several nodes in this metabolic network where exposure specificity is  



 

Figure 2.9 Pathway analysis of altered metabolites according to HOX exposures. Different 

HOX conditions were compared to untreated control at 2 h (left) and 6 h (right) performed with 

MetaboAnalyst. Pathway significance expressed as negative log10 transformed p-values which is 

both represented by color intensity and marker size. Results with pathway p>0.05 are censored 

for ease of viewing. Pathways were grouped by primary metabolism, amino acid metabolism, 

nucleic acid metabolism, and lipid metabolism (indicated on the right side of the plot).  

  



 

Figure 2.10 Detailed comparison of HOSCN and control conditions at 24 h. (A) PCA score 

plot shows separation of HOSCN-exposed data from control at 24 h. (B) Pathway analysis 

reveals PPP and amino acid pathways as significant metabolic pathways in cells treated with 

HOSCN for 24 h. (C) Clustered heatmap of significant metabolites. T-test; p<0.05. 

 

  



 

Figure 2.11 Schematic representation of metabolic pathways involving statistically 

significant compounds altered by HOX exposure. Arrows are suggestive of major pathway 

direction. In some cases, arrows include multiple reaction steps between metabolites. Metabolites 

depicted on the plot without heatmaps were not statistically significant or not detected and are 

shown in order to bridge different modules of significant metabolites. Metabolite peak areas 
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were averaged within each group and z-scored across rows. One-way ANOVA, p<0.05 and 

FDR<0.05 compared to control.  



obvious. GOX/MPO and GOX/MPO/Br- exhibited unique effects on methionine, which was 

depleted, and led to increased methionine oxidation products (discussed in more detail below). 

GOX/MPO/SCN- depleted branched chain amino acids (BCAAs), which may indicate 

catabolism to acetyl coenzyme (CoA) and succinyl CoA for TCA support, while also increasing 

glutamine, fumarate (6 h only), and malate (6 h only). Additionally, GOX alone exhibited 

profound effects on primary metabolism (glycolysis, PPP, TCA), including depletion of lactate 

and accumulation of PPP products as well as accrual of TCA metabolites except for 

ketoglutarate, which was depleted – together suggesting rapid metabolic rewiring for antioxidant 

support 67. Notably, interconnected metabolites often displayed very similar or opposite patterns, 

showing the utility of this approach to identify potential biological relationships and reactions. 

Halogenating HOX species specifically increase methionine oxidation products also evident in 

early CF 

 One benefit of our unbiased approach is the ability to query unknown compounds of high 

analytical quality in addition to previously validated compounds. Analysis of statistically 

significant unknown compounds from the dataset led to the detection of an unidentified 

compound which was increased in AECs exposed to GOX/MPO and GOX/MPO/Br-. The 

compound had an exact mass of 147.03541 amu and was the most significantly altered 

compound at 2 h (p=1.57e-46) and at 6 h (p=2.38e-27) in GOX/MPO- and GOX/MPO/Br--

exposed cells. Upon further investigation into the chemical formula of the unknown compound 

(C5H9NO2S), we identified dehydromethionine (dhMet), featuring a cyclic azasulfonium group, 

as the probable candidate (Figure 2.12). We validated the identity of dhMet by making a dhMet 

standard from reacting reagent methionine and HOCl, a reaction which has been previously  



 

Figure 2.12 Methionine oxidation products associated with HOCl and HOBr exposures 

(GOX/MPO and GOX/MPO/Br-) are important in early CF lung damage. (A) Schematic of 

Met oxidation to MetO and dhMet by HOCl/HOBr generated by MPO. (B) Mass-to-charge (m/z) 

ratio corresponding to dhMet in a methionine standard mixed with HOCl was validated in our 

LC-MS method and had a unique retention time compared to other methionine oxidation species. 

(C) dhMet identity was further validated with MS/MS of the retention-time resolved peak, which 

has a unique fragmentation pattern compared to MetO. (D) BAL fluid from children with CF 

aged 5-years-old (n=27) was analyzed for MPO activity, MetO, dhMet, and tested for correlation 

with IL-8, % of neutrophils among BAL leukocytes, and bronchiectasis (Bx) score. The stronger 

purple color indicates stronger Spearman rho (indicated over each pairwise cell). Spearman 

correlation; *p<0.05 significance. 

  



described 68, and analyzed the retention time, MS1, and MS2 spectra of this standard. The 

reaction produced four distinct peaks, with one of the appropriate MS1 m/z and retention time 

(Figure 2.12B). Other peaks corresponded to anticipated Met, MetO, and methionine sulfone. 

The MS2 spectra of the dhMet peak had a unique fragment at m/z 120, corresponding to the loss 

of ethylene, and does not include a common MetO peak at m/z 149, corresponding to the loss of 

ammonia (Figure 2.12C), which matched prior MS2 data published for dhMet 68. dhMet was 

also shown in this publication to be produced by phorbol myristate acetate-stimulated neutrophils 

in vitro, along with MetO. 

To investigate the clinical significance of dhMet and MetO in inflammatory airway 

disease, we performed retrospective LC-HRMS analysis of BAL fluid from children with CF at 5 

years of age (n=27) (Table 2.2). We found that MetO and dhMet were detectible in early CF 

BAL and significantly correlated to MPO activity, neutrophil chemokine IL-8, percentage of 

neutrophils among BAL leukocytes, and bronchiectasis (Bx) scores from chest computed 

tomography scans (Figure 2.12D). These findings are in agreement with two previously 

published reports that analyzed MetO 10,52 but this result has not been reported for dhMet before. 

MPO activity and the methionine oxidation products had a greater association to Bx score than 

neutrophil elastase, a proteolytic neutrophil enzyme previously established as an important risk 

factor for severity of CF lung disease 11,69–72. Thus, the oxidant-generating activity of MPO, 

which produces both dhMet and MetO in complex biological mixtures, is associated with an 

increase of neutrophil-driven inflammation and structural lung damage in children with CF.  

  



Children n 27 
Age at BAL years 5.09±0.17 
Sex n   
   Female 15 
   Male 12 
F508del homozygous 19 
F508del heterozygous 8 
Pancreatic insufficiency  27 
Positive for pathogen % 73 

 

Table 2.2 Cystic fibrosis patient demographics. Age is given as mean ± SD.  



2.5 Discussion 

In this study, we compared the metabolomic effects of MPO-derived oxidants on 

immortalized human AECs via experimental conditions favoring HOCl (GOX/MPO), HOBr 

(GOX/MPO/Br-), or HOSCN (GOX/MPO/SCN-) production. We observed differences in 

cytotoxicity (via LDH release) after 24 h when comparing GOX/MPO/SCN- to GOX/MPO or 

GOX/MPO/Br-, as well as GOX. However, we saw no difference in cytosolic glutathione or 

mitochondrial Prx3 oxidation in response to any MPO-based exposure. In the extracellular 

compartment, however, Cys oxidation by GOX/MPO/SCN- was evident earlier than other 

oxidant exposures. In contrast, we observed broad metabolomic differences between oxidant 

exposures, revealing that GOX/MPO/SCN- affected markedly different pathways of metabolism 

compared to GOX/MPO or GOX/MPO/Br-, which were similar, or GOX alone, which affected 

many overlapping metabolites to GOX/MPO/SCN- but did so more rapidly and more potently. 

The relative similarity of GOX/MPO and GOX/MPO/Br- generally agrees with a transcriptomic 

study of E. coli responses to MPO-derived oxidants 73, and is perhaps not surprising considering 

the similar reactivities of HOCl and HOBr 74–76. 

We observed that GOX/MPO was less cytotoxic than GOX alone (as was GOX/MPO/Br-

), unlike in two previous studies collectively including 16HBE, Calu-3, Neuro2A, Min6, and 

human aortic endothelial cells 35,77, but in agreement with a different study using J774A.1 cells 

78. Importantly, the aforementioned studies used balanced salts rather than media, and also used 

shorter (≤4 h) exposures. It is possible that the presence of metabolites mitigates the impact of 

HOCl- and HOBr-derived cytotoxicity more so than that of H2O2 due to wider-ranging cross-

reaction of the halogenating oxidants with media components 7980. However, our approach has 

the advantage of mimicking physiological exposures, including comparable levels of media 



metabolites to airway fluid (e.g., average adult CF sputum methionine has been estimated at 0.6 

mM, compared to 0.1 mM methionine in Medium-199) 81. The results suggest unmitigated H2O2 

can be an even more potent toxicant than hypohalous acids in the context of a physiological 

milieu.  

