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ABSTRACT OF THE DISSERTATION 

Inflammatory Profiles and Immune Responses to High Altitude Acclimatization 

by 

Kathy Pham 

Doctor of Philosophy, Graduate Program in Biomedical Sciences 
University of California, Riverside, September 2023 

Dr. Erica Heinrich, Chairperson 
 

High altitude is a physiologically stressful environment due to oxygen limitation and 

low atmospheric pressure. Despite these conditions, over 160 million people live, work, or 

travel to high altitude annually. Several systemic physiological changes in response to 

hypoxia promote acclimatization to high altitude. However, even in acclimatized 

individuals, there is still a significant risk of developing high-altitude illnesses (HAIs), such 

as acute mountain sickness, high-altitude pulmonary edema, or high-altitude cerebral 

edema. While it is clear that these pathologies result from high altitude/hypoxia, gaps in 

our knowledge remain regarding the underlying mechanisms that drive HAI development. 

The molecular pathways that control hypoxia responses are evolutionary 

conserved and have significant crosstalk to essential mechanisms that drive inflammation. 

While these responses may be key for acute adaptation to hypoxia, they may become 

maladaptive if not properly mediated. For example, native highlanders show evidence of 

natural selection for traits that promote adaptation to chronic hypoxia, but different native 

high-altitude populations display distinct adaptations. However, not all these adaptations 

are beneficial. Most notably, Andean highlanders have a high prevalence of Chronic 

Mountain Sickness (CMS), an incapacitating syndrome induced by lifelong exposure to 

hypoxia. The underlying mechanisms behind CMS are also unknown, however it has been 

suspected that inflammation may play a role in CMS pathogenesis. 
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The goal of my dissertation research was to determine how high-altitude hypoxia 

induces changes in inflammatory profiles and immune cell populations. Furthermore, I 

aimed to investigate if immune cells at high altitude are sensitized to inflammatory stimuli, 

and if these responses are dependent on hypoxia inducible factor (HIF) activity. To 

accomplish these goals, I employed several techniques such as multi-parameter flow 

cytometry, multiplex immunoassays, in vitro stimulation experiments, and an unbiased 

transcriptomic approach. These studies demonstrate that acute high-altitude exposure 

increases inflammatory expression, as well as promotes a pro-inflammatory 

immunophenotype. Furthermore, HIF plays a role in immune cell surface markers, most 

notably CD14. As sojourners acclimatize, the inflammatory profile favors an anti-

inflammatory phenotype. Overall, these studies provide important insights into the role of 

inflammation in high altitude acclimatization and characterize a potential mechanism 

underlying hypoxia-induced immune sensitization.      
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Chapter 1: Introduction 

1.1 High-Altitude: Acclimatization and Adaptation 

High altitude environments are extremely physiologically stressful due to low 

atmospheric pressure and oxygen limitation. To maintain oxygen homeostasis at high 

altitudes, humans rapidly acclimatize via several systemic physiological changes that 

occur in response to systemic hypoxia (Beall, 2006; Scheinfeldt et al., 2012; Simonson, 

2015; Moore, 2017). These physiological responses occur on a timescale of minutes to 

months. The most important physiological responses include increased ventilation and 

increased red blood cell production, both essential to promote oxygen delivery following 

high altitude induced hypoxemia. In short, ventilatory acclimatization to hypoxia is the 

increase in baseline ventilation and sensitivity of the ventilatory chemoreflexes during 

chronic sustained hypoxia exposure (Moore, 2001; Lenfant & Sullivan, 2010; Pamenter & 

Powell, 2016). This functions to promote recovery of the alveolar and arterial oxygen 

partial pressures, which also promotes recovery of oxygen saturation and total arterial 

oxygen content. Additionally, red blood cell production, as well as cardiac output, 

increases in order to maintain oxygen delivery to tissues (Savourey et al., 2004). Together, 

these physiological changes compensate for the low oxygen tension at high altitude by 

increasing oxygen uptake and delivery (West, 2004).  

While these physiological changes are crucial for acclimatization, these changes 

are adaptive in the context of lowlanders who travel to high altitude acutely, and some of 

these phenotypes are blunted over long exposure times (months to years). In comparison, 

native highlanders who have survived in these hypoxic environments for thousands of 

years exhibit distinct physiological adaptations. For example, the native Tibetan and 

Andean populations have both lived in severe high-altitude hypoxic environments. 
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However, each population has developed distinct adaptations to promote survival and 

fitness. Not all of these adaptations, however, are considered beneficial. When comparing 

these two groups, the Tibetan population are considered as one of the most well-adapted 

populations to high-altitude hypoxia, while the native Andean highlanders, while also well 

adapted to this environment in many ways, may have also developed some maladaptive 

physiological responses to life in hypoxia (Beall, 2006; Bigham et al., 2013; Jeong et al., 

2014; Simonson, 2015). These two distinct populations therefore represent an incredible 

natural experiment in which both groups experienced similar environmental stressors but 

developed unique adaptations to these environments, likely based on genetic traits. One 

of the most significant and stark differences in the Tibetan versus Andean adaptations are 

the differences in ventilation. As previously mentioned, one of the first and most crucial 

responses in lowlanders to high altitude is the immediate increase in minute ventilation to 

promote increased oxygen consumption (Moore, 2001; Lenfant & Sullivan, 2010). This 

increased ventilation response is typically maintained for weeks but begins to decline 

slightly over months of exposure in a process called hypoxic ventilatory decline. While 

there are no long-term studies measuring hypoxic ventilatory decline over years of 

exposure, it is possible that the hypoxic ventilatory response may be nearly completely 

lost over years of exposure as a means to conserve energy by reducing the need for 

constant elevated ventilation. Interestingly, the elevation in resting ventilation and the 

hypoxic ventilatory response have been sustained in Tibetan populations, whereas the 

Andean populations have a low resting ventilation and nearly complete loss of the hypoxic 

ventilatory response (Beall, 2006, 2007). Hematocrit is also significantly different in 

Andeans versus Tibetans. One of the hallmarks of Andean highlander physiology is the 

significantly higher red blood cell concentration. While an increased red blood cell 
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production and hemoconcentration initially seems beneficial to promoting oxygen delivery 

to tissues, it can quickly become maladaptive, and lead to significant worsening problems 

due to the impacts of elevated blood viscosity.  

While these acclimatization responses in lowlanders to high altitude and adaptive 

responses in native highlanders have been well documented through extensive research 

(Beall et al., 1990, 2012; Savourey et al., 2004; Hoit et al., 2005; Vij et al., 2005; Beall, 

2006, 2007; Simonson, 2015; Pham et al., 2021; Yu et al., 2022; Mallet et al., 2023), the 

molecular mechanisms that drive these responses are poorly understood. Current 

research has identified several molecular mechanisms that respond to systemic hypoxia, 

and how the maladaptation of these mechanisms may lead to the development of high-

altitude pathologies. Furthermore, little is known about how the immune system adapts to 

chronic hypoxemia at high altitude in sojourners or high-altitude native populations. As a 

result, my research investigates the mechanisms underlying immune adaptations to 

chronic hypoxemia at high altitude across different timescales, from acute exposure to 

lifelong exposure. I also explore the mechanisms underlying these immune adaptations 

and inflammatory responses to high altitude, and their potential links to maladaptive 

phenotypes and high-altitude illnesses.  

1.2 High-Altitude Illness 

High-altitude illnesses (HAIs) are a common risk for sojourners to high altitude 

(>2,500 m elevation). Within the first week of exposure, sojourners often present with 

Acute Mountain Sickness (AMS). However, in serious cases, sojourners may develop 

severe and potentially fatal illnesses such as high-altitude pulmonary edema (HAPE), 

high-altitude pulmonary hypertension (HAPH), or high-altitude cerebral edema (HACE) 

(Gallagher & Hackett, 2004; Mehta et al., 2008; Luks et al., 2017). The incidence and 
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severity of HAPH, HAPE and HACE vary depending on multiple factors, such as ascent 

time, altitude, time to initial recognition, and treatment (Gallagher & Hackett, 2004). 

Despite several decades of examining the physiology of AMS, HAPH, HAPE, and HACE, 

some questions remain regarding the pathophysiology of these conditions and the extent 

to which inflammation contributes to their onset and progression. 

1.2.1 Acute Mountain Sickness 

Acute Mountain Sickness (AMS) affects 25% of all travelers to high altitude above 

2500m, and is characterized by headache, nausea, fatigue, and gastrointestinal issues 

(Roach et al., 2018). AMS typically resolves within 1-3 days with acclimatization; however, 

severity and duration of symptoms depend on elevation and ascent time to high altitude 

((Gallagher & Hackett, 2004). Acute Mountain Sickness (AMS) development results from 

a complex network of physiological responses to hypoxia (i.e., inflammation, vasogenic 

edema, acidosis) as well as anatomical factors (i.e., insufficient cerebrospinal fluid 

production, varied cerebral venous blood flow) (West, 2004; Luks et al., 2017). While there 

is substantial research on potential contributors to AMS (Imray et al., 2010; Luks et al., 

2017), the exact biological pathways and molecular mechanisms behind AMS 

development remain unclear. 

1.2.2 High-Altitude Cerebral Edema 

High-altitude cerebral edema (HACE) is a severe and potentially fatal complication 

that can occur in individuals who travel above 2000m. HACE is accompanied by 

symptoms including headache, ataxia, decline in cognitive function, and can lead to 

seizures (Hackett, 1999). As with AMS, HACE is most common with rapid ascent. HACE 

is frequently preceded by some AMS symptoms and both illnesses are influenced by 

cerebral hemodynamics. As a result, HACE is sometimes considered a more severe form 



 

 

5 

of AMS, however additional distinct pathophysiological mechanisms contribute to HACE 

development (Hackett & Roach, 2004; Brugniaux et al., 2007; Li et al., 2018). HACE can 

develop spontaneously at very high altitudes in acclimatized individuals (Clarke, 1988). 

HACE appears to occur as a result of hypoxia-mediated cerebral vasodilation and a 

subsequent impairment of the autoregulation of cerebral blood flow, loss of blood brain 

barrier integrity, and a rise in intracranial pressure (Hackett, 2000). Ultimately, cytotoxic 

and vasogenic edema leads to microvascular disruption and microbleeds (Hackett et al., 

2019). 

1.2.3 High-Altitude Pulmonary Hypertension and High-Altitude Pulmonary Edema 

High-altitude pulmonary hypertension (HAPH) occurs due to general hypoxic 

pulmonary vasoconstriction (HPV). Under typical conditions, local HPV aids in 

redistributing blood flow away from lung regions with poor ventilation and improves 

pulmonary gas exchange. However, at high altitude, global reductions in alveolar oxygen 

partial pressure can lead to HPV throughout the lung and increase mean pulmonary artery 

pressures (Swenson, 2013). HAPH is estimated to impact up to 10% of high-altitude 

residents (León-Velarde et al., 2005). The clinical presentation of HAPH includes dyspnea, 

general fatigue, exercise intolerance, and in severe cases, chest pain and mental 

alterations, and ultimately cor pulmonale. While acute HAPH is primarily driven by 

increased vasomotor tone, chronic hypoxic stress and persistent pulmonary hypertension 

can produce vascular remodeling and exacerbate pulmonary artery pressures (Groves et 

al., 1987; Wilkins et al., 2015). The hallmark of vascular remodeling in chronic hypoxia is 

increased vessel muscularization (Arias-Stella & Saldana, 1963; Hislop & Reid, 1976).  

