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ABSTRACT

Burn injuries remain a major global public health concern, disproportionately affecting low- and middle-
income countries (LMICs). The high incidence and adverse outcomes stem from both socioeconomic
disparities and the complexity of thermal injury, which is further influenced by co-factors such as
inhalation injury. This condition, caused by toxic smoke inhalation during thermal events, is strongly
associated with increased mortality and morbidity due to its variable clinical presentation and delayed
onset. Despite being one of the most important mortality co-factors, there are no standard diagnostic
criteria, and those that do exist have numerous shortcomings that particularly impact resource-poor
clinical settings. Early identification of inhalation injury could improve burn management by leveraging
readily available clinical markers from medical records. Additionally, most burn patients require
intravenous fluid administration as part of standard protocol, presenting an opportunity for non-invasive
blood sampling for biomarker analysis. Ideal biomarkers require that they be stable, disease-specific,
and quantifiable, a criterion met by small, single-stranded RNA molecules with the ability to regulate
gene expression called miRNAs. The primary and overall aim of this study was therefore to identify
burn-related clinical markers extracted from a selected cohort of burn patient’s medical records and
miRNA biomarkers from the patients” whole blood samples using sequencing and bioinformatics tools.
Following ethical approval and patient consent, the medical record data were extracted, and
corresponding whole blood samples were collected from burn patients (n=59) admitted to the Western
Cape Provincial Adult Tertiary Burns Centre (WCPATBC) at Tygerberg Hospital, South Africa,
between 23 April 2016 and 15 August 2017. Recorded burns-related variables included
sociodemographic factors (i.e. gender, age, referral level, etc.), burn severity (i.e. % total body surface
area [TBSA] burns, inhalation injury, complications, etc.), and clinical factors (i.e. burns intensive care
unit length of stay [BICU LOS], partial gas pressures, lactate, etc.). Inhalation injury was stratified based
on total ventilation days, with mild inhalation injury defined as >4 days and severe inhalation injury as

>5 days.

The first aim was to evaluate whether the recorded medical data aligned with reported findings in South
Africa and if it was comparable to data reported from LMIC clinical settings. This analysis facilitated
the identification of trends associated with increased mortality risk and inhalation injury in these
vulnerable groups. Descriptive statistics were reported as mean (95% CI) and/or frequency (%) and
analyzed using IBM SPSS Statistics version 28. Results showed that the majority of patients admitted
were male, of working-age adults (21-39 years), referred from local areas within the district, who had
sustained flame burns, primarily on weekdays and during colder months. The majority had serious to
maximum abbreviated burn severity index (ABSI) scores, <40% TBSA burn and severe inhalation
injury. While most arterial blood gas (ABG) measurements were found to be within normal ranges,
elevated PO, and lactate levels were observed. The overall mortality rate was 25.4%, with higher rates

found among females, younger and older age groups, and in patients referred from distant districts and
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clinics or community health centres. Elevated mortality rates were also observed in patients with flame
burns, larger TBSA, severe inhalation injury, complications, longer ICU LOS, pre-admission
ventilation, and ABG values with elevated lactate; and reduced pH, PaO,, PCO,, and base excess levels.
These findings strongly aligned with previously reported South African and LMIC-based data, with
worse outcomes demonstrated compared to high income countries (HICs). The findings reported in this
section contribute to the limited national literature and data on burn patients and highlights the continued
burden of burns (and disease) in LMICs, potentially due to economic constraints and limited specialized
burn care. Identifying these trends may help identify prevention strategies adapted from HICs to reduce
burn incidence. Although some of the burn injury findings varied compared to the reported literature,

their prognostic value remains crucial in assessing survivability.

The second aim was to (i) assess burn-related factors in relation to mortality to determine specifically
whether inhalation injury reported in this patient cohort was a potential significant mortality co-factor,
and (ii) whether the findings corroborated previous reported studies. Relationships between burn-related
variables, mortality, and inhalation injury were analyzed using Fisher’s Exact test (association),
Pearson’s point biserial (rp,)/Spearman’s correlation (rho) coefficient (correlation strength/direction),
and partial least squares regression (predictive contribution via variable importance in prediction [VIP]
values). Correlation strength was categorized from none to very strong, with VIP scores >0.5 indicating
significant contribution and >1 demonstrating greater predictive power. Statistical analyses were
conducted in IBM SPSS Statistics version 28, with significance set at p<0.05 (two-tailed). An average
of 2.7 patients (CI: 2.3-3.4) sustained mild inhalation injury, while 11.2 patients (CI: 9.5-12.9) had
sustained severe inhalation injury, with the latter associated with 93.3% mortality, a strong positive
correlation (tho = 0.441), and a significant predictive contribution (VIP = 0.819). Additional mortality-
correlated factors included referral setting, TBSA, complications, and BICU LOS. The multifactorial
nature of burn outcomes would predictably see mortality correlate with multiple parameters, of which
inhalation injury had a particularly strong impact. In alignment with previous reported studies, these
findings confirm inhalation injury as a critical mortality co-factor, supporting the need for further

research.

The third aim was to evaluate the relationship between burn-related variables and inhalation injury using
the same statistical methods employed with the second aim. Identifying significant relationships would
indicate which variables could potentially serve as the most effective prognostic markers. Analysis
displayed notable positive correlations observed for lactate (rho=0.331), %TBSA (rho=0.357),
complications (rho=0.690), and BICU LOS (rho=0.908), with complications and BICU LOS showing
the strongest correlations and the highest predictive contributions (VIP=1.229 and 1.372, respectively).
Initial in-hospital prognosis could benefit or be improved by considering markers that would
immediately present on admission or shortly thereafter. Complications may therefore be more suitable

for early prognosis, while prolonged BICU LOS could provide insight into the degree of progression.
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Lactate levels, measured shortly after injury, may offer valuable prognostic information, based on the
positive correlation observed with inhalation injury. However, further studies are required to determine

the specific lactate level changes that correlate with particular pathological sequelae.

The fourth aim was to identify potential miRNA biomarkers from whole blood samples of the burns
patients, which had been collected in parallel with the patients’ medical records. Total RNA was
extracted, and its quantity and quality were assessed using a NanoDrop and a Bioanalyzer, respectively.
Thirty exemplars representing mild and severe inhalation injury were selected for sequencing, with 22
passing quality control (mild: n=8, severe: n=14) and sequenced using the Illumina NextSeq 550
platform. Reads were aligned to the human genome (GRCh38) with Bowtie in sSRNAbench, and
miRNAs were quantified as counts per million using SRNAde. Differential abundance analysis was
conducted with EdgeR in R v4.1.2 and validated by DESeq2. Fisher’s Exact test compared differentially
expressed (DE) miRNAs between groups, and significance was set at Padj.<0.05 with fold changes [log2
(FC)| >1.5. Results displayed ten overlapping DE miRNAs that met the significance threshold,
comprising nine up-regulated in severe injury and one down-regulated in mild injury. MiR-30a-5p, miR-
15a-5p, and miR-21-5p had the highest degree rankings, targeting 734, 717, and 612 genes, respectively.
These findings present a potential panel of miRNAs that may present a cocktail of inhalation injury
prognostic markers. The identified miRNAs have also been demonstrated as having key roles in
mechanisms of inflammation and apoptosis, as well as in conditions closely related to inhalation injury,

despite varying methodology.

The fifth aim was identify the mRNA target genes of the DE miRNAs and determine the associated
pathways that were regulated. This could demonstrate biological significance of the identified miRNAs
relative to the pathways involved. Protein-protein interaction networks, analyzed using STRING and
Cytoscape, identified key hub genes of the up-regulated (i.e. TP53, AKTI1, MYC, CTNNBI, EGFR,
PTEN, JUN, STAT3, EP300 and TNF) and down-regulated miRNA (i.e. TP53, MDM2, BCL2L11,
CDK6, BBC3, GADD45A4, BAX, FAS and RHOA). Gene ontology, KEGG, Reactome, and PANTHER
analysis revealed that the hub genes were mainly enriched in inflammatory and apoptotic pathways. The
findings highlight the role of miRNAs and their target genes in pathways impacting potential hallmarks
of inhalation injury. While further validation with larger cohorts and additional techniques is required,
these preliminary results provide a strong foundation for identifying miRNAs with prognostic potential

in inhalation injury.

Overall, the findings presented in this thesis demonstrated several key firsts in the field of inhalation
injury prognostication, particularly within the South African and broader LMIC context. For the first
time, prognostic burn-related indicators (TBSA, complications, BICU LOS, and lactate) were

retrospectively identified as specific predictors of inhalation injury, rather than general burn mortality.



This research also represents the earliest application of human whole blood from burn patients to
investigate miRNA expression profiles, proposing a novel panel of 10 differentially expressed miRNAs
relating not only to the presence of inhalation injury but also to its severity (mild versus severe). While
further validation is warranted, the strength of these preliminary findings was supported by consistent
overlaps across statistical outcomes for burns-related medical-file-based indicators, while reinforced
miRNA expression patterns were confirmed through dual bioinformatics pipelines, threshold filtering,
and four independent enrichment platforms to ensure robust biological interpretation. Moreover, the use
of whole blood, a readily accessible and clinically relevant biospecimen, may better represent systemic
responses to injury, thereby improving the translational potential of the results. Collectively, this
research presents the first integrated evaluation of retrospective clinical data alongside prospective
molecular profiling within a single burn patient cohort for the purpose of inhalation injury
prognostication. By combining these two dimensions of analysis, the study lays critical groundwork for
incorporating both clinical and circulating biological markers—many of which have not been previously
explored in this context—into existing diagnostic or prognostic frameworks. This approach not only
broadens the spectrum of potential indicators but also sets the stage for the future development of

comprehensive, multi-modal tools capable of enhancing the timely and precise assessment of inhalation

injury.
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CHAPTER ONE

INTRODUCTION

1. Inhalation injury

1.1. Global burden of disease and epidemiology

The World Health Organization (WHO) estimated that 180 000 deaths per year were attributed to burns,
describing this observation as a global public health problem (World Health Organization, 2018a) with
a loss of 10 million disability-adjusted life years by 2016 (World Health Organization, 2018b). A large
fraction of the reported mortalities occurred in low- and middle-income countries (LMICs) where WHO
African and South-East Asia regions accounted for approximately two-thirds (World Health
Organization, 2018a). There was a clear, disproportionate, increased burden and prevalence of this
injury type in LMICs, which was further supported by a near ten-fold incident increase compared with
high-income countries (1.3/100 000 versus 0.14/100 000) (Gupta et al., 2014; Institute for Health
Metrics and Evaluation, 2012; World Health Organization, 2008). Smolle and associates, (2017)
assessed trends in burn epidemiology that indicated a consistent downward trend of burn incidence and
severity, hospital length of stay (LOS), and mortality rates in developed countries. These were reportedly
attributed to legislative changes, successful prevention programs, increased workplace safety (Duke et
al., 2012), advances in burn treatment (Harats et al., 2016) and infection control (Al-Shagsi et al., 2013).
Furthermore, referral of burn injuries to specialized facilities greatly contributed to the observed trend
(Smolle et al., 2017; Pegg, 2005). LMICs were commonly devoid of the latter advances, and therefore,
the impact of burns management and treatment was likely to be more pronounced in these settings with
the limited resource availability (Agbenorku et al., 2019). Allorto and co-workers, (2018) focused on
quantifying the extent of resource deficits from seven out of the nine provinces in South Africa (SA).
Their findings suggested deficits in the infrastructure and staffing available to treat burn injuries along
with a need for outreach programs, protocols, and improving theatre efficiency (Allorto et al., 2018).
Despite the country’s economic growth, burn care services in SA differs according to infrastructure and
staff organization, and clinical management (Rode et al., 2014). The reported deficiencies potentially
played a role as contributing factors (Allorto et al., 2018) in the reported mortalities from burn units in

SA (Cloake et al., 2017; Jugmohan et al., 2016; Den Hollander et al., 2014).

SA had been subjected to a constant influx of migrant workers spanning both rural and urban areas. This
resulted in increased impoverished sectors governed by poor housing conditions (informal settlements),
overcrowding, and greater dependence on unsafe energy sources (den Hollander et al., 2014; Kimemia
et al.,, 2014). The informal dwellings (“shacks”), in addition, were comprised of highly flammable
materials and built in close proximity to each other, thus creating environments for expeditious spread
and catastrophic conflagrations (Kimemia et al., 2014; Peck et al., 2008). The incidence of “shack” fires

was associated with 16.7% of burn admissions (Cloake et al., 2017), demonstrating a potential link to
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burn hospitalization and mortality associated with informal settlements in SA (Singh et al., 1997;
Forjuoh et al., 1995). In Cape Town (CPT), SA, these unfavourable conditions were closely linked to
specific, vulnerable population groups (Parbhoo et al., 2010; Van Niekerk et al., 2009) and continued to
be associated with lower socio-economic status and poorer overall health status (Day & Gray, 2003)
that perpetuated conditions for more devastating burn outcomes (Edelman et al., 2007). Although
clinical and epidemiological data in SA were limited, it was estimated that 3.2% of the population
reported thermal injury annually (Allorto et al., 2016; Rode et al., 2014) and the associated mortality
rate ranged between 5-16% (Cloake et al., 2017; Jugmohan et al., 2016; den Hollander et al., 2014).

1.2. Smoke inhalation injury as a co-factor of mortality

Elevated mortality and morbidity rates were not only attributed to the thermal injury itself, but also to
the presence of additional cofactors (Douglas et al., 2015; You et al., 2014; Antonio et al., 2013).
Advanced age (>60 years) and total body surface area (TBSA <40%) were reported to directly and
adversely impact burn outcomes (Antonio et al., 2013; El-Helbawy & Ghareeb, 2011; Brusselaers et al.,
2010); however, inhalation injury was highlighted as the most important cofactor (American Burn
Association, 2019; You et al., 2014; Lipovy et al., 2011). Inhalation injury has been defined as damage
to the respiratory passages after exposure to the toxic smoke inhalants during a thermal event (e.g.
domestic fire, explosion, self-immolation, steam accidents, etc.) (Gill & Martin, 2015; Woodson, 2009).
In the incidence of burns, smoke had a greater ability to disperse heat than dry air, which impaired the
upper airways from efficiently dissipating the heat (Antonio et al., 2013). This damage physically
manifested as upper airway obstruction (Sheridan, 2016) that triggered progressive inflammation in the
airways (Antonio et al., 2013). The clinical outcomes of this inhalation injury degree were less severe
compared to when the lower airways and pulmonary parenchyma were affected. The causative agents
for severe injury were the smoke inhalants that consisted of partially combusted, aerosolized chemicals
and particles often released from common household and domestic items (Shubert & Sharma, 2018;
Sheridan, 2016). Carbon monoxide (CO) and hydrogen cyanide (HCN), were the most destructive gases
released that not only resulted in non-specific clinical outcomes and misdiagnosis (Foncerrada et al.,
2018), but also had a greater effect on morbidity and mortality. Varying smoke constituents was one of
several reported challenges in predicting and diagnosing this type of injury; which also included injury
location that may vary according to the origin of the fire, the duration of exposure, and underlying

respiratory conditions (Walker et al., 2015; Traber et al., 2007).

The prevalence of inhalation injury in burn patients varied from a low of 6% prevalence (Latenser et al.,
2007) to a reported 46% (El-Helbawy & Ghareeb, 2011). Studies that assessed burn outcomes at the
Tygerberg Hospital (TBH)’s Western Cape Provincial Adult Tertiary Burns Centre (WCPATBC) in
CPT reported a prevalence of 26.7%, 31.2% and 47% that were predominantly attributed to flame origin
and/or shack fire events (Boissin et al., 2019; Cloake et al., 2017; Maritz et al., 2012). Inhalation injury

was therefore present in least a third of the time in burn patients from resource-poor environments.



Regardless of incidence disparity, there was a clear trend in the relationship between inhalation injury
and mortality. As an isolated condition, it was already reported to increase mortality by 20%; however,
concomitant occurrence with cutaneous burns resulted in even higher rates (You et al., 2014; Dries &
Endorf, 2013; Shirani et al., 1987). Studies consistently reported lower fatalities in patients with burns
only compared with those that had concomitant inhalation injury. The fold increases observed were
always above 2.0 and even reached a 5.8-fold (Karimi et al., 2016; El-Helbawy & Ghareeb, 2011; Suzuki
et al., 2005; Muller et al., 2001; Shirani et al., 1987). These South African-based studies indicated that
inhalation injuries greatly impacted the chances of survival as a single factor as well as with

accompanying co-morbidities.

1.2.1. Complications associated with inhalation injury

The presence of inhalation injury has been associated with an elevated risk for complications (Shubert
& Sharma, 2018) that greatly affect injury outcome (Rue III et al., 1995). Despite medical advances,
resultant subsequent morbidity and mortality rates remained high (Albright et al., 2012; Lipovy et al.,
2011). These complications could be acute or delayed and varied according to injury management,
degree, and chronic inflammation (Cancio, 2009). Both cutaneous burns and inhalation injury resulted
in a cascade of pathophysiological events, in which the combined and resultant immunocompromising
effects predisposed patients to both wound and respiratory complications (Liodaki et al., 2015; Edelman
et al., 2007). Those more frequently observed included pulmonary infections, sepsis, smoke inhalation-
induced acute lung injury (SI-ALI), and acute respiratory distress syndrome (ARDS). Pulmonary
infections, particularly pneumonia, were the most common reported complication in critical care
(Liodaki et al., 2015; de La Cal et al., 2001). Inhalation injury not only increased the predisposition to
pneumonia, but also resulted in a 21-fold increased risk (Rue III et al., 1995; Haley et al., 1981) was
linked to the standard injury management, i.e. intubation or mechanical ventilation support (Cobley et
al., 1999; Thompson et al., 1986). Early diagnosis was therefore imperative to adjust treatment and also
to potentially mitigate for the associated mortality risk of 60% (Dries & Endorf, 2013; Edelman et al.,
2007). Pneumonia was commonly reported in burn patients who developed sepsis (Rech et al., 2019).
With the prevalence of sepsis in these burn patients ranging between 3-30% (Jeschke et al., 2015) which
attributed to 65% of deaths in adults (Sharma et al., 2006). A direct outcome of sepsis was multiple
organ dysfunction syndrome, which was the leading cause of burn fatalities in patients who had initially

survived the thermal insult (Greenhalgh, 2017).

The observed multiple organ failure was also frequently linked to SI-ALI (Guo et al., 2019; Veeravagu
et al., 2015). ALI was part of the spectrum of inhalation injury-associated respiratory conditions and
was reported to be a less severe form of ARDS (Kimmel & Still, 1999). The severity distinction between
ALI and ARDS was illustrated by the difference in oxygenation or the extent of hypoxia with ARDS
resulting in the more severe outcome (Kimmel & Still, 1999). However, ARDS was the leading

complication associated with severely burnt patients (Lam & Hung, 2019; Dancey et al., 1999), which



also resulted in multisystem organ failure and death (Matthay et al., 2012). The progression of ARDS
was triggered by pneumonia (direct) and sepsis (indirect), respectively (Laycock & Rajah, 2010; Ware
& Matthay, 2000) and both factors were causative factors for ALI (Mackay & Al-Haddad, 2009). A
reported independent risk factor for ARDS was the presence of inhalation injury (Liffner et al., 2005)
and when compared to patients with only cutaneous injuries, the onset was earlier, severity greater
(Rawal et al., 2018) and the mortality rates higher (Lam & Hung, 2019; Silva et al., 2016). It was
postulated that the presence of inhalation injury should at the very least be considered when ARDS/ALI

was present, since it was a proposed part of the direct sequelae (Oh et al., 2012).

1.3. Pathophysiology of inhalation injury

The mechanisms by which inhalation injury exerts its effects played a crucial role in the location and
development of the damage that manifested. Based on localization, inhalation injury could affect the
upper and lower airways, as well as, the lung parenchyma (Woodson, 2009; Traber et al., 2007). Damage
to the oropharyngeal mucosal structures predominantly resulted from heat injury, while secondary
damage was reportedly caused by water-soluble chemicals (Rong et al., 2011; Cox et al., 2009). During
the initial 12 hours post-inhalation injury, the resultant microvascular changes (Mlcak et al., 2007)
caused acute inflammation (Dries & Endorf, 2013; Prien & Traber, 1988) with edema presence already
reported after a few hours (Shubert & Sharma, 2018; Dries & Endorf, 2013). Tissue edema developed
and progressed over the initial 24-36 hours after insult (Gill & Martin, 2015). These conditions were
promoted by thermal injury through the initial release of neuropeptides and activation of the complement
cascade (Traber et al., 2012; Cox et al., 2009; Friedl et al., 1989). This, in turn, triggered the release
and/formation of inflammatory mediators, histamine, and subsequent pathological by-product agents
that not only promoted acute inflammation and edema, but also amplified it (Traber et al., 2012; Cox et
al., 2009). Along with the formation of secretions such as mucus and slough, edema impeded airflow,
thereby impairing oxygenation status (Shubert & Sharma, 2018; Dries & Endorf, 2013). Without
intervention, injury progression included obstruction of the distal airways, atelectasis, and impaired
gaseous exchange (Rehberg et al., 2009; Cox et al., 2003). Upper airway injury could therefore be life-
threatening soon after insult, but was also dependent on the severity and distribution of cutaneous injury,
solubility of the chemical inhalants, and the duration of exposure to smoke (Jones et al., 2017; Haponik
et al., 1987). Prolonged exposure to smoke and the chemical inhalants present was associated with more
severe injuries that presented in the lower airway and alveoli. Injury to the lung parenchyma may even
occur in the absence of lower airway damage, an outcome reported in patients exposed to chemical
toxins with low water solubility (Shubert & Sharma, 2018). The smoke-related toxins stimulated the
vasomotor and sensory nerve endings (vagus nerve C-and Ad fibers) in the tracheobronchial area,
causing neuropeptide release (Fontan et al., 2000). The neuropeptides reportedly involved in inhalation
injury-induced inflammatory response are thought to do so through their tachykinin-related function
(Walker et al., 2015; Tai & Baraniuk, 2002). Substance P (Fontan et al., 2000) and calcitonin gene-
related peptide specifically (Lange et al., 2009), were the reported neurotransmitters that resulted in both



the initial and enhanced inflammatory responses (Fontan et al., 2000).

The role of these neuropeptides in burn-induced acute lung injury and the neurogenic inflammation was
also strongly linked to the induced release of pro- and anti-inflammatory mediators and the modulation
of immune cells (Sio et al., 2008; Brain et al., 1985; Morris et al., 1984). Aggregation of the
immunoinflammatory cells stimulated the release of proinflammatory mediators, such as chemokines
and cytokines (Albright et al., 2012; Levite, 1998; Torii et al., 1997); and triggered additional pathways
that progressed to pulmonary damage (Sio et al., 2008). Dysregulation in cytokine and chemokine levels
induced by inhalation injury was also hypothesized to cause immune dysfunction and has also been
linked to burns-related mortality cases (Davis et al., 2012). Cytokine and chemokine proteins increased
cellular migration into the respiratory microvasculature by affecting vascular endothelial cells (ECs) and
subsequently elevated permeability and vasodilation that modulated fluid leakage (Ravage et al., 1998).
Under these conditions, ECs release adhesion molecules (Pober & Cotran, 1990; Osborn et al., 1989)
for polymorphonuclear (PMN) leukocyte recruitment and activation (Ravage et al., 1998), or direct
altered cell structure (Maruo et al., 1992). PMN accumulation resulted in the complement cascade
activation and further EC stimulation, while its increased infiltration has also been linked to additional
neuropeptide release (Sio et al., 2008; Puneet et al., 2006). Activated PMNs were reported to translocate
from the pulmonary circulation to the microvasculature due to the elevated permeability and the inability
to traverse the capillaries (Traber et al., 2007). The altered microvasculature at numerous pulmonary
areas resulted in increased blood flow that allowed the activated PMNs and cytokines to be rapidly
transported to the lung (Walker et al., 2015). This increased filtrate reportedly played a pivotal role in
lung inflammatory responses and initiated a cascade of adverse events (Traber et al., 2007). Along with
vasodilation and increased blood flow, the inflammatory response was not only exacerbated by the
elevated infiltrate (Walker et al., 2015), but was also suggested to contribute to pulmonary edema
formation (Abdi et al., 1991; Kramer et al., 1989), cast and exudate development (Walker et al., 2015;
Murakami & Traber, 2003), and subsequent hypoxemia as a consequence of ventilation-perfusion

mismatch (Murakami & Traber, 2003).

The activated inflammatory cells also adhered to EC’s adhesion molecules (Rehberg et al., 2009; Sakurai
et al., 1999) and blocked the accessibility and expression of heme groups. Heme groups are responsible
for scavenging and metabolizing nitric oxide (NO); however, the impairment in heme expression leads
to excessive production of NO (Murakami & Traber, 2003), reported as a product of numerous cells,
including ECs and macrophages (Murakami & Traber, 2003). NO production catalysed by the enzyme
group nitric oxide synthases (NOS) are also found in lung epithelial cells (Watkins et al., 1997) and in
neutrophils (Greenberg et al., 1998). Three isoforms, namely NOS—1 (neuronal/nNOS), NOS-2
(inducible/iNOS), and NOS-3 (endothelial/eNOS) have been located in various cells (Murakami &
Traber, 2003; Steudal et al., 2000; Szabo et al., 1995). In excess, NO would act as a free radical and

react aggressively with oxygen free radicals produced by activated neutrophils (Traber et al., 2012;



Murakami & Traber, 2003). The resultant reactive oxygen species (ROS) produced: Superoxide anion
(02), hydrogen peroxide and hydroxyl ions (OH); resulted in oxidative stress (Weyker et al., 2013; Park
et al., 2004), increased neutrophil chemotaxis and elevated cytokine production (Walker et al., 2015;
Lange et al., 2012). In addition, NO reacted with O, to form the reactive nitrogen species (RNS),
peroxynitrate (ONOQO") and OH", (Freeman, 1994), which was reported to cause DNA damage (Traber
et al., 2012). ONOO™ was also reported to activate poly-(ADP ribose) polymerase-1 (PARP), which is
important for DNA repair. DNA repair function of PARP require a large amount of chemical energy
and inhalation injury reportedly overstimulates its synthesis resulting in ATP depletion, cell damage
(Gill & Martin, 2015; Lange et al., 2010; Espinoza et al., 2007) and necrotic cell death (Liaudet et al.,
2002). In addition, PARP also stimulated nuclear factor kappa B (NF-xB) (Jagtap & Szabo, 2005;
Chiarugi & Moskowitz, 2003) which was reported to upregulate inflammatory mediators (Li et al.,
2003). Subsequently, a positive feedback mechanism also caused upregulation of inflammatory
mediators, which could resultin PMN activation and attraction; NO, ROS, and RNS formation (Yamaza

et al., 2003); as well as DNA damage followed by PARP and NF-«B reactivation (Rehberg et al., 2009).

The time-related development and progression of the events reported, led to a delay in the damage to
the lung parenchyma (alveoli) in burn patients (Rehberg et al., 2009). This neurogenic inflammatory
response continuously stimulated the activation and chemotaxis of leukocytes, which ultimately resulted
in alveoli injury by amplifying the previously described pathological sequelae (Rehberg et al., 2009).
Derangements for this degree of injury were owed mainly to the bronchial hyperemia with subsequent
augmented transvascular fluid flux (lymph fluid) that in turn promoted edema and airway exudation
(Jones et al., 2017; Mlcak et al., 2007). The summative effect of these conditions also impaired the
functions of surfactant (Sousse et al., 2015; Mlcak et al., 2007), alveolar macrophages and mucociliary
clearance (Al Ashry et al., 2016; Micak et al., 2007); in addition to the observed reduced lung
compliance (Jones et al., 2017; Mlcak et al., 2007) and increased airway resistance (Sousse et al., 2015).
Parenchymal damage was therefore characterized by alveolar damage and atelectasis that presented with
diffuse edema, epithelial cell death and sloughing (Shubert & Sharma, 2018). The basis of pulmonary
dysfunction was the ability of all the factors to not only result in the observed outcomes, but also
exacerbate it. The adverse outcomes were therefore not dependent on a single event but resulted from
concomitant activation of numerous modulators that amplified the inflammatory process, consistently

co-stimulated the production of pathological-inducing agents and aggravated edema formation.

14. Diagnostic criteria and modalities of inhalation injury

1.4.1. Medical history and clinical evaluation
The diagnosis and treatment of inhalation injury have varied among clinicians, but have traditionally
been made based on a combination of subjective and objective measures, with a high index of suspicion

(Kim et al., 2017; Jones et al., 2017; Enkhbaatar et al., 2016). This provided pertinent information aiding



in potentially identifying the host response and co-morbidities associated with inhalation injury for
suspected cases (Jones et al., 2017). Without the existence of a uniform criterion, consensus would
initially rely on the latter measures followed only then by the use of diagnostic modalities for
confirmation (Woodson, 2009). History-related parameters that would be considered during evaluation
included the mechanism and duration of exposure, quality of inhaled irritants, location of thermal event,
loss of consciousness and disability (Enkhbaatar et al., 2016; Walker et al., 2015; Toussaint & Singer,
2014). The clinical factors included facial burns, singed nasal or facial hair, presence of carbonaceous
material in the sputum or on the face, soot in the oral cavity or proximal airways, vocal alterations, and
indications of airway obstruction (Enkhbaatar et al., 2016; Sheridan, 2016; Walker et al., 2015).
Although many of the factors may overlap in a single incident, some common signs and/or symptoms
may not be present. Therefore the presence of inhalation injury to a certain degree could be subjective,
however, its confirmed presence or absence could not be guaranteed (Cancio, 2009). Moreover, the
associated latency (Masanés et al., 1995) would not only inaccurately reflect the presence and extent of
the injury, but could also cause inconsistencies in identifying abnormal findings using various diagnostic

tools (Chou et al., 2004; Lee-Chiong Jr, 1999).

1.4.2. Mechanical diagnostic modalities

Fiberoptic bronchoscopy (FOB) was established as the current ‘gold standard’ diagnostic modality for
inhalation burn injury (Walker et al., 2015; Yang et al., 2011; Hunt et al., 1975) to determine the
presence of related sequelae, e.g. hyperaemia, edema, soot, etc. (Jones et al., 2017; Woodson, 2009) and
the development of early pneumonia (Carr & Crowley, 2013). The high diagnostic precision rate
(approximately 100%) of FOB (Souza et al., 2004; Bingham et al., 1987) had the added benefit of
detecting anatomical alterations before changes in gaseous exchange occurred (Souza et al., 2004; Lee-
Chiong Jr, 1999), but was reportedly unable to visually detect beyond obstructive lesions (Naidich et
al., 1997) and efficiently evaluate the lower airway and potential mucosal damage to certain areas (Jones
etal., 2017; Walker et al., 2015; Hunt et al., 1975). Furthermore, edema or erythema may not appear on
the initial bronchoscopic results (Souza et al., 2004; Haponik et al., 1987). When patients were
unsuitable for FOB or in its absence, other diagnostic tools have been utilized which included virtual
bronchoscopy using spiral computed tomographic scanners, fiberoptic laryngoscopy (FOL), chest
radiographs (x-rays), computed tomography scans, Xenon 133 ventilation-perfusion scans, and
pulmonary function tests. While these modalities identified facets of inhalation injury, their limitations
were related to the inability to determine lower airway and parenchymal damage which typically
presented in severely injured patients (Jones et al., 2017; Muehlberger et al., 1998; Talmi et al., 1996).
Even in the presence of marked lung damage (Woodson, 2009; Wittram & Kenny, 1994), these
challenges resulted in clinical observations often appearing normal after admission (Gill & Martin, 2015;

Peters, 1981).



Many of the modalities were not included as routine protocol due to the requirement of an active patient
participation (Ranu et al., 2011; Woodson, 2009; Teixidor et al., 1983) in which procedures were not
well tolerated or considered invasive (Muehlberger et al., 1998; Naidich et al., 1997; Schall et al., 1978).
Moreover, the need for patients to be physically transported for evaluation potentially delays the much-
needed treatment (Woodson, 2009; Young & Moss, 1989). An additional deterrent was the possibility
of false positives or negatives due to decreased sensitivity and specificity in the presence of confounding
pre-existing and late progression of lung diseases (Woodson, 2009; Mlcak et al., 2007). It was suggested
that greater diagnostic potential would be achieved when the use of modalities was combined (Woodson,
2009; Cioffi Jr et al., 1991; Schall et al., 1978) or, individual implementation would be more useful in
assessing the progress of inhalation injury and its complications, as opposed to being utilized as a tool
for initial diagnosis (Souza et al., 2004; Casper et al., 2002; Lund et al., 1985). Perhaps the most
applicable limitation, relevant to current clinical settings, related to the commonly observed logistic and
fiscal costs (Enkhbaatar et al., 2016; Tanizaki, 2015; Shiau et al., 2003; Hunt et al., 1975). Burn Centres
may have reported limited resources and a lack of readily available equipment such as bronchoscopes,
along with the trained personnel required to operate the equipment (Palmieri & Gamelli, 2012;

Muehlberger et al., 1998).

1.4.3. Blood gas analysis

The diagnosis of inhalation injury, as determined by arterial blood gas (ABG) analysis, involved blood
sampling and the subsequent measurements of the partial pressures of arterial oxygen (Pa0O,) and arterial
carbon dioxide (PCO,), as well as oxyhemoglobin saturation (SaO,) and carboxyhemoglobin (COHb)
levels (Crapo, 1981). Impaired gaseous exchange (Demling, 2008), injury to the upper or lower airway,
and lung parenchymal damage (Traber et al., 2007; Cohen & Guzzardi, 1983) were consequences
reported when these parameters were altered. Altered ABGs were also indicative of hypoxemia,
specifically characterized by reduced PaO, or SaO; reported in patients with inhalation injury (Tripathi
et al., 1983; Crapo, 1981). ABGs, in addition, also provided acid-base status post-injury indicative of
cellular metabolic alterations (Beresneva et al., 2014; Crapo, 1981) by monitoring pH, base excess or
deficit (BD), and lactate concentration (Mackutwa et al., 2021). Elevated lactate and BD, which in turn
lowered pH, were more commonly associated in patients with severe burns and poorer outcomes
(Mackutwa et al., 2021). Literature showed that the majority of studies investigated these parameters as
potential markers for mortality, but research associated with inhalation injury as the primary outcome
were scarce. Studies have linked altered lactate and/or base-related buffers to conditions associated with
inhalation injury such as sepsis, shock (Mokline et al., 2017; Kraut & Madias, 2014), impeded perfusion
(De Lucas et al., 2020), tissue hypoxemia, impaired oxygenation (Kraut & Madias, 2014; Kraut & Kurtz,
2006), and exposure to cyanide and CO (Kennedy & Cahill, 2020; Kraut & Madias, 2014). This could
provide the basis for using these parameters as clinical markers for the potential presence and degree of
inhalation injury. Additionally, the arterial oxygen tension to inspiratory oxygen fraction (PaO,/FiO; or

P/F) ratio has been suggested as a more reliable marker for injury severity (Erickson et al., 2009). A



reduced P/F measurement corresponded with inhalation injury-related outcomes based on its ability to
quantify gaseous exchange anomalies and stratify hypoxemia (Rice et al., 2007; Piccinni et al., 2006).
To mitigate the invasively acquired P/F values, arterial saturation or standard pulse oximetry saturation
(Sp0O,)/FiO; (S/F) ratio was reportedly utilized (Merlani et al., 2001; Pilon et al., 1997; Roberts et al.,
1991). S/F ratios determined the extent of hypoxia (Bilan et al., 2015), illustrated a strong correlation
with altered PaO, (Perkins et al.,, 2003; Yamaya et al.,, 2002) and notably corresponded to the
simultaneously obtained P/F ratio in the presence of ALI and ARDS (Rice et al., 2007). The S/F ratio
did, however, not indicate related PaCO- levels or acid-base status (Kwack et al., 2018; Rice et al., 2007)

that typically accompany inhalation injury (Mlcak et al., 2007; Park et al., 2006).

Oxygen-related trends were also determined using standard pulse oximetry and CO-oximetry which
avoided blood sampling with traditional ABG analysis. Oximetry evaluation uses differential
spectrophotometric absorbance measurements (Chan et al., 2013; Sinex, 1999) that determine the
amount of Hb-oxygen saturation levels (Chan et al., 2013; Mack, 2007), the development of hypoxia
that follows injury (Pretto et al., 2014; Jubran & Tobin, 2013), and COHb levels (blood CO saturation)
associated with toxin (CO/HCN) exposure (Lindner & Exadaktylos, 2013; Palmieri & Gamelli, 2012;
Demling, 2008). The latter parameter provided information related to gas exchange, metabolic status,
hypoxemia, and COHb levels (Dries & Endorf, 2013; Hampson, 2008; Mack, 2007). Comparatively,
CO would bind more readily to haemoglobin than oxygen forming COHb; therefore, the reduced oxygen
capacity of blood and resultant oxygen delivery to the surrounding tissues (Dries & Endorf, 2013;
Kealey, 2009) could cause tissue hypoxia, acidosis and direct cellular damage (McCall & Cahill, 2005;
Moore et al., 1991). The absence of altered COHb, however, did not exclude the likelihood of toxin
exposure or injury occurrence in general (Symington, 1978) and even in the presence of small cyanide
concentrations (5-10%) in blood were considered abnormal and resulted in significant damage (Trunkey,
1978). Thus, the possibility of inhalation injury being present was still high (Thom et al., 2010; Weaver,
2009; McCall & Cahill, 2005). ABG analysis was reportedly highly beneficial in diagnosing inhalation
injury; however, the disadvantages would make it difficult to have major prognostic value due to delayed
sequalae. Regardless of extensive symptomology, the potential of ABG outputs within normal ranges
was still reported (Ernst & Zibrak, 1998; Young & Moss, 1989), and the presence of inhalation injury
could not entirely be excluded (Wittram & Kenny, 1994; Cohen & Guzzardi, 1983). Difficulty in
determining the true extent of inhalant toxicity has also been observed with varying time measurements,
along with delayed testing versus incidence occurrence (Dries & Endorf, 2013; McCall & Cahill, 2005;
Crapo, 1981). It was proposed that perhaps the merits of ABG as a diagnostic modality were

overshadowed by its unavailability in clinical settings (Piatkowski et al., 2009).



1.4.4. Prognostic scoring systems

1.4.4.1. Grading systems for inhalation injury

Numerous grading systems have been used to predict injury outcomes based on co-factors associated
with burns; however, these have primarily utilized inhalation injury as a prognostic parameter, rather
than predicting the injury itself. Strong prognostic value in predicting burns-related mortality was
observed; however, no standard system has officially been assigned for severity grading, prognosis, or
diagnosis of inhalation injury (Walker et al., 2015; Woodson, 2009). The current scoring systems were
derived from diagnostic outputs that related severity to adverse outcomes, which were dependent on the
range of scores that it fell within. Based on FOB measurements, the abbreviated injury score (AIS)
evaluated injury severity (Endorf & Gamelli, 2007) that reportedly corresponded with impaired gas
exchange and mortality (Albright et al., 2012; Mosier et al., 2012; Hassan et al., 2010). AIS values
ranged between 0 and 4, where 0 was assigned in the absence of inhalation injury and the maximum
score of 4 indicated severe injury. Grades 1, 2, and 3, respectively, represented the presence of mild,
moderate, and severe injury (Albright et al., 2012; Endorf & Gamelli, 2007). Increasing values
correlated with progressively worse clinical findings (Endorf & Gamelli, 2007), while grades 2-4 have
also been associated with reduced survival rates compared to the lower scores. Confounding reports
have noted variable results in its predictive potential (Albright et al., 2012; Mosier et al., 2012;
Woodson, 2009) and ability to determine oxygenation relationships (Davis et al., 2013; Albright et al.,
2012; Davis et al., 2012). The radiologist’s score (RADS) made use of chest computed tomography (CT)
scans to stratify injury severity. Axial scan slices (1 cm) and radiographic findings were assessed, and
the total RADS score was calculated after adding all the individually scored quadrants within the slices
(Oh et al., 2012; Park et al., 2003). Based on the 0-3 RADS range, the highest score was reportedly
indicative of alveolar consolidation (Oh et al., 2012; Park et al., 2003). Moreover, a significant negative
correlation between RADS and PaO, was noted, which also potentially demonstrated the role of RADS
in identifying altered oxygenation status (Megahed et al., 2023). A limitation that potentially reduced
its prognostic value for injury detection during the crucial, initial injury stages was the inability to detect
early injury markers such as small lesions with low density or at a cellular level (Zhan et al., 2019).
Although scoring systems, particularly those for inhalation injury, were minimal, their importance was

highlighted by their consistent significant correlation with prognosticated burns-related mortality.