A stark difference of GOX/MPO and GOX/MPO/Br- exposures compared to others was 

their significant effects on methionine oxidation at both 2 and 6 h. This means oxidized 

methionine species could function as sensitive biomarkers of HOCl and HOBr, as shown in the 

current study. MetO and dhMet in 5-year-old CF patient BAL were associated with MPO 

activity, IL-8, neutrophils, and lung damage (bronchiectasis). This study is the first, to our 

knowledge, to link free dhMet in airway lining fluid to CF lung health. Prior publications have 

also linked free MetO to MPO and CF lung health 10,52,82, and protein MetO is also increased in 

idiopathic pulmonary fibrosis and associated with neutrophils 83. dhMet at the N-terminal 

methionine residue of S100A8 was also previously found to be increased in CF BALF compared 

to controls and associated with bacterial burden 84. The reaction rate of H2O2 with methionine is 

slow, and no reaction has been conclusively demonstrated with methionine for HOSCN, so more 

favorable targets are expected to consume these oxidants first 85–87.  

Together, these studies indicate neutrophilic inflammation in CF and other airways 

diseases involves significant HOCl production that may contribute to disease progression. HOBr 

is a minor product of MPO in vivo 16,20, but may also contribute to luminal methionine oxidation 

due to its presence in CF airways (evidenced by protein bromination) 88. While there are many 

good candidate biomarkers of CF lung disease 88–91, advantages of the oxidized methionine 

species are their robust attribution to MPO activity favoring HOCl and HOBr, as validated in our 

model system, and their relatively high abundance compared to glutathione sulfonamide (which 



we did not detect in the current study). Both MetO and dhMet are promising candidate 

biomarkers for structural lung disease in CF and other illnesses, and also for studies of lung anti-

inflammatory treatment efficacy. However, MetO can be generated by other strong oxidants and 

flavin monooxygenases (reacting with protein methionine) 92,93, potentially lowering its 

specificity as a candidate biomarker. 

 Interestingly, GOX/MPO and GOX/MPO/Br- also impacted abundances of 

phospholipids. Several long-chain phospholipids discriminated GOX/MPO and GOX/MPO/Br-, 

with GOX/MPO/Br- leading to accumulation and GOX/MPO to depletion. This difference is 

intriguing since both HOCl and HOBr both readily oxidize specialized PC lipids called 

plasmalogens, reacting at the characteristic vinyl ether bond, and PE or phosphatidylserine lipids 

by modifying their head groups 94–97. Plasmalogen oxidation also gives rise to halogenated fatty 

acids that have biological activity 44,95. Although the lipids that discriminated GOX/MPO from 

GOX/MPO/Br- were plausible HOCl and HOBr targets (either by head group or double bonds), 

these results may also arise from indirect remodeling effects, possibly specific to the reactions of 

each oxidant considering the differential abundances between the exposures. Owing to the fact 

that GOX/MPO and GOX/MPO/Br- were equally cytotoxic, their divergent lipidomic effects in 

this model, while interesting, were likely not the common basis of eventual cell death.  

 In contrast to GOX/MPO and GOX/MPO/Br-, GOX/MPO/SCN- favors HOSCN 

production. HOSCN is a weaker oxidant that primarily oxidizes thiols to reducible disulfides. In 

our experiments, GOX/MPO/SCN- was the only experimental condition not toxic to AECs after 

24 h. This may be due to gradual disruption of primary metabolism (PPP, TCA) and amino acids 

(methionine, glutamate, and glutamine), which could supply molecules important for 

maintenance of redox poise. Many of these effects are consistent with catalytic thiol oxidation of 



key metabolic proteins. Our study did not analyze protein-bound thiols, which make up an 

important functional element of the redox proteome 98,99. Prior works have found that GAPDH, 

aldolase, triosephosphate isomerase, and creatinine kinase are targets of HOSCN and that 

HOSCN can inhibit glycolysis to promote PPP activity in J774A.1 cells, similar to redox 

rewiring by H2O2 34,67,100. PPP was the most significantly altered pathway by 24 h in AECs 

exposed to GOX/MPO/SCN-, consistent with the notion of glycolysis inhibition and metabolic 

rewiring. Catalytic reduction of HOSCN by mammalian thioredoxin reductase may also elicit 

adaptive responses if this prevents the enzyme from interacting with other substrates, or depletes 

NADPH to activate glucose 6-phosphate dehydrogenase 35,101. Thus, airway cells may tolerate 

HOSCN by enacting a metabolic switch to increase oxidative PPP activity and increase HOSCN 

clearance by thioredoxin reductase, GSH, and other NADPH-dependent antioxidant systems.  

GOX/MPO/SCN- also rapidly decreased the BCAAs leucine and isoleucine, catabolites 

methyl 4-aminobutyrate and 3-buten-1-amine, after 2 h. This suggests increased BCAA 

catabolism as a mechanism of HOSCN adaptation/tolerance, which in turn may contribute to 

upregulation of the TCA pathway by BCAA breakdown to acetyl-CoA and succinyl-CoA. These 

TCA cycle intermediates could provide metabolic flexibility to protect cells against oxidative 

stress and loss of energy homeostasis while glycolysis is inhibited, and oxidative PPP activity 

increased. BCAA degradation promoted by HOSCN could also regulate cell homeostasis and 

metabolism through altered mTORC1 activity 102. Alternatively, this decrease may have been a 

result of altered activity or expression of a BCAA transporter, such as SLC7A5 103. Further 

studies are needed to better determine the impact of HOSCN on BCAAs and the impact of this 

relationship on cell function. 



In summary, this study demonstrates the utility of an in vitro HOX oxidant exposure 

model combined with a holistic, untargeted metabolomics method to identify plausible in vivo 

targets of HOX that can be validated in clinical samples. We showed the divergent metabolomic 

effects of experimental conditions favoring HOCl, HOBr, or HOSCN formation by MPO on 

human lung bronchoepithelial cells, adding to knowledge about the byproducts of each exposure 

in complex systems. Although the effects observed cannot be directly attributed to the MPO-

derived oxidants but are products of both oxidants and their byproducts formed in media and 

cells, they confer a better understanding of how MPO-derived oxidants arising in physiological 

milieu ultimately affect mammalian lung tissue. Our results enabled the detection of a new 

candidate biomarker, free dhMet, and reinforced an existing one, free MetO, increasing our 

understanding of inflammation and lung damage in early CF. More studies are needed to 

elucidate the mechanisms underlying other metabolic effects we observed, such as phospholipid 

oxidation, glycolysis inhibition, and BCAA depletion, and determine their importance in both 

cellular function and lung health. 
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3.1 Abstract 

In progressive lung diseases such as chronic obstructive pulmonary disease (COPD) and cystic 

fibrosis (CF), recurring airway obstruction, infection, and inflammation culminate in the decline 

of lung function and ultimately lead to respiratory failure. During inflammation, potent oxidants 

are produced by myeloperoxidase (MPO) as a defense against pathogens. These oxidants, 

referred to as (pseudo)hypohalous acids (HOX), include hypochlorous acid (HOCl), 

hypobromous acid (HOBr), and hypothiocyanous acid (HOSCN). Chronic exposure to HOX, 

especially HOCl, has been implicated in the pathogenesis of chronic lung diseases and can cause 

severe oxidative stress to airway epithelial cells (AECs), which are at the frontline of 

inflammation. HOX have varying cytotoxic effects and we have previously shown that AECs 

exposed to enzymatically generated HOX are viable during an acute exposure of 2 hours, but 

only HOSCN-treated AECs evade cell death during a continuous 24-hour exposure. In this study, 

we sought to 1) define the early transcriptional responses of AECs during HOX exposure and 2) 

understand how AECs adapt to HOSCN exposure to prevent cell death. Using an enzymatic 

oxidant exposure model with glucose oxidase (GOX) coupled to MPO and substrate (Cl-, Br-, or 

SCN-), we compared the effects of GOX/MPO, GOX/MPO/Br-, and GOX/MPO/SCN- (favoring 

HOCl, HOBr, and HOSCN formation, respectively) on the transcriptome of normal human 

bronchoepithelial cells (BEAS-2B) via RNA sequencing (RNA-Seq). We observed substrate-

dependent effects on gene expression in AECs in vitro, suggesting diverse transcriptional 

programs and cell signaling roles of HOX that potentially contribute to the (mal)adaptation of 

AECs in vivo. Each HOX exposure group increased expression of the pro-inflammatory cytokine 

genes encoding for IL-1A and IL-1B, however, GOX/MPO/SCN- had the greatest impact in 

addition to inducing the expression of other cytokines (IL24) and chemokines (CXCL8, CXCL3, 



CXCL2), suggestive of sustained neutrophilic inflammation. To circumvent oxidative stress early 

in exposure, evidence suggests GOX/MPO/SCN- activates the antioxidant Nrf2 signaling 

pathway – apparent through the significant increase in Nrf2-target genes GCLM, SLC7A11, 

TXNRD1, NQO1, and HMOX1. While each oxidant exposure group uniquely altered diverse 

biological pathways, GOX/MPO/SCN- significantly induced robust changes in gene expression 

related to MAPK signaling and FGFR/EGFR signaling to potentially aid in AEC survival to 

chronic exposure. These findings provide novel insights into the role of HOX in AECs. Future 

research is warranted to validate these gene targets and signaling pathways. 