High-altitude pulmonary edema (HAPE) presents with dyspnea, chest congestion, 

confusion, and drowsiness. HAPE incidence ranges from 0.5 - 15% of travelers at high 
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altitude but occurs most commonly during rapid ascent (Paralikar, 2012). This is due to 

exaggerated hypoxic pulmonary vasoconstriction which causes acute pulmonary 

hypertension, increased capillary permeability, and alveolar fluid buildup (Talbot et al., 

2005; Dunham-Snary et al., 2017; Swenson, 2020; Brito et al., 2020; Sydykov et al., 2021).  

1.2.4 Chronic Mountain Sickness 

While AMS, HAPH, HAPE, and HACE can occur in all high-altitude travelers, 

unique pathologies can occur in long-term or lifelong high-altitude residents. Chronic 

Mountain Sickness (CMS) is a progressive, fatal disease that occurs in about 5-10% of all 

high-altitude populations (Villafuerte & Corante, 2016). CMS is characterized by excessive 

red blood cell (RBC) production (excessive erythrocytosis (EE); [Hb] ≥ 21 g/dL in men and 

≥ 19 g/dL in women), severe hypoxemia, endothelial dysfunction, sleep disturbance, and 

neurological and cardiovascular impairments (Monge, 1943; Monge et al., 1989; León-

Velarde et al., 2005). While there are multiple high-altitude populations with genetic and 

physiological adaptations to chronic hypoxia, CMS is prevalent in a large proportion of 

native Andean highlanders (30% of Andean men by age 60 and 77% of post-menopausal 

women), but rare in other high-altitude native populations (Villafuerte & Corante, 2016).  

1.3 Possible Contributors to High-Altitude Illnesses 

While it is clear that HAIs result from the high-altitude hypoxic environment, the 

precise underlying mechanisms of these pathologies remain unknown. Known risk 

factors for HAI development include the speed of ascent, the height of ascent, exertion 

of ascent, and if the individual had prior HAI susceptibility (Bärtsch & Swenson, 2013; 

Luks et al., 2017). Contrary to popular belief, there is no clear evidence that pre-existing 

medical problems, such as asthma, diabetes, and obesity, increase susceptibility to 

HAIs, and general fitness is not associated with development of, or confer protection 
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from, these pathologies (Honigman et al., 1993; Ri-Li et al., 2003). Several studies have 

reported other risk factors that may impact HAI susceptibility, such as sex differences, 

history of AMS or migraines, and age, however there is as many conflicting and 

controversial studies that disagree (Richalet et al., 2012; Bärtsch & Swenson, 2013; 

Canouı¨- et al., 2014; Mcdevitt et al., 2014; Santantonio et al., 2014; Yang et al., 2015a; 

Gonggalanzi et al., 2016; Shen et al., 2020). The most prominent feature of HAIs is 

hypoxemia due to the low oxygen tensions. However, this alone does not account for 

HAI development, as some individuals are more susceptible and may have more 

exacerbated hypoxemia with worsening conditions. Current research has identified 

several possible contributors to the development of HAIs, such as lower ventilatory drive, 

impaired gas exchange, fluid retention, and altered metabolism (Senn et al., 2006; 

Mehta et al., 2008; Bailey et al., 2009b; Richalet et al., 2012; Bärtsch & Swenson, 2013; 

Luks et al., 2017). These factors may impact cerebral blood flow and vascular 

permeability that would, in turn, lead to HAI development; however, these hypotheses 

remain inconclusive and controversial.  

Research on AMS development has found several potential contributors from 

both physiological responses to hypoxia (i.e., inflammation, hypoxemia, vasogenic 

edema, acidosis) as well as anatomic factors (i.e., insufficient cerebrospinal fluid 

production, varied cerebral blood flow) (Hackett, 2000; Luks et al., 2017). Previous 

research has found no correlation between differences in cerebral blood flow and AMS, 

and while increased vascular permeability may be due to the hypoxia-inducible factor 

(HIF) and the downstream activation of the hypoxia-response pathway, there is 

conflicting results regarding the correlation between evidence of cerebral edema and 

AMS symptoms (Reeves et al., 1985; Bailey et al., 2006; Kallenberg et al., 2007). 
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Furthermore, CMS has also been extensively studied and possible contributors were 

identified, such as exacerbated hypoxemia due to blunted hypoxic ventilatory 

chemosensitivity (Severinghaus et al., 1966; León-Velarde & Richalet, 2006) and sleep 

disordered breathing (Spicuzza et al., 2004; Pham et al., 2017; Heinrich et al., 2020). 

However, these contributors do not tell the whole story of CMS development, as 

chemosensitivity is blunted in a majority of Andeans and some people develop EE with 

no sleep disordered breathing. A rising interest has focused on the role of inflammation 

and pathological immune responses in HAI development (Figure 1.1). While the 

underlying mechanisms behind the inflammatory response to hypoxia as well as the 

potential adaptive benefit from changes in the inflammatory profile in both the acute and 

chronic hypoxia exposure are still under investigation, there are several studies that 

have reported the inflammatory profiles at high altitude. 

 
Figure 1.1. Predicted contributions of inflammation in high-altitude illnesses, 
erythrocytosis, and immune function. Hypoxic conditions lead to increases in pro-inflammatory 
mediators, which may play a role in the development of high-altitude illnesses (AMS, HAPH, 
HAPE, HACE) and erythrocytosis, or modify immune function. References: (1) Julian et al. 2011; 
(2) Liu et al. 2017; (3) Wang et al. 2018; (4) Varartharaj and Galea 2017; (5) Wilkins et al. 2015; 
(6) Brito et al. 2020; (7) Mishra et al. 2016; (8) Song et al. 2016; (9) Zhou et al. 2017; (10) 
Jackson et al. 2010; (11) Liao et al. 2018; (12) Bennett et al. 2019; (13) Imagawa et al. 1990; (14) 
Haase et al. 2013; (15) Kvamme et al. 2013; (16) Baze et al. 2011; (17) Facco et al. 2015; (18) 
Feurecker et al. 2019. 
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1.3.1 Role of Inflammation in Acute Mountain Sickness 

Recent studies support a potential role of inflammation in AMS. There is a general 

consensus that pro-inflammatory cytokines and other inflammatory markers (most notably 

C-Reactive protein (CRP), IL-1β, and IL-6) are increased in individuals acutely exposed 

to hypoxia or high altitude (Hartmann et al., 2000; Song et al., 2016; Lundeberg et al., 

2018; Wang et al., 2018; Malacrida et al., 2019; Kammerer et al., 2020). In some cases, 

inflammatory mediator expression appears to differ across individuals who develop AMS 

and those who do not. For example, individuals who develop AMS have been reported to 

show decreased plasma levels of interleukin-10 (IL-10) and increased IL-1β, IL-6, and 

TNF-α compared to non-AMS controls (Liu et al., 2017; Wang et al., 2018). Furthermore, 

the association between plasma IL-6 and AMS score has been identified by multiple 

independent groups (Boos et al., 2016; Wang et al., 2018). While these studies indicate 

that some circulating pro-inflammatory markers may be associated with AMS 

development, it is not yet clear what specific role they may play. It is possible that hypoxia 

initiates the release of inflammatory and angiogenic mediators which disrupt the blood 

brain barrier and promote vasogenic edema.  

Alongside the changes in the inflammatory cytokine profile, hypoxia-mediated 

oxidative stress is also implicated in the pathophysiology of high-altitude maladaptation, 

as high-altitude hypoxic stress results in increased tissue oxidative stress and radical 

oxygen species (ROS) production (Vij et al., 2005; Malacrida et al., 2019). Not only is 

oxidative stress a well-known feature of the inflammatory response, as it promotes the 

generation of pro-oxidant species, but high altitudes also exacerbate these responses, 

since high altitude exposure significantly challenges human homeostasis (Sarada et al., 

2008; Bailey et al., 2009a; Himadri et al., 2010; Julian et al., 2011; Yi et al., 2021; Pham 
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et al., 2021; Mallet et al., 2023). Furthermore, ROS can play a role in the progression of 

inflammation, particularly in a hypoxic environment (Mittal et al., 2014). This mutual 

activation between inflammatory and oxidative stress responses has been called 

OxInflammation. Several studies have found different oxidative stress biomarkers were 

positively correlated with AMS and may be a contributing factor to the development of 

AMS (Araneda et al., 2005; Bailey et al., 2009a; Arulselvan et al., 2016; Lüneburg et al., 

2016; Irarrázaval et al., 2017). Furthermore, studies have also found decreases in 

antioxidant activity that also correlated with AMS severity (Arulselvan et al., 2016; 

Irarrázaval et al., 2017; Fei et al., 2018). Since the antioxidant pathway and inflammatory 

pathway are interconnected in their responses to hypoxic stress, this 

inflammatory/oxidative environment promotes a dangerous feedback loop that could 

synergistically cause damage and lead to pathogenesis (Arulselvan et al., 2016). 

A complementary hypothesis is that protection from AMS may be driven by a 

robust anti-inflammatory response which protects against potential increased blood brain 

barrier permeability caused by acute systemic inflammation (Varatharaj & Galea, 2017). 

This is supported by data from Julian et al. (2011) who found higher levels of anti-

inflammatory marker (IL-1RA, HSP70, adrenomedullin) expression in AMS-resistant 

compared to AMS-susceptible individuals (Julian et al., 2011). Finally, both steroids and 

nonsteroidal anti-inflammatory drugs (NSAIDS) equally reduce AMS incidence despite 

their different modes of action (Dumont et al., 2000; Gertsch et al., 2012; Zheng et al., 

2014). This suggests that both COX-2 mediated inflammation as well as analgesic 

mechanisms that mediate nociception contribute to AMS symptomology (Hartmann et al., 

2000; Song et al., 2016; Kanaan et al., 2017). Indeed, inflammatory mediators released 

during tissue injury can activate nociceptors and can contribute to pain hypersensitivity 
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(Kidd & Urban, 2001). However, Lundeberg et al. (2018) notes no change in AMS 

symptoms in individuals receiving Ibuprofen at normal recommended doses of 400 mg 

three times a day (Lundeberg et al., 2018), perhaps due to the lower dosage compared to 

other studies which did observe a reduction in AMS symptoms with a higher Ibuprofen 

dose (600 mg three times a day) (Gertsch et al., 2010, 2012; Lipman et al., 2012). The 

role of antioxidant activity is also supportive of a beneficial anti-inflammatory response, as 

studies have also shown that pretreatment with antioxidant drugs have demonstrated 

increased antioxidant production and activity in rats at high altitude (Lu et al., 2020; Pena 

et al., 2022). Overall, there is strong supporting evidence of an inflammatory response at 

high altitude that could be triggered by both the hypoxic environment as well as increase 

in oxidative stress. These factors can synergistically trigger and/or exacerbate AMS 

development. 

1.3.2 Role of Inflammation in High-Altitude Cerebral Edema 

While some aspects of HACE pathophysiology remain uncertain, the underlying 

mechanisms producing HACE are likely similar to those of AMS and inflammation may 

play a role in its development (Bailey et al., 2009a; Song et al., 2016; Zhou et al., 2017). 