1.4.4.2. Inhalation injury as a prognostic marker

Grading systems that prognosticated mortality were divided into two categories. One of the categories
consisted of disease-related factors specific to the patients’ condition, and the other comprised
physiological status and medical co-morbidities for critically ill patients (Kim et al., 2019). The
abbreviated burn severity index (ABSI) score was one of the most widely utilized scoring systems (El
Soud et al., 2019) for the prediction of mortality likelihood (Tobiasen et al., 1982a). This model assigned

respective numerical points to patients’ sex, age category, inhalation injury presence, and TBSA (full
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thickness) culminating in a total score ranging between 0 and 18 (Smith et al., 1994; Tobiasen et al.,
1982b). A total score of 8 was estimated to have a 50% chance of mortality, and the probability of
survival declined with increasing scores (Boissin et al., 2019; Dahal et al., 2016; Tobiasen et al., 1982b).
Inhalation injury was assigned one point even if its presence was suspected (regardless of degree)
(Boissin et al., 2019; Brusselaers et al., 2013; Tobiasen et al., 1982b), demonstrating the pivotal role the
condition might play in mortality prediction, regardless of diagnostic confirmation. ABSI scores
predicted survival rates that more closely resembled actual values (El Soud et al., 2019). However, it
was suggested that the ABSI model was not effective in countries where resources were limited due to
variations in clinical practice (Tanita et al., 2020). This prompted Yamamoto and colleagues, (2020) to
modify the ABSI parameters by including the severity of inhalation injury compared to an assigned
uniform score that was now based on independent measurements of associated prognostic factors (such
as mechanical ventilation requirements, closed -paced injuries, bronchoscopic severity findings, etc.). It
was concluded that a modified ABSI was a novel grading system that accounted for inhalation injury
severity and prognosticated the associated adverse outcomes; however, its application in a clinical

setting required validation (Yamamoto et al., 2020).

Other routinely used scoring systems included the Boston (Ryan) (Ryan et al., 1998), Belgium Outcome
Burn Injury (BOBI) (Belgian Outcome in Burn Injury Study Group, 2009), and revised Baux (R-Baux)
scores (Sheppard et al., 2011; Baux, 1961). The Boston (Ryan) score utilized a logistic regression model
and three specific variables (TBSA, age, and inhalation injury) that potentiated the probability of
mortality. A 0.3% chance of death was reported if all factors were absent; 3% and 33% were assigned
if 1 and 2 variables were present, respectively. A score of 90% was denoted in the presence of all three
factors (Ryan et al., 1998). The observed mortality, however, was reported to exceed the calculated
scores (Brusselaers et al., 2005), which suggested that the model under-predicted mortality in patients
with severe injuries with whom mortality was more likely to occur (Sheppard et al., 2011; Sheppard et
al., 2010). The BOBI Study Group aimed to refine the Boston/Ryan score and introduced the BOBI
model (Belgian Outcome in Burn Injury Study Group, 2009), which also utilized the three clinical
variables. Compared to the Ryan model, a stricter definition of inhalation injury was employed, one that
also required mechanical ventilation. High predictive values were demonstrated when different
populations, not only Belgian, were assessed, which mitigated a common drawback observed with these
systems (Brusselaers et al., 2009a; Belgian Outcome in Burn Injury Study Group, 2009). Inhalation
injury was initially omitted completely from the original Baux score; however, the revised model
included the parameter, now known as the R-Baux model (Osler et al., 2010). The addition of the
parameter proved to be highly beneficial since the model had greater predictive value in comparison to

other practical models (Woods et al., 2016; Douglas et al., 2015; Brusselaers et al., 2013).

Only R-Baux, BOBI, and ABSI scores have been externally validated (Dokter et al., 2014; Forster et

al., 2011); however, additional grading systems that have shown good predictive value were the fatality
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by longevity, APACHE II, measured extent of burns and sex (FLAMES) score (Gomez et al., 2008),
Bull probability chart (Bull, 1971), prognostic burn index (PBI) (Yasuda et al., 1986), and Charlson co-
morbidity index (CCI) (Charlson et al., 1987). All these modalities initially excluded inhalation injury
in their predictive calculations, but it has since been included at later stages for some of them. The Bull’s
probability chart was re-evaluated to include inhalation injury and renamed the Clark’s prediction model
(Clark et al., 1986). The PBI system, widely used in Asian countries, also added the inhalation injury
parameter to the model and noted that the mechanical ventilation aspect of the condition was important
in predicting mortality (Kaita et al., 2020). The FLAMES score lacked burn-specific co-morbidities,
which was indicative of its lack of predictive power (Brusselaers et al., 2009b; Tanaka et al., 2007), and
it was proposed that CCI grading system be combined with the burn-specific scores to improve
prediction of mortality in burn patients with burn-specific comorbidities (Knowlin et al., 2016).
Unfavourable results of these scoring systems were suggested to relate to the exclusion of specific
pathophysiological outcomes of cutaneous burns (i.e. ARDS, pneumonia, wound infection, sepsis, etc.)
(Kim et al., 2019; Karimi et al., 2013; Sheppard et al., 2011). Overall, grading systems remain the
primary burn prognostic modality, and while many are realistic enough for mortality prediction
(Sheppard et al., 2011), an ideal prognostic model should be simple, reliable, objective, include burn-
specific co-morbidities, and be applicable in different populations (Kim et al., 2019; Salehi et al., 2017
Tsurumi et al., 2015; Rapsang & Shyam, 2014).

1.5. Inhalation injury prognosis and diagnosis in South Africa

Very few studies have reported on inhalation injury diagnostics in SA, and even fewer have reported on
inhalation injury solely, suggesting a likelihood of the condition being underreported and its prevalence
potentially inaccurately reported (Whitelock-Jones et al., 1999). Of the South African studies that
included inhalation injury as a potential factor, the diagnosis was based on the presence of soot in the
oral or nasal cavities, dyspnea (difficulty in breathing), stridor, dysphonia (hoarseness or vocal changes),
singed nasal hairs, and oro-facial burns (Cloake et al., 2017; Woodson, 2009). With the exception of the
aforementioned details, numerous studies did not aim to report on the diagnosis of inhalation injury;
therefore, specific details were often omitted (Boissin et al., 2019; Maritz et al., 2012). Maritz et al,
(2012) stated that their related clinical parameters and surrounding circumstances were incorporated into
the diagnosis of inhalation injury in their study. A few epidemiology studies have also reported on
inhalation parameters recorded at TBH (in the Western Cape), which could provide a better
understanding of the assessment of thermal injury severity. These studies reported on the medical
records of burns patients that incorporated age (in years), gender, medical history (includes co-
morbidities e.g. human immunodeficiency virus, tuberculosis, etc.), the date and time of burn injury,
etiology or burn agent (hot liquid, flame, shack fire, chemical, electrical etc.), circumstances surrounding
injury such as intentional or unintentional injury and alcohol intoxication at the time of injury, size (%
TBSA), depth (burn degree or thickness), anatomical region or body part burnt, referral and adherence

to referral criteria, hospital stay (department admitted to such as general and intensive care unit (ICU)
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admission, LOS, treatment, discharge, mortality), and ABSI scores (Boissin et al., 2019; Cloake et al.,
2017; Maritz et al., 2012). Some of these factors were incorporated in the criteria used for inhalation
injury prognosis, i.e. the clinical index of high suspicion. More specifically, the history and physical
characteristics that comprised the index included the presence of > 40% TBSA, burns on the face, upper
trunk, and hands, as well as elderly or advanced age. This index, along with the ABSI scoring system,
was used during the current study period at TBH’s WCPATBC to determine the risk of inhalation injury

and mortality, respectively.

The parameters used at TBH also overlapped with studies that reported on inhalation injury diagnosis at
the Red Cross Children’s Hospital (RCCH), CPT, SA (Parbhoo et al., 2010; Van Niekerk et al., 2006;
Whitelock-Jones et al., 1999). Other RCCH studies addressed the presence of inhalation injury through
the inclusion of history and clinical findings such as prolonged exposure in an enclosed environment,
abnormal chest radiographs, decreased PaO,, elevated COHD levels (ABG analysis), and endoscopic
examination results (Rue III et al., 1993; Herndon et al., 1988; Shirani et al., 1987). FOL was also
performed on children with suspected airway injury, and a modified Moylan score, which stratified
inhalation injury into 3 categories: upper airway, major highway, and parenchymal injury was used
(Moylan & Alexander Jr, 1978). Whether the chest radiographs and FOL were routinely used in clinical
practice for diagnosis after admission was not disclosed. Collectively, these studies confirmed previous
findings, demonstrating that subjective and objective measures serve as initial checkpoints for
prognostication and that no standard modality has been established for diagnosis. The delay in diagnosis
and interpretation of the injury in its early stages ultimately affected the survival rates of burn patients,
since inhalation injury was usually only considered on admission and later confirmed using diagnostic
modalities (Whitelock-Jones et al., 1999). Early diagnosis thus remained essential if morbidity and
mortality rates associated with inhalation injury were to improve (Whitelock-Jones et al., 1999).
Variable clinical symptomology also created diagnostic challenges, an outcome attributed to the
multifarious smoke constituents (Rehberg et al., 2009) and possibly due to the differences in
immunological responses between patients. Individualized treatment and clinical management of burns
may be enhanced by identifying prognostic biosignatures more specific to the nature of the injury and
that of the patient, which would not only predict the presence of inhalation injury, but also the severity
of the pulmonary complications. This would facilitate an accurate prognosis for burn patients, especially

in those with a predisposed likelihood of mortality (Finnerty et al., 2012).

2. Micro(mi)RNAs

2.1. MiRNA genomics
The human genome consists of numerous types of coding and non-coding RNA. Of the two categories,
non-coding (nc)RNAs provide their function without undergoing translation into a protein (Ying et al.,

2008). This group comprised the most sub-groups, viz. translation-related, small, and long ncRNAs,
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with each sub-group further subdivided (Diamantopoulos et al., 2018). MiRNAs were first identified in
1993 as a subset of regulatory, small non-coding RNAs in the nematode Caenorhabditis elegans by Lee
and co-workers at Harvard University. The group observed the presence of the /in-4 gene in the
nematode, which encodes two small RNA products: a 22-nucleotide (nt) RNA and a longer 61-nt RNA.
The longer RNA was predicted to have a stem-loop structure and was suggested to be the precursor of
the shorter strand. The shorter /in-4 transcript was recognized as the first member of the miRNA family
(Lee et al., 1993). These biomolecules belonged to a group of small, non-coding RNA molecules
approximately 18-25 nt in length (Chou et al., 2018; Ambros, 2001; Lee et al., 1993). In humans,
miRNAs accounted for 1-5% of the human genome (MacFarlane & Murphy, 2010; Rajewsky, 2006),
and more than 2000 have been identified (Pan et al., 2018; Hammond, 2015; Kozomara & Griffiths-
Jones, 2011). These endogenous molecules existed with numerous small RNAs, but possessed 3’
hydroxyl and 5" phosphate groups, which was a characteristic that, along with their origin and function,
distinguished miRNAs from the rest of their family (MacFarlane & Murphy, 2010; Ambros et al., 2003).
Initially, the miRNA precursor molecules were 60-90 nt long and presented with a hairpin, stem-loop
structure as they paired with their relative target sites within one strand. After numerous processing
events, the functional, single-stranded miRNA consisted of 19-25 nt (Altuvia et al., 2005; Bartel, 2004;
Ambros et al., 2003). MicroRNAs were located within the host gene introns (non-coding regions) or
within the intergenic regions of adjacent protein-coding sequences (Rodriguez et al., 2004; Lagos-
Quintana et al., 2001). These molecules were also found in close proximity to other miRNAs on the
same transcript and were presented in clusters or families. These clusters consisted of between 2 and 7
genes with short intervals that a single or numerous promoters can transcribe (Wahid et al., 2010; Kong

& Han, 2005; Lagos-Quintana et al., 2001).

2.2. Biogenesis of miRNA

Prior to its mature and functional form, miRNA undergoes a series of events during biogenesis. These
events were mediated by an array of proteins, which included RNA polymerase 11, Drosha (an RNase
III enzyme), DiGeorge Syndrome Critical Region 8 Protein (DGCRS or Pasha, the binding partner to
Drosha), Exportin-5 (XPOS5, a nuclear transport receptor protein), Dicer (an RNase III enzyme),
Argonaute 2 (Ago2), and RNA-induced silencing complex (RISC). The canonical (dominant) pathway
follows the transcription of long primary (pri) miRNA by RNA polymerase II from different genomic
locations. The priRNA was, in turn, cleaved into a hairpin precursor miRNA (pre-miRNA) by the
microprocessor complex consisting of Drosha and DGCRS (Denli et al., 2004; Han et al., 2004). The
transporter, XPOS5, then bound to and translocated the pre-miRNA from the nucleus into the cytoplasm,
where the stem loop region was cleaved by Dicer, forming a miRNA:miRNA* (guide:passenger* strand)
duplex (Okada et al., 2009; Denli et al., 2004). The duplex then consisted of a guide strand, which was
the mature miRNA, and a passenger strand (Ha & Kim, 2014). The duplex then dissociates, and the
passenger strand is usually degraded, where the Dicer-guide complex binds to RISC containing Ago2,

forming the miRISC complex. This complex was now the mature, functional miRNA that acted on its
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specific messenger (m)RNA targets (Yeung et al., 2005). Additionally, multiple non-canonical pathways
were also shown to be involved in miRNA biogenesis (Hayder et al., 2018) and made use of different
combinations of proteins presented in the canonical pathway comprised mainly of Drosha, Dicer, XPOS5,

and Ago2 (O’Brien et al., 2018).

2.3. Mechanism of action

After miRNA processing and incorporation into RISC, the mature miRNA exertes their function by
interacting and regulating target mRNA in a sequence-specific manner, where the complementarity of
the bases regulates the modulatory outcome (Lagos-Quintana et al., 2001). The miRNA biomolecules
had a “seed sequence” (located 2—8 nt in the 5° end of mature miRNA), which was critical for target
recognition, and would complementarily bind to mRNA target sites in the 3” untranslated region (UTR)
of these transcripts (Bartel, 2009; Lewis et al., 2005; Lai, 2002; Ambros, 2001). Based on the amount
and position of mismatching nt (complementarity within the 5’ seed region and 3’ part of miRNA), there
were essentially 3 groups of functional target sites. One group consists of 5’-dominant canonical target
sites, which paired well with both 5” and 3’ ends (Brennecke et al., 2005). The second group was the 5'-
dominant seed-only target sites, which were similar to the first group in function. However, it had a
limited amount of base pairing with the remaining transcript, as it exhibited little or no pairing with the
3’ end (Brennecke et al., 2005). The third group differed from the previous groups and consisted of
mismatches at the seed site. A wide range of pairing with the miRNA 3’ region, known as the 3’
compensatory target sites, was observed (Brennecke et al., 2005). The above non-canonical pathways,
however, were reported to be rare in mammals (Friedman et al., 2009). Gene expression and protein
translation were thus dependent on seed sequence complementarity to its target site via two modes of
binding: imperfect and perfect pairing/binding. The more common mode of binding occurred through
imperfect binding, where only a specific region was perfectly complementary. This imperfect binding
to partially complementary sequences led to the repression of protein translation and the sequestration
of mRNA by the cytoplasmic processing bodies, which contained the mRNA degradation enzymes.
Alternatively, perfect base-pairing homology resulted in RNA-mediated interference (RNAi) (Ambros,
2001), causing cleavage and degradation of mRNA by Ago2 in RISC (Van den Berg et al., 2008;
Okamura et al., 2004). This perfect complementarity between miRNA and mRNA, and the resultant
silencing occurred more rarely. In addition to these direct miRNA-to-mRNA binding mechanisms,
recruitment of factors associated with mRNA decay, destabilization, degradation, and reduced

expression levels was also stimulated and played a functional role (Bhaskaran & Mohan, 2014).

After transcript pairing, the primary ways in which gene expression and the translation of proteins were
mediated by miRNA were through miRISC gene silencing, translational activation or repression, as well
as transcriptional and post-transcriptional regulation (Bartel, 2004; Ambros, 2001; Lagos-Quintana et
al., 2001). Gene silencing by miRISC occurs after dicer cleavage and is followed by the assembly of
mature miRNA with Ago2, ultimately leading to the formation of RISC (O’Brien et al., 2018). The
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Ago2 protein recruited GW182 proteins (Perconti et al., 2019), resulting in recruitment of several
downstream effector proteins involved in de-capping, RNA unwinding, and deadenylation (Behm-
Ansmant et al., 2006), all of which affected gene expression. Ago2 thus acted as a catalytic enzyme with
the outcome of protein recruitment that promoted translational repression, mRNA destabilization
(Martinez & Gregory, 2013; Iwasaki & Tomari, 2009), and ultimately targeted mRNA degradation.
Moreover, translational activation was also mediated by Ago2 (in RISC) and FXR1 proteins (along with
GW182) recruited into a miRNA protein complex (Bartel, 2009; Carthew & Sontheimer, 2009) that
reportedly upregulated miRNA-mediated regulation (Truesdell et al., 2012; Vasudevan & Steitz, 2007)
and subsequently also inhibited translation (Filipowicz et al., 2008; Peters & Meister, 2007).
Translational repression was described by the Ambros group (Lee et al., 1993), which was affiliated
with the discovery of the first miRNA. The group assessed nematode clones for mutants that may affect
the temporal control and timing of post-embryonic development, specifically during the four different
larval stages (L1-4). After the genetic screening, the presence of the /in-4 gene was observed, a gene
crucially involved in normal temporal control in the timing of larval development. However, the gene
was not found to encode for a biologically active protein but instead coded for /in-4 miRNA. The /in-4
transcripts had complementarity to repeated sequences in the 3> UTR of the /in-14 mRNA gene. This
gene codes for the LIN-14 protein, which is abundant in the nuclei of L1 larvae and late-stage embryos.
The regulation of /in-14 mRNA by the /in-4 miRNA subsequently resulted in decreased LIN-14 levels,
without significant changes in /in-14 itself. The outcome of this repression was found to be essential in
regulating the cell division transition from L1-L2 larval stages (Lee et al., 1993; Wightman et al., 1993).
The study demonstrated the imperfect pairing relationship that resulted in translational repression of /in-

14 mRNA and subsequent negatively regulated levels of LIN-14 protein.

2.4. Location and circulation of miRNA

2.4.1. MicroRNA in exosomes

Studies have reported that miRNAs are contained within small bioactive vesicles called exosomes that
circulate in body fluids (Chen et al., 2008; Mitchell et al., 2008; Valadi et al., 2007) and are also bound
to proteins or lipoproteins. Exosomes are membrane-bound vesicles (40-100 nm in diameter) that are
actively released from various cell types, including immunocytes, platelets, endothelial, smooth muscle,
and blood cells (Liao et al., 2014; Saunderson et al., 2014; Wieckowski & Whiteside, 2006). The cells
released the vesicles through exocytosis and were therefore extracellularly accessible in bodily fluids
(Miao, 2017; Cheng et al., 2014; Mathivanan et al., 2010). Apart from direct exocytotic shedding, cells
also produce endosomes that formed smaller invaginating portions and are released as exosomes (Van
der Pol et al., 2012; Gruenberg & Van der Goot, 2006; Heijnen et al., 1999). Exosomal vesicles promoted
cell-cell communication, intercellular signaling, and immunoregulation by travelling varying distances
in the body and transporting their regulatory contents to neighboring or distant cells (Harvey et al., 2015;
Zhang et al., 2015; Valadi et al., 2007). This subsequently modulated these recipient cells (Zhang et al.,
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2015; Ismail et al., 2013) and provided information regarding their functionality (Vickers & Remaley,
2012; Hong et al., 2009; Simons & Raposo, 2009). Its function, on a translational basis, was first
demonstrated after the transfer of its constituents into a recipient cell (Valadi et al., 2007). However,
functions were also exerted through the direct interaction between its transmembrane proteins and the
signaling receptors of target cells (Munich et al., 2012). Bound forms were also released into
neighboring cells after endocytosis and subsequent transcytosis, or they could undergo degradation after
becoming mature lysosomes (Mulcahy et al., 2014; Tian et al., 2013). The transferred cargo determined
the function which reportedly included an array of molecules, viz., lipids, proteins, and various nucleic
acids such as DNAs, mRNAs, and miRNAs, and other non-coding RNAs (Sato-Kuwabara et al., 2015;
Moldovan et al., 2013; Simpson et al., 2012). MicroRNAs were the major constituents of exosomes and
were of greater interest owing largely to their regulatory functions in gene expression and the resultant
implications in both normal and diseased states (Miao, 2017; Sohel, 2016; Zhang et al., 2015). These
biomarkers were estimated to regulate over a third of human protein-coding genes (Bartel, 2009) and
were selectively released (Noferesti et al., 2015; Mar-Aguilar et al., 2013) by active or passive processes.
An active mechanism involved release into the circulatory environment, and passive mechanisms
included cell lysis, apoptosis, and necrosis (Anfossi et al., 2014; Vickers & Remaley, 2012; Arroyo et
al., 2011). Moreover, the proportions and profiles in exosomes differed from those of the parent cells
(Miao, 2017; Forterre et al., 2014; Goldie et al., 2014), further demonstrating their active capability in
exosomes and their mechanistic roles in cells (Sohel, 2016). MiRNAs were also packed into high-density
lipoproteins (Tabet et al., 2014; Vickers et al., 2011) and found externally to vesicles as Ago2-miRNA
protein complexes (Arroyo et al., 2011). The locations of miRNA were ideal for stability and protection

from degradation by RNases (Boon & Vickers, 2013; Vickers & Remaley, 2012; Chen et al., 2008).

2.4.2. MicroRNA in human bodily fluids

Studies have reported that miRNA exists in a stable form in numerous bodily fluids (Lv et al., 2013;
Gallo et al., 2012; Zhou et al., 2012), including blood (Gallo et al., 2012; Arroyo et al., 2011; Cortez &
Calin, 2009). Blood-derived serum and plasma have long been the subjects in determining which of the
two materials served as a larger miRNA reservoir. Circulating miRNAs were largely evaluated in blood
serum, due to its accessibility as a fresh or frozen source (Pascut et al., 2019; Schoéler et al., 2011). Wang
et al, (2012) demonstrated a larger yield of miRNA from serum compared to corresponding plasma
samples, which was further supported by Mitchell and colleagues, (2008). The former group owed the
observed difference to the coagulation process attributed to miRNA released from blood cells, as well
as intrinsic and extrinsic factors (Wang et al., 2012). In contrast, Dufourd et al, (2019) demonstrated
that plasma was more effective compared to serum for translational studies (Dufourd et al., 2019).
Similarly, when levels of miR-15b, -16, and -24 were assessed, the plasma samples showed higher
concentrations than the serum samples (McDonald et al., 2011). It was suggested that biased results
between serum and plasma were attributed to the presence of cellular contaminants from various cell

types such as erythrocytes or platelets; preanalytical variables such as blood tube type and storage; or
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analytical variables such as differences in sample processing protocols (McDonald et al., 2011).
Inconsistencies reported between plasma and serum also potentially existed due to the difference in

methods used to separate the two (Tiberio et al., 2015; Cheng et al., 2013; Kroh et al., 2010).

Whole blood, as an alternative source of miRNA, had also garnered elevated interest (Patnaik et al.,
2012; Hausler et al., 2010), based on the presence of various cellular sources including platelets,
neutrophils, granulocytes, monocytes, red blood cells, and mononuclear cells (Atarod et al., 2014;
Pritchard et al., 2012; Radom-Aizik et al., 2012) as well as the potential role of miRNAs as
immunoregulatory molecules (Jasinski-Bergner et al., 2014; Okada et al., 2010; Sasaki et al., 2010).
Therefore, miRNA expression levels in whole blood would be associated with both non- and blood-
borne conditions (Keller et al., 2011). Studies evaluating miRNA in whole blood reported on its
involvement in numerous conditions that included spontaneous preterm labour (Paquette et al., 2019);
fetal hypoxia (Whitehead et al., 2013); toxicity (Correia et al., 2017; Laterza et al., 2009); pulmonary
tuberculosis (Latorre et al., 2015); and pneumonia in children (Huang et al., 2018). Moreover, numerous
oncological studies that utilized whole-blood samples have observed differentially expressed miRNA
levels with high percentages of sensitivity and specificity (Pascut et al., 2019; Alunni-Fabbroni et al.,
2018; Leidinger et al., 2014; Patnaik et al., 2012). Whole blood was also the more favoured sample type
since obtaining samples only required standard blood collection, which evaded invasive approaches and
was less time-consuming compared to processing required for prior separation with serum and plasma
(Mariner et al., 2018; Ng et al., 2009). The differential accessibility and presence of miRNAs were
closely linked to their potential as biomarkers (Molina-Pinelo et al., 2012), and based on these
properties, they were suggested to be highly suitable for the prognosis and diagnosis of various

pathophysiological states (De Guire et al., 2013; Jacob et al., 2013; Cortez et al., 2011).

2.5. MicroRNAs in lung development and disease

In many cell types, the common modality of miRNA modulation was the ability to form the
differentiated mature state of a specific cell type from its preliminary progenitor cell type (Ivey &
Srivastava, 2015). In addition, with almost all cell types, miRNAs modulated numerous cellular
functions such as cell growth, proliferation, differentiation, and apoptosis (Ranganathan & Sivasankar,
2014); thus, any deviation from typical expression levels had potential adverse consequences, which
was critical in pathological outcomes (Paul et al., 2018; Bhaskaran & Mohan, 2014; Tiifekci et al., 2014).
The presence of miRNAs and their differential expression therefore made for useful cell recognition
markers since location and function were cell and tissue-specific (Ranganathan & Sivasankar, 2014;
Zhang, 2008). Its role in physiological events is reported to begin as early as embryo development and
growth (Rosenbluth et al., 2014; Xie et al., 2014; Pernaute et al., 2011; Rosa et al., 2009). Specific
miRNA that were upregulated in neonatal lungs were also different from those in adult lungs, illustrating
the dynamic ability of various miRNAs to regulate pulmonary development during specific phases

(Wang et al., 2007). Reported miRNAs involved in normal and pathological lung outcomes have
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included miR-155, miR-26a, miR-29, let-7, miR-15/16, miR-233, and miR-146a/b (Tomankova et al.,
2010). These were shown to play a role in lung immunity (Rodriguez et al., 2007), early lung
development (Johnnidis et al., 2008; Lu et al., 2007), and lung homeostasis (Fabbri et al., 2007; Johnson
et al., 2007). Moreover, miR-146a and miR-146b involvement was also observed in pulmonary
inflammation and maintenance, particularly with mediating interleukin (IL)-1p, tissue necrosis factor
(TNF)-a, and various proinflammatory cytokines (Abd-El-Fattah et al., 2013). Inflammatory responses
to pulmonary-related viral and bacterial infiltration were also linked to the differential regulation of
miR-233, miR-200a (Abd-El-Fattah et al., 2013), the miR-17 family, miR-574-5p, miR-214, and miR-
98 (Mallick et al., 2009). Importantly, studies demonstrated altered miRNA profiles with respiratory
pathological conditions that were dominated by inflammation such as chronic obstructive pulmonary
disease (COPD) (Francis et al., 2014; Angulo et al., 2012), sarcoidosis (Jazwa et al., 2015), asthma (Wu
et al., 2014), emphysema (Francis et al., 2014; Sessa & Hata, 2013), lung cancer (Huang 2013; Bianchi
et al., 2011), cystic fibrosis (Viart et al., 2015; Clunes et al., 2012), ALI or ARDS (Yan et al., 2019b;
Ferruelo et al., 2018; Wang et al., 2016) and tobacco/cigarette smoke related studies (Graff et al., 2012;
Pottelberge et al., 2011). The ubiquitous expression of miRNAs, along with their vast modulatory
functionalities, was not limited to the aforementioned findings but should provide an indication of the

extent to which miRNAs can regulate tissue outcomes during normal and pathological events.

2.6. Expression of miRNAs in thermal injury

Altered miRNA levels were observed in thermal injury; however, the majority of these studies utilized
rat and murine models, with limited investigations focusing on humans and inhalation injury. Denatured
rat tissues and skin cells after burn-induced wounds were investigated specifically for miR-29a level
because of its presence during tissue remodeling and healing. MiR-29a was up-regulated, and its
inhibition increased the proliferation and migration of skin cells after injury. The potential role of miR-
29a during burns and wound healing was demonstrated by its regulatory functions on skin cells, type-1-
collagen and vascular endothelial growth factor-A (Zhou et al., 2016). Studies that used mouse models
and excised antemortem and postmortem burned dorsal skin for analysis reported 24 differentially
expressed miRNAs in both antemortem and postmortem tissues (Lyu et al., 2018). Increased levels of
miR-711 and miR-183-3p were also reported in postmortem murine burnt skin and confirmed in human
skin specimens (Zhang et al., 2020a). Additionally, denatured dermis (deep partial thickness burns) of
burn patients was collected 4 days post-injury for miRNA analysis. A total of 66 miRNAs were
identified after implementing cut-off points compared to normal skin. These profiles were confirmed by
pathway analysis that showed the occurrence to be as a result of the thermal injury (Liang et al., 2012).
Burns-induced conditions, such as skeletal muscle atrophy and resultant hypoglycemia, were also
analyzed for differential miRNA profiles. The typical muscle wasting model of a rat tibialis anterior
muscle with induced full-thickness burns for a specific period of time displayed significantly expressed
miRNAs, which included miR-628 (Yu et al., 2016), rno-miR-628, and rno-miR-483-5p (Haijun et al.,

2015). Pathways analysis demonstrated a direct link between its altered expression and muscle wasting
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in thermal injuries (Haijun et al., 2015). Although muscle wasting typically occurs with cutaneous burns
as a direct insult to the skin tissue (Walker et al., 2015; Tanizaki, 2015; Rehberg et al., 2009), similarities
may exist between the two conditions due to their ability to cause injury via direct insult and subsequent
inflammation. Hypoglycemia, a consequence of muscle wasting, also involved altered miRNA profiles
(specifically let-7b and miR-194), and observations were confirmed using the serum of 14 burns patients
(Zhang et al., 2017b). MiRNA in burn-induced outcomes after alcohol consumption have also been
investigated. The expression of miR-150, in particular, was assessed in impaired intestinal epithelial
cells of mice in response to ethanol consumption followed by scalding. MiR-150 modulated
inflammatory mediators and was suggested to alter miRNA processing enzymes involved in biogenesis.
Decreased levels of Drosher, Ago2, and miR-150 were observed, of which the latter was proposed as
the agent that induced intestinal inflammation through increased IL-6 and chemokine levels.
Additionally, the altered status of biogenesis components could affect the expression of numerous

miRNAs involved with the condition’s pathology (Morris et al., 2017).

Two reports have focused on miRNA expression profiles of inhalation injury using smoke inhalation
injury-induced mice (Zhang et al., 2020c) and rat (Xiao et al., 2018) models for analysis. The latter
investigated both miRNA profiles and inflammatory mediators (IL-6, IL-10, and TNF-a) in rat
bronchoalveolar lavage fluid and blood plasma (Xiao et al., 2018). Zhang et al, (2020c) assessed the
effects of the presence and absence of miR-155 after inducing smoke inhalation injury. Altered lung
tissue damage was observed in miR-155 deficient mice, along with the reduction of neutrophil and
monocyte infiltration, alveolar septum thickening, and ALI promotion. The authors reported a degree of
protection against smoked-induced inflammation, which they attributed to miR-155 absence. Xiao et al,
(2018) reported 25 differentially expressed miRNAs, of which 7 were validated from a group of 9
candidate miRNAs. Additionally, inflammatory mediators such as plasma IL-6, IL-10, TNF-a, and
bronchoalveolar lavage fluid IL-10 increased at varying periods post-injury. These factors played a role
in injury-induced inflammation typically associated with inhalation injury. Studies also observed altered
IL-6 levels and miRNA expression in an inhalation injury model (Xiao et al., 2018). IL-6 and TNF-a
were also shown to correlate with the severity and prognosis of inhalation injury (Ding et al., 2017;
Davis et al., 2013; Finnerty et al., 2006), while IL-10 played a role as an anti-inflammatory and
immunosuppressive factor (Sun et al., 2011; Wang et al., 2000). Several miRNAs were reported to
regulate I1L-6, -10, and TNF-a, to name a few (Salvi et al., 2019), and the association between miRNAs
and cytokine regulation has been extensively reviewed (Tahamtan et al., 2018). Cytokines can be
targeted directly by miRNAs or indirectly by post-transcriptionally modulating proteins that ultimately
regulate cytokine levels (Salvi et al., 2019). Moreover, miRNAs were also induced by cytokines which
in turn alter other cytokines e.g. IL-10 reportedly induced miR-187 with the subsequent regulation of
IL-6, IL-12p40 and TNF-a (Rossato et al., 2012). Zhang et al, (2018) observed differentially expressed
miRNAs that were involved with numerous inflammatory and apoptotic cellular pathways in early post-

burn stages using Sprague-Dawley rat lungs with 30% induced TBSA. The bioinformatic analysis
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suggested these miRNAs to be involved with numerous inflammatory and apoptotic cellular pathways
in early post-burn stages (Zhang et al., 2018), which were resultant sequelae of inhalation injury (Cox
et al., 2009; Gero & Szabd, 2008). Thus, it could be postulated that should lung tissue have been
analyzed in the above-mentioned reports, involvement of the same pathways may have been observed
if the primary outcome was to investigate inhalation injury specifically. Active pathways in cutaneous
burns may also be involved in those associated with inhalation injury; however, the complex nature of
inhalation injury, the differential expression of miRNA, and the resultant involvement of additional or

varying pathways could all contribute to differentiating between the two conditions.

2.7. Expression profiling of miRNAs

Determining the differential concentrations of miRNA in experimental samples has been the most ideal
and straightforward method to determine interrelations with physiological processes (Varallyay et al.,
2008). Numerous detection methods for miRNA profiles have been utilized and the more widely used
methods include northern blotting, real-time quantitative reverse transcription polymerase chain reaction
(RT-gqPCR), microarray analysis, and RNA sequencing (RNA-seq) coupled with next-generation
sequencing (NGS). Both mature and precursor miRNAs were detected using Northern blotting based on
molecular size and abundance (Bollati & Dioni, 2019; Ye et al., 2019); however, it was only useful in
detecting the expression of single, mature miRNAs (Varallyay et al., 2007). Similarly, RT-qPCR, which
comprised two methods—“universal” and “specific” RT-qPCR—could only detect the expression of a
single, mature miRNA. While RT-qPCR was considered the “gold standard” (Benes & Castoldi, 2010)
and analyzed specific miRNAs in a sample, Northern blots assessed numerous miRNAs that were not
specifically targeted (Bollati & Dioni, 2019). Albeit a highly sensitive, specific, and reproducible
method for miRNA expression quantification (Shi & Chiang, 2005; Livak & Schmittgen, 2001; Heid et
al., 1996), RT-qPCR was more commonly utilized for the validation of known profiles (Rooda et al.,
2020; Fauth et al., 2019). Therefore, larger-scale analysis with RT-qPCR was limited by the requirement
of prior analysis using high-throughput methods (viz. microarray and NGS analysis) to detect the
expression of all nucleic profiles (Carpenter et al., 2022) before profile selection and analysis can
commence. The multiplex microarray modality afforded expression analysis at a high speed (Ouyang et
al., 2019) and rapidly screened numerous miRNAs using a reference ladder of known miRNA
sequences. Although more cost-effective (Bollati & Dioni, 2019), the inability to detect novel sequences
was a notable challenge met by the more sensitive NGS (Ouyang et al., 2019; Hunt et al., 2015; Wang
& Xi, 2013).

Profiling with RNA-seq has gained popularity due to the specificity of NGS methods in transcriptome
detection, i.e. miRNA-seq (Bisgin et al., 2018). Unlike the more common profiling methods, the
advantage of NGS was based on its ability to profile both known, unknown, and predicted miRNAs
(Stokowy et al., 2014; Liu et al., 2011); therefore, the discovery of most of the novel miRNA sequences
was attributed to the employment of NGS methods (Friedldnder et al., 2008). The initial steps in NGS
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was to determine the miRNA sequence/s in a given sample, followed by aligning the short reads to a
miRNA repository or database that contained known, available miRNA reference sequences and related
data (Liu et al., 2011). RNA isolation, followed by RNA reverse transcription of the sample DNA and
subsequent amplification, then took place. The latter comprised an important step called library
construction that, in summary, involved adapter ligation and amplification (Hu et al., 2017; Moody et
al., 2017). Adapters bind to the 5’ and 3’ ends of miRNA sequences and act as markers detected during
amplification (Moody et al.,, 2017; Li et al., 2015). Emulsion or bridge PCR was utilized for
amplification (Moody et al., 2017) and was repeated until complementary DNA was sufficiently
produced (Ma et al., 2013) and also acted as the detected signal (Hu et al., 2017). Following successful
library preparation (the completion of ligation and amplification), data and statistical analysis

commenced (Li et al., 2015).

Several sequencing systems have been designed, which included Roche-454 pyrosequencing and
sequencing by oligonucleotide ligation and detection (SOLiD) as well as the more commonly utilized
Ion Torrent and Illumina-Solexa HiSeq/MiSeq/TruSeq systems. Roche-454 pyrosequencing and SOLiD
were discontinued due to high error and cost rates, while shorter read lengths and long run times further
supported the discontinuation (Saleem, 2020). The modification of Roche-454 yielded the Ion Torrent
system (Saleem, 2020), which was highly advantageous in being cost-effective with less turnaround
time (Kanzi et al., 2020; Diekstra et al., 2015), but not without higher false positives (Quail et al., 2012).
It was, however, highly comparable (Marine et al., 2020) to the currently more popularly used Illumina
NGS platform (Kanzi et al., 2020). The Illumina system allowed projects to be tailored, offering cost-
effective options and design flexibility that accompanied the intended use of output data for specific
study designs (Buermans & den Dunnen, 2014; Voelkerding et al., 2009). Illumina platforms also
utilized sequencing-by-synthesis technology that involved bridge amplification and cluster generation
on the flow cell microchip. This allowed for mass-scale, parallel sequencing of small colonies/clusters
from generational copies of clonally enriched DNA templates, followed by fluorescent detection of these
clusters (Shendure & Ji, 2008). [llumina-related modalities had faster turnover rates and a larger output
(Liu et al., 2012), and although comparable to lon Torrent, studies have shown favour with the former
justified by lower sequencing error rates (Salipante et al., 2014; Loman et al., 2012; Quail et al., 2012;
Lam et al., 2011). Additionally, Tam et al, (2014) compared a criterion of functionality on microarrays
and numerous NGS systems and demonstrated the preferential use of NGS based on superior sensitivity,
accuracy, and robustness for miRNA profiling in tissues. In the absence of predesigned genes/probes,
NGS was the ideal candidate for miRNA expression profiling since it was not limited to only the
detection and validation of known miRNAs, but also detected increased numbers and the discovery of

novel miRNAs (Tam et al., 2014; Mathelier & Carbone, 2010; Motameny et al., 2010).
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3. Research problem and rationale

Inhalation injury resulted in respiratory-related damage ranging from supraglottic region insult to
chemical irritation and systemic toxicity (Orozco-Pelaez, 2018; Sheridan, 2016; Dries & Endorf, 2013),
with the latter degree representing severe clinical cases. The varying circumstances (smoke components,
fire origin, exposure duration, and underlying co-morbidities (Walker et al., 2015; Rehberg et al., 2009;
Traber et al., 2007) have resulted in non-specific clinical outcomes that presented with latent
symptomology, manifesting up to 4 days after incidence (Masanés et al., 1995). These complexities not
only made prognosis and diagnosis difficult (Sheridan, 2016), but also increased the chances of
misdiagnosis (Foncerrada et al., 2018) and were associated with high morbidity and mortality rates
(Lipovy et al., 2011). Since the nature of inhalation injury was complex, management and treatment had
therefore largely been supportive and differed drastically from cutaneous burns, whose treatment would
often only require excision and grafting (Karimi et al., 2016; Tanizaki, 2015; Dries & Endorf, 2013).
While the current prognostic and diagnostic modalities remained the cornerstone of burn injury care,
not many were effective enough for complete prediction (Sheppard et al., 2011). The initial diagnostic
step was to evaluate the history and physical findings; however, since patients may have been
unconscious and/or some of the classic signs may be absent, inhalation injury could be overlooked
during this crucial period. These assessment factors alone were reportedly not strong prognostic and
diagnostic indicators (Kim et al., 2017) and provided minimal insight into disease progression (Cancio,
2009). The factors have been incorporated as prognostic collectives into scoring models that have been
shown to have great predictive value. However, scoring systems were reportedly too time-consuming
for clinicians to make early diagnoses, and comorbidities along with applications in varying populations
were often not taken into account (Kim et al., 2019; Salehi et al., 2017; Heng et al., 2015), which
influenced sensitivity and specificity (Tsurumi et al., 2015). The need for prompt prognosis or early
diagnosis was highlighted as pivotal and was supported by reports of a resultant reduction in morbidity

and mortality (Whitelock-Jones et al., 1999).

While no standard diagnostic criteria exist, several diagnostic modalities were reported to accurately

confirm the presence of inhalation injury after admission, and some have been used routinely in clinical

settings. These, however, were also not without limitations which included:

(i)  Impracticality involved with costs, around-the-clock trained personnel, time constraints,
availability, and variability between institutions (Walker et al., 2015; Muehlberger et al., 1998).

(i) Inability to detect injury in its initial stages and detection was confined to limited anatomical
divisions, thereby displaying only a degree of injury (Muehlberger et al., 1998; Hunt et al., 1975).

(ii1)) Lack of sensitivity in detection or prediction (Muehlberger et al., 1998; Wittram & Kenny, 1994)
and procedures may have been invasive or intolerable (Naidich et al., 1997).