  



3.2 Introduction 

Neutrophils form an essential component of the innate immune response, particularly 

through their ability to mount an oxidative burst, a metabolic process that generates potent 

reactive oxygen species (ROS) to eliminate pathogens1. An enzyme central to the oxidative burst 

is myeloperoxidase (MPO), which is abundantly released from the primary granules of 

neutrophils2. MPO reduces hydrogen peroxide (H2O2) and oxidizes (pseudo)halide ions (e.g., 

chloride; Cl-, bromide; Br-, and thiocyanate; SCN-) to generate hypochlorous acid (HOCl), 

hypobromous acid (HOBr), and hypothiocyanous acid (HOSCN), collectively referred to as 

hypohalous acids (HOX)3–5. HOX exert powerful antimicrobial activities against invading 

pathogens6–8, however, the same strong oxidizing properties can also cause injury to the host 

tissue, with airway epithelial cells (AECs) being at the forefront of inflammation. A greater 

understanding of how HOX impact the gene expression and regulation of AECs can potentially 

expose pathways of (mal)adaptation and ultimately modes of intervention.  

The unique chemical properties of each HOX can influence its reactivity with 

biomolecules, potentially triggering distinct transcriptomic responses in AECs that correspond to 

their ability to maintain homeostatic conditions during severe oxidative stress. HOCl and HOBr 

are potent chlorinating/brominating and oxidizing agents – they can oxidize a range of 

biomolecules including proteins, lipids, and DNA and their oxidative byproducts (e.g., 

methionine sulfoxide, dehydromethionine, and glutathione sulfonamide) have been associated 

with increased lung damage in patients with CF9–14. Although HOSCN is less reactive, it has a 

greater specificity for thiols and selenols15,16. HOSCN can elicit redox signaling by targeting 

cysteine and selenocysteine-containing proteins such as protein tyrosine phosphatases (PTPs). 

Modification of active site cysteine resides occurs when exposed to pathophysiological amounts 



of HOSCN and causes a loss of PTP activity and downstream apoptosis via the mitogen-

activated protein kinase (MAPK) pathway 17. In addition to the MAPK signaling pathway, HOX 

can induce a diversity of signal transduction pathways. For example, both HOSCN and HOCl 

can induce the expression of different pro-inflammatory gene targets of the NF-κB signaling 

pathway, which is crucial for the regulation of innate and adaptive immune functions18–21. 

Additionally, to maintain redox homeostasis during oxidative stress, HOCl can activate the 

Keap1/Nrf2 pathway and increase Nrf2-target genes (i.e., GCLM, SLC7A11, TXNRD1, NQO1, 

HMOX1) that encode for proteins involved in detoxification and elimination of ROS18,20,22–24. 

Currently, much remains to be discovered about the totality of gene expression changes and 

signaling alterations associated with each HOX.  

This study aims to fill the knowledge gap by using RNA-Seq analysis of AECs exposed 

to enzymatically generated HOX in vitro to explore how these potent oxidants impact the 

transcriptome of AECs. Our findings indicate that each HOX differentially impacts the 

expression of many genes and alters distinct biological pathways in AECs, shedding light on 

potential mechanisms that AECs use to (mal)adapt to oxidative stress. Novel insights into the 

substrate-specific effects of MPO-derived oxidants in the context of chronic inflammatory lung 

diseases, may open potential new avenues for therapeutic intervention. 

  



3.3 Methods & materials 

Culture of BEAS-2B cells 

BEAS-2B cells (ATCC CRL-9609) were grown in T-75 flasks with RPMI-1640 plus 10% 

FBS and 1X Penn-Strep in a humidified cell culture incubator with 5% CO2 at 37°C. After 

reaching approximately 85% confluence, the cells were washed, detached with trypsin, and 

seeded in 35 mm dishes overnight to achieve near-confluence for the experiments.  

HOX exposure model 

Glucose oxidase (Sigma G0543) was dissolved to final 2 U/L in media, generating 0.4899 

µM H2O2 per minute, which was measured with the Amplex Red reagent (Invitrogen A12222). 

Excess MPO (200 U/L) isolated from human neutrophils was added to generate hypohalous 

acids (no other excipients for HOCl, or 1 mM of either sodium bromide or sodium thiocyanate 

for HOBr or HOSCN, respectively), or no additions were made (H2O2 control). Cells were gently 

washed with pre-warmed PBS prior to exposure and then exposed to the pre-warmed reagents in 

Medium-199 containing 100 pg/ml recombinant human EGF (MilliporeSigma) and 0.1% FBS 

for 2 hours. 

RNA-Seq 

Immediately after oxidant exposure, the media was aspirated from the cells. Total RNA 

was extracted from the cells using QIAazol lysis reagent (Qiagen) and purified using Qiagen 

miRNeasy Mini kits (Qiagen) according to the manufacturer’s instructions. Purified RNA was 

further processed by Emory Integrated Genomics Core (GA, USA) who subjected samples to 

quality control analysis, and generated RNA-Seq libraries. The quality of all RNA samples was 

confirmed using a Bioanalyzer, with an RNA integrity number (RIN) of ≥8.4, indicating high 

quality. The libraries were constructed using polyA enrichment and subjected to 50 million 



paired-end reads sequencing per sample using the Illumina HiSeq v4 platform at Hudson Alpha 

(AL, USA). Fastq files were mapped to the Homo_sapiens.GRCh37 reference genome using 

HISAT2 which detected 51,276 transcripts from the RefSeq database. 

To increase sensitivity and precision of differentially expressed gene detection, we 

filtered low-expression genes that had less than 10 counts in 70% of the samples using the 

EdgeR package (version 3.38.4) in RStudio (version 4.2.1), available at https://www.R-

project.org. Then, we applied DESeq’s normalization function median of ratios to the dataset. 

The results were a normalized read count of 24,389 transcripts that were considered for all 

downstream analyses. 

Differential expression gene analysis 

 To identify DEGs in oxidant groups compared to the untreated control group, we used 

DESeq2 R package (version 1.36.0) with the criteria of Benjamini-Hochberg (BH) adjusted p-

value of less than 0.05 and absolute log2 fold-change greater than 1 set as cut-off values for 

significant DEGs.  

Gene ontology (GO) enrichment analyses 

 To attain shared biological processes and pathways among HOX groups, we used 

Metascape25 (version 3.5, http://metascape.org) for multi-group functional enrichment analysis of 

the DEGs from GOX/MPO, GOX/MPO/Br- and GOX/MPO/SCN- samples. The lists of 

annotated genes were submitted to Metascape for enrichment analysis based on the significant 

overrepresentation of GO biological processes, KEGG pathways, Reactome pathways, Pathway 

Interaction Database (PID) pathways, and WikiPathways (WP). Terms with an adjusted p-value 

threshold of <0.05 were considered significant and were represented in the plots. 

Gene set enrichment analyses 



 We performed ranked gene analyses using Gene set enrichment analysis (GSEA) 

software (version 4.3.2) to identify gene sets and gene expression changes associated with 

exposure of AECs with each oxidant group. Analyses were performed with log2-transformed 

normalized read counts. The analysis used the Reactome gene set database with the settings of 

performance: 1000 permutations, gene_set for permutation type, classic for enrichment statistic, 

and Signal2Noise metric for ranking genes.  