In both mouse and rat models, pro-inflammatory cytokines are significantly increased in 

the brain cortex after hypoxia exposure. Furthermore, when pre-treated with bacterial 

lipopolysaccharide (LPS) to produce a systemic inflammatory response, subsequent 

hypoxia exposure results in cerebral edema (Song et al., 2016; Zhou et al., 2017). It is 

proposed that pre-existing inflammation increases aquaporin 4 (AQP4) activity in 

astrocytes via toll-like receptor 4 (TLR4), mitogen-activated protein kinase (MAPK), and 

NF-κB signaling, thereby increasing blood-brain barrier permeability. Together, these data 

indicate that when challenged with a combination of hypoxia and inflammation, the 
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combination of increased pro-inflammatory cytokines and increased blood vessel 

permeability produces vasogenic edema (Song et al., 2016; Zhou et al., 2017). To reiterate 

the importance of hypoxia-induced oxidative stress and inflammation, previous studies 

have reported that free radicals can damage the blood-brain barrier, which can contribute 

to HACE development (Bakonyi & Radak, 2004; Bailey et al., 2019). In synergy with 

inflammation, the increase in oxidative stress can also lead to increases in NF-kB, the 

master transcription factor of the inflammatory pathway, and trigger upregulation of pro-

inflammatory cytokines (Himadri et al., 2010; Sarada et al., 2015). This has previously 

been reported in a rat model at altitude, where rats exposed to acute hypobaric hypoxia 

had increased NF-kB expression in the brain (Himadri et al., 2010). Taking the oxidative 

stress and inflammatory response together, these studies indicate that hypoxia-induced 

inflammation and oxidative stress work in tandem to contribute to HACE pathogenesis. 

Although this data provides intriguing support for the role of hypoxia-induced inflammation 

and HIF-NF-kB crosstalk in HACE onset, it remains unclear if inflammation is a proximal 

cause of AMS or HACE. Nonetheless, inflammation likely plays a contributing role in 

susceptibility and progression of these illnesses. Further work is required to reach a unified 

explanation for HACE development. 

1.3.3 Role of Inflammation in High-Altitude Pulmonary Hypertension and High-

Altitude Pulmonary Edema 

In HAPH, it is predicted that inflammation plays an important role in increased 

vessel muscularization remodeling process (Arias-Stella & Saldana, 1963; Hislop & Reid, 

1976).  Chronic hypoxia produces a proinflammatory microenvironment in pulmonary 

artery walls (Burke et al., 2009). Resident fibroblasts, immune cells, and progenitor cells 

in the vascular adventitia respond to this local cellular stress by releasing additional 
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inflammatory mediators and growth factors which impact vascular wall cell phenotypes 

and contribute to increased muscularization (Stenmark et al., 2013). This inflammatory 

microenvironment also promotes recruitment, retention, and differentiation of additional 

inflammatory cells (Burke et al., 2009). Some studies have also suggested that 

inflammation contributes to HAPE susceptibility. Individuals with a history of HAPE are 

more susceptible to developing HAPE again upon re-entry to high altitude 

(Lakshminarayan & Pierson, 1975; Bärtsch, 1999; Gallagher & Hackett, 2004). This 

increased susceptibility is attributed to higher baseline chronic inflammation (Mishra et al., 

2016; Cai et al., 2019). Furthermore, one report suggests that HAPE-susceptible 

individuals also demonstrate reduced lung function compared to HAPE-resistant 

individuals (Gupta et al., 2017), which would limit the adaptive compensatory ventilatory 

response to hypoxia. The reduced lung function in these individuals is further correlated 

with increased plasma CRP (Shaaban et al., 2006; Hancox et al., 2007). This association 

between chronic inflammation and poor lung function is hypothesized to contribute to 

HAPE-susceptibility, although it does not explain the direct cause of onset. Additionally, 

pre-existing pulmonary vascular remodeling, driven partially by inflammation, may 

exacerbate pulmonary pressures and blood flow distribution and thereby increase HAPE 

susceptibility (Wilkins et al., 2015).  

As mentioned with the case of HACE, exposure to acute hypobaric hypoxia leads 

to an increase in ROS levels due to oxidative stress, as well as increase in pro-

inflammatory cytokine expression, such as TNFα, IL1b, and IL6, as well as cell adhesion 

molecules that would promote migration into inflamed tissue, such as VCAM1, ICAM1, P-

selectin, and E-selectin (Sarada et al., 2008). Furthermore, a study has shown that 

lowlander travelers to high altitude with mutations in the mitochondrial DNA complex I 
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subunits had reduced oxidative phosphorylation efficiency, and when acute hypobaric 

hypoxia exposure induced oxidative stress, the mitochondrial dysfunction is suspected to 

contribute to HAPE susceptibility (Sharma et al., 2021). Overall, these two components of 

inflammation and oxidative stress drive a positive regulatory feedback loop that can lead 

to HAPE development. 

1.3.4 Role of Inflammation in Chronic Mountain Sickness 

In most recent years, research regarding the inflammatory profile in native 

highlanders has been becoming a focal interest in the field. Studies on Andean 

highlanders have found that plasma interleukin-6 (IL6), a marker of inflammation, is 

significantly elevated in Andean men with EE when compared to healthy Andean men. 

Furthermore, IL6 plasma concentration is also positively correlated with the Qinghai CMS 

severity score (Heinrich et al., 2018). In Han Chinese highlanders with CMS, S100A8, an 

important pro-inflammatory mediator of the innate immune response, is also significantly 

elevated in CMS Han Chinese individuals compared to healthy controls (Yi et al., 2021). 

Gene ontology analysis of significantly differentially expressed proteins have also found 

that several pathways involved in the inflammatory response were enriched, such as the 

acute inflammatory response. To complement the inflammatory hypothesis in Chronic 

Mountain Sickness, native Andean highlanders with CMS were reported with elevated 

oxidative stress markers as well as low antioxidant markers in the blood (Bailey et al., 

2013, 2019). This dysregulated balance between free radical and antioxidants is indicative 

of systemic and chronic oxidative stress and inflammation. This suggests that while 

inflammation is an initial adaptive response to hypoxia, chronic inflammation in response 

to chronic hypoxia may be a maladaptive response.  
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In conclusion, there is significant evidence that indicates the role of inflammation 

in the development and/or exacerbation of symptoms of high-altitude illnesses.  

1.4 Hypoxia-Induced Inflammation 

Inflammation plays a key role in the physiological response to hypoxic stress. 

Tissues experience hypoxia during injury, infection, hypoperfusion, ischemia, or 

hypoxemia secondary to sleep apnea, pulmonary disease, anemia, high-altitude 

exposure, or other causes (Celli et al., 2004; McNicholas, 2009; Brill & Wedzicha, 2014; 

Hirota, 2015; Couzin-Frankel, 2020; Xie et al., 2020; Tobin et al., 2020b). Cellular hypoxia 

can trigger the expression of several inflammatory mediators which signal tissue damage 

and initiate survival responses. However, while hypoxia-induced inflammation may serve 

a protective role by initiating an immune response and promoting tissue healing, it can 

also contribute to several pathologies, particularly in the context of chronic hypoxia. At 

short timescales, and at the tissue level, inflammatory signaling in response to hypoxia is 

an adaptive mechanism which evolved to promote cell survival during infection, injury, or 

oxygen limitation (Walmsley et al., 2014). However, chronic and/or systemic hypoxia can 

produce maladaptive inflammation which can contribute to disease development. For 

example, in a clinical context, the crosstalk between hypoxia and inflammation may 

contribute to several inflammation-mediated metabolic and cardiovascular comorbidities 

that accompany hypoxia-promoted diseases such as chronic obstructive pulmonary 

disease or obstructive sleep apnea (Tasali & Ip, 2008; Quercioli et al., 2010; Cavaillès et 

al., 2013). This can also be investigated in the context of high-altitude exposure, where 

inflammatory signaling pathways and immune function must respond and adapt to acute, 

chronic, or lifelong hypoxemia. 
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1.4.1 HIF and NF-κB Crosstalk 

Figure 1.2. HIF-NF-kB 
crosstalk. In normoxic 
conditions, PHD 
hydroxylates HIF-a and the 
IKKβ subunit of the IKK 
complex, marking them for 
degradation and thereby 
reducing transcriptional 
activity of HIF and 
repressing (but not 
completely blocking) NF-kB 
activity. In hypoxia, PHD 
activity decreases since it 
utilizes O2 as a cofactor. 
Therefore, HIF-α is 
stabilized and can dimerize 
with the constitutively active 
HIF-β subunit. The complex 
translocates to the nucleus 
to upregulate expression of 
genes involved in the 
hypoxia response. In 
hypoxia, with reduced PHD 
activity, the rate of IKK 
degradation of IκB increases, releasing repression of NF-κB and allowing it to translocate to the 
nucleus at higher rates and upregulate inflammatory gene expression. PHD: prolyl hydroxylase; 
HIF: hypoxia-inducible factor; NF-κB: Nuclear factor kappa B; IKK: IκB kinase complex 
(composed of IKK-α, IKK-β, and IKK-γ subunits); IκB: nuclear factor of kappa light polypeptide 

gene enhancer in B-cells inhibitor. 
 

The hypoxia response and the inflammatory response pathways share significant 

crosstalk (Figure 1.2). The transcriptional response to hypoxia is controlled by the 

hypoxia-inducible factor (HIF) signaling cascade (Semenza, 2009). HIF is a heterodimer 

protein composed of an oxygen-sensitive alpha subunit and constitutively expressed beta 

subunit (Biddlestone et al., 2015). The three HIF isoforms (HIF-1, HIF-2, and HIF-3) have 

some overlapping roles but also demonstrate distinct functions in different cell types 

(Carroll & Ashcroft, 2006; Dengler et al., 2014; Watts & Walmsley, 2019). Under normoxic 

conditions, HIF-α is hydroxylated by oxygen-dependent prolyl hydroxylases (PHDs 1-3 in 

humans). Since PHD requires oxygen as a co-substrate, its activity decreases under 
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hypoxic conditions, allowing HIF-α to dimerize with HIF-β and translocate to the nucleus. 

The HIF complex can then bind to hypoxia response elements (5′-RCGTG-3′) in gene 

promoters to regulate expression of at least 100 genes to coordinate increased oxygen 

supply to hypoxic tissue (Kaelin & Ratcliffe, 2008; Semenza, 2009). HIF pathway activity 

is associated with activation of genes involved in metabolic adaptation, such as 

phosphoglycerate kinase (PGK) and lactate dehydrogenase A (LDHA), vascularization via 

vascular endothelial growth factor (VEGF), as well as red blood cell production via 

erythropoietin (EPO) and its receptor’s availability (EPOR), and several other gene 

networks involved in improving oxygen delivery and use efficiency (Dengler et al., 2014; 

Villafuerte et al., 2014).  While the HIF pathway primarily responds to hypoxia, HIF 

expression is also increased in response to non-hypoxic stimuli including bacterial 

lipopolysaccharide (LPS), tumor necrosis factor-α (TNF-α), reactive oxygen species, 

hepatocyte growth factor, and interleukin-18 via crosstalk with the nuclear factor-κB (NF-

κB) pathway (Figueroa et al., 2002; Zhou et al., 2003; Frede et al., 2006; Taylor, 2008). 

The NF-κB transcription factor is a master regulator of inflammation. NF-κB is kept 

localized in the cytoplasm by inhibitory IκB proteins (Lawrence, 2009; Oeckinghaus & 

Ghosh, 2009), which are regulatory proteins that interact with NF-κB to inhibit DNA binding 

of NF-κB as well as retain NF-κB in the cytoplasm (Beg & Jr, 1993; Mitchell et al., 2016). 