(iv) Anomalies were not easily identifiable, appearing normal even 1 to 2 days post-onset (Gillen et

al., 2011; Chou et al., 2004).
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The above-described deficits demonstrated the necessity for a prognostic modality that would not only
consider the nature of burn injuries, but would also accurately, reliably, and efficiently diagnose thermal
injuries on admission or shortly thereafter. Moreover, in order to reduce associated mortality and
morbidity rates, the ideal prediction model should be simple, reliable, and objective as well as have
validity and the ability to be applicable within different populations (Kim et al., 2019; Salehi et al., 2017;
Rapsang & Shyam, 2014). Identifying prognostic biosignatures specific to the nature of the injury and
that of the patient, would allow for the prediction of the severity of pulmonary complications and
subsequent mortality predisposition. This would facilitate an accurate prognosis for burn patients
(Finnerty et al., 2012). Consequently, by identifying these biomarkers, medical practitioners could treat
the patient in the early stages of development, even before the latent physical symptoms manifest.
Ideally, exemplary biomarkers must have the following characteristics: (i) easily detectable and
quantifiable (Pattarayan et al., 2018); (ii) obtainable using minimum invasive methods (Molina-Pinelo
et al., 2012); (iii) remain stable with little to no degradation after collection (Pattarayan et al., 2018); (iv)
well-preserved for long- and/or short-term storage, allowing for defrosting and re-cryopreservation of
the samples (Liu et al., 2009a; Xi et al., 2007), and (v) the expression must be disease-specific
(Pattarayan et al., 2018). Small non-coding sequences, i.e. miRNAs, were shown to possess all the
aforementioned attributes, and their function in disease modulation has gained widespread recognition
for its early predictive potential in the diagnosis and evaluation of numerous pathological diseases (Ghai
& Wang, 2016; Cortez & Calin, 2009). It was postulated that these biosignatures play a crucial role in
identifying and understanding the relationship between measurable biological processes and clinical
outcomes, and may therefore significantly contribute to determining the presence of inhalation injury,

its severity, and its potential respiratory complications.
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4. Aims and objectives
The primary outcome of the study was to identify potential clinical and biological markers that could
determine the presence, varying degrees and/or associated respiratory complications of inhalation injury

in burn patients.

The aims and their respective objectives were:

Aim 1. To compare burns population dynamics in the current setting with those of similar demographic
and/or clinical settings.

Objective: To report on the potential alignment between the sociodemographic factors, injury
characteristics and clinical parameters from patients at TBH’s WCPATBC with reports from similar
LMIC and/or clinical backgrounds using the student-T or Mann-Whitney U test and the Fisher’s exact

test.

Aim 2. To assess the relationship between inhalation injury and mortality.
Objective: To evaluate inhalation injury as a potential co-factor for the mortality cases observed in burns
patients admitted to TBH’s WCPATBC by utilizing the Fisher’s exact, Pearson’s point biserial or

Spearman’s correlation coefficient test and partial least squares regression.

Aim 3: To analyze clinical factors contributing to the presence of inhalation injury and/or increasing
degree.

Objective: To determine which clinical factors retrieved from medical files from TBH’s WCPATBC
and presented on or shortly after admission, viz. socioeconomic and injury characteristics; potentially
contributed to inhalation injury presence and/or degree by utilizing the Fisher’s exact, Pearson’s point

biserial or Spearman’s correlation coefficient test and partial least squares regression.

Aim 4: To identify differentially expressed miRNA profiles from the selected burns patients admitted to
TBH, WCPATBC.
Objectives:
(i) To isolate total RNA samples containing miRNAs and evaluate total RNA quality (RNA
integrity numbers- RIN) and quantity (small RNA percentage and absorbance readings).
(ii) To identify exemplar samples based on high clinical index of suspicion, RIN values, small
RNA percentage and absorbance readings.
(iii) To determine differentially expressed miRNA sequences/reads of exemplar samples using
Illumina NextSeq 550 platform and sSRNA-bench pipeline.
(iv) To identify DE miRNA for pathways analysis based on threshold cut-off values that
included DE miRNAs that overlap between two sRNA-bench pipelines (EdgeR and
DESeq2), has a fold difference >1.5 and Padj. value <0.05.
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) To determine the hub DE miRNA using the miRNet online platform.

Aim 5: To determine the mRNA target genes of the differentially expressed miRNAs and identify the
regulated pathological pathways potentially related to mild and severe inhalation injury.
Objectives:
(i) To identify the target mRNA target genes by utilizing the DE miRNA that met the threshold
cut-off values as input in the miRNet platform.
(ii) To determine protein-protein interaction networks by utilizing the mRNA target genes as
input in the STRING online platform and/or Cytoscape application.
(iii) To identify the vital module/cluster and hub target genes using the cytoHubba and MCODE
Cytoscape plug-ins, respectively.
(iv) To determine the functionally enriched pathways of the hub target genes using Gene
Ontology, KEGG, Reactome and PANTHER online platforms.

5. Research questions and hypotheses

Do the investigated parameters align with reports from similar demographic and/or clinical settings?

a. Null hypothesis (Ho): Parameter outcomes aligned with those observed in similar settings.
b. Alternate hypothesis (Ha): Parameter outcomes do not align with those observed in similar
settings.

Did the presence of inhalation injury potentially contribute to mortality in the current burn population?
C. Null hypothesis (Ho): Inhalation injury significantly contributed to mortality.
d. Alternate hypothesis (Ha): Inhalation injury did not significantly contribute to mortality.

Did any clinical factors potentially contribute to the presence or progression of inhalation injury?
a. Null hypothesis (Ho): Specific factors significantly contributed to inhalation injury.
b. Alternate hypothesis (Ha): None of the factors significantly contributed to inhalation injury.

Were significant miRNA expression profiles detected for inhalation injury and/or varying degrees?

a. Null hypothesis (Ho): Differentially expressed miRNA profiles were identified for inhalation
injury presence and varying degrees.

b. Alternate hypothesis (Ha): There were no differentially abundant miRNA profiles identified for

inhalation injury presence and varying degrees.

Could differentially expressed miRNA profiles be linked to target genes and pathways potentially
associated with inhalation-injury specific outcomes?
a. Null hypothesis (Ho): miRNA profiles could be linked to target genes and pathways potentially

associated with inhalation injury and/or its related outcomes.
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b. Alternate hypothesis (Ha): miRNA profiles could not be linked to target genes and pathways

directly associated with inhalation injury and/or its related outcomes.

27



CHAPTER TWO
METHODOLOGY

6. Methods and materials

6.1. Ethical approval and informed patient consent

Prior to sample and data collection, the study was approved by the Health and Wellness Research Ethics
Committee (HW-REC), Cape Peninsula University of Technology (CPUT), and the Stellenbosch
University (SU) Health Research Ethics Committee (reference: CPUT/HW-REC 2015/H15;
CPUT/HW-REC 2017/H20). Student ethics approval was also granted by the CPUT REC (CPUT/HW-
REC 2017/H20). Site approval was provided from the Chief Executive Office and Medical Services
Manager/Research Coordinator to conduct research at TBH, Tygerberg, CPT, WC, SA in accordance
with the Provincial Policy and TBH Notice No 40/2009 (reference: CPUT/HW-REC 2015/H15). The
study was also registered with the WC Government National Health Research Database (reference:
2016RP18364). All medical records and samples were obtained after patient consent, where consent
forms were provided in three primary languages (English, Afrikaans, and isiXhosa). In the event that a
patient could not read or understand the consent, an assigned interpreter was provided. Additionally, in
the case of intubated or unconscious patients, either written or telephonic consent was attained from an
immediate family member, spouse, or the medical superintendent (telephonic consent was only obtained
when the immediate family member was physically absent or not reachable). Patients were also

informed that they were free to withdraw their consent at any time.

6.2. Study design, setting and sample collection

This was a cross-sectional cohort study with correlational and experimental design aspects using patient
medical records and blood samples, respectively. Once consent was obtained from the patient, whole
blood samples and respective medical records of burn patients (N=62) were collected from the
WCPATBC between 23 April 2016 and 15 August 2017 (16 months). The historical dataset serves as a
critical reference point for comparative analysis over time, enabling the tracking of long-term trends,
validation of findings, and assessment of shifts in disease and injury management. Aligning clinical
factors, patient demographics, and prognostic indicators with existing literature would reinforce their
reliability, while discrepancies may reveal evolving clinical or environmental influences. Moreover,
miRNA profiles are intrinsic to biological response mechanisms and therefore retain prognostic value
independent of sample collection timing and minor temporal variations in clinical practices, provided
proper storage and handling. TBH was selected as a sampling site because it is the largest of two adult
tertiary hospitals in the province and reportedly has the most overall fire-related fatality rates
(Matzopoulos, 2005). It is the only tertiary hospital with a dedicated referral Burns Centre for adults in
the Western Cape (Department of Health, 2020). The centre had a reported 22 rooms available with 16
ward beds and 6 beds in the ICU (Boissin et al., 2019; Maritz et al., 2012). Currently, the Burns Centre
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comprised of 1 specialist, 1 medical officer, 2 residents from surgery, 1 intern, 40 nurses, 1 occupational
therapist, and 1 physiotherapist. In the WC, for burns management, adults are classified as 13 years and
older; thus, these patients are typically treated at the WCPATBC of which only 20% have been reported
to fall within this category (between 13 and 20 years). Patients younger than 13 years are referred to the

dedicated paediatric burns centre at the RCCH.

Medical file data of the burns patients were collected from the internal WCPATBC database and
compiled by the medical officer. Only relevant, non-personal burns-related medical information was
extracted from the respective patients’ clinical/medical files. Patient names were not recorded; however,
medical information was tracked from respective reference numbers, thus ensuring patient de-
identification and anonymity in accordance with the South African Government Protection of Personal
Information Act 4 (POPIA) of 2013 (South African Government, 2013). Human whole blood (2.5 ml)
was collected by the assigned nurses in PAXgene® vacutainer blood RNA plastic tubes with Hemogard
closure (PreAnalytix®, product code 762165). These tubes contained a stabilizing additive shown to
reduce RNA degradation and minimize or eliminate gene induction in whole blood samples (Rainen et
al., 2002). In addition, it was reported to stabilize the RNA quality and quantity during instant and long-
term RNA preservation (Tang et al., 2019). The tubes were stored according to the manufacturer’s
instructions at room temperature (RT) for a minimum of 2 hrs or a maximum of 72 hrs before being
stored at lower temperatures for long term-use. The sample tubes were then collected from the Burns
Centre, transported on ice, and stored at -80 °C at the South African Medical Research Council,
Biomedical Research and Innovation Platform for analysis. An overview of the methodological
framework (initiated following ethical approval and patient consent) encompassing participant
inclusion, burns-related clinical data analysis, blood sample preparation, molecular biomarker profiling,

and functional interpretation, is presented in Figure 1.
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String & Cytoscape " RIN & [%miRNA]
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Functional enrichment analysis Sequencing mappin, Sequencing QC & filtering T
q 8 mapping Total RNA extraction
GO BP, KEGG, Reactome, PR GEEES Fast QC & MultiQC
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Figure 1: An overview of the methodological framework following ethical approval and patient consent:
Workflow of the clinical and molecular approaches used to identify potential prognostic markers of inhalation
injury in burn patients admitted to the WCPATBC between 23 April 2016 and 15 August 2017 (WCPATBC —
Western Cape Provincial Adult Tertiary Burns Centre, RIN — RNA integrity numbers, QC — quality control, PCR
— polymerase chain reaction, DE — differentially expressed, PPI — protein-protein interaction, Padj. — P value
adjusted, GO BP — Gene Ontology biological processes, KEGG — Kyoto Encyclopedia of Genes and Genomes, CI
— confidence interval, LA50 — lethal area 50, PLS — partial least squares, VIP — variable of importance in the

projection).

6.3. Inclusion and exclusion criteria

The inclusion criteria incorporated men and women (prisoners, mentally challenged, aged, etc.) admitted
to the WCPATBC and all patients aged > 13 years that were treated as adults independent of the type of
burns sustained. The exclusion criteria included patients under 13 years, patients re-admitted who had
not been sampled with initial admittance, and patients with cardiac-related pulmonary edema and

hypoxemia.

6.4. Data sorting and stratification

Patient information was grouped within the following subcategories: demographics, injury
characteristics, and clinical parameters. Each subcategory had the following respective subgroups, for
demographic factors: gender (male and female), age groups (13-20; 21-39; 40-49 and >50 years), day
of the week (week and weekend days), seasonal variation (colder and warmer seasons), referral setting
according to WC district divisions, level of referring hospital (hospital and clinic or community health
centre), and days between injury incidence and admission (0-2; 3-5 and >5 days). Injury characteristics
included aetiology (fire and other), %TBSA (<40% and >40%), inhalation injury (mild injury based on
0-4 days total days ventilation and severe injury denoted by > 5 days), phenotypical characteristics
(presence or absence of singed nasal hairs, soot around or in the mouth, hoarseness and facial burns),
complications (yes and no), and ABSI scores (moderate 4-5, moderately severe 6-7, serious 8-9, severe
10-11, and maximum 12-13). The Lethal Area fifty (LA50), indicative of the percentage of TBSA burns
expected to result in 50% of burns-related deaths (Bull & Squire, 1949), was determined using Probit
regression analysis of survivability by TBSA. Clinical parameters included LOS in burns intensive care
unit (BICU) (0-9 and >10 days), ventilation prior to admission (yes and no) and arterial blood gas
analysis i.e. blood pH (<7.35; 7.35-7.45 and >7.45), PaO, (<10.5; 10.5-13.5 and >13.5 kPa), PCO» (<4.7;
4.7-6.0 and >6.0 kPa), SATS (<95 and 95-100%), lactate levels (<2.0 and >2.0 mmol/L), BE levels (<-
4; -4 to +2 and >2 mmol/L), and mortality (yes and no). Continuous variables included age, days between
injury incidence and admission, %TBSA, inhalation injury (total days of ventilation), ABSI scores,
BICU LOS, and all blood gas parameters. These were coded accordingly for analysis that required

categorical variables.
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6.5. Data analysis

6.5.1. Descriptive statistics and association

Data was captured and collated using Microsoft Excel 2016 version 16.16.7 (Microsoft Office,
Redmond, WA, USA) and checked for completeness and consistency prior to statistical analysis. Since
analysis predominantly required paired observations, 3 patients were excluded due to omission of
information (N=59). All statistical analysis of the data was performed using the Statistical Packages for
the Social Sciences program version 23 (IBM SPSS Inc., Chicago, IL, USA). Figures and tables were
generated using Microsoft Word 2016. Descriptive data were reported as incidence, frequency, and
proportions [patients, N (%)] for categorical variables. For continuous data, central indices were reported
as mean and 95% confidence interval (95% CI) for normally distributed data or median and interquartile
range (IQR) for non-normally distributed data. Tests for normality included the D’ Agostino Pearson and
Shapiro-Wilk’s normality tests. The two-tailed, unpaired T-test and appropriate analysis of variance
(ANOVA) was used to compare two or more means of normally distributed data with the Tukey’s test
as a post hoc test for comparison. When the residuals were non-normally distributed, the Mann-Whitney
U test or Kruskal-Wallis test was conducted to compare two or more medians of categories, and the
Dunn’s test was used as a post hoc test for comparison. The Fisher’s exact test was used for the
association between mortality, inhalation injury, and the selected variables. The latter test required
categorical variables; therefore, the continuous variables were coded into respective subgroups. All
levels of statistical significance for all statistical tests were two-tailed, and significance was set at

P<0.05.

6.5.2. Correlation coefficient analysis

For significant correlations between variables, the Pearson’s point-biserial correlation coefficient (t,s)
or Spearman’s rank correlation co-efficient (rho) with a 95% CI was selected based on the statistical
assumptions being met or violated. The correlation coefficients estimated the strength and direction
between the dependent variable (DV) and independent variable (IV), which in turn, was based on the
value being positive or negative (direction) and the value’s allocated range of correlation (size or
strength). DVs were indicative of the outcomes or conditions, i.e. mortality and inhalation injury, while
IVs represented the demographical, burn injury, and clinical parameters. The Spearman’s rho
demonstrated no level of correlation if the coefficient was between 0.01 and 0.19, while 0.20 to 0.29
indicated weak correlation, 0.30 to 0.39 had moderate correlation, 0.40-0.69 had strong correlation, and
a very strong correlation was observed with rho values >0.70 (Dancey & Reidy, 2007). The Pearson’s
1, illustrated a very weak correlation for a 0.00 to 0.19-ranged value, a weak correlation for 0.20 to
0.39, 0.40 to 0.59 for moderate, 0.60-0.79 for strong, and very strong correlations were denoted with the
0.80 to 1.00 range (LeBlanc & Cox, 2017; Meghanathan, 2016; Mukaka, 2012). With both tests, a

positive coefficient indicated a direct correlation, i.e. when the IV increased or was present, so did the
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DV, and vice versa. A negative coefficient indicated an opposing correlation, i.e. when the IV increased

or was present, the DV outcome would be the inverse.

6.5.3. Partial least squares regression

Partial least squares (PLS) regression was used to determine which significantly correlated explanatory
independent X-variables (IVs) best predicted the response dependent Y-variables (DVs) (Wold, 1985).
The selection was based on the data set being particularly smaller compared to the requirements for the
traditionally used regression models and was suitable for data with multicollinearity or complete/quasi
complete separation. The model was based on the formation of latent variables from linear combinations
ofthe original variables. The latent structure of X that described the most variation in Y (highest adjusted
R-square value) depicted the best predictive model and corresponding variable of importance in the
projection (VIP) values were generated. VIP values, therefore, provided an estimation of the X-
variables’ contribution to Y, and the predictor variables with VIP scores >1 indicated a strong
contribution, which was most relevant for explaining the outcome (Akarachantachote et al., 2014;
Eriksson et al., 2006; Wold, 1985). Values of >0.5 were previously reported as significant (Ramabulana
et al., 2020) and also considered in the current study. The variables were initially utilized in their original
data type in order to determine which had significant VIP scores (>0.5). Once identified, the model
reintroduced the subgroups of the continuous variables to determine the specific subgroup(s) that
contributed more to the DV. Two separate models were generated (one per DV), and latent factor
selection with adjusted R-square (R?) values and respective VIP values were reported. The remaining
lower-order latent variables were associated with noise in the process and therefore not considered (Li

et al., 2001).

6.6. RNA sequencing and analysis

6.6.1. Total RNA isolation

Buffers and working solutions for all included kits were reconstituted and stored according to the
manufacturer’s instructions. Buffers, samples, and working solutions were thawed, allowed to calibrate
to RT, or placed on ice depending on the assessment specifications. In order to avoid RNase activity,
surfaces were wiped down using RNase-free water and RNaseZAP wipes. Total RNA extraction was
performed using the PAXgene® blood miRNA kit (PreAnalytix®, product code 763134), and the
protocol was followed according to the manufacturer’s instructions. Using the kit, samples underwent a
series of washes with buffers and DNase treatment, and once the final sample elute in buffer (BRS) was
obtained, it was immediately placed on ice for quantification followed by storage at -80 °C for quality
assessment. Treatment with DNase ensured that DNA-related products would be digested, allowing

RNA products to remain intact and present.
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6.6.2. RNA quantity and quality analysis

Total RNA concentration was quantified using the Nanodrop ND-100 (Nanodrop Technologies) and
absorbance measurements. The absorbance ratio at 260/280 nm (used as an RNA purity marker) was
measured in triplicate. For gene expression, the acceptable optical density-ODaeons0 ratio was
approximately 2.0, but the ratio of 1.8 and above was also deemed suitable (Desjardins & Conklin, 2011;
Nybo, 2011). The quality analysis was performed by the Central Analytical Facilities, SU, using the
Agilent 2100 Bioanalyzer (Agilent Technologies), which implemented a lab-on-chip microfluidics
system via electrophoresis (Fleige & Pfaffl, 2006; Schroeder et al., 2006; Mueller, 2004). The RNA
6000 Nano kit was used (Agilent Technologies, product code 5067-1511) and allowed for the
standardization of RNA quality control and generated RNA integrity numbers (RIN). A RIN of 1
indicated complete sample degradation, and 10 indicated an intact RNA sample (Fleige & Pfaffl, 2006;
Schroeder et al., 2006; Mueller, 2004). The small RNA kit (Agilent Technologies, product code 5067-
1548) was used to determine miRNA concentration (%) based on the detection of particles within the
10-40 nt size range, which was then quantified as absolute amounts [pg/ul] or as a fraction [%] relative

to the total small RNA (Peir6-Chova et al., 2013; Becker et al., 2010).

6.6.3. Exemplar samples selection criteria for sequencing

Thirty (30) exemplar samples were selected based on sequencing prerequisites, their high clinical index
of suspicion, and additional clinical parameters utilized by the WCPATBC. These parameters included:
(1) quantity of 2-10 pg total RNA per sample, (2) an A260/280 ratio of between 1.8 and 2.0 and an
A260/230 ratio of between 1.8 and 2.0, (3) quality values of RIN > 7 (Puchta et al., 2020; Sheng et al.,
2016), (4) the presence of associated phenotypical characteristics such nasal hair singing, soot around
and/or in the mouth, hoarseness, facial and hand burns, (5) mortality, (6) fire etiology (predominantly),
and (8) total ventilation days (the longer the days on ventilation, the stronger the likelihood of injury
presence, i.e. <4 days = mild injury). All of these factors indicated efficient sample quantity and quality
for sequencing, while the parameters of high clinical index of suspicion and selected clinical factors

determined the strong likelihood of injury presence and varying degrees.

6.6.4. Small RNA-seq library preparation and quality control

Differential abundance analysis on exemplar sample (N=30) aliquots (2-10 ug/20 ul total RNA in BR5
buffer) was performed at the Centre for Proteomic and Genetic Research using NGS, and specifically
the Illumina NextSeq 500/50 sequencing platform. The samples represented two degrees of inhalation
injury, i.e. mild (N=15) and severe (N=15). The total RNA library (200 ng per sample) was prepared
using the NEXTFLEX small RNA-seq kit v3 (Perkin Elmer®, #NOVA-5132-05) according to the
manufacturer’s instructions and included the following steps: (/) NEXTFLEX® 3' 4N adenylated
adapter ligation, (2) excess 3’ adapter removal and adapter inactivation, (3) NEXTFLEX® 5'4N adapter
ligation, (4) reverse transcription-first strand synthesis and bead clean-up, (5) PCR amplification and

primer (universal and barcoded) incorporation, and (6) gel-free size selection & clean-up. The average
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size distribution for each library was then determined using the TapeStation D1000 High Sensitivity
ScreenTape assay (Agilent Technologies, product code NC1786959) as per the manufacturer’s
instructions. Following appropriate preparation with the assay, the samples were analyzed with the
Agilent 4200 TapeStation instrument (Agilent Technologies), and electropherograms were generated.
Upper and lower reference markers (size standards) were represented by peaks at 25 and 1500 bp,
respectively. Average fragment size distribution was denoted by an expected peak or smear between
150 and 200 bp based on TapeStation assessment. An additional gel-free size selection & clean-up was
carried out on all samples to remove the additional impurities or contaminants. The purified small RNA-
seq libraries were quantified using the Qubit 1X dsDNA HS Assay Kit (Invitrogen™, product code
Q33230) according to the manufacturer’s instructions, and the resultant fluorescence was measured
using Qubit Fluorometer (Invitrogen™ Qubit™). Concentration was calculated using the following

formula:

Purified small RNA library absorbance reading (nm) X 200

. M=
Concentration [ng/m] Volume fo sample in tube (ml)
The assay was recommended for initial sample concentrations ranging from 10 pg/ul to 100 ng/ul, which

delivered more accurate detection and provided a core detection range of 0.2 ng to 100 ng of DNA.

6.6.5. Small RNA-seq library pooling and sequencing

The small RNA-seq libraries were pooled for sequencing with each library diluted to 2 nM, and each
library was added to the final sequencing library pool. The average fragment size for the pooled library
was determined using the TapeStation D1000 High Sensitivity ScreenTape assay according to the
manufacturer’s instructions (as previously described). Prior to sequencing, the NextSeq 500/550 High
Output kit v2 (75 cycles) (Illumina, product code 20024906) was used as per the manufacturer’s
instructions for library preparation, which also included the necessary cartridges and reagents. The
pooled library was denatured with 0.2 N sodium hydroxide and diluted to 1.8 pM. The denatured library
was then combined with the diluted PhiX positive control (sequencing control) at a spike-in
concentration of 1% v/v according to the specific Illumina protocol. The prepared pooled library was
loaded (1.3 ml) into the designated reservoir of the reagent cartridge, which, along with the flow cell
and buffer cartridge, was loaded into the Illumina NextSeq 500/550 cycle instrument (Illumina). After
initiation of the sequence run, libraries were transferred automatically from the reservoir to the flow cell.
The sequencer was programmed to perform a single-end, single-indexed 1x51cycle sequencing run.

FastQ files at the end of the run and a summary of quality metrics after sequencing was generated.

6.6.6. Sequencing pre-quality and quality control
Pre-quality control and quality control were performed on the raw FastQ files, which assessed the quality
and length of reads as well as determined the presence of potential adapter content. Before mapping,

Fast QC (Andrews, 2010) was used to assess the quality of the sequence data, and a quality report was
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generated for each sample, which was aggregated into a single report using MultiQC (Ewels et al., 2016).
The quality analysis was based on the key performance metrics, including per base sequence quality,
per sequence GC content, sequence duplication, and over-representation. MultiQC produced colour-
coded QC figures as output; red was indicative of “failed”, orange “warning”, and green “pass”. As
recommended, the default settings were assumed in both the MultiQC and FastQC programs. The
sRNA-bench toolbox (Aparicio-Puerta et al., 2022) pipeline was then used to trim any adapter content,
and only sequences that contained at least 10 nt were retained for downstream analysis. Low-quality

reads with less than 20 Phred scores were filtered out from the downstream analysis.

6.6.7. Differential expression analysis of miRNAs

For mapping and subsequent miRNA identification, the genome mode of the SRNA bench pipeline was
applied. The processed reads were then aligned to the human genome GRCh38 with Bowtie, allowing
zero mismatch of the aligned reads coordinates. The reads were then also subjected to the miRBase data-
base v22 (human reference sequences), and those aligning to miRNA sequences were then quantified
with the sSRNAde program. The latter was implemented for generating count data from the aligned files,
which was normalized as counts per million input prior to differential expression (DE) analysis. EdgeR
(Robinson & Oshlack, 2010) in R statistical software v4.1.2 (R Core Team, 2011), which in turn used
the trimmed mean of M-values for normalizing differences across RNA composition, was used for DE
analysis. Fisher’s Exact test was used to compare mild and severe groups’ miRNA. P-adjusted
(Padj.)<0.05 values denoted differential miRNA expression, which were values corrected for multiple
testing with the Benjamini-Hochberg false discovery rate (FDR) method (Storey & Tibshirani, 2003).
DESeq2 was used as an additional tool to corroborate overlapping DE miRNAs. Microsoft Excel 2016
version 16.16.7 (Microsoft Office, Redmond, WA, USA), heatmaps were generated with the online
SRPlot program (Tang et al., 2023), and volcano and violin box plots were compiled with GraphPad
Prism version 8.4.2 (GraphPad Software., Boston, MA, USA).

6.6.8. Target gene analysis of differentially expressed miRNAs

The following thresholds were used to select the DE miRNAs for target gene analysis: (/) DE miRNAs
that overlapped with EdgeR and DESeq2, (2) with expression value fold changes (FC) |log2 FC[>1.5
and (3) Padj.<0.05 (Song et al., 2022; Robinson et al., 2010; Mestdagh et al., 2009). In order to observe
the miRNA-mRNA network, the downstream target genes of the selected DE miRNA were predicted
with the miRNet platform, version 2.0 (http://www.mirnet.ca/), and the network interaction data was
collected using the mirBase IDs and miRTarBase, Version 9.0, that returns results based on
experimentally validated findings (Huang et al., 2022a). The input of up- and down-regulated DE
miRNAs as well as both groups combined were included in the analysis, and the resultant networks were
visualized with the topology graph feature (default layout and/or force atlas). The integrated topology

features were reported, which included degree centrality, which represented the number of connections
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(edges) to other nodes, and betweenness centrality, which measured the number of shortest paths going

through a node.

6.6.9. Construction of protein-protein interaction network, clusters, and hub genes

Protein—protein interaction (PPI) networks have been important in deciphering connections in network
structures and biological function (Yook et al., 2004) due to the interactive roles of proteins in molecular
and cellular mechanisms that control physiological and pathological conditions (Safari-Alighiarloo et
al., 2014). Therefore, the PPI network was constructed by importing the identified target genes of
miRNET into the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) version 12.0
(http://string-db.org). STRING retrieves and displays repeatedly occurring gene neighbourhoods
(Szklarczyk et al., 2019; Szklarczyk et al., 2015; Snel, 2000), which were based on the combined
interaction score between the gene (node) pairs of >0.4 (medium confidence) and Pad;.<0.05 (Zhou et
al., 2024; Rezaeijo et al., 2023; Li et al., 2018). The PPI network was then imported directly into
Cytoscape 3.10.3 (https://cytoscape.org/) (Shannon et al., 2003) to visually transform the results and for
further analysis with the platform’s plugins. The StringApp, version 2.1.1 plug-in, was used to generate
the PPI network if the target gene input was > 2000). The molecular complex detection (MCODE) plug-
in was applied to determine the most significant core module (cluster) of the PPI network with the
following parameter thresholds: MCODE scores >5, degree = 2, node score = 0.2, k-score = 2. and max
depth = 100 (Zhai et al., 2022; Li et al., 2018; Bader & Hogue, 2003). The highest MCODE score
denoted the most significant cluster in the network. Using the clusters, the cytoHubba network analyzer
plug-in was then used to determine the hub genes of the PPIs through connectivity degree, and the top

10 hub genes were presented per network (Wang et al., 2024; Liu et al., 2020).

6.6.10. Functional annotation and pathway enrichment analysis

The top 10 hub genes of each target gene network (up-, down-regulated, and the combined) were
subjected to functional enrichment pathway analysis to assess potential biological functions and
associated pathways (Dennis et al., 2003). Gene ontology (GO) biological processes (BP) terms, Kyoto
Encyclopedia of Genes and Genomes (KEGG), Reactome, and PANTHER pathways were retrieved
from the online EnrichR platform (Xie et al., 2021; Kuleshov et al., 2016; Chen et al., 2013a). GO
biological process-enriched terms were focused on (Carbon et al., 2021; Ashburner et al., 2000) along
with KEGG, which comprised detailed metabolic pathways (Kanehisa et al., 2017; Goto et al., 1997)
and Reactome (Joshi-Tope, 2005) and PANTHER (Mi et al., 2012; Mi & Thomas, 2009) both of which
curated human pathways; however, the latter was particular for those involved with signaling.
Hypergeometric distribution was utilized for significance calculation (Rivals et al., 2007), and the FDR-
corrected P-value (Padj.)<0.05 was considered notable. The top 10 enriched outputs were presented by

vertical bar graphs retrieved and modified from EnrichR.
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CHAPTER THREE
EPIDEMIOLOGY AND BURNS OUTCOMES

7. Epidemiology of burns patients admitted to the WCPATBC

7.1. Overview

Burn injuries have remained a significant public health concern despite improved injury care and
awareness (Ahn & Maitz, 2012). A large proportion of thermal incidences reportedly occurred in
LMICs, with WHO-Asian and African regions frequently associated with mortality (World Health
Organization, 2018a). In SA, 3.2% of the population suffered from thermal injury annually (Allorto et
al., 2016; Rode et al., 2014), and the outcomes were influenced by numerous factors, from socio-
demographic circumstances to the nature and characteristics of the injury itself. Contrary to reports from
the paediatric cohort, the clinical course and outcomes of adult burn patients were limited. Within the
socio-economic South African context, data presenting factors that drive, and influence burn-related
incidences were lacking, and while this information was readily available in international databases, the
current, limited local repositories need enhancement so that preventative and treatment measures could
be proposed. Therefore, the objectives of this chapter were to (a) provide a comprehensive descriptive
report of the hospitalized burns population and mortality outcomes at TBH’s WCPATBC that is
otherwise limited in the available literature, and (b) determine trends in the admission parameters in
similar clinical settings. The parameters recorded on admission or shortly thereafter included the
following: (i) sociodemographic factors viz. gender, age, day on which the incidence occurred, the
seasonal variation of the incidence, the district the patient was referred from, and the clinical level of
referral; (ii) injury characteristics viz. aetiology, %TBSA, inhalation injury degree, phenotypical
characteristics, burns-related complications, and ABSI scores; and (iii) clinical parameters viz. BICU
LOS, ventilation before admission, and ABG measurements (pH, PaO,, PCO,, Sats, lactate, and BE
levels). The Student T-, Mann-Whitney U, and/or Fisher’s Exact tests were used (see Chapter 2:
Methodology) for comparison within subgroups, which was dependent on the nature of the data. Central
indices were reported accordingly, and mortality was described as both incidence (counts) and as rate (a

percentage of respective total admissions).

7.2. Results
7.2.1. Sociodemographic, injury and clinical factors of burns patients admitted to the
WCPATBC

Male patients attributed to nearly two thirds (64.4%; p=0.000) of the study population (n=59), with a
male-to-female ratio of 1.81:1. Patient age ranged from 15 to 55 years with a mean of 32.8 years
(CI=30.0-35.6), and thus majority of admissions were observed within the 21-39 year age group (64.4%;
»=0.000). Temporal parameters revealed injury predominance on weekdays (62.7%; p=0.000) and in
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the colder seasons (p=0.000). Significant admissions were also observed with patients referred from the
City of Cape Town district (84.7%; p=0.000) and from hospital settings (78%; p=0.000) (Figure 2,
Appendix A: Table 9).
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Figure 2: Sociodemographic factors and mortality outcomes: Burns-related sociodemographic factors for the
burns patients admitted to (N=59) and the mortality cases (N=15) at the WCPATBC during the 18-month period
(M — Male, F — Female, CoCT — City of Cape Town, CHC — community health centres).

Most of the burn injuries were sustained by flame burns (74.6%; p=0.000) and approximately 88% of
patients had %TBSA less than 40% (88.1%; p=0.000) averaging at 23.4% (CI=19.4-27.3). Patients were
more frequented with facial burns (88.1%; p=0.000) followed by soot around the mouth and nasal hair
singing (67.8% and 66.1%, respectively). A significant number of patients also had severe inhalation
injury (61.0%; p=0.000) and were ventilated for 5.5 median total days (IQR=4.0-12.0). Complications
presented in less than half of the population (42.4%) and included septic shock, septicaemia, ARDS,
aspiration pneumonia and VAP. ABSI scores indicated that the larger patient groups (n=40; p<0.020)
scored between 6 and 9 representing moderately severe to serious outcomes with a mean ABSI score of

8.0 (IQR=6.0-9.0) (Figure 3, Appendix A: Table 10).
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Figure 3: Burn injury factors and mortality outcomes: Burns injury-related factors for the burns patients
admitted to (N=59) and the mortality cases (N=15) at the WCPATBC during the 18-month period (TBSA — total

body surface area, Y — yes, N — no, ABSI — abbreviated burn severity index).

Approximately 51% had a BICU LOS of 0-9 days (p=0.000) with a median stay of 9.0 days (IQR=5.0-
14.0), and at least 86% of patients were ventilated prior to admission (p=0.000). Patients presented with
the following mean and median ABG measurements: pH of 7.36 (CI=7.34-7.38), PaO, of 18.6 kPa
(CI=16.7-20.6), PCO> of 5.4 kPa (CI=5.1-5.8), Sats of 99.0% (IQR=97.0-100.0), lactate levels of 1.7
mmol/L (IQR=1.2-2.4 CI) and base excess of -1.8 mmol/L (IQR=-3.7-0.0). Majority of patients had
ABG measurements within the normal ranges which included: pH (47.5%; p<0.011), PCO; (45.2%;
p=0A.000), Sats (88.1%; p=0.000) and base excess (69.5%; p=0.000). In addition, 69.5% patients had
excess PaO; (p=0.000) and 57.6% had reduced lactate (p<0.000) (Figure 4, Appendix A: Table 11).
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Figure 4: Clinical factors and mortality outcomes: Burns-related clinical factors for the burns patients admitted

to (N=59) and the mortality cases (N=15) at the WCPATBC during the 18-month period (BICU LOS — burns
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intensive care unit length of stay, Y — yes, N — no, PaO2 — oxygen partial pressure , kPa — kilopascal, PCOz —

carbon dioxide partial pressure).

7.2.2. Sociodemographic, injury and clinical factors of deceased burns patients at the
WCPATBC

Elevated mortality counts were noted with the following subgroups that also displayed higher numbers
in admissions: male patients, 21-39-year age group (mean=34.3 years; CI=26.9-41.6), weekdays, colder
seasons, CoCT referral setting and hospital referral level, fire actiology, <40% TBSA (mean=37.5%,
CI=29.4-45.7), severe inhalation injury (mean=11.8 total days ventilated; CI=9.3-14.3), the presence of
most of the phenotypical characteristics (i.e. facial burns, singed nasal hair and soot in/around the
mouth), ventilation prior to admission, excess PaO, (mean=20.1 kPa; CI=14.6-25.5), normal PCO,
(mean=5.2 kPa; CI=4.5-5.9), SATS (mean=97.9%; CI=96.4-99.5) and BE (mean=-2.3 mmol/L; CI=-
6.2-1.6) levels. Higher mortality rates were also associated with some of the afore-mentioned factors
viz. colder seasons (27.8%), fire aetiology (31.8%), severe inhalation injury (38.9%), the phenotypical
characteristics and ventilation prior to admission (27.4%) (Figures 2-4, Appendix A: Tables 9-11).

Higher mortality incidences noted within groups that had less admissions included patients with the
presence of complications, ABSI scores of 10-11 (mean=9.7 score; CI=8.7-10.8), longer BICU LOS
(mean=13.4 days; CI=10.5-16.3), acidotic pH (mean=7.33 (CI=7.28-7.38) and excess lactate levels
(mean=3.1 mmol/L (CI=1.6-4.7) (Figures 3-4, Appendix A: Table 10 & 11). Elevated mortality rates
were observed for all of these variables in addition to some with lower mortality counts. A predominant
rate was noted among the female population (28.6%) and an age-related preponderance was attributed
to the youngest (50%) and older grouped patients (<33.3%). Temporal parameters associated with the
mortality rate were linked to weekends (31.8%) in addition to patients referred from CHC/clinics
(30.8%) and areas outside the CoCT (55.6%) (Figure 2, Appendix A: Table 9) Patients with >40%
TBSA were linked to 100% death rate and 60% were related to complications. Severe (10-11) and
maximum (12-13) ABSI scores were attributed to a cumulative of 9 deceased patients and were affiliated
with the highest mortality rates (75% for severe and 100% for maximum) (Figure 3, Appendix A:
Table 10). The BICU LOS for 12 of the 15 mortality cases was <10 days with an elevated mortality rate
of 41.4% for patients in this group. Nearly all clinical parameters with ranges below normal levels
significantly related to increased mortality rates, with the exception of excess lactate levels (36%)

(Figure 4, Appendix A: Table 11).

7.3. Discussion

In the current clinical settings, increased prevalence in the admissions of burn patients was observed
with the male cohort and the 21-39-year age group. This trend was also observed with previous burn
patterns reported in SA and other LMICs (Keyes & Liphoko, 2021; Cloake et al., 2017; Maritz et al.,
2012; Van Niekerk et al., 2009; Eyal et al., 2007; Godwin et al., 1997) and with a comparable average
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age range of 30-34.3 years (Boissin et al., 2019; Daffue et al., 2018; Den Hollander et al., 2014; Gevaart-
Durkin et al., 2014; Maritz et al., 2012; Godwin & Wood, 1998; Godwin et al., 1997). Previous studies
also reported higher incidences with males in this age group (Keyes & Liphoko, 2021; Boissin et al.,
2019; Blom et al., 2016). These age differences provided insight into the demographics of the burns’
population admitted to TBH’s WCPATBC. Since younger adults predominantly comprise the highly
populated, informal dwelling environments, this group may contribute significantly to the impact that
this burden of disease has on developing countries (Eyal et al., 2007). It was indeed reported that this
age group constituted a large proportion of the reported working population (15-64 years) in SA
(Statistics South Africa, 2020; City of Cape Town, 2016; Hunter & Posel, 2012) with the average South
African working age reportedly being 32.75 years within the informal dwelling settings (Hunter & Posel,
2012). The frequency of burn injuries within this age group could further exacerbate socio-economic
conditions (Eyal et al., 2007). Causative factors have been affiliated with low-income circumstances,
some of which were to the detriment of males and the 21-39 age group. Elevated burns-related violence
and assault by means of fire and scalding have been observed in both the gender sub-group and the
younger age group (Cloake et al., 2017; Blom et al., 2016; Gevaart-Durkin et al., 2014; Theodorou et
al., 2009) and were also linked to increased reports of suspected substance (alcohol and other) over-
consumption (Blom et al., 2016; Maritz et al., 2012; Van Niekerk et al., 2009). Furthermore, the nature
of work engagement or employment was also highlighted as a contributing factor (Ringo & Chilonga,
2014; Blom et al., 2011; Edelman et al., 2007), for males who in particular were exposed to high risk
environments viz. mines and burning fields (Blom et al., 2011). Other factors proposed to be linked to
male-and/or adolescent group-related thermal incidences include increased impulsive and risk-forward
learnt behaviour (Rosen & Peterson, 1990; Eaton & Yu, 1989), cable theft in cases of electrocution
(Blumenthal, 2009); improper use of flammable substances (Forjuoh, 2006), self-inflicted injuries
(Cloake et al., 2017; Gevaart-Durkin et al., 2014), and housing and education (Ringo & Chilonga, 2014;
Edelman et al., 2007, Godwin & Wood, 1998). Contrasting studies have reported an injury
preponderance in females (Sivamuthu, 2019; Davé et al., 2018; Hemeda et al., 2003), while a near equal
or no clear differences have also been observed (Agbenorku et al., 2019; Blom et al., 2016; Rode et al.,

2015).