Statistical analysis 

 Principal component analysis (PCA) was used to visualize the global effect of substrate-

dependent oxidant exposure. Heatmaps were z-scored per transcript, and a hierarchical clustering 

analysis was performed using Euclidean distance and Ward clustering algorithm. Scatterplots and 

heatmaps were generated using the Seaborn package (version 0.12.2) in Python (version 3.9.13), 

available at http://www.python.org. 

  



3.4 Results 

To study the effects of substrate-dependent HOX on the transcriptome of BEAS-2B cells, 

a noncancerous immortalized human bronchoepithelial cell line, we employed an in vitro oxidant 

exposure model that resembles the enzymatic production of HOX (Figure 3.1). The model 

produces equal dose-rate exposures of HOX via generation of rate-limiting H2O2 using GOX (2 

U/L) and the addition of excess MPO (200 U/L) and (pseudo)halide substrate. The reactions 

were carried out in Medium-199, a nutrient-rich media chosen to reflect the complexity of the 

airway microenvironment. Because chloride is abundantly present in the Medium-199 at a 

concentration of 116 mM, HOCl (GOX/MPO) is formed upon addition of GOX and MPO. We 

added 1 mM NaBr or 1 mM NaSCN to favor production of HOBr (GOX/MPO/Br-) or HOSCN 

(GOX/MPO/SCN-), respectively. MPO preferably generates HOBr and HOSCN over HOCl 

when Br- and SCN- are present due to the higher specificity constant of MPO for those substrates 

compared to Cl-13,26,27. Br- and SCN- can also directly interact with HOCl to produce either HOBr 

or HOSCN, respectively. Therefore, the predominant HOX species produced is dependent on the 

supplemented substrate. We included AECs exposed to GOX alone as H2O2 negative control in 

addition to including an untreated AEC control. An exposure duration of 2 hours was chosen to 

assess early transcriptional changes that occur from HOX exposure. The RNA-seq Illumina 

platform detected 51,276 transcripts annotated from the RefSeq database and after removing 

low-quality reads a total of 24,389 transcripts were used for all subsequent analyses. 

HOX greatly differ in their global transcriptional impact on AECs 

 First, we assessed the unbiased global variation in the transcriptome of AECs exposed to 

HOX. We performed a PCA and found that each HOX clustered  

 



 

Figure 3.1 Schematic of H2O2 and MPO-derived HOX generation in vitro. The oxidant 

exposure model uses rate-limiting glucose oxidase (GOX) to produce H2O2 and the addition of 

excess MPO oxidizes Cl- from the media to produce HOCl. The addition of 1 mM Br- or 1 mM 

SCN- reacts directly with MPO or HOCl to generate the favored products HOBr or HOSCN, 

respectively.   



individually from one another and from GOX and untreated control in the first principal 

component (PC1) that accounted for 16.47% of the variation in the dataset (Figure 3.2A). The 

variation in PC1 was driven by GOX/MPO/SCN- which displayed the greatest separation from 

all the other groups. Genes involved in immunomodulation (e.g., CXCL8 and CCL2) and cell 

signaling (e.g., RND3 and TNFRSF10D) contributed to PC1 (Figure 3.2B). The second principal 

component (PC2), which accounted for 13.79% of the variation in the dataset, shows overlap of 

all the HOX groups but deviation from GOX and untreated controls. The overall results from the 

PCA indicate that the transcriptional programming of HOCl, HOBr, and HOSCN greatly differ 

from one another, but the HOX still share enough similarities in their transcriptional effects on 

AECs that differentiate them from their precursor H2O2.  

DEG analyses reveal HOX transcriptional signatures in AECs 

 DEG analyses were performed for each oxidant exposure group (GOX, GOX/MPO, 

GOX/MPO/Br-, and GOX/MPO/SCN-) compared to untreated control. A threshold of adjusted p-

value of less than 5% and a log2 normalized fold-change of greater than 1 or less than -1 were 

applied and resulted in different total upregulated and downregulated transcripts in each oxidant 

group that are represented in volcano plots (Figure 3.3A-D). DEG analysis of GOX alone 

compared to untreated control revealed 22 significantly upregulated genes and 19 significantly 

downregulated genes (Figure 3.3A). GOX/MPO, which produces HOCl, resulted in 45 and 39 

significantly upregulated and downregulated DEGs, respectively (Figure 3.3C). GOX/MPO/Br-, 

which favors HOBr production, yielded 109 and 163 significantly upregulated and 

downregulated DEGs, respectively (Figure 3.3B). GOX/MPO/SCN-, which favors HOSCN 

production, yielded 178 and 135 significantly upregulated and downregulated DEGs, 

respectively (Figure 3.3D).  



 

 

Figure 3.2 PCA score plot reveals transcriptional divergence of HOX from H2O2 treated 

and untreated AECs (A). Heatmap of the top 20 transcripts contributing to PC1 reveals genes 

significantly altered in GOX/MPO/SCN- exposed AECs (B). Samples were hierarchical 

clustered, using Euclidean distance, and normalized read counts were z-scored across rows and 

expressed on a red (high) to blue (low) scale. 



 

Figure 3.3 Volcano plot of the differentially expressed genes in each experimental group 

versus control. The significance (adjusted p-value) on the y-axis and the fold-change 

(oxidant/control) on the x-axis are converted to −log10(FDR) and log2(FC), respectively, for 

GOX alone (A), GOX/MPO/Br- (B), GOX/MPO (C), and GOX/MPO/SCN- (D). The vertical 

and horizontal dotted lines show the cut-off of fold-change > |1|, and of FDR < 0.05, respectively. 

Transcripts that did not meet the significance threshold are denoted by the gray dots. Upregulated 

genes in the oxidant groups are represented by the red markers and downregulated genes are 

represented by the blue markers.   



To quantify the overlap of DEGs between the oxidant exposure groups, we created four-

way Venn diagrams for significantly upregulated DEGs (Figure 3.4A) and significantly 

downregulated DEGs (Figure 3.4B). The Venn diagrams revealed 13, 19, 76, and 136 unique 

upregulated DEGs for GOX, GOX/MPO, GOX/MPO/Br-, and GOX/MPO/SCN-, respectively, 

and 13, 10, 135, and 115 unique downregulated DEGs. The significant DEGs across all the 

groups were projected onto a heatmap, clustered using Euclidean distance, and z-scored across 

rows for the normalized read counts (Figure 3.4C). Samples clustered into their respective 

experimental groups without any overlap, supporting the idea that the transcriptional 

programming in AECs is substrate-dependent and that HOX have unique roles in AECs.  

HOX impact similar biological processes, but with diverse transcriptional programs 

 To assess the convergent roles HOX may play in AECs, we performed a multi-group GO 

enrichment analysis between the significant DEG lists from GOX/MPO, GOX/MPO/Br-, and 

GOX/MPO/SCN- using Metascape. The biological processes enriched in the analysis included 

the regulation of cell death (GO:2001233 and GO:0010942), response to growth factor and 

hormones (GO:0070848 and GO:009725), and response to stress (GO:0080135) as several of the 

most significantly enriched terms (Figure 3.5). The list of significant pathways also included 

various cell signaling pathways and processes implicated in signal transduction such as PID/AP1 

pathway (M167), diseases of signal transduction by GFRs and 2nd messengers (R-HSA-

5663202), nuclear receptors meta-pathway (WP2882), regulation of intracellular signal 

transduction (GO:1902532), and regulation of protein phosphorylation (GO:0001934).  

We chose to evaluate the GO biological processes (GO:BP) regulation of cellular 

response to stress and response to growth factor in depth to gain an understanding of how AECs  



 

 

Figure 3.4 Unique transcriptomic profiles are revealed within substrate dependent MPO 

activity in AECs exposed to the oxidant model for 2 hours. Four-way venn diagram of 

upregulated differentially expressed genes (DEGs) (A) and downregulated DEGs (B) from each 

experimental group show a differential number of unique gene counts. Significant DEGs 

(FDR<0.05) were projected onto a heatmap and row z-scored with genes counts increased in red 

and gene counts decreased in blue (C).   