In response to inflammatory stimuli and microbial products, the IκB kinase (IKK) complex 

phosphorylates IκB, leading to IκB ubiquitination and proteasomal degradation (Israël, 

2010). With the degradation of IκB, NF-κB can translocate to the nucleus and upregulate 

key downstream inflammatory pathways (Hayden & Ghosh, 2004; Perkins, 2006; Mitchell 

et al., 2016). The NF-κB pathway can upregulate HIF-1α (BelAiba et al., 2007). NF-κB 

subunits bind to the NF-κB binding element within the HIF-1α gene promoter region and 
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induce HIF-1α mRNA expression (Van Uden et al., 2008). Several studies support this 

NF-κB-dependent HIF-1α expression. For example, in cell culture models (HEK293 cells 

and pulmonary artery smooth muscle cells), NF-κB transfection resulted in increased HIF-

1α mRNA and protein expression. Additionally, when these cells were co-transfected with 

a mutated dominant negative IκB (which cannot be phosphorylated by IKK) to reduce NF-

κB translocation to the nucleus, HIF-1α mRNA and protein expression decreased (Bonello 

et al., 2007; BelAiba et al., 2007; Görlach & Bonello, 2008). In addition to this direct link, 

the HIF and NF-κB pathways also share common regulators. Like HIF-α, the IKK complex 

responsible for regulating NF-κB activity is also a target of PHD and therefore its NF-κB 

regulatory activity is oxygen dependent. In normoxic conditions, PHD hydroxylates IKKβ, 

therefore repressing NF-κB nuclear translocation and transcriptional activity. When PHD 

is rendered inactive in hypoxic conditions, the IKK complex can proceed to remove IκB 

from NF-κB, allowing it to translocate to the nucleus and upregulate inflammatory gene 

expression (Cummins et al., 2006; Taylor, 2008). 

1.5 Impacts of Hypoxia on Immune Function and Inflammatory Signaling 

Immune cells are exposed to hypoxia when they are recruited to sites of 

inflammation. In physiological immunological niches (bone marrow, placenta, 

gastrointestinal tract mucosal surfaces, and lymph nodes), the maintenance of sustained 

and moderate physiological hypoxia is an adaptive mechanism to regulate metabolic 

pathways and immune homeostasis. However, in pathological immunological niches 

(tumors and chronically inflamed and ischemic tissue), severe and unregulated hypoxia 

can lead to maladaptive inflammation and disease development (Taylor & Colgan, 2017). 

In cases of systemic hypoxia seen during high-altitude exposure, the inflammatory 
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response is potentially a crucial aspect to the acclimatization process, and in case of 

maladaptation, the development of HAIs.  

1.5.1 Immune Cell Mobilization and Activation 

Inflammation is a natural and protective response to tissue damage and infection 

which is often associated with directing immune responses. In response to injury or 

infection, surrounding cells in the inflamed tissue release chemotactic factors, such as IL-

8, that mobilize and promote migration of immune cells to the site of inflammation. IL-8 is 

a chemotactic pro-inflammatory cytokine involved in immune cell mobilization and 

infiltration into inflamed sites (Harada et al., 1994). In the presence of pro-inflammatory 

stimuli, such as lipopolysaccharide (LPS), TNF, and IL1b, IL8 can be released by a wide 

variety of cells, such as monocytes, granulocytes, lymphocytes, endothelial, and epithelial 

cells (Baggiolini & Clark-Lewis, 1992; Harada et al., 1994; Matsushima et al., 2022). 

Because IL-8 can be produced in a large variety of cells, ranging from immune cells to 

epithelial cells to dermal fibroblasts, IL-8 plays a pivotal role in host defense and 

inflammation. In addition to the chemotactic ability, IL-8 also triggers neutrophilic activity 

and promotes the release of granule enzymes (Baggiolini et al., 1989). In hypoxic 

conditions, IL-8 has been found to be significantly upregulated as well as positively 

correlated with HIF-1α expression (Walmsley et al., 2005; Fei et al., 2018).  

HIF is a transcription factor that acts as the master regulator of the hypoxia 

response, and because physiological or pathological hypoxic conditions influence the 

immune response, HIF also plays a critical role in regulating the immune response 

(Krzywinska & Stockmann, 2018; Chen & Gaber, 2021). Several studies demonstrate the 

significance of HIF signaling in immune function. HIF-1α deletion in myeloid cells 

(granulocytes and monocytes/macrophages) impairs their mobility, aggregation, 
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antibacterial activity, and survival (Cramer et al., 2003; Walmsley et al., 2005). On an 

organismal level, HIF-1α deletion in macrophages can reduced mortality in LPS-induced 

sepsis in mice (Peyssonnaux et al., 2007). HIF-2α can also directly regulate pro-

inflammatory cytokine expression in myeloid cells (Imtiyaz et al., 2010). In addition to HIF’s 

essential role in immune cell function, NF-kB is also critical to cell survival in hypoxia. 

Walmsley et al. (2005) demonstrated that the transcription of the NF-κB p65 subunit is 

regulated by hypoxia. Neutrophils cultured in hypoxia and treated with NF-κB inhibitors 

had reduced survival rates, suggesting that activation of the NF-κB pathway promotes 

neutrophil survival in hypoxia (Walmsley et al., 2005). 

1.5.2 Toll-Like Receptor 4 Signaling Pathway 

The innate immune response is the first line of defense against exogenous and/or 

endogenous insults. Within the innate immune response, the family of Toll-like receptors 

(TLRs) are a critical component in detecting evolutionary conserved patterns that are 

shared by large groups of microorganisms and initiating an immune response once 

triggered (Akira et al., 2001, 2006; Kawai & Akira, 2007). The TLR family consists of 13 

receptors that work individually or in conjunction with each other to respond to a variety of 

stimuli, such as lipopolysaccharide (LPS), an integral component found on Gram-negative 

bacteria, or HMGB1, a protein normally sequestered away from the extracellular 

environment and is released following cell stress, damage, or death. Upon activation, the 

TLR signaling pathway induces subsequent activation of the NF-kB pathway, the master 

regulator of pro-inflammatory cytokine expression.  

The Toll-like receptor 4 pathway is essential for the response against LPS. 

However, TLR4 alone is not enough to confer activation of the signaling pathway. 

Additional molecules, such as CD14 and MD-2, are required in conjunction with TLR4 to 
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recognize LPS and initiate downstream activation of NF-kB signaling pathway. CD14 is a 

glycoprotein pattern-recognition receptor (PRR) essential for LPS-mediated signaling 

through TLR4. CD14 is expressed on a subset of myeloid cells, such as leukocytes, 

monocytes, and macrophages, and plays a crucial role in immune recognition against LPS 

(Landmann & Zimmerli, 2000). Previous studies have reported that LPS induces physical 

proximity between CD14 and TLR4 before initiating NF-kB translocation to the nucleus 

(Jiang et al., 2000; Da Silva Correia et al., 2001). Furthermore, CD14 controls the 

trafficking and signaling cascade of TLR4, and is essential for LPS-induced endocytosis 

of TLR4 (Zanoni et al., 2011). Alongside CD14, MD-2 is another essential co-receptor of 

TLR4 that plays a critical role in LPS recognition (Kobayashi et al., 2006). MD-2 is 

physically associated with TLR4 and confers LPS responsiveness (Shimazu et al., 1999). 

In summary, LPS binds to CD14, which then binds to a MD-2/TLR4 complex. This 

promotes the final activated heterodimer complex (LPS/MD-2/TLR4) that is endocytosed 

into the cell to initiate downstream activation of the NF-kB pathway (Shimazu et al., 1999; 

Da Silva Correia et al., 2001; 

Kobayashi et al., 2006; Akashi-

Takamura & Miyake, 2008; Park et 

al., 2009; Kuzmich et al., 2017) 

(Figure 1.3).  

 
Figure 1.3: Toll-Like Receptor 4 
(TLR4) Signaling Pathway.  
An important component of the innate 
immune response to 
lipopolysaccharide (LPS). Important 
co-receptors include CD14 and MD2. 
TLR4 activation triggers downstream 
inflammatory responses via NF-kB 
activation. 
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1.5.3 Alarmins 

Evolutionary conserved surveillance and defense mechanisms, such as the TLR 

signaling pathways, that recognize and respond to damage associated molecular patterns 

(DAMPs) are crucial components of the immune response (Akira et al., 2006; Li & Wu, 

2021). These “danger signals” can arise from exogenous pathogens that share 

recognizable pathogen-associated molecular patterns (PAMPs), as well as from 

endogenous sources that are released in the event of cellular stress or tissue damage 

(alarmins) (Bianchi, 2007). In both cases, these PAMPs and alarmins have highly 

conserved motifs that trigger activation of the immune response when recognized. While 

PAMPs are indicative of a pathogenic invasion, alarmins arise from within host cells that 

are experiencing stress or death, which may be a result of a “sterile insult”, such as 

exposure to a high-altitude hypoxic environment.  

Alarmins have dual roles that are dependent on their location (Bianchi, 2007; 

Vénéreau et al., 2015). Because their original function is within the cell, they are normally 

sequestered away from pattern recognition receptors (PRRs) (Akira et al., 2006; Li & Wu, 

2021) When exposed to the extracellular environment, alarmins are recognized by PRRs, 

most notably toll-like receptors, and mount an immune response (Takeda & Akira, 2015). 

While this response is crucial to the physiological response and resolution to injury, 

immune activation via DAMPs may initiate a positive feedback loop that exacerbates the 

inflammatory response. Indeed, sustained upregulation of alarmins and excessive 

inflammation have been found to play a role in the pathogenesis of pathologies, such as 

cancer and COVID (Cen et al., 2018; Li & Wu, 2021; Santos-Sierra, 2021). These include 

HMGB1 and S100 proteins, which operate as critical alarmins and mediators in the 

immune response. Interestingly, DAMPs have also been found to be significantly 
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upregulated under hypoxemic conditions, such as in cases of acute respiratory disease 

syndrome, or exposure to a systemic hypoxic environment (Pham et al., 2022; 

Mirchandani et al., 2022).  

1.6 Conclusion 

This collective study identifies high-altitude induced changes in inflammatory 

profiles and immunological cell balance in humans and how immune cells at high altitude 

may have altered responses to inflammatory stimuli. To accomplish these goals, several 

techniques were used, such as multi-parameter flow cytometry, multiplex immunoassays, 

in vitro stimulation experiments, and an unbiased transcriptomic approach. These studies 

demonstrate that acute high-altitude exposure increases inflammatory gene and protein 

expression, as well as promotes a pro-inflammatory immunologic balance. Transcriptomic 

analyses have also identified novel inflammation-related genes that may be involved in 

immune system sensitization. As sojourners acclimatize, the inflammatory profile favors 

an anti-inflammatory phenotype. Additionally, in vitro work using PBMCs treated with HIF 

activators or inhibitors demonstrates that HIF plays a role in altering immune cell surface 

markers, most notably CD14. Overall, these studies provide important insights into the 

role of inflammation in high altitude acclimatization and characterize a potential 

mechanism underlying hypoxia-induced immune sensitization.  
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Key point summaries: 

• Inflammation plays a critical role in the physiological response to hypoxia. 