Females, patients younger than 21, and those over the age of 40 years had a higher mortality rate. Several
studies reported that after suffering thermal injury, females had a stronger likelihood for mortality
compared to males (Karimi et al., 2017; Kerby et al., 2006; Mcgwin et al., 2002; Vico & Papillon, 1992;
Benmeir et al., 1991; Tobiasen et al., 1982a). Determinants relating to the reported gender disparities
were limited (Mcgwin et al., 2002; Kerby et al., 2006; O’Keefe et al., 2001), but were suggestive of
differential immunological responses (Kerby et al., 2006; Gregory et al., 2000b), body fat composition
(Karimi et al., 2017), hormonal variations (Jeschke et al., 2008; Kerby et al., 2006; Gregory et al.,
2000a), and etiology and burn depth (Muller et al., 2001). Behavioural and development patterns have

also reportedly contributed to the age-related mortality rate. Risk-taking activities with fire were
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typically observed in younger individuals (Garcia-Diaz et al., 2022) that tend to comprise the generally
active and productive cohort (Shankar et al., 2010). As a result, flame burns were a frequent source of
injury in these patients (Garcia-Diaz et al., 2022; Jordan et al., 2022), which was accompanied by more
severe injury, inhalation injury (Jordan et al., 2022), and complications (Garcia-Diaz et al., 2022),
factors known to increase fatality likelihood. Moreover, higher mortality rates have also been reported
with elderly patients (Gill & Martin, 2015). Susceptibility was related to physical or cognitive disability
with the progression of age and the pathophysiologic consequences of the injury when considering the
patient’s frailty (Peck, 2011; Waller et al., 1998). The physical limitations prevent these patients from
evading domestic fires, and when frailty (including thinner skin) was considered (Waller et al., 1998),
even smaller burns could have fatal outcomes (Alden et al., 2006). Studies have thus demonstrated the
impact of gender and age on survivability. Subsequently, the former was suggested to be considered as
a mortality co-factor (Grunwald & Garner, 2008; Muller et al., 2001; O’Keefe et al., 2001) and the latter
be considered as an absolute (Brusselaers et al., 2010; Colohan, 2010; Smith et al., 1994) and
compounding co-factor, particularly within the elderly aged (over 60 years) (Brusselaers et al., 2010;
Germann et al., 1997; Smith et al., 1994; Anous & Heimbach, 1986). Moreover, the inclusion of both
factors into routinely used scoring system (ABSI) at TBH and other routinely used systems for mortality

prediction further highlighted the significance that these factors may have on injury outcomes.

Temporal variables revealed that increased burn injuries and mortality rates commonly occurred during
the Western Cape’s colder and wetter seasons (autumn and winter). This was reported as a high-risk
period (Walls et al., 2017; Gevaart-Durkin et al., 2014; Blom et al., 2011; Van Niekerk et al., 2009) with
incidences attributed to increased heat and energy usage in domestic settings (Van Niekerk et al., 2004).
Energy poverty was experienced in SA’s dense, low-income settlements (Sustainable Energy Africa,
2014); and related circumstances such as shack fires, flame-related assault, and the use of kerosene or
other accelerants were the reported main etiologies of a large proportion of patients admitted to TBH
(Maritz et al., 2012). Fire was also the most common source of injury in this study which could relate
to its domestic use as a heat source during these colder and wetter seasons and their related domestic
settings. Seasonal incidences also coincided with school vacation periods (Van Niekerk et al., 2009) and
on weekdays which potentially implicated social and work-related activities, respectively. It should be
noted that although stipulated as a weekday, Fridays also denoted the beginning of the weekend (Blom
etal., 2016; Blom et al., 2011; Van Niekerk et al., 2009). When this was considered in the current study,
the incidences were significantly higher on weekends, which was preferential for recreational or social
activities. Thus, the combination of vacation and/or recreational activities, colder environments, and
unsafe energy resource usage may have resulted in or exacerbated thermal events. Referral patterns
indicated that the majority of patients were referred from areas within the CoCT. This was unsurprising,
since TBH is located within this district. However, mortality rates were higher for patients travelling
longer distances referred from regions outside the CoCT. TBH is the only provincial hospital with a

dedicated specialized Burns Unit for adults and a provincial referral criteria consisting of
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prognosticating factors (Sheppard et al., 2011) that contributes to triaging patient referrals for admission
(Boissin et al., 2017; Karpelowsky et al., 2007). The factors were indicative of poorer clinical outcomes,
and thus, the delayed treatment from prolonged referral resulted in the observed mortality rate for
patients that were already critically injured. The adverse outcome may also be dependent on the
availability of infrastructure and services during the clinical route (the referring and the referred clinical
settings). The WCPATBC’s large catchment area and the shortage of bed availability relative to the
number of cases requiring treatment may have increased the waiting period for admission (Boissin et
al., 2019). Moreover, a shortage of ICU beds with secondary-level care also resulted in the inability to
isolate burn patients in an already unspecialized treatment setting (Rode et al., 2015). Although beyond

the scope of this study, these challenges could have also played a role in mortality occurrence.

Additional pathologies from delayed admissions (Mashavave et al., 2020; Dhopte et al., 2017) have
further predisposed patients to complications shown to elevate mortality (Chen et al., 2018; Lachiewicz
et al., 2017; Liodaki et al., 2015; Dancey et al., 1999). Burn injuries alter important physiological
functions of cutaneous tissues, causing the host’s defences to become impaired and resulting in
immunosuppression (Church et al., 2006; Cook, 1998). Therefore, a common complication of burn
patients was the susceptibility to infections (Chen et al., 2018; Lachiewicz et al., 2017). The fatality rate
was reported to increase in the presence of complications with the burns’ cohort (Rech et al., 2019;
Greenhalgh, 2017), an outcome that was clearly observed in this study. Contracting burn wound
infections have also been previously linked to burn injury size (Lachiewicz et al., 2017; Alp et al., 2012;
Church et al., 2006; Santaniello et al., 2004; Sheridan, 2000). Inclusive of the WCPATBC’s admission
criteria were patients with > 20% TBSA burns (Rode et al., 2014). Majority of the admitted patients had
< 40% TBSA burns, which were still serious considering >30% TBSA was the reported minimum
indication for the presence of serious burn wounds (Gevaart-Durkin et al., 2014). However, increased
risk of mortality was associated with patients who sustained > 40% TBSA. In similar settings, increased
fatality risk has been reported in patients with burns >30% TBSA (Jugmohan et al., 2016; Den Hollander
et al., 2014). Moreover, the presence of larger TBSA had a direct relationship to increasing mortality
rates, an observation not only supported in literature by the average fatal TBSA in the higher ranges of
30-63.5% (Den Hollander et al., 2014; Maritz et al., 2012; Allorto et al., 2009; Eyal et al., 2007; Jiburum
& Olaitan, 2005; Mzezewa et al., 1999; Bauling et al., 1992), but further supported with a reduced rate
of mortality in patients with less severe TBSA (Allorto et al., 2009; Jiburum & Olaitan, 2005).

TBSA has strongly been associated with inhalation injury (Monteiro et al., 2017; Godwin & Wood,
1998; Tredget et al., 1990), both being major co-factors of mortality (Jones et al., 2017; Lachiewicz et
al., 2017; Monteiro et al., 2017; Sheppard et al., 2011; Brusselaers et al., 2010; Santaniello et al., 2004;
Smith et al., 1994). The gravity of inhalation injury relative to mortality risk was emphasized after it
was suggested that with severe flame burns, the presence of inhalation injury should always be

considered (Schaefer & Nunez Lopez, 2020) even prior to confirmation. The relationship between
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inhalation injury, shack fires, and flame burns was previously reported (Cloake et al., 2017).
Combustible materials, resultant toxic fumes and confined space associated with informal dwellings
created ideal scenarios allowing fire to spread exponentially. Only a small window of opportunity would
allow victims to escape, thereby increasing flame exposure. This may explain the presence of inhalation
injury observed in relation to serious burns (Peck et al., 2008; Godwin et al., 1997) in the current
findings. Interestingly, Gevaart-Durken et al, (2014) observed elevated TBSA (>30%) and inhalation
injury in similar age groups that dominated injury incidence, further supporting the current observations
(Gevaart-Durkin et al., 2014). In addition to gender, these factors (i.e. TBSA, inhalation injury, and age)
were incorporated into the routinely used ABSI scoring system which prognosticated patient survival.
This study demonstrated that these variables were all related to higher mortality rates and potentially
validated the ABSI’s prognosticating function. The median ABSI score attained in this study
demonstrated the presence of serious injuries and was higher compared to studies in similar settings
(Boissin et al., 2019; Smith et al., 2016). This may have been as result of the exclusion of underlying
comorbidities and factors from the calculation, which may have contributed to fatalities with less severe
prognosticated scores and resultant prolonged hospital stays. Only a few relatable studies have reported
on ICU LOS, and, of those, the values have been shown to vary. Averages of 3.2 (Chukamei et al., 2021)
and 8.5 (Morobadi et al., 2019) days were noted, while Angelou et al, (2022) reported a 17-day median
LOS (Angelou et al., 2022). Although our LOS was similar to Morobadi et al, (2019), differences were
expected since the nature of the injury and the resultant outcome may vary among patients and settings.
Longer LOS and its relation to adverse outcomes (Angelou et al., 2022; Boissin et al., 2019) and high
mortality rates were previously noted in ICU patients (Morobadi et al., 2019; Maritz et al., 2012; Godwin
& Wood, 1998) and have also been reported in this study.

As per TBH protocol, throughout LOS, and, importantly, shortly or immediately after admission, the
oxygen and metabolic status of the patients were determined through measured BGA parameters. By
assessing these measurements throughout the clinical course of the injury, the clinicians were able to
efficiently identify, manage, and treat the related metabolic and respiratory outcomes. Elevated average
PaO; and reduced lactate levels were observed for the total admissions, while the remaining parameters
fell within normal ranges. Oxygen-related management had been critical because of the resultant low
PaO, that required treatment by temporarily increasing FiO» until satisfactory levels were reached. This
mitigated for oxygen anomalies and aided in any potential CO clearance (Wetterslev et al., 2015). Since
the BGA measurements were performed on or shortly after patient admission at TBH, the observed
hyperoxia could be in response to increased FiO; in the initial treatment stages when injury management
was critical. Furthermore, the observed acidotic average may have influenced the oxygen binding
affinity. Acidosis is reported to cause a right shift on the oxyhemoglobin curve, which is indicative of
low binding affinity for hemoglobin and sporadic oxygen release. This released oxygen could have
contributed to the observed PaO; for this given measurement. The concurrent lower lactate levels were

not surprising, since as a by-product of cellular respiration, elevated lactate levels would result in
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response to insufficient oxygen during glycolysis and pyruvate conversion (Suistomaa et al., 2000).
Since PaO, was elevated, a reduced lactate level would be a potential direct consequence. The reported
inverse relationship of lactate with PaO,/FiO, levels was previously reported (De Backer et al., 1997).
Relative to the increased mortality rate, these measurements were indicative of acidosis (low pH), severe
hypoxia (very low PaQ,), hyperlactatemia (high lactate), and decreased base excess. These results
demonstrated the presence of type A hyperlactatemia (Scrutton, 1976) with severe hypoxia being the
likely causative factor for excess lactate production (De Lucas et al., 2020). In addition, the
hyperlactatemia together with the acidotic state of patients was collectively suggestive of both lactic and
metabolic acidosis as the primary condition. This deduction was also supported by the base excess
results. The latter measurement provided information on the presence of all bases (mostly bicarbonate
ions due to its predominance), and since these were reduced (indicating low alkaline agents), metabolic
acidosis was confirmed (Burns, 2014). These findings demonstrated BGA outcomes in response to
standard treatment, as well as in deceased patients or patients that were most likely to succumb to the

injuries.

This chapter provided a comprehensive report on scarcely available literature on burn patients admitted
to TBH’s WCPATBC in Cape Town, South Africa. While the scope mainly focused on descriptive
factors within South African-based clinical settings, our findings mirrored those of numerous LMICs
(both locally and internationally). Sociodemographic factors that accounted for the higher admissions
to TBH were also observed in burn centres from Israel (Haik et al., 2007), Turkey (Tiiregiin et al., 1997),
Cairo, Nairobi, Ibaden, Dhaka, Kathmandu, Sao Paulo, Guadalajara (Quinn et al., 2023), Nepal (Sharma
et al., 2015), Eastern Sri Lanka (Laloé, 2002), and Iran (Panjeshahin et al., 2001); while the same
temporal patterns were reported for admission periods to burn centres from Egypt (Mabrouk et al.,
2003), Nigeria (Kalayi, 2001), Malawi (Samuel et al., 2011), Israel (Haik et al., 2007), and the Caribbean
(Frans et al., 2008). This demonstrated that burns continue to remain a burden of disease, a discrepancy
that has been dependent on the income of the country and the potential availability of dedicated or
specialized burn treatment services. Therefore, the importance of identifying these admission patterns
within LMICs would allow burn prevention strategies to be tailored from standardized HIC programmes
that have effectively reduced burn incidences. Although the socioeconomic characteristics were similar,
burns-associated characteristics differed between regions (Karami et al., 2012) and for a myriad of
reasons (Evers et al., 2010), i.e. variations in etiology, exposure duration, presence of co-morbidities,
immunological impairment, immediate specialized treatment, etc. The differences in factors indicative
of injury severity and clinical outcomes continue to play a pivotal role in prognosticating survivability.
Some (i.e. age, gender, and TBSA) have consistently been used in related scoring systems, while a few
(i.e. LOS and lactate levels) utilized as indicators for severity progression. The presence of inhalation
injury was also consistently emphasized as an important cofactor that not only elevated the mortality

and morbidity rates of burn patients (American Burn Association, 2019; You et al., 2014; Lipovy et al.,
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2011), but maintained these high rates due to the resultant respiratory complications (Lipovy et al.,

2011).

The next chapter will focus on inhalation injury as a potential significant co-factor of mortality in the
burn population at TBH’s WCPATBC. However, since burn injuries have always been multifactorial in
nature; all the recorded parameters, including known and suggested cofactors, were also addressed. The
findings of the next chapter would not only determine the importance of inhalation injury as a contributor
to mortality but also support further investigation into the condition and therefore validate the chapters

that follow.
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CHAPTER FOUR
INHALATION INJURY AND MORTALITY

8. Impact of inhalation injury and other burns-related variables on mortality

8.1. Overview

Mortality reported in this study was nearly 10% higher than those reaching 16% in previously reported
SA-based studies (Cloake et al., 2017; Jugmohan et al., 2016; Den Hollander et al., 2014). Numerous
factors were suggested to play a role (Douglas et al., 2015; You et al., 2014), with inhalation injury
emphasized and proposed as one of the co-factors that largely impacted survival (You et al., 2014;
Lipovy et al., 2011). Management of inhalation injury has predominantly been supportive, and varying
difficulties prevented immediate diagnosis (Masanés et al., 1995), thus mortality and morbidity
remained high (Lipovy et al., 2011). Literature has demonstrated the impact of inhalation burns on
patient outcomes; therefore, assessing this co-factor and its relationship with mortality within the context
of this study could identify additional co-factor/s correlations that may amplify the risk of mortality as
well as highlight and/or verify its importance and thus support its further analysis in the chapters that
follow. The main objective of this chapter was to determine the relationship between inhalation injury
and mortality of the hospitalized burn population at TBH’s WCPATBC (from April 2016 to August
2017). Moreover, since numerous factors affect mortality outcomes concurrently, the secondary
objective included investigating relationships with the remaining sociodemographic, burn injury, and
clinical variables. This could bring attention to factors that were not previously considered for the
inclusion of mortality prognostication. In the study, inhalation injury was stratified into mild inhalation
injury and severe inhalation injury based on the total days of patient ventilation (mild = 0-4 days; > 5
days = severe), while the additional burns-related parameters recorded on admission or shortly
thereafter, as reported in the previous chapter, included the following: (i) sociodemographic factors viz.
gender, age, day on which the incidence occurred, the seasonal variation of the incidence, the district
the patient was referred from, and the clinical level of referral; (i) injury characteristics viz. aetiology,
%TBSA, phenotypical characteristics, burns-related complications, and ABSI scores; and (iii) clinical
parameters viz. BICU LOS, ventilation before admission, and ABG measurements (pH, PaO,, PCO,,
Sats, lactate, and BE levels). The relationship between mortality and the above-mentioned parameters
was assessed in the following way: in order to determine significant association, the Fisher’s Exact test
was utilized and the Pearson Point-Biserial and/or Spearman’s Rank correlation coefficient tests were
used to determine the relationship strength and direction of correlations. Partial least squares regression
was then used to model the significant correlations and determine the best mortality predictors based on

specific output values.
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8.2. Results

8.2.1. Relationship between burns-related variables and mortality

Inhalation injury was significantly associated (P=0.005) and correlated (P<0.000) with mortality. The
rho value (0.441) was indicative of a positive and strong correlation. Marked associations were also
observed for referral setting/district (P=0.038), %TBSA (P<0.001), complications (P<0.001), ABSI
scores (P<0.001) and BICU LOS (P=0.007). These factors also significantly correlated with mortality,
in addition to hoarseness (P=0.038; CI=-0.499-0.009). The size/strength and direction of correlations
determined that all the factors positively correlated with mortality, barring hoarseness. Furthermore,
strong correlations were also observed with complications (rho=0.681), ABSI scores (tho=0.558), and
%TBSA (75, =0.554). A moderate correlation was observed with BICU LOS (rho=0.326), while weak

correlations for referral settings/district (rho=0.294) and hoarseness (rho=-0.271) were noted (Table 1).

Table 1: Association and correlation between the burn-related variables and mortality

Study variables Fisher’s Correlzftion rps/rho 95% CI
p-value coefficient p-value
Socio-demographic factors
Gender (male/female) 0.759 rho = 0.054 0.686 -0.213-0.313
Age (years) 0.082 = 0.081 0.543 -0.179-0.330
Day of the week (week/weekend days) 0.537 rho=-0.113 0.393 -0.366-0.155
Seasonal variation (colder/warmer) 0.762 rho = 0.068 0.611 -0.199-0.325
Referral setting (COCT/other districts) 0.038* rho = 0.294 0.024%* 0.033-0.517
Referral Level (hospitals or CHC/clinics) 0.721 rho = 0.065 0.623 -0.202-0.323
Days between injury & admission (days) 0.092 rho =-0.027 0.837 -0.289-0.238
Injury characteristics
Aetiology (fire/other sources) 0.085 rho = 0.252 0.055 -0.013-0.483
TBSA (%) <0.001* = 0.554 <0.000** 0.347-0.709
Inhalation injury (mild/severe) 0.005* rho = 0.441 <0.000**  0.200-0.631
Singed nasal hairs (yes/no) 0.753 rho =-0.075 0.571 -0.332-0.192
Soot around/in mouth (yes/no) 0.207 rho =-0.181 0.171 -0.424-0.087
Hoarseness (yes/no) 0.059 rho =-0.271 0.038* -0.499-0.009
Facial burns (yes/no) 0.666 rho = 0.094 0.480 -0.174-0.349
Complications (yes/no) <0.001* rho = 0.681 <0.000** 0.509-0.801
ABSI scores (4-13 points range) <0.001* rho = 0.558 <0.000** 0.346-0.716
Clinical parameters
BICU LOS (days) 0.007* rho = 0.326 0.012* 0.069-0.543
Ventilation prior to admission (yes/no) 0.666 rho=0.118 0.375 -0.150-0.369
pH 0.189 = -0.206 0.117 -0.439-0.053
PaO: (kPa) 0.537 t=10.111 0.404 -0.150-0.357
PCO: (kPa) 0.858 p=-0.114 0.389 -0.360-0.146
Sats (%) 1.000 rho = 0.053 0.691 -0.213-0.312
Lactate (mmol/L) 0.137 rho = 0.232 0.077 0.033-0.467
Base excess (mmol/L) 0.579 rho =-0.032 0.810 -0.293-0.233

Rp» — Pearson’s point biserial coefficient, rho — Spearman Rank’s coefficient, CI — confidence interval, CoCT
— City of Cape Town, CHC — community health centre, TBSA — total body surface area, ABSI — abbreviated

48



burn severity index, BICU LOS — burns intensive care unit length of stay, PaO2 — oxygen partial pressure
PCO: — carbon dioxide partial pressure.

Pearson’s 1p» interpretation: £0.1 (small/weak); £0.3 (medium), 0.5 (large).

Spearman’s rho interpretation: 0.01 to 0.19 (no or negligible); 0.20 to 0.29 (weak), 0.30 to 0.39 (moderate);
0.40 to 0.69 (strong); >0.70 (very strong).

Significance: *: Correlation is significant at the 0.05 level (2-tailed); **: Correlation is significant at the 0.01
level (2-tailed).

8.2.2. Burns-related variables as predictors of mortality

The initial regression model for predicting mortality incorporated the presence of significantly correlated
factors (Table 2), while the secondary model consisted of the sub-groups of those factors, when
applicable (Table 3). Latent factor 1 for both models demonstrated the best described variances with
the highest R? values. These respective VIP values were annotated for each regression model. The results
demonstrated that inhalation injury was associated with a significant VIP value (0.8) along with referral
setting and BICU LOS. The highest values were attributed to complications (VIP=1.4), ABSI scores
(VIP=1.2) and %TBSA (VIP=1.1) (Table 2).

Table 2: Predicted variances and VIP values generated by PLS regression incorporating significantly associated

and correlated independent burn-related variables for the mortality prediction model

Predicted variances of latent factors

1 2 3 4 5
X-variance 0.517 0.201 0.102 0.092 0.065
Y-variance 0.475 0.064 0.048 0.009 0.007
Adjusted R-square (R?) 0.465 0.465 0.564 0.566 0.566
Latent factors VIP values per variable
Referral setting 0.603 0.573 0.557 0.570 0.572
Complications 1.398 1.385 1.480 1.469 1.463
%TBSA 1.138 1.070 1.074 1.069 1.062
Inhalation injury 0.819 0.807 0.797 0.820 0.870
ABSI scores 1.205 1.142 1.108 1.099 1.096
BICU LOS 0.515 0.824 0.884 0.895 0.924

VIP — variable importance in prediction, PLS — partial least squares, TBSA — total body surface area, ABSI —
abbreviated burn severity index, BICU LOS — burns intensive care unit length of stay.

Prior to the analysis of the sub-groups, ABSI sub-groups were assessed separately in order to determine
which score contributed significantly to mortality. The less severe ABSI scores had VIP values >0.5,
while severe and maximum ABSI scores had higher VIP values of 1.5 and 1.3, respectively (Appendix
A: Table 12). Only the higher-scored ABSI sub-groups were re-introduced into the secondary model
for the following reasons: (i) it eliminated potential noise that influenced statistical output, (if) it was
associated with increased mortality likelihood in literature, and (iii) there was a strong correlation with
increasing ABSI scores in this study. The secondary model demonstrated significant VIP values for
severe inhalation injury (0.8) along with both ABSI scores, BICU LOS > 10 days and referral settings
outside of CoCT. ABSI sub-groups were also the only variables that did not retain similar VIP values

compared to its inclusion in the initial model as a continuous variable, but still remained high. However,
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the presence of complications (VIP=1.4) and large %TBSA (VIP=1.3) burns had the highest values
(Table 3).

Table 3: Predicted variances and VIP values generated by PLS regression incorporating the sub-groups of the

significantly associated and correlated independent burn-related variables for the mortality prediction model

Predicted variances of latent factors

1 2 3 4 5
X-variance 0.392 0.148 0.141 0.117 0.087
Y-variance 0.591 0.045 0.012 0.005 0.001
Adjusted R-square (R?») 0.584 0.623 0.629 0.627 0.622
Latent factors VIP values per variable
Referral setting (other districts) 0.617 0.599 0.595 0.598 0.601
TBSA group (=40%) 1.321 1.301 1.290 1.285 1.285
Inhalation injury degree (severe) 0.813 0.899 0.898 0.895 0.895
Complications (present) 1.431 1.392 1.405 1.410 1.409
ABSI severe (10-11) score 0.948 0.950 0.943 0.953 0.953
ABSI maximum (12-13) score 0.833 0.803 0.834 0.833 0.833
BICU LOS (>10 days) 0.757 0.817 0.811 0.816 0.817

VIP — variable importance in prediction, PLS — partial least squares, TBSA — total body surface area, ABSI —
abbreviated burn severity index, BICU LOS — burns intensive care unit length of stay.

8.3. Discussion

Findings revealed that the burns-related factors that were significantly associated with, correlated to
and/or predicted for mortality were both known and suspected co-factors of mortality. Moreover, the
unexpected “cross-talk” between the statistically employed tests was confirmed with the significant
predictors reflecting the strong correlation and association outcomes. Six variables were identified as
potential clinical predictors for mortality, with one currently used as a tool for prognostication, which
was also a potential expected outcome. Inhalation injury was one of two of the known cofactors of
mortality whose presence in burn patients has been emphasized in both literature and in the current
study. Mild inhalation injury was associated with only 1 of the 15 deceased patients; therefore, not only
was severe inhalation injury present in nearly the entire mortality population, but the results also
demonstrated the significant relationship and predictive capacity for mortality. These results were
pivotal since it both aligned with previous findings and provided affirmation for further investigation in
the current study population. Although not typically related to mortality, the presence of the included
phenotypical characteristics (facial burns, hoarseness, etc.) would increase clinical suspicion of
inhalation injury presence and therefore indirectly affect mortality risk through the impact of inhalation
injury. Hoarseness had a significantly negative and weak correlation; however, this was attributed to the
statistical phenomenon referred to as ‘spurious or nonsense correlation’ (Atkinson et al., 2004; Pearson,
1897). For further context, these correlation types have been recognized as statistical trends without a
pathological basis. Since no clinical inferences could be made by the absence of hoarseness contributing
to mortality, a spurious correlation was concluded. Moreover, hoarseness was the only variable lacking
an association with the Fisher’s test, which could provide some statistical support for the observed weak

correlation and resultant spurious outcome. The other known cofactor, TBSA (Jones et al., 2017;
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Lachiewicz et al., 2017; Monteiro et al., 2017), was one of two of the strongest predictors in this study.
Representing the cutaneous and physical aspect of injury that would immediately provide an initial
prognosis for injury degree, extensive TBSA burns would mirror not only severity, but also the patient’s
predisposition to mortality. Furthermore, the LA50 was also assessed, which demonstrated a percentage
relative to TBSA expected to result in 50% of burns-related deaths (Bull & Squire, 1949). This index
served as a reliable tool used to measure the degree of disease and hospital care quality (Seyed-Forootan
et al., 2016; Jie et al., 2003). Higher values, suggestive of improved burns management, were attributed
to HICs (Bull & Squire, 1949) having reached a LA50 value (Kasten et al., 2011) more than double
compared to LMICs (Kiragu et al, 2018; Tyson et al 2013). These differences have been attributed to
numerous factors (Mathonsi & Arko-Cobbah, 2023) that created challenges to the detriment of burns
management and care in LMICs. The LA50 of 37.4% was observed with the admitted burns population
in this study, which aligned with those reported at other South African-based burn centres (Mathonsi &
Arko-Cobbah, 2023; Boissin et al., 2019; Allorto et al., 2018). These consistently low LAS50 values may
demonstrate the need for improving or stringently implementing burn strategies and preventative
training programs. Moreover, highlighting the necessity of dedicated financial assistance for developing
and employing uniform quality services in public hospitals where adult burn patients would be treated

in non-dedicated or specialized burn centres.

Four additional variables were significant for risk of mortality: ABSI scores, complications, BICU LOS,
and referral district. At TBH, ABSI has been implemented as a standard survival prognostic tool, which
in turn also incorporated two identified co-factors: inhalation injury and TBSA. The strong relation to
mortality was therefore not only unsurprising, but its prognostic use was validated. Complications had
the strongest correlation and predictive value for mortality. Since complications were present in the
entire mortality population even crude analysis demonstrated its significance. The fatality rate reportedly
increased in the presence of complications with the burns’ cohort (Rech et al., 2019; Greenhalgh, 2017),
which could explain why all the deceased patients had some form of associated complication. Septic
shock was present in all 15 mortality cases with the concurrent presence of ARDS in 10 cases. Sepsis-
related deaths in adult burn patients were reported to be between 49.4 and 84% (Rech et al., 2019; Nunez
Lopez et al., 2017; Gomez et al., 2009; Dasari et al., 2008; Sharma et al., 2006) which supported the
high frequency observed in the current study and further demonstrated the ability of these burn-
associated infections to increase the likelihood of death in an already vulnerable burn population
(Dhopte et al., 2017; Krishnan et al., 2013; Keen III et al., 2010). Despite its strong contribution, this
parameter has not typically been considered in prognostic scoring systems, including for ABSI, most
likely due to varying onset and development during the LOS. However, it would be a valuable indicator
in patients that were referred from areas distal to the treating hospital. An ideal and opportunistic
window may result from delayed admissions, especially for patients with severe injuries and poor
prognosis that require referral and specialized critical care. Previous reports have observed unfavorable

outcomes with admission delays (Mashavave et al., 2020; Dhopte et al., 2017) and also reported a
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predisposition to burns-associated complications that elevated mortality risk (Chen et al., 2018;
Lachiewicz et al., 2017; Liodaki et al., 2015). It can be suggested that in the prolonged absence of
specialized burn care, critical patients would have a higher mortality likelihood compared to those
receiving more immediate treatment or shortly after incidence due to proximity. Albeit it a weak
relationship, significant mortality correlation and prediction were observed for the patients referred from
areas outside of the CoCT (TBH’s district). The same was observed for BICU LOS, which has been
affiliated with higher mortality rates in similar settings (Morobadi et al., 2019; Maritz et al., 2012;
Godwin & Wood, 1998). Moreover, prolonged LOS has typically been a consequence of severe injury
in burn patients and has been considered a notable outcome measure (Onah et al., 2021) and predictor
for mortality (Jafaryparvar et al., 2021). The impact of extended hospital stay has gained attention, with
more studies focusing on finding predictors or contributors for the parameter itself (Chukamei et al.,
2021; Onah et al., 2021; Dolp et al., 2018; Taylor et al., 2015). It is plausible that LOS would not only
reflect adverse clinical outcomes; but also indicate transport, social, and economic-related issues

(Boissin et al., 2019).

Interestingly, the presence of one of the above-analyzed factors was nearly always connected to another.
It was noted that complications were known consequences of inhalation injury (Shubert & Sharma,
2018), TBSA (Ali & Ali, 2022), LOS (Chen et al., 2018), and referral delay (Chen et al., 2018); while
LOS increased when burns were more severe and inhalation injury was present (Dolp et al., 2018). This
study demonstrated that, when these parameters were observed in patients who died after distal referral
to the centre; complications, longer BICU LOS, ABSI scores > 8 (serious and above), larger burns
(TBSA >27%), and severe inhalation injury were always presented. For the referred patients that
survived, the only parameter consistently absent was complications. This demonstrated that burn injuries
were far too multifactorial and woven for a single clinical marker to be definitively assigned for
mortality prognostication. However, the presence of more than one of these parameters may be reliable
performance indicators based on the direct relationships with injury progression and poor survival
outcomes. The risk of burns-related mortality may therefore be reduced by minimizing the key factors
identified in this study. The primary outcome, inhalation injury, demonstrated statistical relevance, with
literature having further demonstrated reduced mortality rates in its absence. These findings were used
as the basis and rationale for further investigation into identifying potential clinical markers for

inhalation injury presence or degree utilizing the same statistical testing.
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CHAPTER FIVE
BURNS-RELATED VARIABLES AND INHALATION INJURY

9. Burns-related variables for the prognostication of inhalation injury presence

9.1. Overview

Inhalation injury observed in this study strongly correlated and significantly predicted burns-related
mortality. Public hospitals, such as TBH, have typically been challenged with the availability of
equipment or machinery required to generate the grading systems used to determine inhalation injury
presence and severity, i.e. the AIS (Endorf & Gamelli, 2007) and RADS (Oh et al., 2012; Park et al.,
2003). Moreover, due to inhalation injury’s multifactorial nature, outcomes have been dependent on
specific factors (Sousse et al., 2015; Walker et al., 2015) not typically recorded in the physical and
history evaluation during injury assessment, creating additional prognostic challenges. Clinicians
primarily focus on identifying cofactors recorded in the patient’s physical and history evaluation as well
as their clinical measurements to determine survivability. However, if these measurements could also
prognosticate for the known co-factors of mortality, such as inhalation injury, then survivability could
indirectly be improved as well. Some of these factors were proposed as potential predictors for inhalation
injury-associated complications (Mokline et al., 2017; Herrero et al., 2015), which also supported a need
for further investigation. Identifying potential clinical factors with strong prognostic function for
inhalation injury would be highly beneficial in a clinical setting. The advantage of accessing this data
lies in it already having been recorded as part of the standard routine executed shortly after the patient’s
admission. Thus, the objective of this chapter was to describe the hospitalized burn population at TBH’s
WCPATBC with mild and severe inhalation as well as to identify potential clinical markers for
inhalation injury by assessing relationships using the burns-related variables and statistical methods
previously described in Chapter 4. Inhalation injury was stratified into patients with mild and severe
inhalation injury based on the total days of ventilation (mild = 0-4 days; > 5 days = severe). The burns-
related parameters analyzed included: (i) sociodemographic factors viz. gender, age, day on which the
incidence occurred, the seasonal variation of the incidence, the district the patient was referred from,
and the clinical level of referral; (i7) injury characteristics viz. aetiology, %TBSA, phenotypical
characteristics, burns-related complications, and ABSI scores; and (iii) clinical parameters viz. BICU
LOS, ventilation before admission, and ABG measurements (pH, PaO,, PCO,, Sats, lactate, and BE
levels). The following statistical tests were used to determine the significant relationships between
inhalation injury and the parameters of interest: (i) the Fisher’s Exact test for significant association, (ii)
the Spearman’s Rank coefficient test for correlation strength and direction, and (iii) PLS regression for

predictors of inhalation injury presence and/or degree (see Chapter 2: Methodology).
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9.2. Results

9.2.1. Sociodemographic, injury and clinical factors of burns patients with mild and severe
inhalation
Patients with severe inhalation injury represented 61% of the total admissions with an average of 11.2
patients (CI=9.5-12.9) and a 2.6-fold predominance in favour of males. The 21-39-year age group was
most affected by both degrees of inhalation injury, with near identical mean ages for both mild
(mean=32.6; CI=27.5-37.6) and severe inhalation injury (mean=32.9; CI=29.5-36.5). Both degrees were
also predominantly sustained on weekdays, during the colder seasons, flame etiology and with patients
referred from hospital settings and within the CoCT district. Smaller burns areas (<40% TBSA) were
observed for all the mild (mean=16.3; CI=11.5-21.2) and most of the severe cases (mean=27.8; C[=22.5-
33.1). Regarding the four phenotypical characteristics, patients with mild inhalation injury (median=3.0;
IQR=2.0-4.0) had the same median value as the severe cases (median=3.0; IQR=2.0-3.0). Facial burns
were most frequently observed (mild: 82.6%; severe: 91.7%) and hoarseness the least (mild: 52.2%;
severe: 25.0%). Severe inhalation injury-related patients presented with the most complications (>63%).
Lower ABSI scores (<7) were associated with majority of the mild group (61%), while most of the
severe population (67%) had ABSI scores ranging from serious to maximum (median=8.3; IQR: 7.6-

8.9) (Appendix B, Tables 13 and 14).

Both injury groups had a high and similar occurrence of ventilation prior to admission to the WCPATBC
(mild: 87%; severe: 86.1%). Patients with mild inhalation injury demonstrated strong association
(87.0%) with a <9-days BICU LOS (median=5.0; IQR=3.0-6.0) compared to the severely affected
patients who spent a min of 10 days (mean=12.0; IQR=9.0-11.0) in the BICU. With the exception of
elevated PaO, levels (56.5%; mean=16.8 kPa; CI=14.1-19.6), majority of the patients with mild
inhalation injury had normal ranges for the remaining ABG parameters, these included: pH (52.2%;
mean=7.4; CI=7.3-7.4), PCO; (47.8%; mean=5.3; CI=4.8-5.9), Sats (87.0%; median=98.0; IQR=96.0-
99.0), lactate (73.9%, median=1.4 mmol/L; IQR=0.7-2.4) and base excess (65.2%; mean=-2.3; CI=-3.8-
-0.7). With the severe inhalation injury cases, the following blood gas parameters were within the normal
ranges: PCO; (50.0%; mean=5.5 kPa; CI=5.1-5.9), Sats (88.9%; median=99.0%; CI=98.0-100.0) and
base excess (72.2%; median=-1.7 mmol/L; IQR=-3.7-0.1). Elevated PaO, and lactate levels were also
observed (77.8%; mean=19.9 kPa; CI=17.0-22.6 and 52.8%; median=2.0 mmol/L; IQR=1.3-2.6,
respectively) (Appendix B, Table 15).

9.2.2. Burns-related clinical variables and inhalation injury

Significant associations between inhalation injury and the following factors were observed: % TBSA
(P=0.008), complications (P<0.001) and BICU LOS (P<0.001). These variables also demonstrated
significant correlation to ABSI scores, lactate levels, and hoarseness. All the parameters displayed

positive relationships, with the exception of hoarseness (which showed a negative correlation). BICU
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LOS and complications had a very strong (rho=0.908; P<0.001; CI=0.847-0.945) correlation and strong
correlation (rho=0.690; P<0.001, CI=0.522-0.807) with inhalation injury, respectively. The remaining
variables were moderately correlated as follows and in descending order: %TBSA (rtho=0.357; P=0.006;
CI=0.103-0.567), ABSI scores (rho=0.347; P=0.007; CI=0.093-0.560), lactate levels (rho=0.331;
P=0.011; CI=0.074-0.556) and hoarseness (rtho=-0.314; P=0.015; CI=0.093-0.560) (Table 4).

Table 4: Association and correlation between the burn-related variables and inhalation injury

Fisher’s Correlation rho
Stud iabl 95% CI
udy variables p-value  Coefficient (rho) p-value %

Socio-demographic factors

Gender (male/female) 0.350 -0.049 0.712 -0.308-0.217
Age (years) 0.080 0.095 0.474 -0.173-0.350
Day of the week (week/weekend days) 0.379 -0.006 0.963 -0.269-0.258
Seasonal variation (colder/warmer) 0.421 -0.013 0.920 -0.276-0.251
Referral setting (COCT/other districts) 0.161 0.151 0.252 -0.117-0.399
Referral Level (hospitals or CHC/clinics) 0.082 0.107 0.419 -0.161-0.360
Days between injury & admission (days) 0.311 -0.109 0.409 -0.289-0.238

Injury characteristics

Aetiology (fire/other sources) 0.351 0.118 0.373 -0.150-0.370
TBSA (%) 0.008* 0.357 0.006** 0.103-0.567
Singed nasal hairs (yes/no) 0.472 0.068 0.611 -0.199-0.325
Soot around/in mouth (yes/no) 0.908 0.046 0.730 -0.220-0.306
Hoarseness (yes/no) 0.178 -0.314 0.015* -0.533-0.055
Facial burns (yes/no) 0.750 0.091 0.492 -0.176-0.346
Complications (yes/no) <0.001* 0.690 <0.000** 0.522-0.807
ABSI scores (4-13 points range) 0.163 0.347 0.007** 0.093-0.560

Clinical parameters

BICU LOS (days) <0.001* 0.908 <0.001** 0.847-0.945
Ventilation prior to admission (yes/no) 0.267 0.019 0.887 -0.246-0.281
pH 0.936 -0.223 0.090 -0.399-0.116
PaO: (kPa) 0.381 0.006 0.964 -0.258-0.269
PCO: (kPa) 0.955 0.089 0.503 -0.179-0.344
Sats (%) 0.626 0.200 0.129 -0.067-0.440
Lactate (mmol/L) 0.060 0.331 0.011* 0.074-0.556
Base excess (mmol/L) 0.936 -0.040 0.763 -0.300-0.226

Rho — Spearman Rank’s coefficient, CI — confidence interval, CoCT — City of Cape Town, CHC — community
health centre, TBSA — total body surface area, ABSI — abbreviated burn severity index, BICU LOS — burns
intensive care unit length of stay, PaO2 — oxygen partial pressure PCO: — carbon dioxide partial pressure.

rho interpretation: 0.01 to 0.19 (no or negligible); 0.20 to 0.29 (weak), 0.30 to 0.39 (moderate); 0.40 to 0.69
(strong); >0.70 (very strong).

*: Correlation is significant at the 0.05 level (2-tailed).

**: Correlation is significant at the 0.01 level (2-tailed).

9.2.3. Burns-related clinical variables as predictors for inhalation injury
The significantly associated and correlated variables were assessed for their predictive contribution to
inhalation injury presence and degree. As reported in the previous chapter (see Chapter 4: Inhalation

injury and mortality), hoarseness was excluded from the regression model due to its spurious correlation.
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ABSI scores were also omitted from the model to reduce redundancy, since inhalation injury is included
as a parameter in the scoring calculation and would therefore potentially result in biased outcomes.
Three regression models analyzed the independent correlated variables, inhalation injury and sub-groups
of the latter and former. The first model assessed the ungrouped variables for the prediction of inhalation
injury presence (Table 5). The second and third model incorporated the sub-groups of these variables
as potential predictors for injury presence and severe degrees of inhalation injury, respectively, and the
results were displayed in a combined table (Table 6). Severe inhalation injury degree was selected as
an additional dependent condition because of its identified close association with more adverse

outcomes and mortality.