 

Figure 3.5 Heatmap of top 15 HOX enriched terms. Each term enriched across at least 2 

experimental groups from gene ontology (GO) enrichment analysis that includes GO biological 

processes, KEGG pathways, Reactome pathways, Pathway Interaction Database (PID) pathways, 

and WikiPathways (WP). Values represent negative log10 transformed p-values with the 

increasing darker blue color corresponding to a greater significance.   



may be adapting to the oxidative stress imposed by HOX. The regulation of cellular response to 

stress included a network of 10 GO:BP terms that primarily included response to DNA damage 

and regulation of DNA repair (Figure 3.6A). To identify HOX-specific transcriptional patterns, 

we projected the genes involved in the regulation of cellular response to stress onto a heatmap 

(Figure 3.6B). Three clusters of genes significantly altered in HOX compared to untreated 

control were evident – the first cluster included genes upregulated in GOX/MPO/Br- exposed 

AECs, the second cluster included genes upregulated in GOX/MPO/SCN- exposed AECs and a 

third cluster of genes uniquely downregulated in GOX/MPO and GOX/MPO/Br- exposed AECs. 

Next, the response to growth factor included four GO:BP terms that included receptor protein 

tyrosine kinase (RTKs) signaling pathway and responses to growth factor (Figure 3.7A). We 

identified four prominent clusters of genes involved in response to growth factor that were 

significantly altered in HOX compared to untreated control. The first cluster included genes 

uniquely upregulated in GOX/MPO/Br- exposed AECs, the second cluster included genes 

uniquely upregulated in AECs exposed to GOX/MPO/SCN-, the third cluster included genes 

downregulated in GOX/MPO/Br- and GOX/MPO/SCN- exposed AECs, and the fourth cluster 

involved genes downregulated in GOX/MPO and GOX/MPO/Br- exposed AECs (Figure 3.7B). 

HOX alter diverse set of Reactome pathways in AECs 

 Next, we sought to determine the biological pathways that differentiate the individual 

oxidant exposures. We performed GSEA using Reactome GeneSets and selected the top 40 most 

significantly altered biological pathways to display – 20 of which were the most significantly 

upregulated and 20 that were most significantly downregulated in a comparison of each oxidant 

against all groups (Figure 3.8-3.11). GOX-treated cells significantly upregulated GPCR 

signaling and receptor binding pathways while downregulated many pathways related  



 

Figure 3.6 HOX may impact the regulation of cellular response to stress in AECs from 

diverse transcriptional programs that are substrate dependent. Network of enriched terms 

related to regulation of cellular response to stress represented as a pie chart where the size of the 

nodes is proportional to the number of genes that fall into an enriched term (A). The pie charts 



are color-coded based on group: GOX/MPO (yellow), GOX/MPO/Br- (green), and 

GOX/MPO/SCN- (red), and the size of the slice represents the percentage of genes under the 

enriched term that came from the corresponding gene list. A heatmap of z-scored genes involved 

in the network of enriched terms reveal substrate-dependent effects (B). Samples and genes were 

hierarchically clustered, using Euclidean distance, and normalized read counts were expressed on 

a red (high) to blue (low) scale. Select cluster of genes are labeled to the right of the heatmap and 

colored based on the experimental group that is differentially expressed compared to untreated 

control samples (purple).  



 

Figure 3.7 HOX may elicit responses to growth factors in AECs from diverse 

transcriptional programs that are substrate-dependent. Network of enriched terms related to 

regulation of cellular response to stress represented as a pie chart where the size of the nodes is 

proportional to the number of genes that fall into an enriched term (A). The pie charts are color-

coded based on group: GOX/MPO (yellow), GOX/MPO/Br- (green), and GOX/MPO/SCN- (red), 

and the size of the slice represents the percentage of genes under the enriched term that came 



from the corresponding gene list. A heatmap of z-scored genes involved in the network of 

enriched terms reveal substrate-dependent effects (B). Samples and genes were hierarchically 

clustered, using Euclidean distance, normalized read counts were expressed on a red (high) to 

blue (low) scale. Select cluster of genes are labeled to the right of the heatmap and colored based 

on the experimental group that is differentially expressed compared to untreated control samples 

(purple).  



 

Figure 3.8 Most significant Reactome gene sets altered by GOX in AECs compared to all 

groups from GSEA. Top 20 upregulated pathways represented with a positive normalized 

enrichment score (NES) in red and top 20 downregulated pathways with a negative NES score in 

blue displayed by descending statistical significance. The marker size corresponds to gene count 

within the given gene set. GSEA p < 0.05 for all pathways shown. 

  



 

Figure 3.9 Most significant Reactome gene sets altered by GOX/MPO in AECs compared to 

all groups from GSEA. Top 20 upregulated pathways represented with a positive normalized 

enrichment score (NES) in red and top 20 downregulated pathways with a negative NES score in 

blue displayed by descending statistical significance. The marker size corresponds to gene count 

within the given gene set. GSEA p < 0.05 for all pathways shown. 

 

  



 

Figure 3.10 Most significant Reactome gene sets altered by GOX/MPO/Br- in AECs 

compared to all groups from GSEA. Top 20 upregulated pathways represented with a positive 

normalized enrichment score (NES) in red and top 20 downregulated pathways with a negative 

NES score in blue displayed by descending statistical significance. The marker size corresponds 

to gene count within the given gene set. GSEA p < 0.05 for all pathways shown.  



 

Figure 3.11 Most significant Reactome gene sets altered by GOX/MPO/SCN- in AECs 

compared to all groups from GSEA. Top 20 upregulated pathways represented with a positive 

normalized enrichment score (NES) in red and top 20 downregulated pathways with a negative 

NES score in blue displayed by descending statistical significance. The marker size corresponds 

to gene count within the given gene set. GSEA p < 0.05 for all pathways shown.  



to ERBB2 (Erb-B2 receptor tyrosine kinase 2) signaling (Figure 3.8). GOX/MPO significantly 

upregulated pathways involved in Ca2+ signaling including DAG and IP3 signaling and 

downregulated pathways involving the cytokine IL-6 (Figure 3.9). GOX/MPO/Br- significantly 

upregulated interferon signaling pathways and fatty acid metabolism, and downregulated GPCR 

related pathways (Figure 3.10). GOX/MPO/SCN- significantly upregulated a pathway involving 

Nrf2 signaling, which was the most significant pathway impacted, and numerous pathways 

involving MAPK signaling (Figure 3.11). We also performed GSEA for each oxidant group 

versus untreated control and found numerous differences between the oxidants in select 

Reactome pathways (Figure 3.12) and quantified the unique pathways to each group (Figure 

3.13). 

HOX influence the expression of pro-inflammatory genes in AECs 

  Numerous studies have demonstrated that HOCl and HOSCN can induce the expression 

of genes that encode for pro-inflammatory chemokines and cytokines18–20, so we investigated the 

impact HOX exposures have on these genes in AECs (Figure 3.14). Compared to the untreated 

control, GOX/MPO/SCN- exposure caused approximately a 2-fold increase in the expression of 

CXCL2 and CXCL3, which encode for chemokines that are potent neutrophil chemoattractants28, 

and a 3-fold increase in the expression of CXCL8. The CXCL8 gene encodes for IL-8, a major 

mediator of inflammation, which also functions as a chemotactic factor for neutrophils, in 

addition to other granulocytes, and stimulates phagocytosis once the cells are recruited to the site 

of inflammation29,30. On the contrary, GOX/MPO and GOX/MPO/Br- decreased the expression 

of chemokine genes compared to untreated control with GOX/MPO/Br- having a stronger 

suppressive effect than GOX/MPO. All HOX groups increased the expression of pro-

inflammatory cytokine genes encoding for IL-1α and IL-1β with GOX/MPO/SCN- inducing a  



 

Figure 3.12 GSEA identifies differentially expressed Reactome pathways in response to 

oxidant exposure. Altered pathways selected by statistical significance are displayed by 

normalized enrichment scores (NES), with red corresponding to an upregulation compared to 

untreated control and blue corresponding to downregulation compared to untreated control. The 

marker size corresponds to gene count within the given gene set. GSEA p < 0.05 denoted by star 

marker. 



 

 

Figure 3.13 Four-way venn diagram of significant (p<0.05) Reactome gene sets. Oxidant 

groups: GOX (blue), GOX/MPO (yellow), GOX/MPO/Br- (green), and GOX/MPO/SCN- (red) 

shows minimal gene set overlap between oxidant groups. 