• High-altitude hypoxia exposure causes alterations in the inflammatory profile that 

may play an adaptive or maladaptive role in acclimatization.  

• In this study we characterized changes in the inflammatory profile following acute 

high-altitude exposure. 

• We report upregulation of novel inflammation-related genes in the first three days 

of high-altitude exposure which may play a role in immune system sensitization. 

• These results provide insight into how hypoxia-induced inflammation may 

contribute to high-altitude pathologies and exacerbate inflammatory responses in 

critical illnesses associated with hypoxemia. 
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2.1 ABSTRACT 

The molecular signaling pathways that regulate inflammation and the response to 

hypoxia share significant crosstalk and appear to play major roles in high-altitude 

acclimatization and adaptation. Several studies demonstrate increases in circulating 

candidate inflammatory markers during acute high-altitude exposure, however significant 

gaps remain in our understanding of how inflammation and immune function change at 

high altitude and if these responses contribute to high-altitude pathologies, such as 

Acute Mountain Sickness. To address this, we used an unbiased transcriptomic 

approach, including RNA sequencing and direct digital mRNA detection with NanoString, 

to identify changes in the inflammatory profile of peripheral blood throughout three days 

of high-altitude acclimatization in healthy sea-level residents (N=15; 5 women). Several 

inflammation-related genes were upregulated on the first day of high-altitude exposure, 

including a large increase in HMGB1 (High Mobility Group Box 1), a danger associated 

molecular pattern (DAMP) molecule which amplifies immune responses during tissue 

injury. Differentially expressed genes on the first and third days of acclimatization was 

enriched for several inflammatory pathways including NF-kB and toll-like receptor (TLR) 

signaling. Indeed, both TLR4 and LY96, which encodes the lipopolysaccharide binding 

protein (MD-2), were upregulated at high altitude. Finally, FASLG and SMAD7 were 

associated with AMS scores and pulse oxygen saturation levels on the first day at high 

altitude, suggesting a potential role of immune regulation in response to high-altitude 

hypoxia. These results indicate that acute high-altitude exposure upregulates 

inflammatory signaling pathways and may sensitize the TLR4 signaling pathway to 

subsequent inflammatory stimuli. 
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2.2 INTRODUCTION 

High altitude is a physiologically stressful environment due to low oxygen availability, 

low temperatures, and low humidity. Since maintenance of oxygen homeostasis is 

essential for survival, rapid physiological adaptations occur upon high-altitude exposure 

to increase tissue oxygen delivery, including increased ventilation and red blood cell 

production (Beall, 2006; Scheinfeldt et al., 2012; Simonson, 2015; Moore, 2017). While 

many of the mechanisms that modulate high-altitude acclimatization are well described, 

it remains unclear how acute high-altitude exposure influences inflammatory signaling 

and immune function.  

Under typical conditions in a healthy individual, cellular hypoxia is experienced 

primarily during infection or tissue injury. Local hypoxia triggers an inflammatory 

response that initiates tissue protection and repair mechanisms (Walmsley et al., 2014). 

Due to this vital link between inflammation and hypoxia, the signaling pathways that 

control these responses have evolved to share significant crosstalk (Görlach & Bonello, 

2008; Bandarra & Rocha, 2013; D’Ignazio et al., 2016; Corcoran & O’Neill, 2016; Pham 

et al., 2021). The Hypoxia-Inducible Factor (HIF) is a transcription factor that regulates 

gene expression in response to hypoxic stress (Semenza, 2009). HIF activity is 

regulated by oxygen-sensitive prolyl hydroxylase domain proteins (PHDs) and factor 

inhibiting HIF (FIH). As a result, under normal oxygen tensions, HIF-α is hydroxylated by 

PHD, leading to its degradation. However, decreased PHD activity in hypoxia allows 

HIF-α to accumulate, bind to HIF-β subunits, and translocate to the nucleus to initiate 

expression of hypoxia-response genes. One downstream target of HIF is Nuclear Factor 

kappa-light-chain-enhancer of activated B cells (NF-kB), a master regulator of 

inflammation. Conversely, NF-kB expression also upregulates HIF1A mRNA expression 
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(BelAiba et al., 2007; Van Uden et al., 2008). As a result, several studies have 

demonstrated that the HIF and NF-kB pathways share an interdependent relationship 

(Zhou et al., 2003; Frede et al., 2006; Bonello et al., 2007; BelAiba et al., 2007; Taylor, 

2008). Furthermore, PHD is also involved in regulating NF-kB nuclear translocation 

through its action on IKK activity, providing an additional direct mechanism by which 

hypoxia regulates inflammatory signaling (Cummins et al., 2006). 

Due to the demonstrated links between HIF and NF-kB signaling, it is reasonable to 

suspect that hypoxemia induced by high-altitude exposure may result in a systemic 

inflammatory response. Indeed, hypoxemia and systemic inflammation commonly occur 

simultaneously in critical illnesses such as sepsis and acute respiratory distress 

syndrome (ARDS) and, while in vivo data is limited, pre-clinical data suggests a key role 

of oxygen status in modulating inflammatory and immunological outcomes in these 

cases (Kiers et al., 2016). Furthermore, acute increases in inflammatory cytokine 

expression may contribute to, or be a downstream consequence of, high-altitude 

illnesses such as Acute Mountain Sickness (AMS). Several previous studies provide 

evidence that candidate inflammatory mediators are upregulated in peripheral blood 

during the first few days of acclimatization (Faquin et al., 1992; Hartmann et al., 2000; 

Eltzschig, Holger K, 2011; Scholz & Taylor, 2013; Lundeberg et al., 2018; Heinrich et al., 

2018). However, whether these changes are associated with phenotypes including AMS 

severity remains inconclusive.  

In the current study, we expand on this work with a broad, unbiased transcriptomic 

approach to improve our understanding of how inflammatory signaling is altered in 

peripheral blood mononuclear cells (PBMCs) during acute exposure to high altitude. We 

utilize RNA sequencing and NanoString direct digital detection of mRNA to identify broad 
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patterns in inflammatory gene expression. We hypothesized that pro-inflammatory gene 

expression would increase upon acute high-altitude hypoxia exposure and that larger 

inflammatory cytokine expression levels would be associated with more severe 

hypoxemia and AMS severity.  

2.3 METHODS 

Ethical approval 

This study was approved by the University of California, Riverside Clinical 

Institutional Review Board (HS 19-076). All participants were informed of the study’s 

purpose and risks. Participants provided written informed consent in their native 

language (English). The work was conducted in accordance with the Declaration of 

Helsinki, except for registration in a database.  

Participants 

The study included 15 healthy participants (N=5 women, 10 men) between 19 and 

32 years of age. Participants were recruited by word of mouth and flyers on the UC 

Riverside campus. All participants reported no known history of cardiopulmonary 

disease or sleep disturbances, including obstructive sleep apnea, and displayed no 

abnormal findings on electrocardiogram (ECG) or pulmonary function testing. Mean age 

was 25 ± 4 years for men and 26 ± 5 years for women and BMI was 26.7 ± 5.4 kg/m2 for 

men and 28.4 ± 6.9 kg/m2 for women. Exclusion criteria included travel above 8,000 feet 

within one month of the first measurements, a previous history of high-altitude 

pulmonary or cerebral edema, smoking, and pregnancy.  
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Experimental design and physiological measures 

In the two weeks prior to ascent to high altitude, participants completed initial 

screening for eligibility at UC Riverside, at approximately 400 m elevation (Riverside, 

CA, USA). Demographic information including age, height, weight, and blood pressure 

were collected. Participants also answered questions about their ancestral background 

(to determine presence of high-altitude ancestry) and medical history including current 

medications. Participants then completed pulmonary function testing and ECG to verify 

absence of lung or heart disease.  

Participants returned to UC Riverside in the early morning on the day of ascent. 

Baseline (sea-level, SL) physiological measures were collected at this time, including 

blood pressure, pulse oximetry (SpO2), heart rate, end-tidal carbon monoxide (CO), and 

AMS scores via the 2018 Lake Louise scoring criteria with an experimenter asking 

participants each question (Roach et al., 2018). Fasting blood samples were then 

collected via standard venipuncture procedures. Breakfast was provided to participants 

following blood sampling, prior to travel.  

The group then traveled by car to Barcroft Station (3800 m elevation) in the White 

Mountain Research Center (Bishop, CA, USA) over a period of approximately 6.5 hours. 

At the field station, fasting blood samples and morning measurements were collected 

each day within 1 hour of waking and before 9 am to keep timing consistent with sea 

level measures. Physiological measures and fasting blood samples were collected every 

morning for 3 consecutive days (HA1, HA2, HA3), while end-tidal CO was measured at 

night. End-tidal CO concentration was measured with a Micro+ Basic Smokerlyzer 

(CoVita, Santa Barbara, California, USA). Participants held their breath for 15 seconds 

then exhaled through the device to residual volume. Measurements were taken in 
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triplicate and averaged. The analyzer was calibrated with 50 ppm CO prior to each day’s 

measurements. Pulse oximetry and heart rate values were collected using a Nellcor N-

600 pulse oximeter (Medtronic, Minneapolis, MN, USA). Participants sat upright in a 

chair without their legs crossed and rested, breathing normally, for 3 minutes until values 

stabilized. Blood pressure measurements were collected in duplicate while participants 

rested in an upright seated position using a manual sphygmomanometer.   

Participants abstained from taking anti-inflammatory medications or other agents that 

may interfere with acclimatization, such as acetazolamide (Basaran et al., 2016). 

Participants were permitted to consume caffeine in moderation after completing morning 

measurements but were asked to abstain from caffeine after noon. Three meals per day 

were provided and participants did not complete any strenuous physical 

activity. Participants did not consume alcohol, and fluid intake was supervised to ensure 

participants remained hydrated.  

Gene expression 

RNA isolation 

Peripheral blood was collected in PaxGene Blood RNA tubes (QIAGEN, 

Germantown, MD, USA) using standard venipuncture procedures. Samples collected at 

sea level were incubated at room temperature for 30 minutes then frozen at -20°C and 

stored at -80°C until further processing. Samples collected at high altitude were stored at 

room temperature for 30 minutes, frozen at -20°C at the field station, then transported to 

UC Riverside in liquid nitrogen and frozen at -80°C until further processing. Prior to RNA 

isolation, PaxGene Blood RNA tubes were allowed to thaw and incubate for 4 hours at 

room temperature as per the manufacturer’s instructions. RNA was isolated using a 

PaxGene Blood RNA Kit (QIAGEN, Germantown, MD, USA) following manufacturer 
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protocols. RNA quantity and quality were verified via Nanodrop 2000 (ThermoFisher 

Scientific, Waltham, MA, USA) and Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA 

USA). RNA samples with RIN values greater than 8 were utilized for downstream 

sequencing. 

RNA sequencing 

RNA samples were prepared using the NEBNext Ultra ll Directional RNA Library 

Prep Kit (New England BioLabs, Ipswich, Massachusetts, USA) following manufacturer 

protocols with the following adjustments: 0.8x beads were used during the first 

purification step after second strand synthesis, the adaptor was diluted 1:15, 0.7x beads 

were used for purification after adaptor ligand, 13 cycles of enrichment were conducted, 

and a dual bead size selection (0.5x and 0.7x) was used for size selection of adaptor 

ligated RNA. Samples were then pooled and checked for quality via qPCR and Agilent 

2100 Bioanalyzer. Samples were stored at -80°C and transported on dry ice to the 

University of California San Diego Institute for Genomic Medicine for sequencing via 

Illumina NovaSeq 6000 (Illumina Inc., San Diego, USA), which generates 50 bp paired-

end reads. 