Table 5: Predicted variances and VIP values generated by PLS regression incorporating significantly associated

and correlated independent variables for the inhalation injury presence prediction model

Predicted variances of latent factors for inhalation injury presence

1 2 3 4
X-variance 0.509 0.216 0.087 0.188
Y-variance 0.729 0.082 0.008 0.000
Adjusted R-square (R?) 0.725 0.805 0.809 0.806
VIP values per variable for inhalation injury presence prediction
Complications 1.117 1.064 1.070 1.070
%TBSA 0.487 0.606 0.609 0.609
BICU LOS 1.495 1.491 1.487 1.487
Lactate 0.527 0.544 0.542 0.543

VIP — variable importance in prediction, PLS — partial least squares, TBSA — total body surface area, ABSI —
abbreviated burn severity index, BICU LOS — burns intensive care unit length of stay.

For all 3 models, the VIP scores of latent factors 1 were considered based on the most variation in the
Y-variables as described by the X-variables, along with the highest R* values. The strongest predictors
for inhalation injury presence (R>=72.5%) were BICU LOS (VIP=1.495) and complications
(VIP=1.117), while VIP scores of >0.5 was observed for lactate and %TBSA (Table 5). The regression
models incorporating the sub-grouped variables for the prediction of inhalation injury presence
(R?=59.7%) showed that BICU LOS >10 days (VIP=1.372) and the presence of complications
(VIP=1.229) were the optimal predictors. It also indicated that TBSA >40% (VIP=0.590) and excess
lactate levels (VIP=0.509) were significant contributors (Table 6). These predictive outcomes were
similar to those observed for the severe degree (R’=39%) of inhalation injury. The presence of BICU
LOS >10 days and complications continued to have the highest VIP values (1.303 and 1.229,
respectively). TBSA >40% (VIP=0.662) and excess lactate levels (VIP=0.594) remained significant

contributors as well (Table 6).

Table 6: Predicted variances and VIP values with the highest adjusted R? generated by PLS regression
incorporating sub-groups of the significantly associated and correlated independent variables for the inhalation

injury presence and severe degree prediction models

Predicted variances of latent factor 1 for inhalation injury presence and severe degree
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Inhalation injury presence Severe inhalation injury

X-variance 0.490 0.492
Y-variance 0.604 0.401
Adjusted R-square (R?) 0.597 0.390
VIP values per variable sub-groups for injury presence and severe degree prediction
Complications (present) 1.229 1.229
%TBSA (>40 days) 0.590 0.662
BICU LOS (=10 days) 1.372 1.303
Lactate (Excess) 0.509 0.594

VIP — variable importance in prediction, PLS — partial least squares, TBSA —total body surface area, ABSI —
abbreviated burn severity index, BICU LOS — burns intensive care unit length of stay.

9.3. Discussion

Inhalation injury markedly impacted burn outcomes, which was observed by the statistically significant
relationship with mortality in this study. Since it has previously been reported as a co-factor (American
Burn Association, 2019; You et al., 2014; Lipovy et al., 2011), it was plausible that the likelihood of
mortality would be reduced if inhalation injury was effectively identified and treated. However,
diagnosis and prognosis of inhalation injury lacks uniform consensus when it comes to the application
of diagnostic and scoring tools (Foncerrada et al., 2018), in part due to latent symptomology, but also
because of early detection limitations with the available diagnostic modalities. Although resource-
constrained clinical settings (such as the Burns Unit at TBH) provide quality care for burn patients by
employing innovative strategies (combining resourceful strategies and protocols), optimizing available
resources, and adhering to core principles of burn management (Tremblay et al., 2024; Cancio et al.,
2017; Atiyeh et al., 2009); numerous challenges involving access and availability of diagnostic tools
remain a significant barrier. The importance of this section of the study lies in the benefit for clinicians
who have access to the patients’ medical files to potentially make calculated and objective decisions in
the hospital setting based on statistically-associated clinical data (that could be less time-dependent if
an easily accessible, electronic frame-work template exists) prior to extending analysis into biomedical
aspects (that would require additional tissue collection and processing). Within this clinical cohort, the
results showed that it was indeed possible to determine if the patient- and injury-related recorded

medical information could prognosticate for the presence or progress of inhalation injury.

On admission, data from patient history and classic symptomology were recorded as part of the clinical
index of high suspicion and noted for visible indications of inhalation injury presence. In this study,
inhalation injury did not significantly associate or correlate with most of the classic symptoms (singed
nasal hair, soot around/in mouth, and facial burns) provided in the patient medical files. Onishi et al,
(2017) also retrospectively studied patient data from medical files and found no significant correlation
with singed nasal hair and hoarseness but observed associations with facial and neck burns. Only
hoarseness demonstrated a negatively moderate correlation with inhalation injury in this study, which,
as with the findings in the previous chapter (that focused on burns-related variables and mortality), was

deduced as a spurious correlation. Interestingly, in its rational form, the pathological inference would
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denote that the absence of hoarseness was related to the increasing degree or presence of inhalation
injury; however, the inverse was typically considered for prognosis in a clinical setting. The negative
correlation may have been as a result of the small data set not accurately representing the broader
population (Bland & Altman, 1994); but in general, the variability in symptom presentation and injury
incidence may be the primary reason for the inability to definitively use any singular classic symptom
for inhalation injury prognostication, especially for the more severe injury form. The presence of
hoarseness may indicate upper airway involvement, but damage to the mucosal region of the oropharynx
is primarily caused by heat transfer, which is rarely observed since high blood flow in the upper airways
would allow for rapid cooling (Jeschke et al., 2020; Rong et al., 2011; Cox et al., 2009; Baile et al.,
1985). On the other hand, factors such as dehydration or vocal strain from shouting during the thermal
event could also subsequently affect the upper airway mucous membranes (Sivasankar & Leydon, 2010)
and result in damage to the vocal cord-containing laryngeal area (Fang-Gang et al., 2015). Thus,
hoarseness can occur both dependently or independently of heat or smoke damage and could still be
evident in the absence of significant airway damage. Importantly, without the presence of hoarseness,
severe inhalation injury could still occur by the chemical toxic gases bypassing the larynx and causing
lower airway damage. These physical signs may indeed indicate that the patient was exposed to smoke,
but cannot necessarily be correlated to the severity of injury. Therefore, the initial clinical presentation
data attained in this study may not accurately prognosticate the true extent of burn injuries. This is
supported by Huang and colleagues, (2022) reporting that physical findings (such as singed nasal hairs,
hoarseness, etc.) were not reliable indicators for facial burns patients with inhalation injury after

observing the lack of predictability for the condition (Huang et al., 2022b).

Although these parameters may not conclusively prognosticate inhalation injury, their presence and
progression have been critical in determining whether patients should be intubated or not. The need for
early intubation had been based on reduced airway patency, which was an inhalation injury-related
consequence of devolving anatomical changes in the respiratory tract and unrecognized edema
(Concannon et al., 2023; Orozco-Pelaez, 2018). However, endotracheal intubation (ETI) also carried
several risks including damage to upper airway structures (Eastman et al., 2010), while subsequent
mechanical ventilation has been linked to complications such as tracheal stenosis, ventilator-associated
pneumonia (VAP), and ARDS (Moshrefi et al., 2019). Despite the need for more precise intubation
criteria, potentially unnecessary ETI has been a common practice. Huang et al, (2022b) demonstrated
that of the total number of patients that were intubated based on physical examination findings, only
60.3% had confirmed inhalation injury after diagnosis with bronchoscopy. Thus, the increased risk of
introducing associated complications that exacerbate the patient’s prognosis and delay recovery may be
an outcome for a large population that did not require ETI to begin with. In this case, Huang et al,
(2022b) concluded that apart from physical findings being unreliable markers for inhalation injury
prognostication, they were not always indicative of the requirement for ETI (Huang et al., 2022b). The

authors did, however, report that independent risk factors for inhalation injury were shortness of breath
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and large TBSA burns (Huang et al., 2022b). Although shortness of breath was not a parameter included
in the patient’s medical history and therefore not included in this study, increasing TBSA burns
significantly correlated with and predicted inhalation injury, along with longer BICU LOS, the presence

of complications, and elevated lactate levels.

Prolonged BICU LOS and the presence of complications had the strongest predictive potential for
inhalation injury according to regression analysis. Several studies have reported relationships with these
factors and inhalation injury. Monteiro et al, (2017) reported TBSA as an independent predictive factor
for lower respiratory tract injury (severe degree). TBSA may therefore be useful when inhalation injury
is suspected and when considered with specific factors such as etiology and co-morbidities that may
affect mobility (including younger and elderly aged cohorts). The mobility parameter may be significant
in the case of flame burns, because the inability to escape due to immobility prolongs exposure to the
physical (fire) and chemical (smoke) event, which could result in the concomitant occurrence of larger
burns and more severe inhalation injury. Factors, such as age, should therefore be considered as
secondary or indirect indicators of mobility and perhaps be considered in the statistical testing for
inhalation injury presence. While the data may reflect that larger burns would almost always be
accompanied by inhalation injury, its absence cannot be ruled out as patients can still be exposed to the
smoke inhalants without sustaining flame burns. Since these factors could be mutually exclusive, TBSA
would therefore not be a reliable independent indicator (on its own) for inhalation injury. This could
explain why TBSA was a significant predictive factor, but not the strongest for inhalation injury in this

study.

In addition to TBSA, Monteiro and colleagues (2017) also reported that complications, such as ARDS
and pneumonia, were independent indicators in deceased patients that had inhalation injury. They further
stated that ARDS had the largest impact on the prognosis of these patients. Results from this study
supported the latter observation by the strong positive correlation between inhalation injury degree and
complications presence, which was one of the two strongest predictors for the condition (Monteiro et
al., 2017). Only two patients with mild injury had complications (both septic shock), and of the 36
patients with severe inhalation injury, 23 had complications. VAP was observed in 7 patients, which
was second to the more prevalent complication (i.e. concurrent ARDS and septic shock in 9 patients).
ARDS occurred in a noticeable amount of patients with thermal injury (Jones et al., 2013); however,
patients with inhalation injury were more predisposed (Afshar et al., 2019). Together, ARDS and
pneumonia were described as primary causative agents for respiratory dysfunction observed with
inhalation injury (Bittner & Sheridan, 2023; Silva et al., 2016). Moreover, inhalation injury-induced
ARDS resulted in a more adverse oxygenation-related state when compared to ARDS caused by
cutaneous burns only (Lam & Hung, 2019). Concurrent septic shock was another leading complication
in the current cohort of patients admitted to TBH. As the last and more serious phase of sepsis, septic

shock has been associated with conditions involving perfusion anomalies despite appropriate treatment
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(Hotchkiss et al., 2016). Studies have demonstrated a higher risk of sepsis occurring in patients with
inhalation injury due to the resultant ALI (Rue III et al., 1995; Thompson et al., 1986). As for the second
most prevalent complication identified, VAP, it had previously been noted as a frequent complication
observed in lower respiratory injury (Monteiro et al.,, 2017). The marked incidence of pneumonia
demonstrated two facets: typical distal region localization and the potential as an indicator for injury
severity. It was not uncommon for burn patients to present with numerous complications
(simultaneously) due to the pneumonia’s pathological and multifactorial complexities. However,
whether a single complication promoted the development of another would require additional analysis
in order to definitively conclude a compounding and potentially more adverse impact as an indirect
consequence of inhalation injury. The development of complications has been dependent on progressive
immunological or injury outcomes (Le et al., 2020; Trillo-Alvarez et al., 2011) and would therefore not
present immediately after incidence or even shortly after admission. Complications therefore cannot be
used as an indicator for prognostication unless present on admission, which is a possibility most related
to patients with delayed referral and without confirmed complications or in patients that develop
complications during the referral route. The presence of any of these complications may not only allude
to the presence of inhalation injury but could also indicate injury degree and be highly useful in cases
where injuries were underestimated or even misdiagnosed. Since the time elapsed during referral may
only be considered in the assessment and management of inhalation injuries, the findings in this study
may highlight its potential inclusion, as an indirect factor for disease progress or severity onset, into a

formal diagnostic or prognostic tool for inhalation injury.

Complications were also frequent in patients treated for oxygen-related abnormalities (Thompson et al.,
1986) with mechanical ventilation (Moshrefi et al., 2019). Such anomalies were not only related to the
perfusion state of the patient, but have also included conditions indicative of metabolic-related
outcomes, such as lactic acidosis (Hotchkiss et al., 2016). More than half (approximately 53%) of the
36 patients admitted to TBH with severe inhalation injury presented with hyperlactatemia (lactate levels
> 2 mmol/L), while 5 patients had lactic acidosis (lactate levels > 4 mmol/L). Adverse outcomes were
reported when lactate levels deviated above 2 mmol/L (Alshiakh, 2023; Godinjak et al., 2017; Kamolz
et al., 2005) and numerous studies have demonstrated the prognostic value of lactate (> 2 mmol/L) for
burn outcomes. It must be emphasized though, that these studies focused on its predictive ability for
mortality and did not for inhalation injury (Alshiakh, 2023; Muthukumar et al., 2020; Park et al., 2018;
Godinjak et al., 2017). While its role and relationship to inhalation injury had not been the primary
focus, indirect relationships could be deduced via correlations between known consequences of
inhalation injury, such as cellular hypoxia (Klein et al., 2003; Holm, 2000) and cyanide poisoning (Baud
et al., 2002). Hyperlactatemia was also linked to the highly predisposed septic conditions observed in
patients with inhalation injuries (Gicheru et al., 2023; Mokline et al., 2017), which potentially provides

an explanation for the prevalence of septic shock reported in the TBH cohort with severe injuries.

60



Similar to the findings in the previous chapter that focused on mortality indicators, the investigated
clinical markers for inhalation injury were also interlinked, with one factor potentially exacerbating or
perpetuating the other. Consequently, these factors cannot be absolute prognosticators for inhalation
injury unless present immediately after incidence, on admission, or shortly thereafter. By this criteria,
BICU LOS as a sole parameter should be excluded for consideration since it is a time-dependent
parameter. TBSA could potentially provide an accurate indication of the presence and degree of
inhalation injury, only if certain factors were also included, viz. the duration of exposure, etiology, co-
morbidities affecting motility. Additionally, complications may be present on admission only if the
patient was referred with unreported incidence and with a prolonged referral window prior to treatment.
Lactate levels may be the only clinical marker out of those identified in this study with independent
prognostic value since measurements could, immediately or shortly after admission, be determined.
Although previously reported research was limited to mortality as the primary predicted outcome,
abnormal blood lactate had been established to correlate with hypoxia (Klein et al., 2003; Holm, 2000),
known to be part of the inhalation injury-induced sequelae (Foncerrada et al., 2018). This may provide
the necessary connection to further investigate this biological parameter in relation to its predictive
potential for inhalation injury. Excess lactate was reported to occur within both aerobic and anaerobic
conditions. Distinguishing between these events that produce excess lactate should first be considered
because aerobic production is an adaptive response to increased metabolic demands (Brooks, 2009;
Brooks, 2002; Brooks, 2000) and plays a crucial physiological role in cellular metabolism, while the
anaerobic production of lactate occurs in response to hypoxia and has been observed in inhalation injury-
related pathologies such sepsis (Ryoo & Kim, 2018; Mokline et al., 2017). Since lactate may not always
be indicative of hypoxia or poor perfusion, differentiating between the origin pathways associated with
its production would be important in order to relate it as a consequence of inhalation injury. Moreover,
changes in lactate levels over time were shown to have better prognostic value in mortality-related
reports as opposed to measurements at a single time frame (Mohammed et al., 2023; De Lucas et al.,
2020). Thus, of interest in this field to better gauge the relationship between lactate and inhalation injury,
a series of measurements over a period of time should be extensively studied. This would allow
differentiation between changes in lactate levels from the onset of injury to progressive outcomes, up
until patient discharge or mortality. In turn, it would allow the identification of precise cut-off
concentrations and time frames for prognostication. Lactate clearance mechanisms should also be
considered when validating lactate as a prognostic marker. If exhausted, hyperlactatemia can occur
(Ryoo & Kim, 2018), and when fully functional, within 24 hours, survival of burns patient was improved
(Kamolz et al., 2005). These mechanisms, therefore, aim to reduce excess lactate and may impact
pathological measurements, and thus establishing a timeline for clearance would result in the ability to

also determine lactate levels associated with the injury.

Findings based on the patient’s history and physical examination have long been relied on for subjective

diagnosis of inhalation injury (Kim et al., 2017; Clark, 1992). However, reports have suggested that
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these factors alone may not be reliable and lacked association after objective diagnosis using
bronchoscopy (Kim et al., 2017; Ching et al., 2015) within 24 hrs post-admission (Palmieri & Klein,
2007). Chemical and thermal mechanisms of the condition was reportedly associated with the observed
diagnostic challenges (Dries & Endorf, 2013). This has further been complicated by the heterogenous
presentation of the condition (Woodson, 2009; Palmieri & Klein, 2007), with subsequent host response
outcomes (Dries & Endorf, 2013). Studies have primarily focused on diagnosing inhalation injury using
many associated physical, socioeconomic, and clinical factors. Instead, this study investigated the
prognostic potential of the above-mentioned associated factors before the onset of progression. Although
prognostication was not clearly met by the identified variables in this study, emphasis should be placed
on their collective ability to potentiate the progression of injury after initial assessment, especially in the
presence of more than one of the analyzed factors. This would not only aid with selective management
and treatment, but also in cases where injury was grossly underscored or undiagnosed. While diagnostic
and grading tools have advanced for the improvement of detection, prognostication remains under-
researched and requires more investigation. The current diagnostic tools used for burn patients (with the
exception of technology such as bronchoscopy) remain fairly subjective. Consequently, studies have
broadened diagnostic research to include identifying potential biological markers with greater sensitivity
to detection. Moreover, there is a growing interest in the ability of biomarkers for prognostication.
Putative biomarkers of interest have ranged from cytokines to larger proteins and also included DNA
and RNA easily attained from varying biological sample types such as plasma (Wang et al., 2012), blood
(Gallo et al., 2012), and bronchoalveolar lavage fluid (BALF) (Xiao et al., 2018a).

The next chapter will focus on identifying potential RNA biomarkers (microRNAs) in whole blood
samples from burn patients admitted to WCPATBC. These biosignatures have been observed in nearly
every bodily fluid, with their diagnostic and prognostic potential linked to a plethora of pathological
processes and disease pathways. miRNA expression specific to inhalation injury presence, progression,
and/or associated complications therefore could present a sensitive, neoteric approach in early

identification and subsequent clinical management and support for burn patients with inhalation injury.
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CHAPTER SIX
BIOLOGICAL MARKERS AND INHALATION INJURY

10. Blood-based biomarkers for the prognostication of inhalation injury presence

10.1. Overview

Several parameters (i.e. TBSA burns, related complications, BICU LOS, and lactate concentration)
assessed in Chapter 5 had statistical suitability as clinical markers; however, these could not solely
(independently) be used as a prognosticator or indicator for inhalation injury presence or degree. For
instance, TBSA burns cannot consistently indicate the presence of inhalation injury, which can still
occur in the absence of flame injuries. Additionally, while metabolic- or respiratory-related
consequences can be affiliated with varying lactate levels, pathological accuracy was influenced by early
lactate clearance and continuous fluctuations as a result of disease evolution. Similarly, the presence and
progress of burns-related infectious complications and BICU LOS, respectively, would require time-
course developing periods, which would surpass early diagnostic and prognostication windows.
Although unreliable as early indicators, the concurrent presence and progress of any of these factors
continue to be indicative of worsening outcomes in burn patients. For the purpose of prognostication,
biological markers may be more beneficial due to their disease- and patient-specific functions through
pathway modulation. Exemplar biomarkers must be easily detectable and quantifiable, remain stable
(Pattarayan et al., 2018), be well-preserved during storage (Liu et al., 2009a; Xi et al., 2007), and be
disease-specific (Pattarayan et al., 2018). These characteristics were met by miRNAs, which reportedly
also had early predictive potential for numerous pathological diseases (Ghai & Wang, 2016; Cortez &
Calin, 2009). The aim of this chapter was to determine differentially expressed (DE) miRNAs in burn
patients with mild and severe inhalation injury for potential prognostication thereof. These biomarkers
were less invasively attained through blood-based sampling on or shortly after admission in burn patients
with existing intravenous lines. Exemplar whole blood samples were then selected based on the clinical
data that best potentiated the presence of inhalation injury. The miRNA sequences were retrieved with
RNA-sequencing after RNA isolation, aligned to the human genome GRCh38 with sRNA-bench, and
counts per million data was generated using Bowtie. EdgeR and DESeq?2 in the R statistical program
was used to identify the DE miRNAs following normalization methods. The DE miRNAs with [log2
FC| >1.5 and adjusted P<0.05 expression values (Song et al., 2022; Robinson et al., 2010; Mestdagh et
al., 2009) were considered significant (see Chapter 2: Methodology).

10.2. Results

10.2.1. Small RNA-seq library pooling and mapping
Thirty exemplar samples (15 representing mild and 15 severe inhalation injury) were selected from the

59 total samples based on sequencing pre-requisites, high clinical index of suspicion and additional
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clinical parameters utilized by the WCPATBC to indicate inhalation injury presence and degree. Pre-
quality (Pre-QC) and quantity analysis, complementary to the Illumina platform specifications, were
performed and only samples with RIN >7 and concentration of >2 ng/ul passed for the library
preparation. Twenty two samples were accepted for sequencing based on the latter criteria (8 samples
representing mild inhalation injury and 14 representing severe) (Appendix C: Table 16). The individual
small RNA-Seq libraries had a concentration range of 0.1 — 0.5 ng/ul, which were pooled to yield an
average library size of 165 bps and a dsSDNA concentration of 0.129 ng/ul. Pre-QC metrics demonstrated
an average Q(30)-score distribution of 99.1%, Phred scores >30 for both mean and per sequence scores,
as well as, expected varying sequence length distributions and sequence duplication levels. Moreover
the 3’ adapter contaminant present in all samples was removed using the SRNA bench pipeline. Varying
GC content per sequence was also observed and corrected via normalization downstream. Overall, these
results demonstrated successful library production for the 22 exemplars (n=8 mild and n=14 severe
injury samples) as denoted by the aforementioned satisfactory pre-QC results. FastQC files were
generated, and the adapters of the raw sample reads (between 316861 and 22138349) were trimmed.
Only clean reads that were 10 nt-length sequences with Phred scores >20 were used for downstream
analysis. The subsequent clean reads obtained ranged between 253453 and 8 million for mild injury,
and the range for severe injury was between 474833 and 19 million. Following mapping to the human
genome GRCh38 and re-alignment to human miRbase (v22) data, the average percentage of clean reads
that were successfully mapped was 97.29%, ranging between 96.34% and 98.33% (Appendix C: Table
17).

10.2.2. Differentially expressed miRNAs in mild and severe inhalation injury using EdgeR
and DESeq2

DE miRNAs were determined with EdgeR and DESeq2 after alignment and mapping to the human
genome. A cumulative 335 miRNAs aligned for mild and severe inhalation injury using both tools. Of
these, 60 DE miRNAs (30 up- and 30 down-regulated) were obtained with EdgeR (Figure SA & 6A,
Annexure C: Table 18), 67 DE miRNAs (39 up-regulated and 28 down-regulated) were observed with
DeSeq2 (Figure 5A & 6B, Annexure C: Table 19) and 57 overlapped between the two modalities
(Annexure C: Table 20). DE miRNAs in mild injury samples were 30 and 28 for EdgeR and DESeq2,
respectively; with an overlap of 27 between the outputs from the two tools (Figure 5SB). DE miRNAs
in severe injury were 30 and 39 for EdgeR and DESeq2, respectively; with an overlap of 30 (Figure
5C). All DE miRNA in mild injury were down-regulated, while only up-regulated DE miRNA were
observed for severe injury. In order to select the DE miRNAs for target gene analysis, |[log2 FC|>1.5 and
Padj.<0.05 were used as cut-off values. With these criteria in mind, 10 DE miRNAs were observed with
EdgeR, which also overlapped with those from DESeq2, that in turn yielded 14 DE miRNAs in total
(Figure 5D).
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Figure 5: DE miRNA detected with EdgeR and DESeq2 (Padj.<0.05): A: DE miRNAs detected using EdgeR
and DESeq2. B: DE miRNAs in mild inhalation injury. C: DE miRNAs in severe inhalation injury. D: [log2
FC|>1.5 DE miRNAs (DE — differentially expressed, Padj. — P-adjusted, FC — fold change).
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Figure 6: Significant DE miRNAs: A: Significant DE miRNAs obtained with EdgeR (Padj.<0.05). B: Significant
DE miRNAs obtained with DESeq2 (Padj.<0.05). Up- and down-regulation is represented by red and blue-
coloured blocks, respectively, while the colour intensity thereof has a direct relationship with expression levels

DE - differentially expressed, Padj. — P-adjusted.).
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10.2.3. Differentially expressed miRNAs in mild and severe inhalation injury meeting cut-
off values

The ten intersecting DE miRNAs with [log2 FC|>1.5, Padj.<0.05 were considered for target gene and
pathway enrichment analysis (Figure 7A and B). Those not overlapping (n=4: miR-101-3p, -126-3p, -
7-5p, 30e-5p) had FCs slightly below or just made the target cut-off value (1.45, 1.49, 1.49, 1.50,
respectively) which also supported the basis for omission from further analysis (Figure 7B). One DE
miRNA (miR-504-5p) was observed in mild inhalation injury, while the remaining 9 (miR-143-3p, -
200b-3p, -148b-5p, -10b-5p, -30a-5p, -15a-5p, -374a-5p, -21-5p, -144-5p) were all significant for severe
inhalation injury (Figure 8A and B). Moreover, these 10 DE miRNAs had near identical mean counts
and FCs with both tools, while the single DE miRNA in mild injury was down-regulated, and the

remaining 9 attributed to severe injury were all up-regulated (Table 7).
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Figure 7: Significant DE miRNAs with |log2 FC|>1.5 and Padj.<0.05 expression values: A: Significant DE
miRNAs detected by EdgeR incorporating the cut-off criteria. B: Significant DE miRNAs detected by DESeq2
incorporating the cut-off criteria. Blue plots denoted down-regulated DE miRNAs, red plots denoted up-regulated
DE miRNAs and green plots illustrated DE miRNAs that met the cut-off criteria values. Cut-off indicators were
represented by vertical lines for FC values and the horizontal line at >1.3 -logl0 for Padj.-values (DE —

differentially expressed, FC — fold change, Padj. — P-adjusted.).
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inhalation injury was represented by blue plots and severe injury by the red plots (DE — differentially expressed,

FC — fold change, Padj. — P-adjusted.).

Table 7: Up- and down-regulated DE miRNAs detected with EdgeR and DESeq?2 for inhalation injury degree that
meet the cut-off criteria (Jlog2 FC|>1.5 and Padj.<0.05)

Mean FC P-value
(Count/million) (Log2) (Adjusted)
EdgeR  DESeq2 EdgeR DESeq2 FEdgeR DESeq2

MiRNA
(ID: Accession #)

Regulation Degree
(Up/down)  (Mild/severe)

miR-504-5p: .

MIMAT0002875 8.2 8.1 -1.7 -1.7 0.02 0.03 Down Mild
miR-144-5p:

MIMAT0004600 853.4 876.2 1.5 1.6 0.03 0.01 Up Severe
miR-21-5p:

MIMAT0000076 2247.1 2255.6 1.5 1.6 0.00 0.00 Up Severe
miR-374a-5p:

MIMAT0000727 138.8 1379 1.6 1.7 0.01 0.01 Up Severe
miR-15a-5p:

MIMAT0000068 183.8 185.7 1.7 1.7 0.01 0.00 Up Severe
miR-30a-5p:

MIMAT0000087 1459 146.6 1.7 1.8 0.02 0.02 Up Severe
miR-10b-5p:

MIMAT0000254 47.1 46.0 1.8 1.8 0.03 0.03 Up Severe
miR-148b-5p:

MIMAT0004699 13.5 13.3 1.8 1.8 0.01 0.00 Up Severe
miR-200b-3p:

MIMAT0000318 5.2 5.0 1.9 1.9 0.04 0.02 Up Severe

M';'A'/[lj";gg(;‘;’)‘;; s 3179 312 20 2.0 0.00 0.00 Up Severe

DE — differentially expressed, FC — fold change, Padj. — P-adjusted.

10.2.4. The hub miRNAs in the miRNA-mRNA networks of inhalation injury

The up-regulated, down-regulated DE miRNAs and the combination of the two groups were analyzed
with the miRNet database to determine their importance in the miRNA-mRNA network by degree of
connectivity. The degree values of the miRNAs (nodes) represent the amount of target genes it has
connections with. The nodes with higher degrees were important in the network since malfunctioning
thereof would influence all the connections. For miRNA groups; miR-30a-5p, miR-15a-5p and miR-21-
5p targeted the most genes with 734, 717 and 612 degrees, respectively (Table 8).

Table 8: Degrees and betweenness of the 10 DE miRNAs with target genes in the mRNA network

MiRNA Regulation Target gene network topology

ID: Accession # (Up/down) Degree Between
miR-504-5p: MIMAT0002875 Down 108 175456
miR-144-5p: MIMAT0004600 Up 36 63782.52
miR-21-5p: MIMAT0000076 Up 612 1243746
miR-374a-5p: MIMAT0000727 Up 282 533788.9
miR-15a-5p: MIMAT0000068 Up 717 145890
miR-30a-5p: MIMAT0000087 Up 734 1514183
miR-10b-5p: MIMAT0000254 Up 323 644612
miR-148b-5p: MIMAT0004699 Up 52 99717.31




miR-200b-3p: MIMAT0000318 Up 186 335533.2
miR-143-3p: MIMAT0000435 Up 228 468866.7
DE — differentially expressed.

10.3. Discussion

Early detection of inhalation injury continues to be an unmet need that would improve burns-related
outcomes and reduce mortality incidence. Diagnostic tools have been able to identify certain aspects of
the injury, and prognosticating modalities have demonstrated promise in differentiating degree;
however, numerous challenges exist that particularly implicate resource-limited clinical settings and
subsequent management. In Chapter 5, burns-related variables were investigated as potential prognostic
markers; however, these were better suited for identifying disease progression. In this chapter, biological
markers (miRNAs) were instead assessed as potential prognosticators based on the premise that these
biomarkers were differentially expressed in the exemplar samples that best potentiated for the presence
of inhalation injury. The samples represented two inhalation injury degrees, mild and severe, of which
potential DE miRNAs with the latter degree were of particular interest since increasing degree
significantly correlated with and predicted mortality in the burn cohort of this study (See Chapter 4).
Thus, after aligning sequences to the human genome, the differentially expressed miRNAs were
compared between the mild and severe injury samples. Ten miRNAs overlapped between the results
obtained with EdgeR and DESeq2 and met the threshold cut-off values for DE identification. Only 1
(miR-504-5p) was significant for mild injury and down-regulated, whereas the remaining 9 (miR-143-
3p, -200b-3p, -148b-5p, -10b-5p, -30a-5p, -15a-5p, -374a-5p, -21-5p, and -144-5p) were all up-regulated
in the severe injury samples. Although miRNA profiles in burn injuries have been investigated, it was
to a much lesser extent compared to oncological studies; and of the very few studies assessing these
putative markers for inhalation injury, different species (models) and methods were utilized. This was
therefore the first study identifying a potential panel of putative miRNAs in human whole blood samples
for inhalation injury degree. Most of the studies addressed miRNA expression in cutaneous burns (skin
tissue) utilizing either rat (Zhou et al., 2016) or mouse (Zhang et al., 2020a; Lyu et al., 2018; Morris et
al., 2017) models. Scalding was the main mode of burn induction; however, miRNAs in localized
radiation injury were also investigated (Ancel et al., 2024). In addition, secondary outcomes of burns,
such as hyperglycemia (Zhang et al., 2017b), insulin resistance (Karolina et al., 2011; Ryu et al., 2011),
acute kidney injury (AKI) (Wang et al., 2023a; Petejova et al., 2022), sepsis (Xu et al., 2022),
hypertrophic scarring (HS) (Mu et al., 2016; Zhu et al., 2014), and skeletal muscle atrophy (Yu et al.,
2016), were also topics of interest in relation to dysregulated miRNA levels and their post-transcriptional
consequences. At least half of the upregulated DE miRNAs in this study were also up-regulated in the
aforementioned reported conditions. MiR-15a-5p and miR-144-5p were up-regulated in deep partial
thickness burn skin (Liang et al., 2012), whereas miR-200b-3p was up-regulated in HS tissue (Zhou et
al., 2015; Li et al., 2014) along with miR-21-5p (Zhou et al., 2015; Zhu et al., 2014). Elevated levels of
miR-148b-5p were observed in localized radiation injury (Ancel et al., 2024), while a study observing

68



miRNA profiles in fire-fighter blood samples demonstrated elevated miR-374a-5p levels (Jeong et al.,
2018). Conflicting results were also reported where the up-regulated miR-200b-3p, -143-3p, -148b-5p,
-15a-5p, and -21-5p in this study were down-regulated in deep partial thickness burn skin (Liang et al.,
2012), HS tissue (Mu et al., 2016), skeletal muscle atrophy (Haijun et al., 2015), sepsis-induced AKI
(Petejova et al., 2022), and sepsis (Xu et al., 2022); respectively.

Although none of these studies factored in the potential concurrent presence of inhalation injury or
focused solely on the condition itself, the identical expression of the miRNAs with this study may have
resulted from overlapping cellular and molecular mechanisms that stem from non-specific immune or
inflammatory responses after the initial insult, despite the condition or injury being different. Inhalation
injury and miRNA expression have been analyzed in mice (Jiang et al., 2022; Zhang et al., 2020c) and
rats (Xiao et al., 2018) after smoke exposure in an enclosed holding for specific durations. Either lung
tissue or BALF was assessed using RT-qPCR or microarray analysis. Since the models and methods of
the latter reports differed from this study, variations in miRNA expression were expected. The
expression of miRNA-200b-5p in the BALF of smoke-induced rat models (Xiao et al., 2018) was
consistent in this study; however, it comprised the bottom 3 miRNAs that had the least degree values
(connections) with target genes. MiRNAs with the most connections (higher degrees) in a network were
considered as the most important “hubs” (Chang & Xia, 2023; Chang et al., 2020; Zhu et al., 2007) since
their dysregulation would impact all the genes that they target (Li et al., 2018), which in turn would alter
the control and balance of the entire network, causing disease. The potential impact of these influential
miRNAs was further explored in literature with particular emphasis on their role in inflammatory
responses and apoptosis. The release of immune and inflammatory mediators post-inhalation injury
would not only determine the extent of the inflammation (Rehberg et al., 2009) that manifests clinically,
but with inhalation injury-related complications, such as hypoxia (Coimbra-Costa et al., 2017) and
pneumonia-induced sepsis (Lobo et al., 2005), these mediators were shown to activate apoptosis through
oxidative stress (Yang et al., 2020; Park et al., 2009). Apoptosis was one of the important events in the
development of numerous pulmonary conditions such as chronic obstructive pulmonary disease
(Demedts et al., 2006) and pulmonary fibrosis (Morimoto et al., 2012). Interestingly, it was the
prolonged inflammation caused by apoptosis that played a role in the pathogenesis of the latter
conditions. The exacerbated inflammation was a reported outcome of excessive apoptotic cell function,
or failure to inhibit this activity, that elevated pro-inflammatory mediator release (Juncadella et al., 2013;
Vandivier et al., 2002). The interactions between inflammatory and apoptotic mechanisms may not only
overlap but could also be crucial in the onset and progress of inhalation injury. Therefore, the primary
focus was on the potential relationship between these events and the “hub”/influential miRNAs in this

study.

The miRNAs with the highest degrees (in descending order) were miR-30a-5p, -15a-5p, and -21-5p; and

were all up-regulated in the samples representing severe inhalation injury. Several studies observed the
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abhorrent expression of these miRNAs in disease governed by inflammation. The overexpression of
miR-30a-5p had a pro-inflammatory impact in periodontitis (Liu et al., 2021b) and Alzheimer’s disease
(AD) (Sun et al., 2022), of which the latter was induced by the production of amyloid-beta peptide
triggering oxidative stress and inflammatory reactions (Zhang et al.,, 2021b). Liu et al, (2021)
conclusively proved this role by introducing a miR-30a-5p inhibitor, which reduced the initial
inflammatory effect in periodontitis. Although these studies demonstrated the pro-inflammatory effect
of miR-30a-5p, there were comparatively more reports demonstrating its anti-inflammatory properties.
ALI/ARDS-related inflammation was simulated by lipopolysaccharide (LPS)-induced effects in murine
lung (Li et al., 2021b). LPS was reported as an important ALI risk factor (Fu et al., 2014; Joh et al.,
2012) causing inflammation by activating cells to release inflammatory cytokines (Kim et al., 2013; Uda
et al., 2013) that exacerbate lung injury. Following LPS introduction, reduced miR-30a-5p levels and
cell viability in lung and peripheral blood was observed, along with elevated pro-inflammatory cytokines
(such as IL-1pB, IL-6, and TNF-a). The isolated lung cells were then transfected with miRNA-30a-5p
simulators, which then ameliorated the lipopolysaccharide-induced effects on cell cycle and
inflammation (Li et al., 2021b). The anti-inflammatory effect of miR-30a-5p overexpression was also
observed in conditions where inflammation was the hallmark of the adverse outcomes. In atherosclerotic
murine models, anti-inflammatory outcomes (induced by IL-1p, IL-6, and TNF-a) and lipid uptake (of
low-density lipoproteins, triglycerides, and total cholesterol) were beneficially modulated by the up-
regulation of miR-30a-5p, along with the concurrent reduction in pro-inflammatory effects (induced by
IL-10 and TNF-B) (Song et al., 2021). In obese mice, adipocytes were protected from the pro-
inflammatory cytokine IFN-y that decreased peripheral insulin sensitivity when miRNA-30a-5p was
overexpressed (Koh et al., 2018). The role of miR-30a-5p in LPS-induced neuroinflammation of murine
microglial cells was investigated by two studies. The underlying LPS-stimulated mechanisms, which
included the activation of TNF-a, IL-6, NO, iNOS and NF-«kB, were all attenuated with the introduction
of miR-30a-5p (Kim & Yang, 2022). Moreover, miRNA-30a-5p affected the neuroinflammation-driven
pathways that were mediated by iNOS, IL-1B, TNF-0, IL-6 secretion, and ROS by regulating and
suppressing phosphorylation of these pathways that typically caused the inflammation (Choi et al.,
2022). The same pathological trend was observed with miR-15a-5p and miR-21-5p in that inflammation

could either be suppressed or promoted depending on the condition, cell type, and expression levels.

Overexpression of miR-15a-5p resulted in inflammatory consequences attributed to the pathology of
LPL-induced sepsis (Lou & Huang, 2020), traumatic haemorrhagic shock-induced ALI (Zhou et al.,
2020), and periodontitis (Costantini et al., 2023; Luan et al., 2018). Elevated levels of IL-1f, IL-6 and
TNF-a (Lou & Huang, 2020; Zhou et al., 2020; Costantini et al., 2023; Luan et al., 2018) were the
causative pro-inflammatory mediators resulting in the observed inflammation. MiR-15a-5p’s regulatory
function in inflammation was supported when the elevated release of pro-inflammatory mediators and
the activity of the suspected nuclear factor kappa (NF-x) signaling pathway involved were prevented

after miR-15a-5p inhibitors were introduced into the models (Lou & Huang, 2020; Zhou et al., 2020).
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The anti-inflammatory properties of miR-15a-5p were also demonstrated in the following studies: (1) in
atherosclerotic arterial tissues of rats, which reduced fat storage and improved vasculature, endothelial
cell function, and lipid metabolism (Liu et al., 2019), (2) in human and murine atherosclerotic models,
which decreased NF-kB (Gonzalez-Lopez et al., 2023), and (3) in oxygen-induced retinopathy (to assess
retina angiogenesis) and laser-induced choroidal neovascularization (to assess choroid angiogenesis),
which reduced neovascularization, promoted vascular growth, and decreased inflammation and fibrosis
(Li et al., 2024a). Similarly, miR-21-5p could also promote and inhibit inflammation, with cell- and
condition-specific effects. Most of the studies reported that increased miR-21-5p had pro-inflammatory
outcomes in response to numerous conditions such as chronic rhinosinusitis with nasal polyps (Luan et
al., 2022) or nasal polyps alone (Liu et al., 2021a), psoriatic arthritis (Machhar et al., 2019), LPS-induced
cardiovascular damage (Xue et al., 2021), LPS-induced ALI (Zeng et al., 2024; Yang et al., 2019; Zhu
etal., 2018), and degenerative cervical myelopathy (Laliberte et al., 2021). The aggravated inflammation
of these conditions was once again attributed to the presence of elevated proinflammatory
cytokines/chemokines such as TNF-a (Zeng et al., 2024; Xue et al., 2021; Zhu et al., 2018), IL-1p, IL-
6, IL-8, and IL-25 (Liu et al., 2021a; Zeng et al., 2024; Xue et al., 2021; Zhu et al., 2018) and the
concurrent reduction in the anti-inflammatory cytokine, IL-10 (Liu et al., 2021a; Zhu et al., 2018).
Additionally, the pro-inflammatory implications of miR-21-5p were also reported in intestinal
inflammation (Shi et al., 2013) and allergen-induced allergic airway inflammation (Lu et al., 2009) as
well as various cell types after LPS-stimulated injury such as lung fibroblasts (Li et al., 2021a), mouse
lung microvascular endothelial cells (Jiang et al., 2020), and human alveolar epithelial cells (Ge et al.,
2020). However, anti-inflammatory effects related to miR-21-5p were also observed in LPS-affected
murine macrophage cell lines (Yang et al., 2019), lung macrophages (Zhu et al., 2014), human
pulmonary epithelial cell lines (Zeng et al., 2024), and mouse lung tissue (Moschos et al., 2007). The
regulatory role of miR-21-5p in inflammation was confirmed by countering the inflammatory-related
effects in different diseased models with mimics (Zeng et al., 2024; Xue et al., 2021; Zhu et al., 2018),
inhibitors (Yang et al., 2019), or making use of knockout models (Luan et al., 2022; Laliberte et al.,
2021; Jansing et al., 2020). Interestingly, the mimics were incorporated to overexpress miR-21-5p in
models where the pathological condition itself already up-regulated the marker. A protective role was
attributed to miR-21-5p in these cases. Most of the studies reported upregulated miR-21-5p levels in
response to a diseased state; however, Chen et al, (2020) observed reduced miR-21-5p levels in response
to obstructive sleep apnoea that resulted in elevated TNF-a, while the addition of a mimic suppressed
the TNF-a levels (Chen et al., 2020). The varying miRNA levels observed in literature would
understandably be different considering models, samples, and disease. However, the presence of these
hub miRNAs has strongly and consistently been involved in regulating the balance between pro- and
anti-inflammatory responses throughout literature and, of particular interest, in diseases or conditions
that were either similar to inhalation injury outcomes or were sequelae thereof. Therefore, these hub
miRNAs were also postulated to play an important role in the development of the inflammation observed

with inhalation injury. However, it should be noted that most of the remaining markers, i.e. miR-143-
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3p (Wang et al., 2020; Yang et al., 2018), -200b-3p (Wei et al., 2024; Lin et al., 2020), -148b-5p (Datta
et al., 2023; Miscianinov et al., 2018), -10b-5p (Dash et al., 2024; Li et al., 2024b), -374a-5p (Ma et al.,
2024; Perez-Sanchez et al., 2022), and -144-5p (Wu et al., 2023; Sundquist et al., 2021), were also
implicated in diseases that focused on inflammatory outcomes. This would highlight the potential of
these miRNAs to influence inflammatory outcomes in inhalation injury as well, potentially to a lesser
degree compared to hub miRNAs or perhaps as a functional cluster incorporating the hub miRNAs as

well.