  



 

Figure 3.14 HOX significantly influence the expression of immune response genes for 

cytokines and chemokines. Data are log2 normalized read counts. One-way ANOVA with 

Benjamini-Hochberg post hoc test; *p<0.05, **p<0.005, ***p<0.0005, ****p<0.00005 

compared to control. 

  



~2-fold increase in IL1A while the other two groups had more of a modest effect. GOX/MPO and 

GOX/MPO/Br- both decreased the gene expression of the cytokines IL-6 and IL-11, which have 

been implicated as both pro- and anti-inflammatory cytokines31,32. The final cytokine gene we 

explored encodes for IL-24, which exhibits both pro- and anti-inflammatory roles33, and was 

increased by GOX/MPO/SCN- exposure. 

HOX upregulate Nrf2-target genes 

 Previous studies have shown that dose- and time-dependent HOX exposure in cells can 

activate transcription factor Nrf2-target antioxidant gene expression18,20,22,23. GOX/MPO, 

GOX/MPO/Br-, and GOX/MPO/SCN- all increased the expression of numerous antioxidant 

enzymes as well as increased expression of MAFG, which encodes for a Nrf2 transcriptional 

cofactor (Figure 3.15). HOX-induced genes encoding protein involved in glutathione (GSH) 

metabolism included GCLM (glutamate-cysteine ligase modifier subunit), the first rate-limiting 

enzyme in GSH synthesis, and SLC7A11 (solute carrier family 7 member 11) a cystine-glutamate 

antiporter. The HOX groups also increased expression of TXNRD1 (thioredoxin reductase 1), 

NQO1 (NAD(P)H quinone dehydrogenase 1), and HMOX1 (heme oxygenase 1), which all 

protect the cell from oxidative stress. GOX/MPO/SCN- had the largest impact on the expression 

of these genes while GOX/MPO and GOX/MPO/Br- similarly influenced SLC7A11, NQO1, and 

HMOX1 and GOX/MPO/Br- caused a greater increase in expression of GCLM, TXNRD1 and 

MAGF compared to GOX/MPO, but not GOX/MPO/SCN-. 

HOSCN significantly upregulates a diverse set of potential cytoprotective genes 

 We have previously shown in our HOX exposure model that 24 hours of exposure to 

GOX/MPO/SCN- was not cytotoxic to AECs, however, 24 hours of exposure to GOX/MPO and 

GOX/MPO/Br- caused cell death11. GOX/MPO/SCN- increased a suite of genes involved in 



pathways such as MAPK and EGFR/FGFR signaling that contribute to cell homeostasis, growth, 

and survival that could convey cytoprotective effects to AECs (Table 3.1).  

  



 
 
Figure 3.15 HOX significantly induced Nrf2-target antioxidant response element genes. 

Data are log2 normalized read counts. One-way ANOVA with Benjamini-Hochberg post hoc test; 

*p<0.05, **p<0.005, ***p<0.0005, ****p<0.00005 compared to control.  



REFSEQ SYMBOL GENE NAME log2FC p-value q-value 

NM_003840 TNFRSF10D TNF receptor superfamily member 10d 1.29 6.62E-245 1.61E-240 

NM_004089 TSC22D3 TSC22 domain family member 3 1.87 1.56E-218 1.90E-214 

NM_016270 KLF2 Kruppel like factor 2 2.71 4.72E-150 3.82E-146 

NM_000584 CXCL8 C-X-C motif chemokine ligand 8 1.60 2.17E-121 1.32E-117 

NM_001945 HBEGF heparin binding EGF like growth factor 1.13 5.32E-96 2.58E-92 

NM_018948 ERRFI1 ERBB receptor feedback inhibitor 1 1.52 7.24E-95 2.51E-91 

NM_003407 ZFP36 ZFP36 ring finger protein 1.28 6.48E-95 2.51E-91 

NM_002228 JUN Jun proto-oncogene, AP-1 transcription factor subunit 1.47 6.25E-85 1.69E-81 

NM_003897 IER3 immediate early response 3 1.09 8.46E-84 2.05E-80 

NR_024430 MIR100HG mir-100-let-7a-2-mir-125b-1 cluster host gene 1.42 1.29E-71 2.08E-68 

NM_004040 RHOB ras homolog family member B 2.05 1.02E-66 1.24E-63 

NM_002133 HMOX1 heme oxygenase 1 1.55 4.67E-66 5.15E-63 

NM_001008394 EID3 EP300 interacting inhibitor of differentiation 3 1.96 6.09E-53 5.10E-50 

NM_203344 SERTAD3 SERTA domain containing 3 1.16 1.00E-45 7.16E-43 

NM_014143 CD274 CD274 molecule 1.30 8.43E-31 2.66E-28 

NR_028502 MIR22HG MIR22 host gene 1.28 3.49E-25 7.84E-23 

NM_002090 CXCL3 C-X-C motif chemokine ligand 3 1.32 9.09E-21 1.37E-18 

NM_014330 PPP1R15A protein phosphatase 1 regulatory subunit 15A 1.10 1.91E-19 2.49E-17 

NM_032711 MAFG MAF bZIP transcription factor G 1.39 4.37E-19 5.41E-17 

NM_002575 SERPINB2 serpin family B member 2 1.39 4.27E-16 3.93E-14 

NR_073048 DEDD2 death effector domain containing 2 1.38 1.90E-15 1.62E-13 

NR_036515 MIR23AHG miR-23a/27a/24-2 cluster host gene 1.00 2.33E-15 1.95E-13 

NM_004464 FGF5 fibroblast growth factor 5 1.17 8.13E-15 6.32E-13 

NR_002440 SNORD16 small nucleolar RNA, C/D box 16 1.60 7.19E-14 4.98E-12 

NR_028504 MIR22HG MIR22 host gene 1.53 7.35E-14 5.05E-12 

NM_182981 OSGIN1 oxidative stress induced growth inhibitor 1 1.21 4.51E-13 2.87E-11 

NM_001206540 CAPZB capping actin protein of muscle Z-line subunit beta 2.42 5.18E-13 3.25E-11 

NM_001011515 PDLIM5 PDZ and LIM domain 5 1.06 1.12E-12 6.76E-11 

NR_133913 LINC01629 long intergenic non-protein coding RNA 1629 1.31 3.42E-12 1.93E-10 

NR_036682 BCL7B BAF chromatin remodeling complex subunit BCL7B 1.03 1.29E-11 6.68E-10 

NM_033143 FGF5 fibroblast growth factor 5 1.26 2.08E-11 1.03E-09 

NR_029635 MIR221 microRNA 221 1.44 5.43E-11 2.54E-09 

NM_182763 MCL1 MCL1 apoptosis regulator, BCL2 family member 1.14 8.74E-11 3.93E-09 

NM_014331 SLC7A11 solute carrier family 7 member 11 1.05 1.31E-10 5.74E-09 

NM_001281742 UBE2C ubiquitin conjugating enzyme E2 C 1.63 1.46E-10 6.36E-09 

 
Table 3.1 Potential cytoprotective genes significantly induced by GOX/MPO/SCN-. 

Displayed are the top 35 most statistically significant DEGs from AECs treated with 

GOX/MPO/SCN- compared to untreated control AECs.   



3.5 Discussion 

 We previously demonstrated substrate-dependent effects of HOX on cytotoxicity in AECs 

by 24 h of exposure, as well as a divergence of metabolomic responses as early as 2 h of 

exposure11. Therefore, we hypothesized that the metabolomic differences we observed would be 

reflected early in the transcriptome of HOX-exposed AECs. To test this hypothesis, we profiled 

the transcriptome of AECs (BEAS-2B cells) treated with experimental conditions that favored 

the formation of HOCl (GOX/MPO), HOBr (GOX/MPO/Br-), or HOSCN (GOX/ MPO/SCN-). 

We observed a diversity of transcriptional changes that were unique to each oxidant group, which 

could be expected given the previously observed differences in reactivity and specificity of 

HOCl, HOBr, and HOSCN in modifying biomolecules and eliciting diverse cellular responses.  