Raw sequence data was aligned using Rsubread in RStudio (RStudio, Boston, 

Massachusetts, USA) (R version 4.02) using the reference genome GRCh38/hg38 (Liao 

et al., 2019) and soft-clipping of unmapped read bases and adaptors with the align 

function. featureCounts from the Rsubread package was used to assign and count 

mapped fragments (Liao et al., 2014). Normalization and differential gene expression 

analysis was conducted with DESeq2 following the workflow described by Love et al. 

(2014) (Love et al., 2014). Paired contrasts were made for the first (HA1) and third (HA3) 

mornings at high altitude versus sea level (SL) separately. P-values were adjusted with 
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the Benjamini-Hochberg adjustment method for a false discovery rate of 5% and genes 

with adjusted p-values less than 0.01 were considered significantly differentially 

expressed. Differentially expressed genes were examined for gene set enrichment in 

Enrichr using GO Biological processes (2021) for gene ontology and Panther 2016 for 

pathway enrichment (Chen et al., 2013; Kuleshov et al., 2016; Xie et al., 2021). 

Significantly enriched GO terms were clustered and visualized with REVIGO (Supek et 

al., 2011). 

NanoString 

To obtain a more precise measure of inflammatory gene expression, we also 

measured mRNA levels of 250 key inflammation-related genes with the NanoString 

SPRINT Profiler (NanoString Technologies, Seattle, WA, USA). Since we aimed to 

determine if these expression levels were associated with phenotypes, this analysis was 

conducted on samples collected at sea level and after one night at high altitude (HA1) 

since AMS scores were highest, SpO2 was lowest, and both were more variable across 

subjects on HA1. RNA profiling was conducted with 50 ng of total RNA, quantified using 

Nanodrop 2000. Samples were prepared for codeset hybridization with NanoString-

prepared reporter and capture probes specific for the Inflammatory Panel CodeSet 

Human V2 following manufacturer protocols. Paired participant samples were placed on 

the same cartridge to eliminate replicate bias. 

Normalization and differential expression analysis were performed with the 

Advanced Analysis add-on to nSolver software (version 4.0). Counts were normalized to 

the following normalization probes: PGK1, CLTC, GADPH, GUSB, TUBB, and HPRT1. 

These normalization probes are automatically selected using geNorm algorithm, which 

selects probes that minimize pairwise variation statistic during housekeeping gene 
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selection. Genes within a sample with mRNA counts lower than or equal to 2x the 

maximum background (the average of the negative controls’ housekeeping gene count) 

in more than 20% of all samples were excluded from analysis. Differential expression 

analysis included location (SL v. HA1) as a predictor and subject as a confounder. P-

values were adjusted with the Benjamini–Yekutieli method. Adjusted p-values less than 

0.05 were considered significant. Since the NanoString gene expression panel included 

a pre-selected group of inflammation-related genes, we conducted enrichment analysis 

with GOrilla, which allowed a custom background gene set including only genes on the 

nCounter Human Inflammation panel (Eden et al., 2009). The nSolver Advanced 

Analysis software’s Probe Descriptive module was used to examine gene-by-gene 

correlations with location set as a covariate (SL or HA1) and interval ID, and participant 

as a series ID. Expression correlation for each pair of genes is expressed as the overall 

Pearson correlation coefficient and p-value. 

Statistical analysis 

Statistical analyses were conducted in R (version 4.1.0) (R Foundation). To identify 

changes in physiological variables at high altitude compared to baseline sea-level 

measures, we used repeated measures ANOVA and post-hoc pairwise t-tests with 

Bonferroni corrections. To determine if fold changes in gene expression were associated 

with physiological measures at high altitude (SpO2, AMS Score), Pearson correlation 

coefficients and p-values were obtained with the rcorr function from the Hmisc package 

in R. Data is presented throughout the paper as mean ± standard deviation. 

 

 

 



 

 

35 

2.4 RESULTS 

Physiological measures 

Table 2.1 provides an overview of physiological measures at sea level and over 

three days of acclimatization to high altitude. On the first morning at high altitude, 8 out 

of 15 subjects indicated mild AMS (AMS score 3-5 with headache) and one participant 

indicated severe AMS (AMS score 6-9 with headache). By the third day, only 1 out of 15 

subjects scored positive for AMS. SpO2 decreased by about 10 percentage points on the 

first day at high altitude and remained lower than sea-level values throughout day 3. This 

was coupled with an increase in heart rate at high altitude. There was no significant 

increase in diastolic or systolic blood pressure at high altitude. Exhaled end-tidal carbon 

monoxide levels were elevated on average at high altitude, although not significant by 

repeated measures ANOVA. 

Gene expression at high altitude 

RNA sequencing 

3958 genes were differentially expressed (adj p<0.01) on HA1 (2177 upregulated 

and 1781 down regulated) and 4219 genes were differentially expressed on HA3 (2190 

upregulated and 2029 downregulated) compared to sea level. When applying a fold 

change threshold of 1, 88 genes were upregulated and 75 downregulated on HA1 and 

234 were upregulated and 51 downregulated on HA3. The top 20 differentially 

expressed genes on each day are provided in Table 2.2. Figure 2.1 demonstrates that 

genes most differentially expressed on HA1 remain differentially expressed throughout 

HA3. However, genes most differentially expressed on HA3 are slower responding and 

are typically not differentially expressed on HA1. Several genes associated with 

inflammation and the immune response are in the top 20 upregulated genes on HA1 
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including BCL2A1, S100A8, HMGB1, and B2M. Additional genes likely involved in the 

acclimatization process, including PDCD10 which is involved in vascular development, 

were also in the top 20 differentially expressed genes. On HA3, several genes 

associated with acclimatization were upregulated including BPGM (2,3-DPG), CA1 

(carbonic anhydrase 1), FECH (ferrochelatase), HEMGN (hemogen), and PDCD10, as 

well as several other genes associated with inflammation and immune function including 

GYPA, IFIT1B, and RIOK3. 

A gene ontology analysis revealed that on the HA1, differentially expressed genes 

were enriched for biological processes including regulation of autophagy, proteasome-

mediated ubiquitin-dependent protein catabolic processes, endomembrane system 

organization, and I-kappaB kinase/NF-kappaB signaling (Figure 2.2A). There were also 

8 significantly enriched pathways including apoptosis signaling, CCKR signaling, 

ubiquitin proteasome pathway, PDGF signaling, T cell activation, toll-like receptor 

signaling, Ras pathway, and FAS signaling (Table 2.3). On HA3, the I-kappaB 

kinase/NF-kappaB signaling GO biological process remained enriched in addition to 

other inflammation and immune function processes including neutrophil activation 

involved in immune response (Figure 2.2B). 19 pathways were significantly enriched on 

day 3 including several involved in inflammation and immune function and angiogenesis 

(VEGF signaling pathway) (Table 2.3). 

Following the gene ontology analysis, we examined key genes of interest which play 

significant roles in the top enriched GO pathways. In particular, we were interested in 

genes involved in immune pathway activation, such as TLR4, HMGB1, Ly96, and IL8 

(Figure 2.3). We found that there was a significant upregulation in TLR4 and HMGB1 

mRNA counts across all participants. However, Ly96 was not found to be significantly 
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differentially expressed and had low counts. Additionally, we were interested in IL8 gene 

expression since neutrophil activation was highly enriched. We found there was 

significant IL8 upregulation upon high-altitude exposure in all but one participant.  

Nanostring analysis of inflammatory pathway genes 

To further examine specific changes in inflammation-related gene expression, we 

conducted a NanoString analysis on samples collected on HA1. Of the 250 genes on the 

human inflammation panel, 18 genes showed significant upregulation (Figure 2.4; 

Figure 2.5). Of the 18 genes identified as differentially expressed by NanoString, 13 

were also detected with RNA sequencing. However, 5 differentially expressed genes 

were identified by NanoString alone, including LY96. This may be because the 

NanoString nCounter targets all isoforms of each gene and does not need to convert 

RNA to cDNA for amplification. 7 of the 18 significantly differentially expressed genes 

are involved in the significantly enriched GO pathway “Regulation of binding (GO: 

0051098)” (adj p < 0.0001; TGFBR1, IFIT2, IFIT1, MAPK8, DDIT3, HMGB2, HMGB1). 

Other processes that significantly upregulated genes are involved in include positive 

regulation of apoptotic processes (MAPK8, DDIT3, HMGB1, TGFBR1, IFIT2), regulation 

of DNA binding (MAPK8, HMGB2, HMGB1) and DNA conformational change (HMGB2, 

HMGB1), and positive regulation of endothelial cell proliferation (HMGB2, HMGB1, 

TGFBR1).  

Since our inflammation gene panel included the key hypoxia-response gene, HIF1A, 

we looked for significant correlations between HIF1A expression and expression of our 

top 18 differentially expressed genes to identify possible relationships between HIF 

signaling and inflammatory gene expression in vivo. HIF1A expression was significantly 

associated with expression of PTK2, MAPK1, HMGB1, TLR8, and NFE2L2 (Figure 2.6). 
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Phenotype associations 

Since the highest AMS scores and lowest SpO2 levels were observed on the first day 

at high altitude, we looked for significant correlations between phenotypes on the first 

day at high altitude and inflammatory genes measured by NanoString. Resting oxygen 

saturation (SpO2 %) was significantly associated with FASLG, SMAD7, PTGER4, and 

TRAF2, with a trend toward a correlation with IL8 (p=0.05) (Table 2.4). AMS Score was 

significantly associated with TNFSF14, FASLG, IL18, CD40LG, and PTGER4, 

MAPKAPK2, HLADRB1, SMAD7, AGER, MAFK, and IRF5 (Table 2.4). 

2.5 DISCUSSION 

This study examined how high-altitude acclimatization influences inflammatory 

signaling using RNA sequencing and NanoString transcriptome analyses in whole blood 

of healthy participants. Our results demonstrate that upon acute high-altitude exposure, 

many inflammation-related genes are significantly upregulated. These upregulated 

genes are enriched in pathways involved in stress responses and regulation of 

inflammatory signaling (Figure 2.2, Table 2.3), and the expression of several 

inflammation-related genes including FASLG and SMAD7 were associated with AMS 

scores and SpO2 levels (Table 2.4). The release of cellular stress markers during tissue 

hypoxia are known to trigger downstream mechanisms that promote host defense, such 

as the toll-like receptor (TLR) signaling pathway (Schaefer, 2014). Therefore, it is not 

surprising that we found TLR signaling pathways to be impacted by acute high-altitude 

exposure. Many of the differentially expressed genes we identified also included damage 

associated molecular patterns (DAMPs) (HMGB1, HMGB2, S100A8), interferon-

stimulated genes (IFIT1, IFIT1B, IFIT2, IFI44), and markers of DNA damage (DDIT3) 

(Table 2.2, Figure 2.5) (Schaefer, 2014, Diamond, 2014, Yang et al., 2017). Here we 
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will discuss the impact of DAMPs, particularly HMGB1 and its synergistic role with LY96 

in TLR4 activation. 