Similar to how miRNA influenced inflammatory responses, miR-30a-5p, -15a-5p, and -21-5p also had
a bi-functional role in apoptosis by modulating both pro- and/or anti-apoptotic responses to either
enhance or inhibit disease pathogenesis, respectively. These outcomes also varied according to the cell
type and condition being investigated. The altered expression of miR-30a-5p was observed in several
diseases, both seemingly unrelated and potentially related to inhalation injury. Up-regulated expression
of miR-30a-5p resulted in apoptosis that contributed to AD (Sun et al., 2022), while several studies that
focused on the pathogenesis of hypoxic-related or -induced conditions (such as hypoxia-induced
pulmonary arterial hypertension (Tan et al., 2019), myocardial hypoxia/reoxygenation (Lv et al., 2021),
and hypoxia-induced acute myocardial ischemia (Liang et al., 2024) also reported on the impact of
apoptosis as a consequence of miR-30a-5p overexpression. Conversely, LPS-induced ALI/ARDS in
A549 lung epithelial cell lines (Li et al., 2021b), renal ischemia/reperfusion injury in HK-2 proximal
tubular kidney cells (Fang et al., 2021), and cypermethrin-induced reproductive damage in TM4 Sertoli
cells (Wang et al., 2023b) resulted in reduced miR-30a-5p expression that still induced apoptosis.
Regardless of the varying expression levels and models, these studies went on to confirm the connection
between miR-30a-5p and apoptosis induction by transfecting the respective pathogenic models with
miR-30a-5p mimics and/or inhibitors, which reversed the initial resultant apoptosis. It’s not surprising
that miR-30a-5p would be focused on as ideal therapeutic targets in disease because of its reported
regulatory role in apoptosis. It is even more unsurprising that the interest in targeting the miR-30a family
had grown exponentially in cancer-related studies due to its ability to amplify apoptosis and reduce cell
proliferation (Jia et al., 2013; Wang et al., 2013). MiR-30a-5p has been observed in numerous reports
where its down-regulation contributed to cancer metastasis, and its overexpression enhanced apoptosis
and reduced cell growth that was necessary to counter the tumour growth (Quan et al., 2019; Liu et al.,

2018; Li et al., 2016b; Wei et al., 2016).

As observed with miR-30a-5p, up-regulated miR-15a-5p levels were observed in the bone marrow stem
cells involved with femoral head necrosis (Zhang et al., 2019a), poor ovarian response that negatively
impacted reproductive outcomes (Zhang et al., 2017a), pulmonary arterial hypertension (Zhang et al.,
2019b), and LPS-induced ALI (Zhu et al., 2023). The upregulation was not only a consequence of the
condition that resulted in apoptosis, but these studies demonstrated that overexpression of miR-15a-5p

after its initial increase, exacerbated apoptosis (Zhang et al., 2019a; Zhang et al., 2019b). Zhu et al,
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(2023) further demonstrated that the initial miR-15a-5p levels in LPS-induced ALI were reduced when
treated with protein kinase C-alpha treatment (known to have a protective role in sepsis-induced ALI),
which concurrently repressed apoptosis and inflammatory mediators. Conversely, overexpressed miR-
15a-5p could also beneficially reduce apoptosis in studies that originally observed reduced levels with
temporal lobe epilepsy (Li et al., 2020), LPS-treated lung cells (Hong et al., 2021), and sepsis-induced
ALI (Lin et al., 2025). Varying expression levels of the third highest ranked miRNA, miR-21-5p, was
also observed in various diseases. Up-regulated levels were attributed to COPD (Kim et al., 2021),
ulcerative colitis (Lu et al., 2019), and Clostridium perfringens toxin infection (Gao et al., 2021). Lu et
al, (2019) observed reduced apoptosis along with IL-6 and TNF-o once their ulcerative colitis-induced
models were treated with miR-21-5p inhibitors (Lu et al., 2019), while further overexpression with miR-
21-5p with mimics in the Clostridium perfringens toxin infection study also reduced apoptotic rates,
which was reversed when inhibitors were applied (Gao et al., 2021). By comparison, down-regulation
of miR-21-5p was reported in ischemic stroke (Zhan et al., 2023), LPS-induced white matter injury
(Zhang et al., 2022), rheumatoid arthritis (Yan et al., 2019a), hyperoxic ALI (Qin et al., 2019), and
sepsis-induced AKI (Zhang et al., 2021¢). Its role in apoptosis was confirmed by the addition of mimics
or agonists improving the apoptotic outcomes in all the above-mentioned studies. It should also be noted
that the altered expression of the remaining miRNAs in the panel viz. miR-504-5p (Hu et al., 2021; Cao
et al., 2017), -143-3p (Zhao et al., 2022; Yang et al., 2018), -200b-3p (Zhang et al., 2023; Zhang et al.,
2021a), -148b-5p (Zhu et al., 2024; Lopez-Sanchez et al., 2022), -10b-5p (Liu et al., 2024; Wu et al.,
2019), -374a-5p (Wang & Mei, 2023; Umehara et al., 2020), and -144-5p (Wu et al., 2023; Fu et al.,
2019); also reportedly played a role in regulating apoptosis in varying diseases. The potential for these
individual miRNAs to also influence apoptosis and subsequent pathology is once again highlighted.
Their contribution, either individually or collectively, in inhalation injury pathology through apoptotic
mechanisms cannot conclusively be omitted, and when considering the regulatory ability in overlapping
pathways, further studies would be required to conclusively determine their functional potency over the

more influential miRNAs in this study.

Variable expression levels in previous studies that addressed similar conditions to this study, such as
those of miR-15a-5p in LPS-induced ALI versus LPS-induced sepsis, or with miR-21-5p in COPD
versus hyperoxic ALI, corroborated the expected outcomes that the observed miRNA expression was
dependent and influenced by differences in the sample types, the methodology used, and the condition
(pathology) investigated. Moreover, the altered expression of miR-30a-5p, miR-15a-5p (Lin et al., 2025;
Zhu et al., 2023), and miR-21-5p (Zhang et al., 2021c; Lu et al., 2019) on apoptosis was often
investigated alongside the impact on inflammatory mediators. Investigations into both events,
simultaneously, were suggestive of their impact in diseases that were closely related to inhalation injury
outcomes and complications. It was evident that these hub miRNAs have the potential to be key players
in the pathogenesis of any disease (including inhalation injury), particularly since studies have

demonstrated their multifunctional implications by observing their expression both when the conditions
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were induced and when the outcomes were manipulated with mimics or inhibitors. Based on this, it
would then be imperative to consider that the observed abhorrent expression could occur as a result of
the injury or due to a potential protective function by responding to the injury. Identifying the expression
for these responses will potentially further narrow down the ideal markers for inhalation injury
identification. However, because the samples were collected on or shortly after admission (even with
transferral time accounted for) and before severe inflammation settled in, it is plausible to suggest that
the panel of miRNAs in this study was a reflection of the insult itself and not as compensation after
reacting to the injury. Moreover, since miRNAs were able to interact with each other and numerous
other mediators that affects expression as well, differentiating between the initial and secondary
miRNAs may also more efficiently represent immediate injury manifestation. MiRNAs are able to
interact directly or indirectly with other miRNAs to influence the expression, which can affect the
biogenesis and subsequent synthesis (Hill & Tran, 2022; Tang et al., 2012). As part of direct interactions,
miRNAs can complementarily bind to another to influence stability, gene targeting, and regulation (Hill
& Tran, 2022; Park et al., 2017; Guo et al., 2012; Lai et al., 2004). More interesting is the ‘miRNA
hierarchy’ concept, which describes an initial miRNA group’s ability for widespread post-
transcriptional regulation, which in turn introduces secondary miRNA to continue the cascade of post-
transcriptional regulation (Tang et al., 2012). This may even be a reason for the efficient functioning of
a cluster compared to a single miRNA (Niu et al., 2023). Indirect interactions include secondary
transcriptional control mediated by transcription (Hill & Tran, 2022; Hill & Tran, 2021; van Rooij et
al., 2009), methylation (Song et al., 2015), promoter (Hill & Tran, 2021), repressor (van Rooij et al.,
2009), and epigenetic factors (Hill & Tran, 2022; Hill & Tran, 2021) that mediate other miRNAs through
pathways control. The formation of feedback loops with inflammatory pathways is another form of
indirect interactions where specific miRNAs regulate the activity of inflammatory mediators that, in
turn, can regulate the activity and expression of other miRNAs (Su et al., 2016). The dynamic expression
patterns exhibited by miRNAs change due to these influences, but also in response to different stress
types (Naqvi et al., 2022) and rapidly over time (Mi et al., 2021; O’Brien et al., 2018). Profiles have
changed at intervals as short as 2 hours, extending over and up until 24 hours (Diener et al., 2020; Li et
al., 2016a). The time-sensitive nature of expression responses would therefore suggest that the
identification of the initial miRNAs better depicts the prognosis of any condition; however, the
secondary miRNAs stimulated by the initial group or through indirect mechanisms would also not be
far off provided the window in passing was not extensive. This once again would allude to the ability of
miRNAs to function on their own or in clusters in altering cell functions and lineage (Hill & Tran, 2022)
observed in pathologies, but also stress their ability to be expressed at early stages of disease for early
detection of that disease. The development of these clinical outcomes, however, is executed through the
interconnected and multi-layered nature of miRNA regulatory networks. The first step in the regulatory
network would be the modulation of target genes (mRNAs) by the miRNAs. Subsequently, the proteins
translated from the respective mRNAs can trigger pathways that are specific for the observed

inflammation and apoptosis. This chapter provided a potential panel of miRNAs for inhalation injury
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prognostication based on the previous findings that demonstrated their key roles in inflammatory and
apoptotic responses, and in conditions closely related to inhalation injury. The next chapter will address
target genes and their potential pathways that were modulated by these miRNAs and that were relative

to inflammation and apoptosis as hallmarks in inhalation injury.
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CHAPTER SEVEN
BIOLOGICAL MARKER PATHWAYS AND INHALATION INJURY

11. Target genes and pathways of blood-based biomarkers for the prognostication of

inhalation injury presence

11.1. Overview

MiRNAs have been located in nearly all bodily tissues and remain pivotal modulators in diverse
developmental processes. Given its accessibility and regulatory function, aberrant expression of miRNA
profiles can be tied to nearly any existing pathological condition. In chapter 6, the results from 2 datasets
obtained with separate genomic tools (EdgeR and DESeq2) were combined, and the overlapping miRNA
with [log2 FC[>1.5 and adjusted P<0.05 expression values (Song et al., 2022; Robinson et al., 2010;
Mestdagh et al., 2009) were considered differentially expressed (DE) for mild and severe inhalation
injury samples. Ten overlapping DE miRNAs were identified and comprised 1 down-regulated miRNA
for mild injury and 9 up-regulated for severe inhalation injury. According to the literature discussed in
the related chapter, the identified miRNAs were involved in processes connected to several burns-related
pathologies (Wang et al., 2023a; Xu et al., 2022; Mu et al., 2016; Zhu et al., 2014; Liang et al., 2012).
It is therefore reasonable to speculate that these miRNAs may also play important roles in the initiation
and progress of inhalation injury. This plausibility is further supported by studies not only demonstrating
the connection to inhalation injury sequelae, such as sepsis (Xu et al., 2022) and ALI/ARDS (Li et al.,
2021b), but also to the pathological hallmarks thereof (inflammation (Lou & Huang, 2020) and apoptosis
(Li et al., 2021b). In order to determine whether the panel of 10 miRNAs could contribute to the
development and/or progress of inhalation injury, it is important to identify the potential underlying
regulatory functions thereof through implications on target genes and subsequent pathway involvement.
We hypothesized that these miRNAs would target mRNAs involved in inflammatory and apoptotic
pathways, which would directly relate to inhalation injury pathologies. Therefore, the aim of this section
was to determine the target and hub genes as well as the affected biological processes regulated by the
miRNA panel in order to elucidate potential connections to inhalation injury. To achieve this, the
following methodology was employed: (1) miRNet to determine the target genes, (2) STRING and
Cytoscape to visualize and analyze protein-protein interactions, (3) Cytoscape’s MCODE and
cytoHubba plug-ins for the top vital module/cluster and hub gene identification, respectively, and (35)
GO, KEGG, Reactome, and Panther assessed the functional pathway enrichment involvement (see

Chapter 2: Methodology).
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11.2. Results

11.2.1. Target genes of differentially expressed miRNAs in miRNA-mRNA networks

The biological outcomes of miRNAs occur primarily by directly targeting mRNA, thus these potential
target genes were also determined using the miRNet database. Input with the 9 up-regulated DE miRNAs
resulted in mRNA network with 2665 nodes (Gene: 2656, miRNA:9) and 3170 edges (Figure 8A), while
109 nodes (Gene: 108, miRNA:1) and 108 edges were associated with the single down-regulated
miRNA (Figure 9B). Inclusion of both up- and down-regulated miRNAs resulted in a network
comprising 2722 nodes (Gene: 2712, miRNA:10) and 3278 edges (Figure 9C). In the network generated
by the up-regulated DE miRNAs (referred to as network 1), 365 target genes were regulated by 2
miRNAs (degrees=2) while 68 genes had degrees >3. Moreover, 8 genes were each targeted by 4
miRNAs (degrees=4), and those genes targeted by the most miRNAs were NUFIP2 (degrees=6) and
NR2C?2 (degrees=5) (Annexure D: Table 21). The network comprising the target genes generated by
both the up- and down-regulated DE miRNAs (referred to as network 2) demonstrated 395 target genes
regulated by 2 miRNAs (degrees=2), whereas 76 genes had degrees >3 and 11 were targeted by 4
miRNAs (degrees=4). The genes regulated by the most miRNAs were NR2C2 (degrees=6), NUFIP2
(degrees=6) and VEGFA (degrees=5) (Annexure D: Table 22). All the genes identified with the higher
degrees (=3) from network 2 demonstrated overlap in network 1, while 8 non-overlapping target genes
in network 1, had displayed connections with the down-regulated miRNA node (hsa-miR-504-5p). The
target genes derived from the single down-regulated miRNAs would only have connections to that

respective miRNA and thus have resultant degrees of 1.
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Figure 9: Predicted target genes of DE miRNAs: A: Up-regulated DE miRNA-target gene network. B: Down-
regulated DE miRNA-target gene network. C: Up- and down-regulated DE miRNA-target gene network. The
squares (nodes) represent the DE miRNAs (node size relates directly to the target gene amounts and significance),
the circles represent the target genes, enlarged circles represent target genes considered important due to several
miRNA connections; and the grey lines (edges) represent the interactions between miRNA and the target genes

(DE — differentially expressed).

11.2.2. Construction of protein-protein interaction networks and top hub genes

Protein-protein interactions (PPI) networks were constructed for the target genes of the up- and down-
regulated miRNAs, as well as for their combination. For up-regulated miRNAs, the associated PPI
network consisted of 2637 nodes and 46432 edges (Annexure D: Figure 13), and the target gene
network of the single down-regulated miRNA had 107 nodes and 80 edges (Annexure D: Figure 14).
The PPI network of the combined network comprising both up- and down-regulated miRNA target genes
had 2692 nodes and 47670 edges (Annexure D: Figure 15 It should be noted that unlike with the up-
regulated and combined network, the PPI enrichment value for the network retrieved from the down-
regulated miRNA was not significant (P<0.04 versus P=0.0913). Vital modules (clusters) in the PPI
networks were obtained with the MCODE plug-in and showed that the up-regulated network had 87
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nodes, 1872 edges and a MCODE score=43.54. Whereas the down-regulated network comprised 8
nodes, 22 edges and a MCODE score=6.29. The module extracted from the combined network had the
same characteristics as the up-regulated network (Figures 10 A-C). Hub-genes of the PPI networks
were identified with the cytoHubba plug-in and the top 10, ranked by degree, were demonstrated for
each network. For the up-regulated network, the top 10 hub genes (ranked from highest to lowest) were
tumor protein 53 (TP53), AKT serine/threonine kinase 1 (4KT17), Myc myelocytomatosis oncogene
(MYC), catenin beta 1 (CTNNBI), epidermal growth factor receptor (EGFR), phosphatase and tensin
homolog (PTEN), Jun proto-oncogene, AP-1 transcription factor subunit (JUN), signal transducer and
activation of transcription 3 (STAT3), E1A-binding protein p300 (EP300) and tissue necrosis factor
(TNF). The down-regulated network’s top 10 (ranked from highest to lowest) comprised 7P53, murine
double minute-2 (MDM?2), B-cell lymphoma-2-like protein 11 (BCL2L11), AGO2, cyclin-dependent
kinase 6 (CDK6), B-cell lymphoma-2 binding component 3 (BBC3), growth arrest and DNA damage-
inducible protein GADD45 alpha (GADD454), BCL-2 associated X protein (BAX), fas cell surface death
receptor (FAS), and Ras homolog family, member A (RHOA) (Figures 10 D-F). All the hub genes of
the up-regulated network were also observed with the combined (up- and down-regulated) network. The
TP53 hub gene was not only observed in all 3 ranking lists but also had the highest-ranking count for
all 3 network (Figures 10 G-I).

H I
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AKT1 (ENSP00000451828) 492.0 MDM2 (ENSP00000258149) 11.0 AKT1 (ENSP0O0000451828) 495.0
MYC (ENSPO0O000478887) 488.0 BCL2L11 (ENSP0O0000376943) 9.0 MYC (ENSP00000478887) 494.0
CTNNBI (ENSP0O0000495360) 439.0 AGO2 (ENSP00000220592) 7.0 CTNNBI (ENSP00000495360) 443.0
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Figure 10: PPIs comprising the target genes of the DE miRNAs: A: Pivotal module of target genes extracted
from the PPI network of up-regulated miRNAs. B: Pivotal module of target genes extracted from the PPI network
of down-regulated miRNAs. C: Pivotal module of target genes extracted from the PPI network of the combined
(up- and down-regulated) miRNAs. D&G: Top 10 hub genes and respective ranking count identified in the PPI
network of up-regulated miRNAs. E&H: Top 10 hub genes and respective ranking count identified in the PPI
network of down-regulated miRNAs. F&I: Top 10 hub genes and respective ranking count identified in the PPI
network of the combined miRNAs. The ellipses (nodes) represent the DE genes, the grey lines (edges) represent
the interactions, and the colour intensity (D-I) has a direct relationship with degrees of connection (PPI — protein-

protein interaction, DE — differentially expressed).

11.2.3. Functional enrichment analysis of the hub genes in the protein-protein interaction
networks

Since hundreds to thousands of genes were targets of the DE MiRNAs, to improve specificity, only the
top 10 hub genes in the PPI networks were subjected to functional analysis in order to determine which
pathways were specifically enriched. Since the pathways identified in the PPI networks of the up-
regulated and combined miRNA-mRNA networks were identical, Figure 11 is therefore a
representation of the enriched outputs for both networks. A total of 714 GO BP terms were significantly
enriched and the top 10 terms predominantly included transcription-related processes namely positive
regulation of miRNA transcription, nucleic acid-templated transcription, miRNA transcription, DNA-
template transcription, DNA-binding transcription factor activity, transcription by RNA-polymerase and
DNA-templated transcription. Additional BP terms namely positive regulation of miRNA metabolic
process, regulation of cell population proliferation and apoptotic process, were also enriched. KEGG
analysis revealed 131 significantly enriched pathways, whereas Reactome and PANTHER had 329 and
30, respectively. Nearly all the top KEGG pathways were cancer-related barring two, Hepatitis C and
B. The top enriched Reactome pathways included signaling by neurogenic locus notch homolog protein
(Notch), signal transduction, IL-4 and -13 signaling, developmental biology, generic and RNA
polymerase II transcription pathway, immune system and estrogen receptor (ERs)-mediated signaling
pathway. The following was enriched with PANTHER analysis: p53 pathway and p53 pathway feedback
loop 2, Huntington disease, Angiogenesis, Rat sarcoma (Ras) pathway and several signaling pathways
with particular emphasis on cholecystokinin receptor (CCKR), Wnt, apoptosis, IL, and inflammation

mediated by chemokine and cytokine (Figure 11).

The top hub genes in the PPI network generated from the single down-regulated miRNA’s target genes
were significantly enriched in 259 GO BP terms as well as in 63 KEGG, 136 Reactome and 15
PANTHER pathways. GO BP terms were mostly enriched for either (1) mitochondrial- (positive
regulation of release of Cytochrome C, regulation of release of Cytochrome C, and positive regulation
of mitochondrion organization) or (2) apoptotic-related processes (apoptotic process, positive regulation
of apoptotic signaling pathway, positive regulation of apoptotic process, intrinsic apoptotic signaling

pathway and regulation of apoptotic process). Additional BP enriched terms were positive regulation of
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programmed cell death and response to endoplasmic reticulum stress. At least half of the enriched
KEGG pathways were cancer-related, while the other half consisted of p53 signaling pathway, Epstein-
Barr virus infection, apoptosis, human cytomegalovirus infection and measles. Reactome analysis
demonstrated 4 TP53-transcription-related pathways (transcriptional regulation by TP53, genes
involved in G2 cell cycle arrest, cytochrome ¢ release and cell death genes), and 3 additional
transcription-related pathways (generic transcription pathway, RNA polymerase II transcription and
gene expression). The remaining top 10 pathways included intrinsic pathway for apoptosis, activation
of BH3-only proteins and oncogene-induced senescence. With Reactome, the commonly enriched
pathways were affiliated with 4 p53-involved pathways namely p53 pathway, pS3 pathway feedback
loops 1 and 2, and p53 pathway by glucose deprivation. Apoptosis signaling, FAS signaling and p38
mitogen-activated protein kinase (MAPK) pathways were also enriched. The remaining 3 that make up
the top 10 included Huntington disease, CCKR signaling map, and axon guidance mediated by

semaphorins (Figure 12).
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Figure 11: Enriched terms and pathways of the top 10 hub genes from the PPI networks: Top 10 enriched
GO BP terms, KEGG, Reactome and PANTHER pathways (Padj.<0.05) of the top 10 hub genes from the PPI
networks associated with the up- and the combined (up- and down-regulated) miRNAs-mRNA networks. Bar
length corresponds to the adjusted P-value of the enriched term/pathway in descending order (PPI — protein-protein

interaction, GO — gene ontology, KEGG - Kyoto Encyclopedia of Genes and Genomes).
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Figure 12: Enriched terms and pathways of the top 10 hub genes from the PPI networks: Top 10 enriched
GO BP terms, KEGG, Reactome and PANTHER pathways (Padj.<0.05) of the top 10 hub genes from the PPI
networks associated with the down-regulated miRNAs-mRNA network. Bar length corresponds to the adjusted P-
value of the enriched term/pathway in descending order (PPI — protein-protein interaction, GO — gene ontology,

KEGG - Kyoto Encyclopedia of Genes and Genomes).

11.3. Discussion

11.3.1. Up-regulated differentially expressed miRNAs target genes and pathways for
inhalation injury based on their role in inflammation and/or apoptosis

Ten miRNAs, based on differential abundance and fold change significance, were identified as a
potential panel representing inhalation injury. One of these was significant for the mild form and was
down-regulated, while the remaining 9 miRNAs were significant for severe inhalation injury and all
were up-regulated. The function of these miRNAs in the pathogenesis of inhalation injury was supported
by their influence on inflammatory and apoptotic responses accompanying related conditions as
discussed in Chapter 6. However, the ability of miRNA to regulate disease outcomes is based on its
post-transcriptional function of respective target mRNA genes that in turn control cellular and molecular
pathways. Since this was the first study that investigated miRNAs in human whole blood of inhalation
injury patients, it was important to determine the target genes of these miRNAs and the respective
pathways that were regulated in order to identify potential relationships with inhalation injury and its
sequelae. Therefore, the up-regulated, down-regulated and miRNAs combination were subjected to
target gene and PPI network analysis. This led to the identification of the vital module (cluster) and top
10 hub genes within the network, which were most influential in the pathways that controlled the disease

outcomes. These hub genes were subjected to functional enrichment analysis using GO BP, KEGG,
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Reactome and PANTHER in order to determine their significant associations with biological pathways.
While GO and KEGG were more commonly used in the literature, the inclusion of Reactome and
PANTHER provided a broader analytical scope. Since each tool emphasizes different aspects of
biological pathways, the convergence of results across all four (particularly the consistent enrichment in
inflammatory and/or apoptotic processes) demonstrates the robustness of the findings. Using multiple
enrichment platforms therefore reinforced biological relevance of the hub genes and supported their
potential role in inhalation injury which likely originates from the dysregulated miRNA expression

profiles.

Ten miRNAs, based on differential abundance and fold change significance, were identified as a
potential panel representing inhalation injury. One of these was significant for the mild form and was
down-regulated, while the remaining 9 miRNAs were significant for severe inhalation injury and all
were up-regulated. The function of these miRNAs in the pathogenesis of inhalation injury was supported
by their influence on inflammatory and apoptotic responses accompanying related conditions as
discussed in Chapter 6. However, the ability of miRNA to regulate disease outcomes is based on its
post-transcriptional function of respective target mRNA genes that in turn control cellular and molecular
pathways. Since this was the first study that investigated miRNAs in human whole blood of inhalation
injury patients, it was important to determine the target genes of these miRNAs and the respective
pathways that were regulated in order to identify potential relationships with inhalation injury and its
sequelae. Therefore, the up-regulated, down-regulated and miRNAs combination were subjected to
target gene and PPI network analysis. This led to the identification of the vital module (cluster) and top
10 hub genes within the network, which were most influential in the pathways that controlled the disease
outcomes. The top hub genes (AKT1, TNF, EGFR, JUN, EP300, CTNNBI, MYC, STAT3, TP53, and
PTEN) for the up-regulated and combined networks were identical, which may demonstrate the impact
of the up-regulated miRNAs within the entire network when compared to the down-regulated miRNA.
These target genes were commonly the focus of cancer studies, which was not surprising since the
majority of reports investigating miRNA potential as biomarkers were also largely cancer-based. A
strong association between cancer and inflammation was observed through common pathways
(Barabutis et al., 2018), to such an extent that inflammation was reported as a predisposing factor for
cancer (Gudkov et al., 2011). This only strengthened the proposed potential ability for miRNAs to
prognosticate inhalation injury through target gene and subsequent pathway modulation in

inflammation.

Mutations in certain genes can result in inflammation and contributing events such as DNA damage
from ROS and RNS. A positive feedback loop typically occurs where cellular responses to the DNA
damage exacerbate inflammation (Kay et al., 2019). TP53 was the highest-ranked gene in all the
networks, and, according to literature, mutations relating to the gene and its p53 protein had pro-

inflammatory implications. The mutant isoform of the gene promoted chronic inflammation by
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mediating and sustaining NF-kB activation, thereby stimulating constant tissue damage and prolonging
inflammation (Cooks et al., 2013). Apart from NF-kB pathway involvement, mutated p53 also
coordinated additional inflammatory signaling cascades through TNF induction (Cooks & Harris, 2014),
which functions pleiotropically, causing inflammatory and immune responses in pathological conditions
(Jang et al., 2021; Horiuchi et al., 2010). It is typically inactive in physiological conditions, which
prevents excessive inflammation and would only be released when numerous cells such as T-
lymphocytes, macrophages, etc. are activated during pathological conditions (Jang et al., 2021; Horiuchi
et al., 2010). The infiltration of these cells from the vascular space into the tissues was dependent on
changes in permeability, of which an increase of these cells were synonymous with inflammation.
Altered permeability has been induced by AKT/ and has been the primary isoform in ECs, exerting its
functions by altering permeability through concomitant regulation of bradykinin, vascular endothelial
(VE)-cadherin, histamine, NOS, and leukocyte extravasation (Di Lorenzo et al., 2009). Effects of the
latter mediators in diseases were shown to promote the AK71/eNOS/VE-cadherin and phosphoinositide
3-kinase (PI3K)/Akt (also known as protein kinase B) signaling pathway that led to edema and acute

inflammation, respectively (Di Lorenzo et al., 2009).

Another pleiotropic gene, MYC, was considered a universal transcription amplifier and, along with AKT,
was also ranked high in this study. In physiological conditions, cellular(c)-Myc (the gene involved in
numerous cellular processes such as apoptosis, cell cycle, metabolism, etc.) was moderately expressed
in somatic cells, but has been significantly induced after exposure to and engagement with antigens,
growth factors, binding proteins, and co-stimulation factors (Nie et al., 2012; Levens, 2010; Dominguez-
Caceres et al., 2004; Bowman et al., 2001; Klemsz et al., 1989). Abnormal expression of the gene can
occur in several ways through interactions with (/) macrophage-colony-stimulating factor (CSF) (Liu
et al., 2016; Cheng et al., 1999), (2) IL-4 (Martinez et al., 2013; Pello et al., 2012), (3) tissue growth
factor (TGF)-f (Liu et al., 2015), as well as (4) IL-2, T-cell antigen receptor, protein-kinase C and
intracellular calcium-dependent signaling (Preston et al., 2015). Additional gene interactions with the
latter may also indirectly activate additional c-Myc. For instance, activated R4S and extracellular signal-
regulated (ERK) genes were reportedly necessary for the indirect expression of c-Myc typically induced
by macrophage-CSF (Cheng et al., 1999). Regardless of the direct or indirect effects stimulating MYC
expression, it induces the release of IL-2, IL-4, and TGF-$, in addition to numerous other pro-
inflammatory mediators and macrophage activation (Bae et al., 2021; Liu et al., 2015; Preston et al.,
2015; Pello et al., 2012). Therefore, once MYC has been activated, even in minor increments, its
expression would not only stimulate acute inflammation, but the functional capacity to do so is sustained
through the resultant positive-feedback loop that potentiates chronic inflammation. Several converging
pathways reportedly played a role in indirectly activating MYC and these included the
Ras/Raf/MEK/MAPK pathway (Cheng et al., 1999), while the continuous expression of MYC was
stimulated by Janus kinase/signal transducers and activators of transcription (JAK/STAT) signaling

pathway (Preston et al., 2015). Also linked to c-Myc transactivation was the WNT/S-catenin signaling
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pathway, which was effective through the relationship between WNT signaling and the subsequent
prevention of f-catenin ubiquitination. This allowed for f-catenin entrance and accumulation in the
nucleus, which induced the transcription of c-Myc (Zhang et al., 2012; He et al., 1998). f-catenin
proteins are encoded by the hub gene CTNNBI gene, where it reportedly formed and maintained
adherens junctions. These were known to play a role in cadherin-mediated adhesion (Zhuang et al.,
2023; Gao et al., 2018) which has been pivotal in forming and maintaining EC junctions (Tusavitz et
al., 2020). Mutated CTNNBI directly impacted S-catenin synthesis that resulted in the hyperactivation
of the WNT/f-catenin signaling pathway (Chiurillo, 2015; Anastas & Moon, 2013), in addition to the
pathway also being indirectly activated via the WIs gene required for macrophage-induced WNT
signaling (Tusavitz et al., 2020). Regardless of the mode of activation it was reported that, aberrant
WNT/p-catenin signaling adversely affected endothelial function mediated by excessive inflammatory
cytokines, monocyte adhesion and permeability, of which all were ablated to normal levels when the e

pathway was inhibited (Wadey et al., 2023).

Further to f-catenin and WNT signaling, the EGFR hub gene also demonstrated its involvement in the
pathway. Belonging to a family of receptor tyrosine kinases known to regulate S-catenin (Brembeck et
al., 2006; Lu et al., 2003), it reportedly caused perturbations in epithelial-cadherin-mediated cell
adhesion functions (Lee et al., 2010),affecting epithelial permeability. Moreover, elevated LPS-
generated oxidative stress (Gao et al., 2013), inflammatory chemokines, and related cytokines were
suggestive of EGFR activation in macrophages (Elkamhawy et al., 2019; Hardbower et al., 2016). These
observations were supported when £GFR inhibitors counteracted LPS-induced iNOS expression, the
production of NO, IL-1pB, IL-6, TNF-a (Elkamhawy et al., 2019), and oxidative stress (Wang et al.,
2017). Similar findings illustrated augmented NO, cytokines, and chemokines in macrophages when
EGFR signaling was prevented (Hardbower et al., 2016). Its impact on numerous tissues was not
surprising since its expression was observed in ECs, vascular smooth muscle cells (SMCs),
cardiomyocytes, and macrophages (Schreier et al., 2014). Therefore, any pro-inflammatory mediators
released in abundance by activated EGFR would potentially have widespread pathological implications.
This was further supported through regulatory functions in numerous inflammatory conditions,
including viral-induced respiratory inflammation (Xu et al., 2011), thrombin-mediated inflammation in
intervertebral discs (Huang et al., 2017), palmitic acid-induced inflammation in cardiac muscle cells (Li
et al., 2016), neuroinflammation (Qu et al., 2012), and skin inflammation (Mascia et al., 2003). While
EGFR’s impact on the WNT/f-catenin signaling pathway was a proposed mechanism for the reduced
permeability and augmented inflammatory mediators (Wadey et al., 2023), its expression also exhibited
its effect by modulating additional pathways. The EGFR/MAPK (Qu et al., 2012; Elkamhawy et al.,
2019), EGFR/ERK (ERK is part of the MAPK family) (Mascia et al., 2003; Wetzker & Boéhmer, 2003;
Pearson et al., 2001), and NF-kB pathways (Li et al., 2021c; De et al., 2014; Yamamoto & Gaynor,

2001) have also been implicated in the subsequent inflammatory outcomes of EGFR’s activated form.
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Significant cross-regulation was observed between WNT/fS-catenin signaling and NF-kB pathways
through the ability of numerous components to act pleiotropically or synergistically, and ultimately
participate in inflammation and related disease (Ma & Hottiger, 2016). The NF-kB protein and its
associated pathway were also shown to be regulated, by the activation of the remaining hub genes, i.e.
PTEN (Oh et al., 2023; Cao et al., 2018), JUN (Mishra et al., 2016; Stein et al., 1993), STAT3 (Ageeva
et al., 2024; Fan et al., 2013), EP300 (Mukherjee et al., 2013; Ravi et al., 1998), and TNF' (Hayden &
Ghosh, 2014; Lee et al., 2014). These genes, in addition to many other stimuli (i.e. TNF-a (Hayden &
Ghosh, 2014), IL-1p (Scholz et al., 2013), LPS (Qin et al., 2005), and ROS (Morgan & Liu, 2011))
regulate the translocation of NF-xB into the nucleus, resulting in transcription of or interaction with
numerous co-activators (Mukherjee et al., 2013) or genes (Guo et al., 2024) that activate chemokines,
cytokines and adhesion molecules (Hayden & Ghosh, 2014; Kida et al., 2005; Bacuerle & Henkel, 1994)
involved in cellular immune and inflammatory processes as well as stress-responsive gene transcription
(Guo et al., 2024; Lee et al., 2014; Mukherjee et al., 2013). Thus, these pathological consequences do
not solely result from the signaling of NF-xB, but also when NF-xB directly or indirectly interacts with
other molecules (Liu et al., 2017) to activate additional classical signaling pathways, namely PI3K/AKT,
MAPK, JAK/STAT, TGF-p, WNT, and Notch (Guo et al., 2024). This would also apply to any of the
top 10 identified genes, as they not only regulated a single pathway, but were also capable of recruiting
and transcribing other genes, thereby co-regulating and activating many signaling pathways
simultaneously. For instance, reduced PTEN elevated PI3K expression (Millis et al., 2016; Sahin et al.,
2014), which in turn elevated downstream signaling to AKT and mammalian target of rapamycin
(mTOR) (Millis et al., 2016). Therefore, although AKT was directly regulated by PI3K/Akt signaling,
PTEN indirectly regulated it, along with the mTOR signaling pathway, to ultimately negatively impact
immune system functions (Vidotto et al., 2020). Similarly, NF-xB can mediate both AKT and PTEN,
demonstrating the complex regulation through the PI3K/AKT/NF-«xB pathway (Oh et al., 2023). Besides
its respective pathway, NF-kB together with STAT3 can also induce chemokines, cytokines, and genes
in hypoxia (Dauer et al., 2005; Grivennikov & Karin, 2010). Moreover, STA73 activation can target c-
Jun (Hirano et al., 2000), which was also an observed target of NF-xB in LPS-induced macrophages.
The interaction between the latter duo co-regulated Fos-related antigen(FRA)-1, which was a gene
involved in pro-inflammatory activation states (Zeng et al., 2022). FRA-1 could also be regulated by
ERK (Mishra et al., 2016) and, together with p38 MAPK and c-Jun N-terminal kinase, mediated c-Jun
and c-Fos (Kida et al., 2005). Since c-Fos and FRA-1 were both members of the same (Fos) family of
AP-1 transcription factors (Milde-Langosch et al., 2004), the involvement of c-Fos in inflammation is

highly possible.

In hindsight, target genes would naturally regulate their respective canonical pathways (e.g. 7P53 would
regulate the p53 pathway, NOTCH would regulate the NOTCH pathway, etc.); therefore, these pathways
would automatically be enriched. However, the activated target genes may converge and function in

other pathways as well. In order to determine the biological significance of the hub target genes relative
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to the up-regulated DE miRNAs in this study, functional enrichment analysis was conducted to
demonstrate their potential implications in pathways. Most of the GO BP terms demonstrated
enrichment in transcription-related pathways, which alluded to the role of miRNAs to inhibit or activate
transcription of target genes and subsequent expression that in turn triggers transcription of other genes
(Catalanotto et al., 2016). The ‘apoptotic process and regulation of cell population proliferation’ GO BP
terms were also enriched. During nearly any injury, inflammation had triggered differential cell
proliferation for wound closure, a mechanism that ceases once the stimuli is removed or the tissue is
repaired. However, activated cells or those with DNA damage continued to proliferate under the
influence of inflammatory mediators (Coussens & Werb, 2002). This concept had been particularly
important in tumorigenesis, but its relevance to inhalation injury lie in the excessive proliferation of
activated cells to continuously release inflammatory mediators and trigger classical signaling pathways,
thereby exacerbating the outcomes of the initial insult and also promoted chronic inflammation.
Typically, this type of abnormal cell proliferation had been physiologically controlled by apoptosis (Li
et al., 2004), but in patients with ARDS or ALI, apoptosis resulted in damaged lung epithelial cells
(Albertine et al., 2002; Ware & Matthay, 2001; Matute-Bello et al., 1999; Song et al., 1999). The
presence of apoptotic pathways was suggestive of LPS-induced inflammation (Kawasaki et al., 2000),
while resultant endothelial cell apoptosis was also directly indicative of TNF-a presence (Guinee et al.,
1996). Furthermore, the outcomes of elevated apoptotic activity that resulted in the damaged lung
epithelium may have direct consequences on effective gaseous exchange. Given that these (ALI, ARDS,
impaired lung function, etc.) were also outcomes of inhalation injury, apoptosis may play as much a part
in its sequelae as inflammation does. Moreover, because apoptosis and inflammation were strongly
linked to cancer pathogenesis (including excessive cell proliferation and tumorigenesis) due to
overlapping mediators and mechanisms, the target genes were predominantly and foreseeably enriched

in cancer types following KEGG analysis.