 While most of this discussion will focus on the unique AEC transcriptome alterations by 

HOX, there are a few noteworthy similarities in gene expression changes and implications in 

biological pathways between HOX oxidant groups. GOX/MPO, GOX/MPO/Br-, and 

GOX/MPO/SCN- all increased the expression of Nrf2-target genes, albeit at varying levels, 

which suggests they can all induce antioxidant signaling pathways in AECs. HOCl and HOSCN 

can induce the expression for Nrf2-target genes in various cell-types, which is in concordance 

with our results18,22,23. A prior study has shown that HOCl strongly induces the expression of the 

Nrf2 transcriptional cofactors MAFF and MAFG and the expression of phase II detoxification 

enzymes TXNRD1, ALDH1A3, HMOX1, NQO1, GCLM in primary and cell line 

AECs23.GOX/MPO in our study only slightly elevates the expression of MAGF, TXNRD1, 

HMOX1, NQO1, and GCLM compared to untreated control. A plausible explanation for the 

discrepancy in results could be due to differences in experimental conditions – we performed the 

exposures in nutrient-rich media where it is expected that components in the media will likely 



interact with HOCl and form secondary products, thus buffering AECs from direct HOCl 

exposure and preventing a stronger induction of Nrf2 genes. Therefore, we cannot conclude 

whether the transcriptional changes we observed are due to direct or indirect HOX exposure. We 

also observed that all HOX groups increased the expression of the pro-inflammatory cytokines 

IL-1α and IL-1β, implying that they may all have the ability to induce inflammasome signaling. 

This may occur as a downstream effect of NF- κB signaling pathway activation in AECs, similar 

to prior data in macrophages exposed to HOCl and HOSCN19,20. Lastly, the GO analysis revealed 

that all the HOX groups significantly impacted biological pathways involved in apoptosis, 

response to growth factors, and regulation of cellular response to stress, among others. However, 

the transcriptional program for each of these pathways diverged significantly between the HOX 

groups.  

Overall, our analyses showed that HOX exposure causes significant global changes in the 

transcriptome of AECs by 2 hours and that the acquired transcriptional profile is highly 

dependent on the MPO substrates Cl-, Br-, and SCN- that influence which HOX is formed. 

GOX/MPO induced the smallest transcriptional changes (tens of genes), while GOX/MPO/Br- 

and GOX/MPO/SCN- impacted hundreds of genes compared to untreated control. HOCl cannot 

be produced by any other mammalian peroxidase than MPO, which confines its role to 

neutrophil host defense. This contrasts with HOBr which can also be produced by peroxidasin in 

the extracellular matrix, an essential step in forming sulfilimine crosslinks in collagen IV within 

the basement membrane34. The smaller transcriptional effects seen with HOCl compared to 

HOSCN or HOBr suggest a lesser role for the former in AEC adaptation during inflammation. 

Notably, GOX/MPO/Br- had the greatest decrease in gene expression for many of the pro-

inflammatory genes compared to untreated control. This could potentially serve to protect AECs 



from an exacerbated immune response if HOBr interacts with them on the basolateral side 

(interface with the ECM). 

In congruence with our prior study, others have observed that HOSCN is less cytotoxic 

than HOCl, and that SCN- supplementation protects cells from HOCl-induced cell death20,35–37. 

HOSCN promotes a cytoprotective response in AECs and greater adaptability to oxidative stress 

compared to the other oxidants. The significant transcriptional changes that occur due to 

GOX/MPO/SCN- exposure was anticipated given the specificity and selectivity of HOSCN for 

thiols and selenols. It has become increasingly apparent that HOSCN acts as a finely tuned 

signaling molecule for redox and cellular signaling pathways that influence cell fate and 

inflammation. In our study, GOX/MPO/SCN- significantly upregulated a number of signal 

transduction pathways including MAPK signaling, which has been observed in prior studies17,23. 

GOX/MPO/SCN- also significantly induced the expression of genes involved in cellular 

adaptation, survival, and growth including TNFRSF10D (TNF receptor superfamily member 

10d), which encodes for a tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) 

receptor called TRAIL-R4 (DcR-2/TRUNDD). TRAIL-R4, unlike other TRAIL receptors, has a 

truncated death domain that renders it nonfunctional and can inhibit TRAIL-induced apoptosis, 

as well as activate signaling pathways that confer cell survival and growth38,39. GOX/MPO/SCN- 

also significantly increased TSC22D3 (TSC22 domain family member 3), which encodes for the 

protein GILZ that has demonstrated anti-inflammatory activity40,41. Additionally, 

GOX/MPO/SCN- enhanced the expression of KLF2 (KLF transcription factor 2), a gene that 

encodes for a transcription factor that can promote survival and proliferation42,43. 

The upregulation of pro-inflammatory genes, including genes that can induce chemotaxis 

in neutrophils (i.e. CXCL8), by GOX/MPO/SCN- seems paradoxical given that thiocyanate is 



associated with increased lung function in humans and resolution of inflammation in animal 

models35,36. The increased mRNA expression of CXCL8 (IL-8) by HOSCN has also been 

observed, but an in vivo study demonstrated a decrease in expression of the mouse analog to IL-8 

chemokine when nebulized with SCN-19,35,44. It is unclear if the upregulated expression of 

CXCL8 in our study corresponds to an increase in the IL-8 chemokine protein followed by 

secretion into the extracellular environment where neutrophil recruitment is plausible. One 

consistent observation has been the increase of IL1B and IL-1β by HOSCN, although IL-1β 

expression has shown to be reduced in mice infected with bacteria and treated with SCN-19,35. 

This suggests SCN- inhibits cytokines during bacterial clearance, but induction of IL-1β by SCN- 

outside of an infection context lacks clarity. Excess IL-1β has been implicated as part of the 

pathophysiological changes that occur in various diseases45, but it could potentially have a 

homeostatic role in AECs during HOSCN exposure since IL-1β is regarded as being 

pleiotropic46. A plausible explanation for the increase of pro-inflammatory genes by HOSCN and 

conditions favoring HOSCN in AECs could perhaps be owed to a well calibrated and efficacious 

immune response in the local microenvironment that is accompanied by the upregulation of 

cytoprotective genes to circumvent stress.  

An inherent limitation to our study is the inability to decipher whether the alterations to 

genes in AECs are directly or indirectly due to HOX or its oxidative byproducts, which are likely 

to occur given the exposure media, Medium-199, contains many viable HOX targets, particularly 

for HOCl and HOBr (e.g., ~100µM Met)47. However, our model aims to recapitulate the 

extracellular microenvironment of AECs where a diversity of biomolecules is present in 

homeostatic conditions and elevated in pathophysiological conditions, as observed in chronic 

airway diseases48–50. While HOX generation is a routine part of the innate immune system to 



ward off invading pathogens, it can become problematic in chronic airway diseases where excess 

HOCl is produced without adequate levels of antioxidants present. Therefore, SCN- therapy is a 

promising potential treatment option for chronic lung diseases that feature chronic neutrophilic 

inflammation due to its antioxidant properties. As we have observed in vitro in our HOX 

exposure model, SCN- supplementation induces pathways that could aid host cells to adapt to the 

recurring oxidative stress and damage. Future studies will be necessary to confirm the gene 

targets identified here and their involvement in adaptive signaling pathways within HOX-

exposed cells. 
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4.1 Summary of findings 

Sustained neutrophilic inflammation is central to the pathogenesis of chronic 

inflammatory lung diseases (e.g., chronic obstructive pulmonary disease, COPD; cystic fibrosis, 

CF; neutrophilic asthma) and contributes to deterioration of lung function over time1–4. As an 

integral part of innate immunity, neutrophils generate hypohalous acids (HOX) through 

myeloperoxidase (MPO) to destroy pathogens5,6, but excessive HOX production coupled to 

inadequate neutralization can result in oxidative damage to the airway epithelium. HOX (i.e., 

HOCl, HOBr, HOSCN) have specific reactivity profiles for biomolecules that warrant studying 

their individual impact on AECs. Understanding the complex role of HOX in airway epithelial 

cells (AECs) could help inform therapeutic interventions targeting neutrophilic inflammation in 

chronic airway disease (e.g., COPD, CF, and neutrophilic asthma) to ultimately mitigate disease 

progression. 