TLR4 pathway upregulation at high altitude 

LY96 is a potential indicator of immune system priming (Kim et al., 2010; Park & Lee, 

2013). The LY96 gene encodes for MD-2, a coreceptor with toll-like receptor 4 (TLR4), a 

key player in innate immunity defense. LY96 plays an essential role in the TLR4-

mediated inflammatory response to lipopolysaccharide (LPS) (Da Silva Correia et al., 

2001; Park et al., 2009). TLR4 activation by LPS, a pathogen associated molecular 

pattern (PAMP), triggers the expression of inflammatory cytokines and chemokines 

(Park & Lee, 2013). Since hypoxia has been shown to increase TLR4 expression, this 

may lead to exacerbated inflammation in response to subsequent inflammatory stimuli 

(Kim et al., 2010). In this in vivo study, both TLR4 and LY96 gene expression were 

significantly upregulated after 1 day of high-altitude exposure (Figure 2.5). While TLR4 

upregulation is only found significant in the RNA-seq data, TLR4 expression approaches 

significance in the NanoString data (adj.p = 0.057). This data suggests that over 1-3 

days of hypoxia exposure, hypoxic stress primes the innate immune response and may 

increase the inflammatory response to infection. This is supported with in vitro work by 

Kim et al., (2010) in which hypoxia exacerbated TLR4-mediated inflammation in 

response to LPS in murine RAW 264.7 macrophages. However, the duration of hypoxia 

exposure, as well as the model used, have varying effects on TLR4 expression. In short 

term exposure (2-4 hours) in macrophages, TLR4 is noted to have increased expression 

(Kim et al., 2010). In longer hypoxic exposure (> 24 hours) in murine dendritic cells, 

there is no significant change in TLR4, however there was a significant increase in TLR2 

and TLR6 expression (Kuhlicke et al., 2007). Therefore, while it is clear that hypoxic 
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stress likely impacts TLR4 signaling in peripheral blood cells, the details and time 

domains of this effect requires further study. 

To complement LY96 and TLR4 upregulation, HMGB1 also showed one of the 

strongest signals of increased expression at high altitude (Table 2.2). HMGB1 encodes 

the High Mobility Group Box 1 protein which directly interacts with TLR4 and functions 

as a damage associated molecular pattern (DAMP) mediator of inflammation. HMGB1 

activity is dependent on its location and cell type. Intracellular cytosolic HMGB1 has 

been shown to inhibit apoptosis as well as activate the autophagic response, particularly 

in response to oxidative stress (Tang et al., 2011; Zhu et al., 2015). Upon release after 

cell death or active secretion, extracellular HMGB1 can act as a pro-inflammatory 

mediator by binding to other proinflammatory molecules, such as LPS or IL-1β, to 

activate TLR4 receptors and initiate downstream inflammatory signaling (Yang et al., 

2020). This mode of TLR4 activation is particularly important in immune cell types, such 

as monocytes, macrophages, and neutrophils. In monocytes and macrophages, 

extracellular HMGB1 can bind to MD-2, which forces two TLR4 chains to form a complex 

and initiate downstream signaling and induces cytokine and chemokine production, such 

as TNF (Yang et al., 2015b, 2020). In neutrophils, HMGB1-TLR4 signaling increases 

reactive oxygen species production through activated neutrophil NADPH oxidase activity 

(Fan et al., 2010; Yang et al., 2020; Billiar et al., 2021). 

In addition to HMGB1, S100A8 was also significantly upregulated following one day 

of acute high-altitude exposure (Figure 2.1). Like HMGB1, S100A8 is an endogenous 

DAMP that is actively secreted from phagocytes in response to stress (Ehrchen et al., 

2009). S100A8, along with S100A9, are highly expressed in neutrophils as well as in 

phagocytes in inflammatory conditions, such as inflammatory bowel and lung diseases 
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(Zwadlo et al., 1988; Rugtveit et al., 1994). The S100A8/S100A9 heterodimer have 

previously been found to be endogenous activators of TLR4 (Foell et al., 2007; Vogl et 

al., 2007; Ehrchen et al., 2009; Ma et al., 2017). Furthermore, S100A8 has been found 

to interact directly with the TLR4-MD2 complex to initiate downstream signaling (Vogl et 

al., 2007). Previous research has also found that S100A8/S100A9 significantly increases 

proinflammatory cytokine secretion, such as TNF-α and IL-6, in cultured BV-2 microglial 

cells. When TLR4 was inhibited, the proinflammatory cytokine secretion was blunted 

following S100A8/A9 stimulation (Ma et al., 2017). Additionally, in a mice model that 

lacked the S100A8/A9 complex, these mice were protected from endotoxin-induced 

lethal sepsis (Vogl et al., 2007). Together, this data further supports the hypothesis that 

the TLR4 signaling pathway is sensitized to subsequent inflammatory stimuli following 

systemic hypoxic stress, at least following 1-3 days of high-altitude exposure. 

TLR4 activation may also contribute to the release of IL8, a chemotactic cytokine that 

recruits and mobilizes neutrophils to sites of infection. Previous studies show that 

damage to the extracellular matrix following cellular stress contributes to a positive 

feedback loop that drives a TLR-dependent chronic inflammation, including chronic IL8 

expression (Valenty et al., 2017). Our data reveals that IL8 mRNA expression is 

significantly upregulated at both the first and third day at high altitude (Figure 2.3), and 

approaches significance for a negative association with SpO2 (Table 2.4). This falls in 

line with previous research in acute respiratory distress syndrome (ARDS), where Hirani 

et al. (2001) found IL8 levels negatively correlated with arterial oxygen saturation in 

patients with severe ARDS and that in vitro hypoxic stimuli significantly upregulate IL8 

production in human monocyte-derived macrophages.  
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Overall, the upregulation of several DAMPs and chemokines essential for immune 

cell mobilization demonstrate that acute high-altitude exposure may prime the immune 

system to subsequent inflammatory stimuli. This hypoxia-induced immune sensitization 

supports “the danger model” theory (Gallucci & Matzinger, 2001; Matzinger, 2003; 

Pugin, 2012), where these DAMPs serve as an endogenous danger signal to activate 

the innate immune system. “The danger model” theory proposes that the immune 

system requires two signals to activate: one from the foreign antigen itself, and one 

arising from tissue injury (Gallucci & Matzinger, 2001; Pugin, 2012). In response to 

hypoxemia and/or tissue hypoxia, cellular stress triggers the upregulation and release of 

DAMPs. This massive release of danger signals could have several negative 

implications, such as the development of systemic inflammatory response syndrome 

(SIRS) (Bone, 1992; Pugin, 2007; Chakraborty & Burns, 2022) SIRS is an exaggerated 

inflammatory response to a stressor, such as trauma or acute inflammation, in an 

attempt to resolve the endogenous or exogenous source of the insult, where patients 

have an increase in both pro- and anti-inflammatory mediators in circulation (Bone, 

1992; Dinarello et al., 1993; Chakraborty & Burns, 2022). More importantly, if followed by 

an infection of foreign bacterial antigens, this could trigger a synergistic activation of the 

immune system, leading to a devastating result of septic shock and multi-organ failure 

(Pugin, 2007). Furthermore, DAMPs, particularly HMGB1 and S100A8/S100A9, have 

been previously used as biomarkers for risk of death in septic shock patients (Karakike 

et al., 2019; Dubois et al., 2019). This elevated level of HMGB1 and S100A8 expression 

found in sojourners to high altitude potentially indicates that systemic hypoxia causes 

immune system sensitization and a potential exaggerated response to subsequent 

stimuli (Figure 2.1), although this requires further study. Interestingly, one previous 
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report finds that pancreatitis patients who also had high-altitude polycythemia (and 

associated baseline hypoxemia) developed more severe case of SIRS compared to 

patients who only had acute pancreatitis (Zhu et al., 2020). This indicates that patients 

with hypoxemia may be at higher risk for an exaggerated systemic inflammatory 

response.  

AMS and inflammatory marker expression 

AMS commonly manifests in sojourners to high altitude (>2500m) (Hackett, 2000; 

Gallagher & Hackett, 2004; Julian et al., 2011; Luks et al., 2017). A majority of AMS 

affected individuals develop headaches, nausea, insomnia, and shortness of breath that 

resolve on their own within a few days. Current research has noted that AMS develops 

as a result of a complex network of physiological responses to hypoxia (i.e., 

inflammation, hypoxemia, vasogenic edema, acidosis) as well as anatomical factors (i.e., 

insufficient cerebrospinal fluid production, varied cerebral venous blood flow) (Hackett, 

2000; Luks et al., 2017). Several studies support the role of inflammation in AMS 

development. For example, multiple groups report that select pro-inflammatory cytokines 

and inflammatory marker (most notably CRP, IL-1β, and IL-6) concentrations are 

increased in individuals acutely exposed to high-altitude compared to their sea-level 

concentrations (Hartmann et al., 2000; Song et al., 2016). Some groups also find 

associations between AMS incidence and expression of these candidate inflammatory 

markers (Klausen et al., 1997; Boos et al., 2016; Song et al., 2016; Liu et al., 2017; 

Malacrida et al., 2019; Kammerer et al., 2020). Accordingly, Dumont et al., (2000) show 

a reduction in AMS incidence and severity with anti-inflammatory drug treatment. Both 

steroids and nonsteroidal anti-inflammatory drugs (NSAIDS) reduce AMS incidence 

despite their different mechanisms of action (Rock et al., 1989; Zheng et al., 2014; Tang 
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et al., 2014; Nepal et al., 2020; Gertsch et al., 2010, 2012; Lipman et al., 2012; Kanaan 

et al., 2017). However, other studies demonstrate no significant association in pro-

inflammatory cytokine concentration and AMS incidence (Swenson et al., 1997; 

Lundeberg et al., 2018). As a result, questions remain about how high-altitude induced 

inflammation may contribute to AMS. 

In our study, many typical inflammatory markers were not included in the top 

differentially expressed genes via RNA-seq or NanoString after 1 or 3 days at high 

altitude and were not associated with AMS severity. This is not unexpected since many 

studies show that inflammatory markers such as IL6 and TNF-α resolve rapidly after 

expression. Previous studies have also reported that while IL-6 and TNF-α plasma 

protein expression significantly increased following acute vigorous exercise, there was 

no change in mRNA expression in PBMCs (Ostrowski et al., 1998, 1999; Bernecker et 

al., 2013). Thus, while protein levels may remain elevated following 24 hours of 

exposure, mRNA expression levels may have resolved by this time. Nonetheless, we 

identified other significant components of inflammatory signaling and immune system 

regulation that were activated at high altitude and significantly associated with AMS 

severity at these time points.  