Reactome and PANTHER analysis demonstrated enrichment in several signaling pathways, and all have
been involved in eliciting immune and inflammatory responses via the signaling from NOTCH (Castro
et al., 2021; Christopoulos et al., 2021), estrogen receptor-mediated (Harkonen & Véidninen, 2006;
Soucy et al., 2005), IL-4 and -13 (Iwaszko et al., 2021; Junttila, 2018), RAS (Sadeghi et al., 2023;
Reedquist, 2012), CCKR (Saia et al., 2020; Kern-Lunbery et al., 2024), and WNT (Wadey et al., 2023;
Lee et al., 2010). Additionally, since TP53 was the highest-ranked hub gene across all PPI networks,
pathways specifically associated with its regulation were to be expected. PANTHER showed that the
most enriched pathways were the p53 pathway and p53 pathway feedback loop 2. The p53 pathway was
reportedly activated by DNA-related stress and damage resulting from free radical stress (Harris &
Levine, 2005; Oren, 2003; Giaccia & Kastan, 1998). Its protein also interacted with numerous
inflammatory agents such as ROS, RNS, cytokines, and NF-xB, all known to also cause DNA damage.
Moreover, in this study, findings showed that the p53 circuit interacted with most of the hub genes, or

their proteins, i.e. AKT (Harris & Levine, 2005), MYC (Rochlitz et al., 1995), CTNNBI (Xiao et al.,
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2022), EGFR (Ding et al., 2022), PTEN (Trotman & Pandolfi, 2003), JUN (Gowda et al., 2012), STAT3
(Pham et al., 2020), EP300 (Grossman, 2001), and 7NF (Di Minin et al., 2014). Although p53 pathways
were highlighted as the most significantly enriched PANTHER pathway, it was a formality that the
associated feedback loop would follow since the initial mediators activating the pathway were also
released by this very same pathway. Therefore, this profound transcriptional capacity of p53 may also
have been involved in the listed pathways that followed in order of decreasing significance. It would not
only have elicited a cascade of inflammatory and immune events by interacting with the aforementioned
genes, but its concurrent modifications and interactions with genes/proteins were shown to determine
its anti- or pro-apoptotic purpose (Oren, 2003). Thus, enrichment in the apoptosis signaling pathway
observed with PANTHER would be highly plausible, further supported by its observed enrichment in
GO. The bioinformatics analysis demonstrated that the pathways regulated by these target genes of the
up-regulated miRNAs were mostly related to inflammation and apoptosis, both of which were
highlighted in the pathological sequelae of inhalation injury, particularly in ARDS (Galani et al., 2010;
Bhatia & Moochhala, 2004), ALI (Chopra et al., 2009; Drakopanagiotakis et al., 2008), sepsis
(Hotchkiss & Nicholson, 2006; Joshi et al., 2003), and pneumonia (Bordon et al., 2013; Guery et al.,
2002). Zhang et al, (2018) corroborated some of these results by demonstrating inflammatory and
apoptotic-enriched pathways relative to the DE miRNAs observed in burn-induced lung injury of mouse
models (Zhang et al., 2018). The authors concluded that the injury was most likely due to the
involvement of the miRNAs in the resultant inflammation and apoptosis (Zhang et al., 2018). In another
study, when miRNA expression and subsequent pathway enrichment were assessed in deep partial
thickness burn autografts, numerous inflammatory and apoptotic signaling pathways were enriched with
KEGG. Some of these pathways (JAK/STAT and MAPK signaling pathways) also overlapped with the
current KEGG results. The findings in this sub-section demonstrated the potential direct or indirect
implications of the up-regulated DE miRNAs target genes in pathways that subsequently modulated the

apoptotic and inflammatory events relative to severe inhalation injury and its complications.

11.3.2. Down-regulated differentially expressed miRNAs target genes and pathways for
inhalation injury based on their role in inflammation and/or apoptosis

Only one miRNA (hsa-miR-504-5p) was differentially expressed and was also down-regulated in the
samples representing mild inhalation injury. This miRNA was one of three of the lower-ranked miRNAs
according to degree of connectivity, and when the PPIs were retrieved by STRING, the network was
returned as not significant. By STRING definition, the insignificant value suggested that the proteins
were not very well connected (the nodes might be random and edges insignificant), but the potential of
the proteins to be biologically meaningful should not be excluded, or that the proteins and interactions
may not have been extensively studied or known to STRING, respectively. Moreover, individual
miRNAs were still able to function alone in gene targeting (Stark et al., 2021), despite the functional
efficiency of miRNA clusters (Niu et al., 2023). With this under consideration, the biological potential

of the respective target genes and possible links to inhalation injury were still discussed. TP53 was also
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the highest-ranked gene, as observed with the up-regulated and combined miRNA-mRNA networks.
Since its ability as a potent mediator of chronic inflammation (Jang et al., 2021; Cooks et al., 2013;
Horiuchi et al., 2010) was already described in the previous sub-section (See 11.1.1.), emphasis was
subsequently placed on the remaining hub target genes: MDM?2, BCL2L11, AGO2, CDK6, BBC3,
GADD454, BAX, FAS, and RHOA. The MDM?2 gene elicits glycolytic and pro-inflammatory responses
by increasing IL-1p and NO in macrophages (Wu et al., 2024). The application of an MDM?2 blockade
reduced pro-inflammatory cytokines, chemokines, and leukocyte recruitment (Mulay et al., 2012), as
well as suppressed LPS-induced lung inflammation seen in both ALI (Liu et al., 2009b) and vascular
SMC inflammation (Hashimoto et al., 2011; Ihling et al., 1998). In addition, MDM?2 also controlled
apoptosis by interacting with NF-xB and even regulating the expression of p53 (Mulay et al., 2012;
Thomasova et al., 2012). Therefore, p53 not only had inflammatory capabilities, but it also had clear
implications in the mechanisms of apoptosis (Barabutis, 2020; Speidel, 2010).

Apoptosis can be divided into extrinsic or intrinsic apoptotic pathways when triggered by external or
internal stimuli, respectively. The mechanisms driving these pathways also differ and were
mitochondrial-dependent for the intrinsic pathway, while the extrinsic was death receptor-mediated
(Singh et al., 2019; Luo & Rubinsztein, 2013). The intrinsic apoptotic pathway has largely been
controlled by the BCL2-family, which included the BCL2L11 (or BIM) and BBC3 (or p53 upregulated
modulator of apoptosis-PUMA). These were BH3-only protein subclasses with the former being the first
identified molecule having both anti-autophagy and pro-apoptotic properties (Luo & Rubinsztein, 2013),
and the latter reportedly being one of the most potent apoptotic proteins (Omori et al., 2011; Vousden,
2005). Pro-apoptotic activation (e.g. cellular stress or impaired signals) (Luo & Rubinsztein, 2013;
Rathmell & Thompson, 2002) resulted in the activation of BH3-only proteins, which binds to and
inhibits other BCL-2 proteins (Luo & Rubinsztein, 2013; Lamhamedi-Cherradi et al., 2003). These
essentially protect the integrity of the mitochondria’s outer membrane by inhibiting BAX (Bock & Tait,
2020). In the absence of BCL-2, BAX would translocate from the cytosol into the mitochondria and
make the outer membrane porous. This promoted membrane disruption, allowing for efflux of several
proteins (such as cytochrome c) into the cytoplasm (Gurzov et al., 2010; Gross et al., 1998; Kluck et al.,
1997) that in turn activated caspases and resulted in apoptosis (Gurzov et al., 2010; Gross et al., 1998;
Li et al., 1997). BBC3 followed this same mechanism after activation by NF-xB (Gurzov et al., 2010;
Gross et al., 1998), but could also act directly through p53-related components (Yu et al., 2003) and
indirectly through other transcription mediators (You et al., 2006; Reimertz et al., 2003). Moreover,
expression of the hub gene, stress protein GADD454, also impacted BIM functions. Stress signals or
DNA damage induced the expression of GADD454, which caused BIM translocation and accumulation
in the mitochondria. The interactions of BIM with other BCL-2 proteins allowed for the detachment of
BAX from BCL-2 protein-bound complexes that ultimately would cause cytoskeleton instability,

membrane disruption, and apoptosis (Tong et al., 2005).
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BBC3, BCL2L11, BAX, and GADD45A4 were hub genes in this study that were all able to regulate the
intrinsic apoptotic pathway (Omori et al., 2011), but the extrinsic apoptotic pathway involving death
receptors could be linked to another hub gene viz. FAS. Upon binding to its receptor, FAS would
subsequently form the death-inducing signaling complex comprising itself, a procaspase, and an
associated death domain protein (Luo et al., 1998). In response to this complex, a series of caspases
were activated, and DNA fragmentation and apoptosis were induced (Bock & Tait, 2020; Luo et al.,
1998). It was also reported that, as a consequence of interaction with death stimuli, BCL2L11 was
phosphorylated via FAS and subsequently resulted in apoptosis (Luo & Rubinsztein, 2013). Therefore,
FAS was able to converge and engage with the intrinsic pathway through BH3-only/BCL-2 family
member cleavage that resulted in exacerbated caspase activation and amplified apoptosis (Luo et al.,
1998). Apoptosis was an important pathological consequence in burns (Kubo et al., 2014; Lootens et
al., 2013) which, along with inflammatory outcomes were investigated in serum retrieved from rat
models with varying degrees of scald burns (Wang et al.,, 2018). Wang and colleagues (2018)
particularly focused on the pro-apoptotic BAX and anti-apoptotic BCL-2 mRNA and proteins, and the
pro-inflammatory mediator, TNF-a. The authors observed reduced BCL-2 and increased BAX and TNF-
o, correlated with burn degree and with time. They speculated that with increased degree, a stronger
inflammatory response was potentially related to excessive and continuous TNF-a release, whereas
increased degree also directly correlated with tissue damage relative to excessive and continuous BAX
stimulation. Several studies have reported on the close management of apoptosis with BAX and BCL-2,
and the inflammatory implications of TNF-a (Jiang et al., 2014; Hoshyar et al., 2013). The degree and
development of burn injuries were demonstrably linked to factors of both apoptosis and inflammation;
therefore, these factors may be related to clinical outcomes of inhalation injury. A relationship also
involving inflammation and apoptosis was observed with GADD45A expression, which subsequently
activated p53 through the modulation of the p38 MAPK signaling pathway (Salvador et al., 2013).
Another mechanism of GADD45A4 was its ability to activate the AKT-mediated endothelial signaling

implicated in inflammatory lung injury and vascular barrier expression (Meyer et al., 2009).

Co-activation and/or dual functioning of target genes was reported as a recurring theme in disease
pathology, and hub genes, CDK6 and RHOA, also followed this trend. CDKs typically regulated cell
cycle events; however, growing evidence supported their regulatory capacity in inflammatory responses
and cell death, independent of cell cycle consequences (Schmitz & Kracht, 2016). Wu et al, (2021)
reported that LPS-induced damage in kidney cells resulted in the elevated mRNA and protein
components of IL-1p, IL-6, IL-8, and TNF-a, alongside augmented CDK6-AS1 (which is an amplifier
RNA that positively correlated with CDK6 (Yang et al., 2022)). When CDK6-AS1 was silenced, the
LPS-induced release of pro-inflammatory components, cell apoptosis, and reduced mitochondrial
membrane potential were augmented. This study also demonstrated a link between CDK6 and BCL-2
by reporting that LPS insult reduced BCL-2 levels, increased BAX, and cleaved several caspases;
outcomes that were alleviated by CDK6-AS1 silencing (Wu et al., 2021). Moreover, CDK6 expression
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have frequently been involved in the coactivation of NF-xB, IL-8, STAT, and AP-I, thereby
demonstrating its potential in pathological conditions where inflammation and apoptosis were ratified
(Schmitz & Kracht, 2016; Handschick et al., 2014). Contrary to this, despite RHOA being ranked the
lowest hub gene in this study, a growing number of studies have demonstrated its importance in
inflammation through the interaction with several proteins. Encoded by the gene RHOA, RhoA is a small
GTPase protein in the Rho family that undergoes downstream effects by Rho-associated protein kinase
(ROCK) (Deng et al., 2019). RhoA and ROCK were regulated by p53 through Notchl (Lefort et al.,
2007), an outcome that was supported by the suppression of p53 resulting in the activation of these
proteins (Xia & Land, 2007). Together, this Rho/ROCK signaling pathway affected several cellular
mechanisms, such as development and migration (Chen et al., 2013b; Loirand et al., 2006) and, as a
result, was closely related to inflammation (Xu & Lin, 2024; Zhang et al., 2020b) and epithelial barrier
disruption (Xu & Lin, 2024; Akhter et al., 2020; Barabutis, 2020). Its inflammatory role was also
suspected as a potential contributor to ALI and ARDS (Fiala et al., 2020; Barabutis, 2019; Coudroy et
al., 2019). Moreover, targeting the RhoA/ROCK pathway was suggested to improve inflammatory pain
induced by LPS since its signaling elevated pro-nociceptive cytokines (i.e. TNF-a and IL-1p), which
typically caused hyperalgesia (Wang et al., 2015). LPS treatment also activated and translocated RhoA,
but was reportedly dependent on NF-kB, especially since its respective depletion inhibited the LPS-
induced translocation of RhoA (Tao et al., 2012). LPS not only induced major inflammation-causing
pro-inflammatory toxins and cytokines, but after it activated and translocated RhoA, RhoA in turn
enhanced LPS-induced IL-6 and -8 secretion (Tao et al., 2012) and also indirectly activated NF-«B
(Tong & Tergaonkar, 2014). Interestingly, both RhoA and NF-kB depletion resulted in a similar
reduction of LPS-induced pro-inflammatory effects (Tao et al., 2012),demonstrating their independent
impact on inflammation, but also their potential to synergistically exacerbate it. While data on the
pathophysiological connection between RhoA and inflammation was more prevalent, its participation
in apoptosis was less investigated. Depending on the cell type, RhoA displayed both pro- and anti-
survival functions relative to apoptosis occurrence. For instance, RhoA favourably induced apoptosis in
cancer-related cells (De Sarno et al., 2005); however, overexpression also resulted in apoptosis in normal
functioning cells (Esteve et al., 1998). Unsurprisingly, its apoptotic role in cardiomyocytes was related
to BAX as well (Del Re et al., 2007), thus reinforcing the primary causative apoptotic function of the
BLC-2 family of proteins.

Arguably, of all target genes that were regulated by the DE down-regulated miRNA (hsa-miR-504-5p)
in this study, 4GO2 was the most unsurprising observation. 4GO2 was described as being a key
component of miRNA biogenesis and as the catalytic component in RISC, 4GO2 was bound to miRNA
and not only facilitated miRNA generation, but also acted as a guide to the complementary mRNA target
gene for subsequent silencing or interference (Meister, 2013; Hutvagner & Simard, 2008). Since AGO2
plays a large functional role relative to miRNA, it has not typically been considered a target gene thereof.

However, the observation that 4GO2 was indeed a hub target gene in this study can be explained by the
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potential of the other target genes to activate its expression. While very little information on these
AGO2-activating genes exists, one study demonstrated the ability of the p300 protein (encoded by
EP300) to impact AGO2, resulting in the recruitment and maturation of the attached miRNA. Although
beyond the scope of this study, further investigation into 4GO2 would be beneficial in delineating the
converging mechanisms involving miRNA target genes and AGO2. Since AGO? is technically, partially
responsible for post-transcriptional functioning, it could be related to some of the pathways that were
typically associated with miRNA function in general and were enriched with Reactome, such as ‘generic
transcription or RNA polymerase Il transcription’. Moreover, with the exemption of the predominant
enrichment of cancers with KEGG; GO, BP, Reactome, and PANTHER demonstrated functional
enrichment primarily involving pathways relating to apoptosis and p53 regulation. This may directly or
indirectly correlate with three observations: (1) TP53 being the highest-ranked hub gene in this study,
which was strongly involved in regulating both inflammatory and apoptotic mechanisms; (2) the
remaining hub target genes of the down-regulated miRNA playing a more dominant role in inducing
apoptosis in various cell types; and/or (3) the potential of all the target genes to activate apoptosis
potentially as an early response to mild inhalation injury and thus possibly contribute to inflammation
development or progression. Based on the target genes and enriched pathways, the role of the hsa-miR-
504-5p may be more prominent in apoptosis compared to the up-regulated miRNAs, which had stronger
inflammatory connections. Despite being less connected to target genes compared to the miRNAs with
higher degrees, the few apoptotic-related enriched pathways of the combined miRNAs target genes (the
mRNAs of both up- and the down-regulated miRNA) may have been influenced by the down-regulated
miRNA that activated target genes mostly involved in apoptosis. However, the target genes and
enrichment outputs of the up-regulated miRNA were potentially more potent because they were identical
to those of the combined network’s outputs even when the down-regulated outputs were considered.
Since patients may present with either mild or severe inhalation injury on admission or the condition
may worsen over time, determining and mapping the PPIs and enriched pathways of all the miRNAs
combined, as well as that of only the up- or down-regulated miRNAs, could provide information on the
evolution of the disease from between mild or moderate and severe presentation. Future studies may
therefore benefit even more by applying this analysis to samples collected at different clinical time
frames to not only potentially represent the evolution of inhalation injury, but also to identify changes
in miRNA expression and relate those changes to the pathways affected and the subsequent clinical

outcomes presented.

Since the resultant PPIs, modules, hub genes, and enriched pathways were involved in the hallmarks of
inhalation injury, i.e. apoptosis and inflammation, this chapter provided the potential foundation
supporting the use of the 10 DE miRNAs (see Chapter 6) as a panel for inhalation injury prognostication.
Moreover, the hub genes and pathway outcomes of the up-regulated miRNA network were distinctly
different from those of the down-regulated network, and since each represented an injury degree, the

DE miRNAs also showed potential in identifying the mild injury form from the severe. It should also
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be noted that the miRNAs in this study may have functioned more effectively as a network (as seen by
the insignificant PPI network for the single miRNA); therefore, the severe degree was better represented
compared to the mild form. However, the latter should be considered with caution due to the limitations
(discussed later) that could influence the results of the study and alter the panel to include additional
miRNAs that could either improve prognostication or provide an additional injury mid-point, such as
moderate or moderately severe injury. The latter would aid in creating a grading system indicating
varying inhalation injury degrees and correlate with the required treatment. In these cases, if mild injury
can be predetermined, then ETI would not be required, or treatment could be less invasive and rely more
on bronchodilator or oxygen management. Alternatively, earlier extubating could also occur, which is
pivotal as intubation was typically accompanied by its own set of complications (Romanowski et al.,
2016), increasing risk to the patient over the intended benefit. Although additional studies would be
required to conclude that the miRNAs were definitively correlated to early inhalation injury stages, these
preliminary findings were very promising and provide an ideal foundation for future studies. Moreover,
the limitations and future perspectives could be considered and applied in order to bridge the gaps
between the miRNAs, their implicated genes, and respective pathways with the complex nature of

inhalation injury in burn patients.
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CHAPTER EIGHT
CONCLUSIONS, LIMITATIONS AND FUTURE PERSPECTIVES

12. Conclusions

Burn patients admitted to the WCPATBC at Tygerberg Hospital, South Africa, predominantly belong
to socioeconomically vulnerable populations. As one of only two provincial tertiary units in South
Africa specializing in adult burns, it was expected that most cases would involve severe injuries. Given
the limited epidemiological data on South African burn centres, the first part of this study aimed to
expand the current knowledge base. Findings were consistent with reports from similar clinical settings
in South Africa and other LMICs. Key risk factors such as age, male gender, and the predominance of
domestic fire, were strongly associated with elevated mortality, thereby highlighting the persistent
burden of burn injuries. Continued surveillance of these patterns is critical to improve prevention and
treatment strategies in resource-limited settings. Although certain injury-related factors varied from
previous reports, such variation was to be expected across cohorts. However, prognostic and diagnostic
tools must be sufficiently sensitive to assess the evolving severity and sequelae of burns to reduce
mortality risk. While public hospitals deliver quality burn care through innovative strategies and
adherence to core burn management principles, the absence of advanced prognostic tools prompts
clinicians to rely on the presence of specific subjective/objective indicators and comorbidities for

mortality risk assessment.

The well-known mortality co-factors in burn patients have included TBSA, age and gender. Notably,
inhalation injury which is a major contributor to poor outcomes, can be present even without typical
clinical indicators thereby increasing the risk of misdiagnosis, suboptimal treatment, and adverse
outcomes. To clarify its impact in this cohort, the subsequent section examined the relationship between
inhalation injury and mortality. Results confirmed its strong correlation and predictive value, consistent
with prior literature, and emphasized the need for further investigation into its potential prognosis.
Additionally, the study also identified TBSA >40%, the presence of complications (such as ARDS and
pneumonia), longer BICU LOS and referrals outside the Tygerberg district as key mortality
determinants. These findings may broaden the scope of parameters considered for prognostic
assessment, especially the clinical complications generally overlooked in standard evaluations. The risk
of burns-related mortality may be reduced by minimizing these key factors, i.e. inhalation injury,
however, their prognostic utility is hindered by a lack of consensus definitions and diagnostic criteria

for inhalation injury, as well as the limited sensitivity and specificity of existing tools.

Identifying burn-related clinical markers typically recorded at or shortly after admission, could therefore
support the early prognosticating of inhalation injury. Four candidate markers were identified: %TBSA,
complications, BICU LOS, and lactate levels, with complications and BICU LOS showing the strongest

associations. Among these, complications and lactate were suggested as the most suitable parameters
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for prognostication, though clinicians would benefit from considering all four candidate factors to
monitor disease progression. The observed associations suggest that the increased presence or severity
of inhalation injury should be considered when these parameters are elevated. However, given the
interconnection of these factors, a multifactorial approach that accounts for both established and
emerging prognostic parameters would be essential for improving the assessment of injury onset,
progression and subsequent mortality risk. Prognostication should not rely on a single parameter from
medical records due to the variable presentation of inhalation injury, disease progression, and coexisting
comorbidities. Perhaps sensitive prognostication frameworks may in fact depend on a minimum number
of integrated clinical or molecular candidates; although this is a plausible notion, it remains to be
systematically explored. Despite the need for further validation, the preliminary basis for identifying

such candidates has been demonstrated in this study.

Given these challenges, clinical methods may benefit from the integration of easily attainable, disease-
specific biomarkers to potentially enhance prognostic potential. MiRNAs meet this criterion, leading to
the final part of this study that investigated differential expression in whole blood from burn patients.
Ten differentially expressed miRNAs were identified: One down-regulated (miR-504-5p) in mild injury,
and nine up-regulated (miR-143-3p, -200b-3p, -148b-5p, -10b-5p, -30a-5p, -15a-5p, -374a-5p, -21-5p,
and -144-5p) in severe injury. These results, supported by two bioinformatics tools and threshold
filtering, demonstrated alignment with literature that linked the panel of miRNAs to conditions similar
to inhalation injury or its sequelae, and played key roles in apoptosis and inflammation which are
hallmarks of inhalation injury. Their biological relevance was further supported by hub gene analysis.
The top hub genes from the up-regulated and combined networks were identical and included 4AKT1,
TNF, EGFR, JUN, EP300, CTNNBI, MYC, STAT3, TP53, and PTEN. In contrast, the down-regulated
network featured TP53, MDM2, BCL2L11, AGO2, CDK6, BBC3, GADD45A4, BAX, FAS, and RHOA.
The association of these genes with inflammation and apoptosis were also previously reported,
reinforcing the pathogenic relevance of the miRNA profiles. Specifically, the hub genes of the up-
regulated and combined miRNA networks were predominantly involved in inflammatory pathways,
whereas those of the down-regulated network were primarily associated with apoptotic responses.
Although these associations were distinct, they were not mutually exclusive. The pleiotropic nature of
the genes allows for the recruiting and transcribing of other genes, and therefore, would not only directly
regulate respective canonical pathways but also indirectly co-regulate and activate multiple downstream
signaling pathways simultaneously. Consistent with previous reports, it is likely that the miRNAs
functioned more effectively as a cluster than individually. This was supported by the observation that
only the up-regulated and combined networks yielded significant PPI networks, whereas the down-
regulated network produced fewer connections and shared only one overlapping hub gene. Nonetheless,
the latter’s relevance should not be understated; as the consistent enrichment of its hub target genes in
apoptosis-related pathways suggests a meaningful contribution to the pathophysiology of inhalation

injury and its subsequent sequelae.
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These trends were reflected in the enrichment analysis, which assessed the biological relevance of hub
genes via their pathway involvement. To ensure a comprehensive analytical perspective, the study
employed both commonly used tools (GO BP and KEGG) and two additional platforms often cited in
literature, viz. PANTHER and Reactome. Key pathways related to inflammation and apoptosis were
significantly enriched across all platforms. This consistency may be attributed, in part, to the presence
of the top-ranking hub gene, TP53, across all networks, given its central role in mediating chronic
inflammation and its dual function in apoptosis. While apoptotic enrichment was most prominent among
the down-regulated miRNA hub genes, inflammatory and immune-related pathways were more strongly
represented in the up-regulated and combined networks. Although the down-regulated miRNA appeared
to drive some apoptotic activity within the combined network, the up-regulated miRNAs likely had a
greater overall influence, as their target genes and enrichment profiles closely mirrored those of the
combined analysis. Overall, the distinct differential expression patterns observed, highlight the potential
of circulating miRNA profiles to not only indicate the presence of inhalation injury but also reflect its
severity. These findings provide a promising foundation for the development of a prognostic or
diagnostic miRNA panel, which can only fully be realised when the study’s limitations and future

research directions are addressed.

13. Limitations

While this study identified potential burn-related clinical markers and biomarkers indicative of the
presence and severity of inhalation injury, several limitations should be considered when interpreting
the results: (i) The single-time-point measurements from a relatively small sample size at a single-centre
population may restrict generalizability of the findings. However, the sample size reflects the total
number of eligible patients admitted during the approved study period at the country’s only specialized
adult burns centre. Patient recruitment was constrained not by study design or logistical oversight, but
by the centre’s finite infrastructure, strict admission criteria for severe burns, and the variable (often
prolonged) LOS associated with injury severity. (ii) Not all medical file data were available prior to
analysis. While this had minimal impact on descriptive statistics, it reduced the number of complete
cases available for statistical tests requiring pairwise data, such as with traditional correlation and
regression analyses. Therefore, incomplete patient files were excluded to preserve statistical integrity,
which ensured methodological robustness by restricting analyses to complete cases. (iii) The quality and
quantity of available data may have been influenced by the systematic sorting process by medical
personnel who were ethically permitted to extract patient information directly from the internal database.
While this ensured compliance with data governance protocols, manual data retrieval introduces the
potential for human error, omissions, or inconsistencies that may have contributed to missing or
incomplete records. These potential limitations emphasizes the need for a standardized and streamlined
data-capturing system that could enhance both clinical care and research, particularly in high-acuity
burn cases. However, in emergency-driven environments, it would be challenging for clinicians and

nurses to collate data for research purposes systematically. A feasible solution may lie in developing
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data capture frameworks that closely mirror routine clinical documentation practices, thereby
minimizing additional burden while improving data completeness and utility. (iv) Although sample size
limitations are unlikely to affect RNA sequencing performance, expanding the dataset may have allowed
for a more refined selection of exemplar samples and potentially reveal additional differentially
expressed miRNAs. Moreover, a larger cohort could facilitate the inclusion of a control (burn patients
without inhalation injury) group to better compare expression profiles across varying injury severities.
However, this would require the use of sensitive diagnostic tools capable of confirming the presence or
absence of inhalation injury which is currently not accessible in LMIC facilities. Considering all of the
above, comparing severe to mild cases remains valuable as it provides insight into gradations of injury
severity and their associated molecular responses which is still critical for early prognostication and
targeted intervention. (v) While sampling occurred at a single time point on or shortly after admission
supporting early prognostication, longitudinal sampling would have enabled stronger validation of the
“cause-and-effect” relationships between specific clinical parameters. Thus, distinguishing whether
these changes reflect the pathological signals in response to the injury or whether the outcomes were
innately compensatory. Moreover, since miRNA expression evolves over time, a time-series approach
would enhance the stratification of severity and the identification of temporally relevant biomarkers.
Therefore, serial measurements would improve prognostic accuracy by capturing disease progression

and the corresponding biomarker dynamics.

14. Future perspectives

This study provides a strong foundation for the potential use of clinical and biological indicators in the
prognosis and diagnosis of burns-related inhalation injury and its severity, despite the inherent
limitations. Several avenues remain open for further investigation to expand on these findings to validate
reliable markers conclusively. Studies suggest that a single clinical marker may not sufficiently predict
mortality risk, emphasizing the need to consider multiple markers collectively. Developing a prognostic
model incorporating these markers could enhance predictive accuracy. However, additional analyses,
such as receiver operating characteristic curves, are necessary to assess the sensitivity and specificity of
the marker before model development. This could be complemented by survival analyses, such as
Kaplan-Meier or Cox regression, which, while primarily used for mortality prediction, could indirectly
assess inhalation injury given its established role as a mortality co-factor. Additional validation studies
are essential to confirm the preliminary findings of this study and to establish a more reliable panel or
framework for using these markers in inhalation injury prognostication. While the identified DE
miRNAs were supported using an additional bioinformatics tool, strict filtering and pathway enrichment
tools, further validation with RT-qPCR would enhance reliability and establish a definitive miRNA
panel. Once a validated miRNA panel is established and its pathway involvement confirmed, in vitro
and vivo studies utilizing miRNA mimics and inhibitors could provide deeper insight into their direct
and indirect roles in burns-related inhalation injury pathology. This approach would also help distinguish

miRNA-mediated effects from secondary molecular interactions within exosomal cargo. Further
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research should also investigate proteogenomic expression differences between inhalation injury and

underlying or related pulmonary conditions that may complicate the clinical presentation.
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APPENDIX A: Epidemiology and mortality

Table 9: Frequencies and distributions of socio-demographic factors for the study population (n=59)

Total samples, N . Mortality rate
(%% )p ’ Fold change * P-value Mortality, N (%)  Fold change ((,/)y
(1] (1]
59 (100) 15 (25.4) 25.4

Gender

Male 38 (64.4) 9 (60) 23.7

Female 21 (35.6) 1.8 0.000 6 (40) 1.5 28.6
Age (years)

13-20 8 (13.6) 4(26.7) 50

21-39 38 (64.4) - 6 (40) - 15.8

0.9 7(119) 48-63 <0.001 3 20) 1.5-3 5o

> 50 6 (10.2) 2(13.3) 33.3
Day of the week ?

Weekdays 37 (62.7) 8(53.3)

Weekend days 22 (37.3) 17 0.000 7 (46.7) 11
Seasonal variation ¢

Colder seasons 36 (61.1) 10 (66.7) 27.8

Warmer seasons 23 (38.9) 1.6 0.000 5(33.3) 2 217
Referral setting (district)

City of Cape Town 50 (84.7) 10 (66.7) 20

Other ¢ 9(15.3) 36 0.000 5(33.3) 2 55.6
Level of referral

Hospital 46 (78) 11(73.3) 23.9

CHC/clinic ¢ 13(22) 33 0.000 4(26.7) 28 308

2 Fold change between more than two groups are affiliated with the highest frequency within the variable
b Days of the week: weekdays - Monday to Friday, weekend days - Saturday and Sunday

¢ Seasonal variation: Colder seasons — Autumn (March to May) and Winter (June to August), warmer seasons — Spring (September to November) and Summer (December to February)
4 Other: districts outside of City of Cape Town that included Cape Winelands, Eden/Garden route, Overberg and West Coast. Zero patients were transferred from the Central Karoo district

¢ CHC: community health centre
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Table 10: Frequencies and distributions of injury characteristics for the study population (n=59)

Total S(?,;:)ples’ N Fold change * P-value Mortality, N (%) Fold change Mort?(}/l: )y rate
59 (100) 15 (25.4) 25.4

Aetiology

Fire 44 (74.6) 14 (93.3) 31.8

Other ® 15 (25.4) 29 0.000 1(6.7) 14 6.7
% Total Body Surface Area

<40% 52 (88.1) 8(53.3) 15.4

> 40% 7(11.9) 74 0.000 7 (46.7) L1 100
Inhalation injury ©

Mild (0-4 days total ventilation) 23 (39) 16 0.000 1(6.7) 14 4.3

Severe (=5 days total ventilation) 36 (61) ’ ’ 14 (93.3) 38.9
Phenotypical characteristics

Singed nasal hairs 39 (66.1) 9 (60) 23.1

Soot around/in mouth 40 (67.8) 7 (46.7) 17.5

Hoarseness 21 (35.6) 13-25 0.000 2 (133) 1.6-7 9.5

Facial burns 52 (88.1) 14 (93.3) 26.9
Complications ¢

Yes 25 (42.4) 15 (100) 60

No 34 (57.6) 1.4 0.000 0 (0) 15 0
ABSI scores ¢

Moderate (4-5) 8 (13.6) 0(0) 0

Moderately severe (6-7) 18 (30.5) 2 (13.3) 11.1

Serious (8-9) 22 (37.3) 1.2-73 <0.020 4 (26.7) 1.5-3 18.1

Severe (10-11) 8 (13.6) 6 (40) 75

Maximum (12-13) 3.1 3 (20) 100

2 Fold change between more than two groups are affiliated with the highest frequency within the variable

b Other (n): Steam/hot water (n=2), gas explosion (n=3), paraffin (n=3), electrical (n=4), petrol (n=1), chemical (n=1), assault/necklacing (n=1)
¢Inhalation injury: Mild represented by 0-4 days total ventilation, severe represented by >5 days total ventilation

4 Complications: Septic shock, septicemia, Acute Respiratory Distress Syndrome, ventilator associated pneumonia, and aspiration pneumonia
¢ ABSI: Abbreviated burn severity index
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Table 11: Frequencies and distributions of clinical parameters for the study population (n=59)

Total S(?,;:)ples’ N Fold change * P-value Mortality, N (%) Fold change Mort?(}/l: )y rate
59 (100) 15 (25.4) 25.4
BICU LOS?®
0-9 30 (50.8) 3 (20) 10
>10 29 (49.2) ! 0.000 12 (80) 4 414
Ventilation prior to admission
Yes 51 (86.4) 14 (93.3) 27.4
No 8 (13.6) 6.4 0.000 1(6.7) 14 12,5
Arterial blood gas analysis
pH
<7.35 (acidosis) 24 (40.7) 9 (60) 42.9
7.35-7.45 (normal) 28 (47.5) 1.3-4.1 <0.011 4(26.7) 23-45 14.3
> 7.45 (alkalosis) 7(11.9) 2(13.3) 28.6
Pa0, (kPa)
<10.5 (hypoxia) 9 (15.3) 3 (20) 333
10.5-13.5 (normal) 9 (15.3) 4.6 0.000 1(6.7) 3.7-11 11.1
> 13.5 (hyperoxia) 41 (69.5) 11(73.3) 26.8
PCO; (kPa)¢
<47 13 (22) 4(26.7) 30.8
4.7-6.0 (normal) 29 (45.2) 1.9-23 0.000 7 (46.7) 1.8 24.1
>6.0 17 (28.8) 4(26.7) 235
SATS (%)
<95 7(11.9) 2(13.3) 28.6
95-100 (normal) 52(88.1) 74 0.000 13 (86.7) 6.5 25
Lactate (mmol/L)
<2.0 (normal) 34 (57.6) 6 (40) 17.6
2.0 (excess) 25 (42.4) 1.4 =0.000 9 (60) 1.5 36.0
Base excess (mmol/L)
<-4 11 (18.6) 4(26,7) 36.4
-4 to +2 (normal) 41 (69.5) 3.7-5.9 0.000 9 (60) 23-45 22
>2 7(11.9) 2(13.3) 28.6

2 Fold change between more than two groups are affiliated with the highest frequency within the variable
® BICU LOS: burns intensive care unit length of stay

¢ PaO,: partial pressure of arterial oxygen

4 PCOy: partial pressure of arterial carbon dioxide
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Table 12: PLS regression incorporating ABSI sub-groups for the selective inclusion in mortality

prediction model.

Predicted variances of latent factors

1 2 3 4
X-variance 0.232 0.234 0.242 0.291
Y-variance 0.413 0.002 5.859E-6 4.809E-8
Adjusted R-square (R?) 0.403 0.394 0.382 0.371
Latent factors VIP values per variable
Moderate (4-5) score 0.748 0.750 0.750 0.750
Moderately severe (6-17) score 0.705 0.705 0.705 0.705
Serious (8-9) score 0.415 0.414 0.414 0.414
Severe (10-11) score 1.459 1.457 1.457 1.457
Maximum (12-13) score 1.282 1.282 1.282 1.282

VIP: variable importance in prediction, PLS: partial least squares, ABSI: abbreviated burn severity index.
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APPENDIX B: Epidemiology, mortality and inhalation injury degree

Table 13: Frequencies and distributions of socio-demographic factors and mild (n=23) and severe (n=36) inhalation injury for the study population (n=59)

Mild Inhalation injury Severe Inhalation injury
(0-4 total days ventilated) (= 5 total days ventilated)
Total samples, Fold Mortality, Fold Mortality Total samples, Fold Mortality, Fold Mortality rate
N (%) change * N (%) change rate (%) N (%) change N (%) change (%)
23 (39) 1(6.7) 43 36 (61) 14 (93.3) 38.9

Gender

Male 12 (52.2) 0 (0) 0 26 (72.2) 9 (64.3) 34.6

Female 11 (47.8) 11 1 (100) N/A 9.1 10 (27.7) 2.6 5(35.7) 1.8 50
Age (years)

13-20 3(13) 1 (100) 333 5(13.9) 3(21.4) 60

21-39 15 (65.2) 0(0) 0 23 (63.9) 6 (42.9) 26.1

40-49 1 (43) 37515 0 (0) N/A 0 6 (16.7) 38115 3014 273 50

>50 4(17.4) 0(0) 0 2 (5.6) 2 (14.3) 100
Day of the week ?