The research presented in this dissertation provides novel insight to the holistic 

(patho)physiological changes in human AECs during HOX exposure. We found that cells 

exposed to conditions favoring HOSCN formation (GOX/MPO/SCN-) for up to 24 h, our longest 

time point, had virtually no impact on cell viability in AECs unlike the exposures that favored 

H2O2 (GOX), HOCl (GOX/MPO), and HOBr (GOX/MPO/Br-) formation, which all had 

profound cytotoxic effects in AECs by 24 h (Chapter 2). While this seems contradictory 

considering HOSCN is an oxidant, it is the mildest and most selective oxidant out of the HOX 

(based on reduction potential and pKa) and prior evidence has suggested a cytoprotective role for 

HOSCN in AECs7,8. GOX/MPO/SCN- altered primary metabolic pathways that could be 

indicative of AECs adaptation to cellular oxidative stress during HOSCN exposure through broad 

metabolic reprogramming. For example, GOX/MPO/SCN- caused a significant alteration to the 



pentose phosphate pathway (PPP), potentially through rerouting of glycolytic flux to PPP, which 

would supply the cell with the reducing power of NADPH to combat oxidative stress under 

chronic exposures. This could consequently lead to a diminished pyruvate supply for the ATP-

generating tricarboxylic acid (TCA) cycle. However, GOX/MPO/SCN- also impacted pathways 

that could be contributing to the increase of TCA cycle intermediates malate and fumarate at 6 h 

such as Gln/Glu metabolism, which provide a source for TCA intermediate α-ketoglutarate (α-

KG), and/or the Leu/Ile degradation pathway, which can feed into the TCA cycle via succinyl 

CoA and acetyl CoA, to prevent loss of energy homeostasis.  

Additionally, AECs exposed to GOX/MPO and GOX/MPO/Br- had the most similarities 

in cytotoxicity, metabolite profile, and effects on metabolic pathways, which is not surprising 

given their similar reactivities. Both increasingly impacted Cys/Met metabolism in AECs the 

highest, oxidizing thus depleting Met and producing methionine sulfoxide (MetO) and 

dehydromethionine (dhMet). Initially, we were unaware of the identity of dhMet due to the lack 

of commercial availability of a dhMet standard and lack of annotation or presence from public 

MS/MS structural databases, but it was significant in our statistical analyses and similarily to 

MetO, was increased uniquely by GOX/MPO and GOX/MPO/Br-. Upon further investigation, 

we validated the compound as dhMet, a secondary Met oxidation product that significantly 

correlated to lung damage (i.e., bronchiectasis) in BAL of children with CF, as did MetO.   

We observed profoundly distinct gene expression profiles of AECs exposed to each of the 

exposure groups for 2 h, which reflects an early inflammatory event (Chapter 3). The most 

notable convergence we observed in the HOX was the upregulation of Nrf2-target genes (i.e., 

GCLM, SLC7A11, TXMRD1, NQO1, HMOX1) with GOX/MPO and GOX/MPO/Br- causing a 

modest increase, and GOX/MPO/SCN- causing a significantly greater increase in these genes. 



The transcription factor Nrf2 is a master regulator of antioxidant and metabolic genes that 

compensate for oxidative stress and toxicity and promotes the expression of enzymes involved in 

redox homeostasis and detoxification9–11. Our data supports the role of HOX in early cellular 

signaling and adaptation to oxidative stress in AECs. Additionally, we present evidence for HOX 

role in inflammasome signaling, potentially through NF-κB signaling pathway as most of the 

immune response genes HOX impact are targets of the transcription factor NF-κB. All HOX 

exposure groups increased the cytokine genes encoding for IL-1α and IL-1β with 

GOX/MPO/SCN- increasing IL-1α the greatest and GOX/MPO/Br- increasing IL-1β the most. 

Interestingly, GOX/MPO/SCN- increased cytokine genes (i.e., IL6, IL24) and chemokine genes 

(i.e., CXCL8, CXCL3, CXCL2), while GOX/MPO and GOX/MPO/Br- decreased the expression 

of these genes except for IL24, in which they had no effect. Lastly, we provide evidence of 

GOX/MPO/SCN- in the involvement of MAPK signaling in AECs through the upregulated 

expression of genes (e.g., MAPK1, JUN, DUSP1) involved in MAPK signaling, which regulates 

a repertoire of cellular responses and fates. The vastly distinct transcriptional profiles exemplify 

the various roles HOX plays in inflammation. 

 

4.2 Implications & future directions  

 In CF, neutrophilic inflammation manifests as early as infancy and contributes to the 

progression of structural lung disease (i.e., bronchiectasis), significantly impacting longevity and 

quality of life12–20. Identifying early biomarkers of lung disease derived from neutrophilic 

processes could refine disease monitoring, therapy, and prevention of lung disease progression in 

CF. A number of neutrophil components have been identified as biomarkers of CF lung damage 

in BAL (e.g., MPO15,21, MetO15, azurocidin21, neutrophil CD63 for NE exocytosis22, NE 



activity13), sputum (e.g., NE activity23), and urine (e.g., GSA17). Our in vitro model of AECs 

exposed to enzymatically generated HOX elucidated GOX/MPO and GOX/MPO/Br- specific 

methionine oxidation products MetO and dhMet. The metabolite MetO had previously been 

linked to bronchiectasis in BAL from children with CF15, and thus our work provides 

mechanistic insight to MetO as a biomarker of structural lung damage derived from HOCl, or 

possibly HOBr, exposure. In a prior study, dhMet was implicated as a modification on the protein 

calprotectin in CF BAL, which was associated with bacterial burden24. Our work demonstrates 

for the first time that dhMet, as a free metabolite, correlates to bronchiectasis score in children 

with CF and had a stronger association to lung damage than NE, which is regarded as the most 

sensitive sputum biomarker for lung function25. This analysis contributes new data to the CF 

community with implications for potential biomarkers of early lung disease progression. Further 

validation of MetO and dhMet as biomarkers of CF lung disease is warranted in prospective 

clinical studies with a larger cohort.  

Furthermore, this work has implications for SCN- as a therapeutic intervention for 

neutrophilic inflammation. SCN- is the preferred substrate for many peroxidases, including 

MPO, and has demonstrated antimicrobial and antioxidant properties against HOCl8,26–29. SCN- 

and HOSCN have a protective role in the airway and our data shows that AECs are robust to 

GOX/MPO/SCN- exposure. AECs appear to employ cytoprotective mechanisms via metabolic 

and transcriptional reprogramming, which will need to be further validated for direct mechanism 

of action and biological targets in subsequent studies. SCN- therapy could be beneficial not only 

for chronic inflammatory diseases, but also for a conglomeration of respiratory pathologies that 

are exacerbated by neutrophilia. That includes lung cancer, acute respiratory distress syndrome, 

idiopathic pulmonary fibrosis, primary ciliary dyskinesia, and pneumonia3,31–34. In addition, 



SCN- therapy has plausible value as an antidote to chlorine gas exposure, which currently has no 

known antidote35.  

 

4.3 Conclusion  

To conclude, this dissertation has built upon the idea that specific HOX elicit distinct 

cytotoxic, metabolomic, and transcriptomic effects that determine the (mal)adaptation of AECs 

during HOX-induced oxidative insult (Figure 4.1). We comprehensively identified primary 

metabolic pathways altered and transcriptomic responses induced by HOX in AECs using 

sensitive multi-omic methodology. Our in vitro findings allowed us to discover potential in vivo 

targets of HOX – we identified free metabolite dhMet, as well as validate the significance of 

MetO15, as candidate biomarkers of early lung disease in clinical BAL samples of children with 

CF. The need for therapeutic intervention, such as SCN- therapy, for recurring neutrophilia 

remains as CF and other chronic inflammatory respiratory diseases continue to present 

significant health challenges2,36,37 The findings from this body of work will support continued 

efforts in understanding the role of HOX in the airway epithelium, within the context of 

physiological exposures and pathological contributions to chronic inflammatory lung diseases.   

 

  



 

Figure 4.1 Potential mechanisms of adaptation in AECs exposed to HOSCN. Based on our 

observations, AECs may adapt to HOSCN exposure by 1) activating the Nrf2 pathway to 

upregulate antioxidant response element (ARE) genes, 2) inhibiting glycolysis so that glucose 

flux reroutes to the pentose phosphate pathway (PPP) to increase NADPH, and 3) altering the 

citric acid cycle through Leu/Ile degradation pathway and/or Gln/Glu metabolism. Also 

illustrated here is the impact of HOCl and HOBr on Met and the utility of SCN- therapy on HOCl 

and HOBr exposure.  
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