Weekdays 15 (65.2) 1.9 1 (100) N/A 6.7 22 (61.1) 16 7 (50) 1 31.8

Weekend days 8 (34.8) ’ 0(0) 0 14 (38.9) ’ 7 (50) 50
Seasonal variation ¢

Colder seasons 13 (56.5) 13 0(0) N/A 0 23(63.9) 1.8 10 (71.4) 25 43.5

Warmer seasons 10 (43.5) ’ 1 (100) 10 13 (36.1) ’ 4 (28.6) ’ 30.8
Referral setting (district)

City of Cape Town 23 (100) 1 (100) 43 28 (77.8) 9 (64.3) 32.1

Other ¢ 0(0) 23 0 (0) N/A 8 (22.2) 3.5 5(35.7) 1.8 62.5
Level of referring hospital

Hosplta_l _ 19 (82.6) 48 0(0) N/A 0 27 (75) 3 11 (78.6) 37 40.7

CHC/clinic 4 (17.4) 1 (100) 25 9 (25) 3(21.4) 333
Days between injury &
admission

0-2 21 (91.3) 1 (100) 4.8 30(83.3) 11 (78.6) 5511 36.7

3-5 2 (8.7) 10.5 0(0) N/A 0 4(11.1) 7.5-15 1(7.1) ’ 25

>5 0(0) 0(0) 0 2 (5.6) 2 (14.3) 100

2 Fold change between more than two groups are affiliated with the highest frequency within the variable

b Days of the week: weekdays - Monday to Friday, weekend days - Saturday and Sunday

¢ Seasonal variation: Colder seasons — Autumn (March to May) and Winter (June to August), warmer seasons — Spring (September to November) and Summer (December to February)

4 Other: districts outside of City of Cape Town that included Cape Winelands, Eden/Garden route, Overberg and West Coast. Zero patients were transferred from the Central Karoo district
¢ CHC: community health centre
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Table 14: Frequencies and distributions of injury characteristics and mild (n=23) and severe (n=36) inhalation injury for the study population (n=59)

Mild Inhalation injury (0-4 total days ventilated)

Severe Inhalation injury (> 5 total days ventilated)

Total samples, Fold Mortality, Fold Mortality Total samples, Fold Mortality, Fold Mortality rate
N (%) change * N (%) change rate (%) N (%) change N (%) change (%)
23 (39) 1(7.7) 36 (61) 14 (93.3)
Aetiology
Fire 18 (78.3) 1 (100) 5.6 26 (72.2) 13 (92.9) 50
Other ® 521.7) 3.6 0 (0) N/A 0 10 (27.8) 2.6 1(7.1) 13 10
% Total Body Surface Area
<40% 23 (100) 1 (100) 43 29 (80.6) 7 (50) 24.1
> 40% 0.(0) 23 0 (0) N/A 0 7(19.4) 4.1 7 (50) ! 100
Phenotypical characteristics
Singed nasal hairs 15 (65.2) 0(0) 0 24 (66.7) 8 (57.1) 333
Soot around/in mouth 16 (69.6) 0(0) 0 24 (66.7) 8 (57.1) 333
Hoarseness 12 (52.2) 12-1.6 0 (0) N/A 0 9.(25) L4=37 " 5143 16763 222
Facial burns 19 (82.6) 1 (100) 5.3 33(91.7) 13 (92.9) 39.4
Complications ¢
Yes 2 (8.7) 1 (100) 50 23 (63.9) 14 (100) 60.1
No 21(91.3) 10.5 0 (0) N/A 0 1336.1) 1.8 0(0) N/A 0
ABSI scores ¢
Moderate (4-5) 5@21.7) 0(0) 0 3(8.3) 0(0) 0
Moderately severe (6-7) 9 (39.1) 1 (100) 11.1 9 (25) 1(7.1) 11.1
Serious (8-9) 8 (34.8) 1.1-9 0(0) N/A 0 14 (38.9) 1.6 -4.7 4 (28.6) 1-5-6 28.6
Severe (10-11) 1(43) 0(0) 0 7 (19.4) 6 (42.9) 85.7
Maximum (12-13) 0(0) 0(0) 0 3(8.3) 3(21.4) 100

2 Fold change between more than two groups are affiliated with the highest frequency within the variable
b Other (n): Steam/hot water (n=2), gas explosion (n=3), paraffin (n=3), electrical (n=4), petrol (n=1), chemical (n=1), assault/necklacing (n=1)
¢ Complications: Septic shock, septicemia, Acute Respiratory Distress Syndrome, ventilator associated pneumonia, and aspiration pneumonia

4 ABSI: Abbreviated burn severity index
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Table 15: Frequencies and distributions of clinical parameters and mild (n=23) and severe (n=36) inhalation injury for the study population (n=59)

Mild Inhalation injury (0-4 total days ventilated) Severe Inhalation injury (> 5 total days ventilated)
Total samples, Fold Mortality, Fold Mortality Total samples, Fold Mortality, Fold Mortality rate
N (%) change ? N (%) change rate (%) N (%) change N (%) change (%)
23 (39) 1(7.7) 43 36 (61) 14 (93.3) 38.8
BICU LOS?
0-9 20 (87) 0(0) 0 10 (27.8) 3(21.4) 30
> 10 3(13) 6.7 1 (100) N/A 333 26 (72.2) 2.6 11(78.6) 3.7 423
Ventilation prior to admission
Yes 20 (87) 1 (100) 5 31 (86.1) 13 (92.9) 41.9
No 3(13) 6.7 0 (0) N/A 0 5(13.9) 6.2 1(7.1) 13 20
Arterial blood gas analysis
pH
<7.35 (acidosis) 8 (34.8) 0(0) 0 16 (44.4) 9 (64.3) 56.3
7.35-7.45 (normal) 12 (52.2) 1.5-4 1 (100) N/A 8.3 16 (44.4) 4 3(21.4) 3-45 18.8
> 7.45 (alkalosis) 3(13) 0(0) 0 4(11.1) 2 (14.3) 50
PaO; (kPa) ¢
< 10.5 (hypoxia) 3(13) 0(0) 0 6 (16.7) 3(21.4) 50
10.5-13.5 (normal) 7 (30.4) 1.9-43 0(0) N/A 0 2 (5.6) 4.7- 14 1(7.1) 33-10 50
> 13.5 (hyperoxia) 13 (56.5) 1 (100) 7.7 28 (77.8) 10 (71.4) 35.7
PCO; (kPa)¢
<47 6(26.1) 1 (100) 16.7 7 (19.4) 3(23.1) 429
4.7-6.0 (normal) 11 (47.8) 1.8 0(0) N/A 0 18 (50) 1.6-2.6 7 (53.8) 2.3 39.9
>6.0 6 (26.1) 0(0) 0 11 (30.6) 3(23.1) 27.3
SATS (%)
<95 3(13) 6.7 0(0) N/A 0 4(11.1) 3 2 (14.3) 6 50
95-100 (normal) 20 (87) ’ 1 (100) 5 32 (88.9) 12 (85.7) 37.5
Lactate (mmol/L)
< 2.0 (normal) 17 (73.9) 28 1 (100) N/A 5.9 17 (47.2) 11 5357 18 29.4
> 2.0 (excess) 6 (26.1) ’ 0(0) 0 19 (52.8) ’ 9 (64.3) ’ 47.4
Base excess (mmol/L)
<-4 5217 1 (100) 20 6 (16.7) 3(21.4) 50
-4 to +2 (normal) 15 (65.2) 3-5 0(0) N/A 0 26 (72.2) 43-6.5 9 (64.3) 3-45 34.6
> 2 3(13) 0(0) 0 4111 2 (14.3) 50

2 Fold change between more than two groups are affiliated with the highest frequency within the variable
® BICU LOS: burns intensive care unit length of stay

¢ PaO,: partial pressure of arterial oxygen

4 PCOy: partial pressure of arterial carbon dioxide
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APPENDIX C: Exemplar samples and differentially expressed miRNAs

Table 16: Demographical and pre-QC results of exemplar samples for RNA sequencing library selection

Exemplar criteria information

Illumina Pre-QC results

Phenotypical characteristics

N# . . | .

Singed Soot in/ Facial 1 Tot;zéd;y s Etiology  Mortality Qual/atzlly £2f0/1;12b83 RIIN mziNA : Q[ua;ml}y Vl,e IIN Result
nasal hairs  around mouth  burns oarse  ventiiation [ug/ul] ato (abs) - vare [% ks ame

1 Yes No Yes No 3 Fire No 6.3 2.0 9.1 17.0 UD 7.4 Reject
2 Yes Yes Yes No 4 Fire No 15.8 2.1 9.0 120 0.4 8.9 Reject
3 No Yes Yes No 0 Fire No 1.4 1.8 7.7 9.0 2.7 7.4 Accept
4 Yes Yes Yes Yes 2 Other No 2.9 2.0 8.9 15.0 3.1 8.7 Accept
5 Yes Yes No Yes 2 Fire No 2.9 2.1 8.3 13.0 1.2 7.3 Accept
6 No No Yes No 4 Fire Yes 5.4 2.1 8.8 18.0 1.1 7.8 Accept
7 Yes Yes No Yes 4 Fire No 7.0 2.3 8.7 16.0 1.2 7.8 Accept
8 Yes Yes Yes Yes 0 Fire No 7.7 2.1 9.3 110 1.5 8.9 Accept
9 Yes Yes Yes No 3 Fire No 4.4 2.1 9.1 10.0 2.2 8.9 Accept
10 Yes Yes Yes Yes 4 Fire No 8.6 2.1 8.6 15.0 | 4.7 8.2 Accept
11 Yes Yes Yes No 4 Fire No 6.5 2.1 8.7 49.0 0.1 8.6 Reject
12 Yes No Yes No 3 Fire No 7.9 2.0 8.7 15.0 1.4 8.3 Accept
13 Yes Yes Yes Yes 5 Fire No 4.8 2.0 8.7 140 33 7.7 Accept
14 Yes Yes Yes No 5 Fire No 5.0 2.0 9.0 15.0 0.1 9.9 Reject
15 Yes Yes Yes No 11 Fire Yes 3.0 2.1 8.2 11.0 3.6 8.0 Accept
16 No Yes Yes No 17 Fire Yes 11.8 2.0 8.3 13.0 0.1 8.2 Reject
17 Yes Yes Yes No 6 Other No 3.6 2.1 8.5 10.0 1.9 8.9 Accept
18 Yes Yes Yes Yes 5 Other No 14.1 2.1 8.4 16.0 4.4 7.2 Accept
19 No No Yes No 10 Other No 4.4 2.1 8.8 15.0 UD UD Reject
20 Yes Yes Yes No 16 Fire No 2.7 2.2 9.3 12.0 | 0.1 8.8 Reject
21 Yes No Yes No 6 Other No 4.0 2.2 9.3 13.0 ! 3.0 8.6 Accept
22 Yes Yes Yes Yes 12 Fire Yes 10.9 2.1 9.2 14.0 4.3 9.3 Accept
23 Yes Yes Yes No 10 Fire Yes 17.9 2.1 9.5 13.0 . 0.1 9.5 Reject
24 Yes No Yes No 14 Other No 4.0 2.2 8.8 10.0 4.3 8.7 Accept
25 Yes No Yes No 14 Fire Yes 52 2.1 8.3 9.0 4.2 8.1 Accept
26 Yes Yes Yes Yes 13 Fire No 5.6 2.1 8.7 140 33 8.2 Accept
27 Yes Yes Yes Yes 5 Fire No 33 2.1 8.7 17.0 9.7 8.8 Accept
28 Yes Yes Yes No 12 Fire No 7.6 2.1 8.2 47.0 2.1 8.5 Accept
29 No No No No 5 Fire Yes 11.3 2.1 9.0 11.0 3.9 9.1 Accept
30 Yes Yes Yes No 16 Fire Yes 5.2 2.1 7.6 18.0 | 3.1 8.1 Accept

QC — quality control, RIN — RNA integrity number, UD — Undetected.
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Table 17: Statistics of reads following alignment to the human genome and miRbase data

Sample Raw Trimmed Mapped % Mature Mature Mature
names reads reads reads Mapped miRNAreads miRNA miRNA SA
S1 3 962310 480883 458016 96.89 443789 479 375
S2 4 590404 350757 338053 98.10 331629 439 359
S35 316816 253433 242776 98.30 238651 377 307
S4 6 553016 353634 338108 97.07 328193 487 378
S5 7 915426 535981 510403 96.34 491745 512 408
S6 8 10567596 8217259 7880108 98.10 7730076 846 680
S7 9 973547 768562 738759 98.32 726374 524 406
S8 10 3916180 3053362 2933287 97.60 2862832 780 609
S9 12 546676 474833 448114 96.79 433733 561 434
S10 13 1290895 1122844 1071739 96.53 1034561 676 526
S11 15 1219613 1004551 959956 97.37 934722 631 524
S12 17 1793253 909176 872539 96.85 845053 607 454
S13 18 4473654 2458111 2329588 97.10 2261918 773 603
S14 21 3553460 2528051 2401607 96.09 2307796 717 569
S15 22 12163313 5436801 5165076 96.70 4994417 802 656
S16 24 12693915 9422043 9117373 98.33 8965343 948 758
S17 25 1537391 1331643 1261322 97.18 1225691 642 514
S18 26 7730183 6800028 6560255 97.89 6421912 868 704
S19 27 6185718 4966668 4779284 97.99 4683064 863 700
S20 28 2702669 2269878 2176184 97.83 2128893 787 627
S21 29 22138349 19399306 18358415 96.97 17802525 961 800
S22 30 2298326 1957033 1866821 97.22 1814961 760 607
S1 3 962310 480883 458016 96.89 443789 479 375
S2 4 590404 350757 338053 98.10 331629 439 359
S35 316816 253433 242776 98.30 238651 377 307
S4 6 553016 353634 338108 97.07 328193 487 378
S5 7 915426 535981 510403 96.34 491745 512 408
S6 8 10567596 8217259 7880108 98.10 7730076 846 680

SA — sequence alignment.
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Table 18: Sixty differentially expressed miRNAs in mild and severe inhalation injury using EdgeR

miRNA ' Mean (CPM) FC P va!ue
Mild Severe (Log2) (Adj.)
hsa-miR-504-5p 8.18 2.51 -1.70 0.02
hsa-miR-1249-3p 12.89 4.94 -1.40 0.02
hsa-miR-let-7b-3p 43.04 16.58 -1.37 0.01
hsa-miR-485-3p 22.78 9.06 -1.33 0.01
hsa-miR-6511b-3p 12.86 5.38 -1.30 0.00
hsa-miR-6511b-3p 12.86 5.38 -1.29 0.00
hsa-miR-4772-3p 72.20 32.81 -1.16 0.03
hsa-miR-let-7d-3p 914.14 412.97 -1.15 0.01
hsa-miR-4742-3p 67.42 30.34 -1.12 0.00
hsa-miR-543 18.73 8.98 -1.04 0.04
hsa-miR-4685-3p 78.85 40.54 -1.00 0.01
hsa-miR-328-3p 179.32 95.69 -0.91 0.01
hsa-miR-93-3p 156.57 82.59 -0.90 0.00
hsa-miR-486-5p 299133.76 162365.24 -0.88 0.01
hsa-miR-486-5p 298204.86 161996.61 -0.88 0.01
hsa-miR-339-5p 114.31 62.50 -0.87 0.00
hsa-miR-423-5p 6487.52 3556.10 -0.87 0.04
hsa-miR-576-5p 384.17 210.510 -0.86 0.01
hsa-miR-18b-3p 22.53 12.91 -0.85 0.04
hsa-miR-484 4323.75 2433.6 -0.83 0.01
hsa-miR-3605-3p 141.85 82.44 -0.78 0.04
hsa-miR-505-3p 210.68 124.56 -0.76 0.03
hsa-miR-7706 68.56 41.39 -0.72 0.04
hsa-miR-361-5p 287.98 174.14 -0.72 0.04
hsa-miR-92b-3p 1765.66 1072.21 -0.72 0.04
hsa-miR-532-3p 108.84 67.68 -0.70 0.04
hsa-miR-197-3p 165.83 104.14 -0.68 0.03
hsa-miR-30c-5p 4986.29 3141.94 -0.67 0.04
hsa-miR-30c-5p 4984.86 3143.42 -0.66 0.04
hsa-miR-92a-3p 235520.37 156313.14 -0.59 0.04
hsa-miR-103a-3p 1755.94 2912.35 0.73 0.04
hsa-miR-103a-3p 1753.25 2908.03 0.73 0.04
hsa-miR-24-3p 127.03 219.23 0.80 0.03
hsa-miR-24-3p 129.84 225.13 0.81 0.03
hsa-miR-340-5p 30.97 57.63 0.88 <0.05
hsa-miR-27a-3p 92.41 170.82 0.88 0.04
hsa-miR-194-5p 63.85 116.97 0.88 0.01
hsa-miR-27b-3p 181.59 351.47 0.95 0.01
hsa-miR-660-5p 29.21 58.32 0.98 0.04
hsa-miR-194-5p 124.94 250.00 1.01 0.00
hsa-miR-454-3p 97.89 200.37 1.03 0.03
hsa-miR-148a-3p 54793 1192.21 1.12 0.01
hsa-miR-16-5p 5320.77 11592.7 1.12 0.01
hsa-miR-16-5p 5327.95 11624.32 1.13 0.01
hsa-miR-101-3p 141.09 361.19 1.35 0.02
hsa-miR-101-3p 127.76 329.42 1.36 0.02
hsa-miR-126-3p 221.69 590.22 1.41 0.01
hsa-miR-7-5p 64.25 172.55 1.42 0.00
hsa-miR-7-5p 64.18 172.78 1.43 0.00
hsa-miR-30e-5p 220.00 591.02 1.43 0.00
hsa-miR-7-5p 64.21 172.99 1.43 0.00
hsa-miR-144-5p 305.61 853.37 1.48 0.03
hsa-miR-21-5p 778.9 2247.09 1.53 0.00
hsa-miR-374a-5p 4423 138.80 1.63 0.02
hsa-miR-15a-5p 57.15 183.83 1.67 0.01
hsa-miR-30a-5p 43.37 145.89 1.74 0.02
hsa-miR-10b-5p 13.85 47.08 1.76 0.04
hsa-miR-148b-5p 4.14 13.53 1.78 0.01
hsa-miR-200b-3p 1.31 5.25 1.95 0.04
hsa-miR-143-3p 81.44 317.95 1.96 0.00

CPM — counts per million, FC — fold change, Adj. — adjusted.
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Table 19: Sixty-seven differentially expressed miRNAs in mild and severe inhalation injury using
DESeq2

miRNA . Mean (CPM) FC P va!ue
Mild Severe (Log2) (Adj.)
hsa-miR-504-5p 8.09 2.60 -1.68 0.03
hsa-let-7b-3p 4191 16.34 -1.36 0.01
hsa-miR-1249-3p 13.15 5.02 -1.35 0.01
hsa-miR-1908-5p 9.00 4.20 -1.30 0.03
hsa-miR-485-3p 22.47 9.23 -1.30 0.02
hsa-miR-6511b-3p 12.10 5.47 -1.24 0.01
hsa-miR-6511b-3p 12.10 5.47 -1.24 0.01
hsa-miR-4772-3p 69.48 32.39 -1.15 0.03
hsa-let-7d-3p 881.64 411.6 -1.10 0.02
hsa-miR-4742-3p 66.20 30.15 -1.08 0.00
hsa-miR-4685-3p 75.43 41.33 -0.95 0.01
hsa-miR-328-3p 173.11 96.21 -0.86 0.02
hsa-miR-93-3p 152.22 82.64 -0.84 0.00
hsa-miR-339-5p 110.35 62.25 -0.84 0.00
hsa-miR-576-5p 371.84 208.67 -0.83 0.01
hsa-miR-423-5p 6273.98 3538.03 -0.83 <0.05
hsa-miR-486-5p 288456.08 163041.91 -0.82 0.01
hsa-miR-486-5p 287559.67 162672.27 -0.82 0.01
hsa-miR-18b-3p 21.39 13.10 -0.8 0.04
hsa-miR-484 4196.68 2427.56 -0.79 0.00
hsa-miR-505-3p 203.30 124.38 -0.71 0.03
hsa-miR-361-5p 277.99 172.44 -0.68 0.04
hsa-miR-7706 66.57 41.35 -0.68 0.03
hsa-miR-532-3p 105.49 68.26 -0.65 0.04
hsa-miR-30c-5p 4825.20 3105.10 -0.63 0.02
hsa-miR-30c-5p 4823.72 3106.57 -0.63 0.02
hsa-miR-197-3p 159.15 104.57 -0.62 0.02
hsa-miR-92a-3p 227678.99 156811.66 -0.54 0.03
hsa-miR-425-5p 6735.38 9247.63 0.46 0.03
hsa-miR-652-3p 1185.01 1663.18 0.49 0.02
hsa-miR-22-3p 1273.59 2044.06 0.68 0.03
hsa-miR-103a-3p 1688.41 2924.74 0.79 0.01
hsa-miR-103a-3p 1690.89 2929.09 0.79 0.01
hsa-miR-503-5p 160.47 281.87 0.81 0.03
hsa-miR-152-3p 17.18 32.55 0.83 <0.05
hsa-miR-93-5p 3278.93 5853.02 0.84 0.04
hsa-miR-17-5p 87.38 158.14 0.86 0.03
hsa-miR-24-3p 122.92 219.61 0.86 0.01
hsa-miR-24-3p 125.64 225.42 0.87 0.01
hsa-miR-340-5p 29.25 57.32 0.92 0.03
hsa-miR-194-5p 61.50 116.39 0.93 0.00
hsa-miR-27a-3p 88.54 171.84 0.94 0.02
hsa-miR-106b-5p 167.22 325.64 0.95 0.04
hsa-miR-126-5p 36.73 73.02 0.98 0.04
hsa-miR-27b-3p 173.13 352.24 1.01 0.00
hsa-miR-660-5p 27.34 58.00 1.04 0.03
hsa-miR-194-5p 120.88 248.37 1.06 0.00
hsa-miR-454-3p 92.63 201.26 1.10 0.02
hsa-miR-148a-3p 525.48 1190.15 1.18 0.00
hsa-miR-16-5p 5122.47 11630.36 1.18 0.00
hsa-miR-16-5p 5129.30 11661.94 1.18 0.01
hsa-miR-101-3p 133.10 367.73 1.45 0.01
hsa-miR-101-3p 120.48 335.59 1.46 0.01
hsa-miR-126-3p 212.36 601.53 1.50 0.01
hsa-miR-7-5p 61.34 173.78 1.50 0.00
hsa-miR-30e-5p 211.06 595.13 1.50 0.00
hsa-miR-7-5p 61.28 174.00 1.50 0.00
hsa-miR-7-5p 61.31 174.21 1.50 0.00
hsa-miR-144-5p 290.55 876.24 1.59 0.01
hsa-miR-21-5p 744.64 2255.58 1.60 0.00
hsa-miR-374a-5p 41.47 137.89 1.70 0.01
hsa-miR-15a-5p 54.45 185.66 1.74 0.00
hsa-miR-10b-5p 13.94 46.03 1.78 0.03
hsa-miR-30a-5p 42.18 146.59 1.81 0.02
hsa-miR-148b-5p 4.69 13.26 1.84 0.00
hsa-miR-200b-3p 1.40 5.02 1.93 0.02
hsa-miR-143b-3p 78.69 315.29 2.02 0.00

CPM - counts per million, FC — fold change, Adj. — adjusted.
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Table 17: Fifty-seven differentially expressed miRNAs in mild and severe inhalation injury that

overlap using EdgeR and DESeq2

EdgeR DESeq2
miRNA Mean (CPM) FC P-value Mean (CPM) FC P-value
Mild Severe (Log2) (Adj.) Mild Severe (Log2) (Adj.)
hsa-miR-504-5p 8.18 2.51 -1.70 0.02 8.09 2.60 -1.68 0.03
hsa-miR-1249-3p 12.89 4.94 -1.40 0.02 13.15 5.02 -1.35 0.01
hsa-miR-let-7b-3p 43.04 16.58 -1.37 0.01 4191 16.34 -1.36 0.01
hsa-miR-485-3p 22.78 9.06 -1.33 0.02 22.47 9.23 -1.30 0.02
hsa-miR-6511b-3p 12.86 5.38 -1.30 0.00 12.10 5.47 -1.24 0.01
hsa-miR-6511b-3p 12.86 5.38 -1.29 0.00 12.10 5.47 -1.24 0.01
hsa-miR-4772-3p 72.20 32.81 -1.16 0.03 69.48 32.39 -1.15 0.03
hsa-miR-let-7d-3p 914.14 412.97 -1.15 0.01 881.64 411.6 -1.10 0.02
hsa-miR-4742-3p 67.42 30.34 -1.12 0.00 66.20 30.15 -1.08 0.00
hsa-miR-4685-3p 78.85 40.54 -1.00 0.01 75.43 41.33 -0.95 0.01
hsa-miR-328-3p 179.32 95.69 -0.91 0.01 173.11 96.21 -0.86 0.02
hsa-miR-93-3p 156.57 82.59 -0.90 0.00 152.22 82.64 -0.84 0.00
hsa-miR-486-5p 299133.76 162365.24 -0.88 0.01 288456.08 163041.91 -0.82 0.01
hsa-miR-486-5p 298204.86 161996.61 -0.88 0.01 287559.67 162672.27 -0.82 0.01
hsa-miR-339-5p 114.31 62.50 -0.87 0.00 110.35 62.25 -0.84 0.00
hsa-miR-423-5p 6487.52 3556.10 -0.87 0.04 6273.98 3538.03 -0.83 0.04
hsa-miR-576-5p 384.17 210.510 -0.86 0.01 371.84 208.67 -0.83 0.01
hsa-miR-18b-3p 22.53 1291 -0.85 0.04 21.39 13.10 -0.80 0.04
hsa-miR-484 4323.75 2433.6 -0.83 0.01 4196.68 2427.56 -0.79 0.00
hsa-miR-505-3p 210.68 124.56 -0.76 0.03 203.30 124.38 -0.71 0.02
hsa-miR-7706 68.56 41.39 -0.72 0.04 66.57 41.35 -0.68 0.03
hsa-miR-361-5p 287.98 174.14 -0.72 0.04 277.99 172.44 -0.68 0.03
hsa-miR-532-3p 108.84 67.68 -0.70 0.04 105.49 68.26 -0.65 0.04
hsa-miR-197-3p 165.83 104.14 -0.68 0.03 159.15 104.57 -0.62 0.02
hsa-miR-30c-5p 4986.29 3141.94 -0.67 0.04 4825.20 3105.10 -0.63 0.02
hsa-miR-30c-5p 4984.86 3143.42 -0.66 0.04 4823.72 3106.57 -0.63 0.02
hsa-miR-92a-3p 235520.37 156313.14 -0.59 0.04 227678.99 156811.66 -0.54 0.03
hsa-miR-103a-3p 1755.94 2912.35 0.73 0.04 1688.41 2924.74 0.79 0.01
hsa-miR-103a-3p 1753.25 2908.03 0.73 0.04 1690.89 2929.09 0.79 0.01
hsa-miR-24-3p 127.03 219.23 0.80 0.03 122.92 219.61 0.86 0.01
hsa-miR-24-3p 129.84 225.13 0.81 0.03 125.64 225.42 0.87 0.01
hsa-miR-340-5p 30.97 57.63 0.88 0.05 29.25 57.32 0.92 0.03
hsa-miR-27a-3p 92.41 170.82 0.88 0.04 88.54 171.84 0.94 0.02
hsa-miR-194-5p 63.85 116.97 0.88 0.01 61.50 116.39 0.93 0.00
hsa-miR-27b-3p 181.59 351.47 0.95 0.01 173.13 352.24 1.01 0.00
hsa-miR-660-5p 29.21 58.32 0.98 0.05 27.34 58.00 1.04 0.03
hsa-miR-194-5p 124.94 250.00 1.01 0.00 120.88 248.37 1.06 0.00
hsa-miR-454-3p 97.89 200.37 1.03 0.03 92.63 201.26 1.10 0.01
hsa-miR-148a-3p 54793 1192.21 1.12 0.01 525.48 1190.15 1.18 0.00
hsa-miR-16-5p 5320.77 11592.7 1.12 0.01 5122.47 11630.36 1.18 0.00
hsa-miR-16-5p 5327.95 11624.32 1.13 0.01 5129.30 11661.94 1.18 0.00
hsa-miR-101-3p 141.09 361.19 1.35 0.02 133.10 367.73 1.45 0.01
hsa-miR-101-3p 127.76 329.42 1.36 0.02 120.48 335.59 1.46 0.01
hsa-miR-126-3p 221.69 590.22 1.41 0.01 212.36 601.53 1.50 0.01
hsa-miR-7-5p 64.25 172.55 1.42 0.00 61.28 174.00 1.50 0.00
hsa-miR-7-5p 64.18 172.78 1.43 0.00 61.31 174.21 1.50 0.00
hsa-miR-30e-5p 220.00 591.02 1.43 0.00 211.06 595.13 1.50 0.00
hsa-miR-7-5p 64.21 172.99 1.43 0.00 61.34 173.78 1.50 0.00
hsa-miR-144-5p 305.61 853.37 1.48 0.03 290.55 876.24 1.59 0.01
hsa-miR-21-5p 778.9 2247.09 1.53 0.00 744.64 2255.58 1.60 0.00
hsa-miR-374a-5p 4423 138.80 1.63 0.02 41.47 137.89 1.70 0.01
hsa-miR-15a-5p 57.15 183.83 1.67 0.01 54.45 185.66 1.74 0.00
hsa-miR-30a-5p 43.37 145.89 1.74 0.02 42.18 146.59 1.81 0.02
hsa-miR-10b-5p 13.85 47.08 1.76 0.04 13.94 46.03 1.78 0.03
hsa-miR-148b-5p 4.14 13.53 1.78 0.01 4.69 13.26 1.84 0.00
hsa-miR-200b-3p 1.31 5.25 1.95 0.04 1.40 5.02 1.93 0.02
hsa-miR-143-3p 81.44 317.95 1.96 0.00 78.69 315.29 2.02 0.00

CPM - counts per million, FC — fold change, Adj. — adjusted.
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APPENDIX D: Target genes, protein-protein networks and functionally enriched pathways

Table 21: Topology features and miRNA nodes for each hub gene in the up-regulated miRNA-mRNA network

1D Degree; Nodes (miRNA connections) 1D Degree; Nodes (miRNA connections)
Betweenness Betweenness

NUFIP2 6; 59968.5 miR-15a-5p, miR-21-5p, miR-30a-5p, miR-374a-5p, miR-200-3p, miR-10b-5p PLEKHA1 3;17022.2 miR-15a-5p, miR-21-5p, miR-143-3p
NR2C2 5;47561.8 miR-15a-5p, miR-21-5p, miR-374a-5p, miR-143-3p, miR-10b-5p KLHLI15 3;9986.5 miR-15a-5p, miR-21-5p, miR-374a-5p
BCL2 4;26444 .5 miR-15a-5p, miR-21-5p, miR-143-3p, miR-200-3p SELENOI 3;12924.9 miR-15a-5p, miR-30a-5p, miR-374a-5p
VEGFA 4;18358.2 miR-15a-5p, miR-21-5p, miR-374a-5p, miR-200-3p SESTDI 3;9986.5 miR-15a-5p, miR-21-5p, miR-374a-5p
CCNE2 4;21812.1 miR-15a-5p, miR-30a-5p, miR-144-5p, miR-200-3p MKNK2 3;11861.6 miR-21-5p, miR-10b-5p, miR-200-3p
ZNF460 4;31561.5 miR-15a-5p, miR-21-5p, miR-30a-5p, miR-10b-5p IGFIR 3; 18588.0 miR-21-5p, miR-30a-5p, miR-143-3p
SEC24A 4;20551.5 miR-15a-5p, miR-30a-5p, miR-374a-5p, miR-200-3p MBNLI 3;16482.1 miR-21-5p, miR-30a-5p, miR-10b-5p
RAB21 4;20551.5 miR-15a-5p, miR-30a-5p, miR-374a-5p, miR-200-3p SP1 3;8617.2 miR-21-5p, miR-374a-5p, miR-200-3p
MIB1 4;25693.2 miR-15a-5p, miR-21-5p, miR-30a-5p, miR-374a-5p WNTS5A 3;12409.6 miR-21-5p, miR-30a-5p, miR-374a-5p
PTARI 4;25693.2 miR-15a-5p, miR-21-5p, miR-30a-5p, miR-374a-5p SECISBP2L  3;13140.8 miR-21-5p, miR-143-3p, miR-200-3p
ATP5G3 3;256312.0 miR-15a-5p, miR-148a-5p, miR-200-3p NFATS5 3; 12409.6 miR-21-5p, miR-30a-5p, miR-374a-5p
BMI1 3;10528.9 miR-15a-5p, miR-21-5p, miR-200-3p FRS2 3; 13594.5 miR-21-5p, miR-30a-5p, miR-200-3p
BRCAI 3;13991.9 miR-15a-5p, miR-21-5p, miR-10b-5p HIC2 3; 16920.0 miR-21-5p, miR-30a-5p, miR-148a-5p
E2F3 3;10528.9 miR-15a-5p, miR-21-5p, miR-200-3p TRIM2 3; 12409.6 miR-21-5p, miR-374a-5p, miR-10b-5p
JUN 3;11988.2 miR-15a-5p, miR-30a-5p, miR-200-3p HECTDI 3; 12409.6 miR-21-5p, miR-30a-5p, miR-374a-5p
PIK3R1 3;17022.2 miR-15a-5p, miR-21-5p, miR-143-3p LIN7C 3; 12409.6 miR-21-5p, miR-30a-5p, miR-374a-5p
MAP2K3 3; 16065.5 miR-15a-5p, miR-21-5p, miR-30a-5p BTBD7 3;12379.6 miR-21-5p, miR-30a-5p, miR-374a-5p
TP53 3;16583.5 miR-15a-5p, miR-30a-5p, miR-10b-5p KLHLA42 3;9055.9 miR-21-5p, miR-144-5p, miR-200-3p
TUBB2A 3;12197.2 miR-15a-5p, miR-143-3p, miR-200-3p KBTBD6 3;16482.1 miR-21-5p, miR-30a-5p, miR-10b-5p
UGDH 3;16583.5 miR-15a-5p, miR-30a-5p, miR-10b-5p AHSA2 3;12060.1 miR-21-5p, miR-374a-5p, miR-10b-5p
SHOC2 3;11934.5 miR-15a-5p, miR-374a-5p, miR-200-3p GK5 3; 12060.1 miR-21-5p, miR-374a-5p, miR-10b-5p
FZD6 3;9986.5 miR-15a-5p, miR-21-5p, miR-374a-5p ACSL4 3; 8605.9 miR-30a-5p, miR-374a-5p, miR-200-3p
CBX4 3;9986.5 miR-15a-5p, miR-21-5p, miR-374a-5p NOTCH1 3;11503.5 miR-30a-5p, miR-200-3p, miR-10b-5p
BAG4 3;11988.2 miR-15a-5p, miR-30a-5p, miR-200-3p FSCN1 3;12361.8 miR-30a-5p, miR-143-3p, miR-10b-5p
NCKAP1 3;19192.9 miR-15a-5p, miR-30a-5p, miR-143-3p STX16 3; 8605.9 miR-30a-5p, miR-374a-5p, miR-200-3p
DICERI 3;9986.5 miR-15a-5p, miR-21-5p, miR-374a-5p ZNF264 3;17421.8 miR-30a-5p, miR-148a-5p, miR-143-3p
CADMI1 3;13991.9 miR-15a-5p, miR-21-5p, miR-10b-5p ROCK2 3;7912.1 miR-30a-5p, miR-144-5p, miR-200-3p
TMEM245  3;9986.5 miR-15a-5p, miR-21-5p, miR-374a-5p MBNL2 3;13181.1 miR-30a-5p, miR-374a-5p, miR-10b-5p
AP3MI 3;13991.9 miR-15a-5p, miR-21-5p, miR-10b-5p PABPCI 3;11503.5 miR-30a-5p, miR-200-3p, miR-10b-5p
AGO2 3; 16065.5 miR-15a-5p, miR-21-5p, miR-30a-5p MIER3 3;15756.9 miR-30a-5p, miR-374a-5p, miR-143-3p
PDCD4 3;13991.9 miR-15a-5p, miR-21-5p, miR-10b-5p XIAP 3;9534.3 miR-143-3p, miR-200-3p, miR-10b-5p
PNPO 3;19192.9 miR-15a-5p, miR-30a-5p, miR-143-3p BCL2L11 3;10322.1 miR-148a-5p, miR-200-3p, miR-10b-5p
ETNK 3;9986.5 miR-15a-5p, miR-21-5p, miR-374a-5p SFT2D2 3;14313.0 miR-374a-5p, miR-143-3p, miR-10b-5p
TAOKI 3; 14514.0 miR-15a-5p, miR-30a-5p, miR-145-5p MAPK7 3; 10505.6 miR-374a-5p, miR-143-3p, miR-200-3p
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Table 22: Topology features and miRNA nodes for each hub gene in the combined (up- and down-regulated) miRNA-mRNA network

1D Degree; Nodes (miRNA connections) 1D Degree; Nodes (miRNA connections)
Betweenness Betweenness
NR2C2 6; 61054.5 miR-15a-5p, miR-143-3p, miR-374a-5p, miR-21-5p, miR-10b-5p, miR-504-5p TAOKI 3; 14654.6 miR-15a-5p, miR-144-3p, miR-30a-5p
NUFIP2 6;59155.3 miR-15a-5p, miR-374a-5p, miR-21-5p, miR-30a-5p, miR-10b-5p, miR-200b-3p ~ PLEKHAI 3;16916.6 miR-15a-5p, miR-143-3p, miR-21-5p,
VEGFA 5;30458.3 miR-15a-5p, miR-374a-5p, miR-21-5p, miR-504-5p, miR-200b-3p KLHLI15 3;9960.0 miR-15a-5p,miR-374a-5p,miR-21-5p
BCL2 4;26251.6 miR-15a-5p, miR-143-3p, miR-21-5p, miR-200b-3p SELENOI 3; 12886.5 miR-15a-5p,miR-374a-5p,miR-30a-5p
TP53 4;26405.7 miR-15a-5p, miR-30a-5p, miR-504-5p, miR-10b-5p SESTDI 3;9960.0 miR-15a-5p,miR-374a-5p,miR-21-5p
CCNE2 4;21962.6 miR-15a-5p, miR-21-5p, miR-30a-5p, miR-10b-5p RABI5 3;9322.2 miR-15a-5p, miR-504-5p, miR-10b-5p
ZNF460 4;31157.3 miR-15a-5p, miR-21-5p, miR-30a-5p, miR-10b-5p MKNK2 3;11603.2 miR-21-5p,miR-10b-5p,miR-200b-3p
SEC24A 4;20453.3 miR-15a-5p, miR-374a-5p, miR-30a-5p, miR-200b-3p IGFIR 3; 18498.3 miR-143-3p, miR-21-5p,miR-30a-5p
RAB21 4;20453.3 miR-15a-5p, miR-374a-5p, miR-30a-5p, miR-200b-3p MBNLI 3;16241.0 miR-21-5p,miR-30a-5p,miR-10b-5p
AGO2 4;30283.2 miR-15a-5p, miR-21-5p, miR-30a-5p, miR-504-5p SP1 3;8558.8 miR-374a-5p,miR-21-5p,miR-200b-3p
MIB1 4;256312.0 miR-15a-5p, miR-374a-5p, miR-21-5p, miR-30a-5p WNT5A 3;12379.6 miR-374a-5p,miR-21-5p,miR-30a-5p
PTARI 4;25632.0 miR-15a-5p, miR-374a-5p, miR-21-5p, miR-30a-5p SECISBP2L  3;13031.1 miR-143-3p, miR-21-5p,miR-200b-3p
TRIM2 4;19221.5 miR-374a-5p, miR-21-5p, miR-504-5p, miR-10b-5p NFATS5 3;12379.6 miR-374a-5p,miR-21-5p,miR-30a-5p
BCL2L11 4;14888.0 miR-504-5p, miR-10b-5p, miR-200b-3p, miR-148b-5p FRS2 3; 13530.5 miR-21-5p,miR-30a-5p,miR-200b-3p
ACVR2A 3;9322.2 miR-15a-5p, miR-504-5p, miR-10b-5p HIC2 3; 16894.4 miR-21-5p,miR-30a-5p,miR-148b-5p
ATP5G3 3; 10998.2 miR-200b-3p,miR-148b-5p, miR-15a-5p HECTDI 3;12379.6 miR-374a-5p,miR-21-5p,miR-30a-5p
BMI1 3;10472.3 miR-15a-5p, miR-21-5p, miR-200b-3p LIN7C 3;12379.6 miR-374a-5p,miR-21-5p,miR-30a-5p
BRCAI 3; 13726.0 miR-15a-5p, miR-21-5p, miR-10b-5p BTBD7 3;12379.6 miR-374a-5p,miR-21-5p,miR-30a-5p
CDK6 3; 12364.3 miR-15a-5p, miR-21-5p, miR-504-5p KLHLA42 3;9134.3 miR-21-5p,miR-144-3p, miR-200b-3p
E2F3 3;10472.3 miR-15a-5p, miR-21-5p, miR-200b-3p KBTBD6 3;16241.0 miR-21-5p,miR-30a-5p,miR-10b-5p
JUN 3;11934.5 miR-15a-5p, miR-30a-5p, miR-200b-3p AHSA2 3;11764.5 miR-374a-5p,miR-21-5p,miR-10b-5p
PIK3R1 3;16916.6 miR-15a-5p, miR-143-3p, miR-21-5p, GK5 3; 11764.5 miR-374a-5p,miR-21-5p,miR-10b-5p
MAP2K3 3; 16038.0 miR-15a-5p, miR-21-5p, miR-30a-5p ACSL4 3;8553.0 miR-374a-5p,miR-30a-5p,miR-200b-3p
TUBB2A 3;12083.3 miR-15a-5p, miR-143-3p, miR-200b-3p NOTCHI 3; 11254.7 miR-30a-5p,miR-10b-5p,miR-200b-3p
UGDH 3; 16309.7 miR-15a-5p, miR-30a-5p, miR-10b-5p FSCN1 3;12265.8 miR-30a-5p,miR-200b-3p,miR-143-3p
SHOC2 3;7532.6 miR-15a-5p,miR-374a-5p,miR-200b-3p STX16 3;8553.0 miR-374a-5p,miR-30a-5p,miR-200b-3p
FZD6 3;9960.0 miR-15a-5p,miR-374a-5p,miR-21-5p ZNF264 3;17319.5 miR-143-3p,miR-30a-5p,miR-148b-5p
CBX4 3;9960.0 miR-15a-5p,miR-374a-5p,miR-21-5p ROCK2 3; 8000.2 miR-144-3p, miR-30a-5p,miR-200b-3p
BAG4 3;11934.5 miR-15a-5p,miR-30a-5p,miR-200b-3p MBNL2 3; 12880.2 miR-374a-5p,miR-30a-5p,miR-10b-5p
NCKAP1 3;19083.5 miR-15a-5p, miR-143-3p, miR-30a-5p, PABPCI 3; 11254.7 miR-30a-5p,miR-10b-5p,miR-200b-3p
DICERI 3; 9960.0 miR-15a-5p,miR-374a-5p,miR-21-5p TMED5 3;11595.1 miR-30a-5p,miR-504-5p, miR-10b-5p
CADMI1 3;13726.0 miR-15a-5p, miR-21-5p, miR-10b-5p MIER3 3;15625.3 miR-143-3p,miR-374a-5p,miR-30a-5p
TMEM245  3;9960.0 miR-15a-5p,miR-374a-5p,miR-21-5p XIAP 3;9247.8 miR-143-3p,miR-200b-3p,miR-143-3p
SERBPI 3;9227.8 miR-15a-5p,miR-374a-5p,miR-504-5p RORA 3; 6839.8 miR-374a-5p,miR-504-5p,miR-10b-5p
AP3MI 3; 13726.0 miR-15a-5p, miR-21-5p, miR-10b-5p CRLF3 3;4776.0 miR-504-5p,miR-10b-5p,miR-200b-3p
PDCD4 3; 13726.0 miR-15a-5p, miR-21-5p, miR-10b-5p SFT2D2 3;13919.6 miR-143-3p,miR-374a-5p,miR-10b-5p,
PNPO 3;19083.5 miR-15a-5p, miR-143-3p, miR-30a-5p, ANKRD33B  3;4776.0 miR-504-5p,miR-10b-5p,miR-200b-3p
ETNKI 3; 9960.0 miR-15a-5p,miR-374a-5p,miR-21-5p MAPK7 3;10370.0 miR-143-3p,miR-374a-5p,miR-200b-3p
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Figure 13: Protein-protein interaction network for the target genes (nodes=2637, edges=46432) of the up-regulated miRNAs (n=9).
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Figure 14: Protein-protein interaction network for the target genes (nodes=107, edges=80) of the down-regulated miRNAs (n=1).
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Figure 15: Protein-protein interaction network for the target genes (nodes=2692, edges= 47670) of the up and down-regulated miRNAs (n=10).
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