Of the genes most significantly associated with AMS scores, we found that FASLG is 

not only negatively associated with AMS severity (R= -0.071; p<0.01), but also positively 

associated with SpO2 (R=0.68; p<0.01) (Table 2.4). While most of the participants in our 

study had mild AMS symptoms, this may indicate that FASLG and the FAS/FASLG 

pathway may play a role in modulating the physiological response to acute high-altitude 

hypoxia exposure. FASLG encodes the Fas ligand and the FAS/FASLG pathway plays a 

critical role in protection against autoimmunity as well as tightly regulating immune 
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system activation by activation-induced cell death (AICD) (Griffith et al., 1995; Nagata & 

Golstein, 1995; Brunner et al., 2003; Strasser et al., 2009). This process is crucial to 

dampen the immune response. Our findings show that participants with lower AMS 

scores had increased FASLG mRNA expression compared to their baseline sea-level 

expression. Furthermore, we also found the FAS signaling pathway was enriched with 

significantly differentially expressed genes following the first day of high-altitude 

exposure (Table 2.3). This may have multiple implications. First, evidence suggest that 

endothelial cells produce soluble Fas ligand in hypoxia, which protects them from AICD 

(Mogi et al., 2001). Additionally, pro-inflammatory cytokines (such as TNF-α) can induce 

Fas ligand expression on tissue cells, and in turn trigger apoptosis in activated T cells by 

binding to the FAS receptor on the T cell surface (Brunner et al., 2003). Indeed, pro-

inflammatory cytokine protein levels have been found to be elevated in plasma upon 

hypoxic exposure (Julian et al., 2011; Boos et al., 2016; Song et al., 2016). Thus, this 

initial elevation in pro-inflammatory cytokine concentration upon high altitude exposure 

may induce Fas ligand expression on tissue cells and cause apoptosis in activated T 

cells to dampen the immune response. However, since the majority of our RNA sample 

should be derived from PBMCs, this may not explain the increased FASLG expression 

we observed. A final interpretation is that elevated FASLG expression may be reflective 

of T cells inducing mutual AICD amongst the T cell population (Brunner et al., 2003).  

Our data also shows that FASLG mRNA expression is also positively correlated with 

SpO2. Mogi et al. (2001) show that hypoxia stimulates the release of the soluble Fas 

ligand. In contrast to the membrane bound Fas ligand, soluble Fas ligand would inhibit 

the apoptotic signal in FAS+ cells. Upon high altitude exposure, Higher SpO2 and 

elevated FASLG expression could indicate that their physiological response to hypoxia 



 

 

46 

quickly adapts and appropriately blunts the immune response. This would also protect 

tissue cells from apoptosis. However, there is conflicting research regarding the role of 

Fas ligand in hypoxia. Kosanovic et al. (2019) show that there is a significant reduction 

of circulating Fas ligand in sojourners to high altitude as well as in native highlanders. It 

is important to note that circulating plasma protein may come from multiple sources, 

such as endothelial cells, and we are measuring gene expression in immune cells. 

Additionally, they also show that highlanders with pulmonary hypertension had a 

significantly lower circulating Fas ligand in plasma compared to lowlander controls 

(Kosanovic et al., 2019; Sydykov et al., 2021). Overall, these results indicate a potential 

role of FAS signaling in high-altitude acclimatization and adaptation and highlight the 

importance of immune system regulation in hypoxia. These promising new findings 

warrant future study as they suggest an important role of immune regulation in high-

altitude acclimatization and adaptation. 

Concurrent anti-inflammatory profile 

Our data also demonstrate a concurrent upregulation of anti-inflammatory elements. 

One such element is NFE2L2, which encodes for Nuclear factor erythroid 2-related 

factor 2 (NRF2), an important transcription factor involved in regulating and attenuating 

oxidative damage and toxic insults by regulating the expression of cytoprotective genes 

(Kobayashi et al., 2004) (Figure 2.5). Previous studies clearly illustrate effects of 

hypobaric hypoxia exposure on radical oxygen species (ROS) production and 

biomarkers of oxidative damage (Chandel et al., 1998; Waypa & Schumacker, 2002; 

Malacrida et al., 2019). One downstream gene target of the NRF2 pathway is heme 

oxygenase-1 (HO-1), a cytoprotective rate-limiting enzyme that is crucial for heme 

degradation into equimolar amounts of Fe2+, biliverdin, and carbon monoxide (CO), all of 
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which play roles as antioxidants and regulators of inflammation, apoptosis, and 

angiogenesis (Tift et al., 2020). Our study shows a non-significant trend for increased 

end-tidal CO after one day at high altitude (Table 2.1). Since the only known source of 

endogenous CO is the heme-oxygenase pathway, increased CO upon acute high-

altitude exposure may indicate increased heme degradation. Furthermore, elevated CO 

levels may provide tissue protective effects such as those described in models of acute 

inflammation in ischemia-reperfusion injury, vascular injury or disease, and sepsis 

(Minamino et al., 2001; Knauert et al., 2013; Ryter & Choi, 2016; Tift et al., 2020). 

LIMITATIONS 

One limitation of our study is our moderate sample size (n=15), although the paired 

design allowed us to identify changes in numerous inflammatory pathway markers. Also, 

while our study group included both men and women, we did not examine sex-specific 

changes in inflammatory gene expression patterns due to the low number of women in 

our sample (N = 5 women). Future work exploring potential differences in the impact of 

high-altitude on immune function in women and men will be essential. Furthermore, only 

one participant developed severe AMS following acute high-altitude exposure. 

Therefore, while we were still able to identify significant associations between 

expression of select inflammation-related genes and AMS scores, a larger sample size 

with a wider range of AMS severity will provide stronger power to identify and validate 

these potential associations. Finally, the RNA samples utilized in our study were 

collected from peripheral whole blood, and therefore our data is representative only of 

changes occurring in peripheral blood cells. However, these findings are significant 

because they shed light on the impact of high-altitude on immune cell function and 

inflammatory status.  
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2.6 CONCLUSION 

In conclusion, we demonstrate that acute high-altitude hypoxia exposure triggers 

significant changes in inflammation-related gene expression. Specifically, our analysis 

has led to the identification of several inflammatory-related genes that may be involved 

in immune system sensitization, such as components of the TLR4 signaling pathway. 

Clearly, hypoxemia and high-altitude exposure have significant impacts on inflammatory 

signaling, but further studies are essential to elucidate the mechanism behind hypoxia-

induced inflammation in vivo and how high-altitude exposure impacts immune cell 

function. Future research studies should investigate how concurrent hypoxic and 

inflammatory stimuli may exacerbate pro-inflammatory cytokine production in PBMCs in 

vitro. Additionally, investigating the potential role of Ly96 and HMGB1 in immune system 

sensitization may expand our understanding of how hypoxia and inflammatory response 

pathways lead to an exacerbated response to subsequent inflammatory stimuli. This 

work will provide valuable insights into how hypoxemia modulates inflammatory 

responses in critical and chronic illnesses such as ARDS and COVID-19.  
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FIGURES 

 

 

Figure 2.1. Schematic representation of the proposed impact of high-altitude 
exposure on inflammatory signaling. Acute high-altitude exposure (1-3 days) causes 
systemic hypoxic stress. In this study, we found that this is associated with upregulation 
of genes encoding DAMPs, TLRs, and chemotactic factors in peripheral blood. These 
changes are suspected to result in enhanced immune responses to subsequent 
inflammatory stimuli over this timeframe. 
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Figure 2.2. Top differentially expressed genes at high altitude. Heat maps with 
hierarchical clustering of top 50 differentially expressed genes and volcano plots from HA1 
(A-B) and HA3 (C-D) versus sea-level baseline. (A, C) Columns represent data for 
individuals. Sample locations are identified by pink (sea level; SL), green (high altitude 
day 1; HA1), and red (high altitude day 3; HA3) markers at the top of each row. Sex 
differences are identified by green (female) or blue (male). Colors represent relative log2 
fold changes from sea level. (B, D) Red points represent genes with adjusted p-values 
less than 0.01 and absolute log2 fold change greater than 0.5.  
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Figure 2.3. Enriched GO terms with highly variable genes. Clustering of significantly 
enriched GO terms into representative subsets using semantic similarities. Significantly 
enriched GO terms are provided for genes differentially expressed on day 1 (A) and day 
2 (B) at high altitude compared to a sea-level baseline. Bubble color indicates the log10 
p-value for each term and bubble size indicates the frequency of the GO term in the 
underlying GOA database (more general terms are larger). 
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Figure 2.4. Normalized individual gene counts of RNA-seq data. Normalized individual 
RNA counts at sea level (SL), first day at high altitude (HA1) and third day at high altitude 
(HA3) for (A) TLR4, (B) HMGB1, (C) LY96, and (D) IL8. Y-axis is a log10 scale. Subject 
ID is coded by color and sex by shape. 
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Figure 2.5. Venn diagram of differentially expressed genes identified by RNA-seq 
and NanoString. Differentially expressed genes identified via RNA-seq on HA1 (purple) 
and HA3 (yellow) are compared to differentially expressed genes identified by NanoString 
on HA1 (green). NanoString identified 6 additional differentially expressed genes not 
identified by RNA-seq. 
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Figure 2.6. Volcano plot from NanoString data. Blue points represent significantly 
differentially expressed genes. Values are plotted with raw -log10 p values on the y axis 
with dotted grey lines indicating adjusted p-value thresholds. 
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Figure 2.7. Relationships between HIF1A expression and upregulated inflammatory 
response genes at high altitude. Expression levels are reported as the normalized log2 
counts. Pearson correlation coefficients for sea level and high altitude are provided 
independently. Orange items (triangles and dotted lines) represent sea-level expression 
levels and blue items (dots and solid lines) represent expression levels on the first day at 
high altitude.  
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Table 2.1 Physiological measures at baseline and over three days at high altitude. 

Variable SL HA 1 HA 2 HA 3 ANOVA 

Psys 128 ± 7 125 ± 12 126 ± 45 126 ± 13 0.537 

Pdia 79 ± 10 83 ± 9 83 ± 7 85 ± 7 0.054 

HR 78.0 ± 8.1 88.3 ± 13.2 89.7 ± 12.1* 95.6 ± 12.8*** <0.001 

SpO2 94.8 ± 1.6 85.0 ± 4.4*** 83.7 ± 2.5*** 86.1 ± 2.5*** <0.001 

AMS 0.2 ± 0.4 3.1 ± 1.8*** 2.3 ± 2.0** 0.7 ± 1.2 <0.001 

CO 3.9 ± 1.4 5.2 ± 1.5 5.0 ± 1.9  0.080 

Variable units: Psys and Pdia (mmHg); HR (bpm); SpO2 (%); CO (ppm). Overall p-
values for repeated measures ANOVA are provided. Asterisks indicate significant 
differences from SL at p<0.05 (*), p<0.01 (**), and p<0.001 (***) levels via post-hoc 
pairwise comparisons with Bonferroni adjusted p-values. 
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Table 2.2. Top 20 differentially expressed genes on days 1 and 3 at high altitude.  
 

  

SL vs. HA 1   SL vs. HA 3 

Gene FC Adj. P   Gene FC Adj. P 

BCL2A1 1.73 1.46E-24   BPGM 2.86 3.65E-38 

EVI2A 1.52 7.87E-20   HEMGN 2.18 3.33E-24 

ERGIC2 0.979 5.60E-18   GYPA 4.64 9.63E-24 

PPIG 0.663 3.25E-15   IFIT1B 2.91 1.35E-22 

PDCD10 1.22 7.17E-15   CA1 3.09 1.35E-22 

TXNDC9 1.20 1.28E-14   XK 2.45 1.65E-22 

RGS18 1.04 3.09E-14   SACS 1.51 2.85E-21 

SUB1 1.09 3.09E-14   TENT5C 1.69 1.61E-19 

TAF7 0.66 9.58E-14   FECH 1.95 1.61E-19 

S100A8 1.58 1.88E-13   EVI2A 1.44 5.45E-18 

NFXL1 0.97 2.53E-13   MBNL3 1.47 8.16E-18 

CCDC82 1.02 2.79E-13   PDCD10 1.30 2.45E-17 

RSL24D1 1.63 4.17E-13   ZNF292 1.04 4.31E-17 

HMGB1 0.80 4.71E-13   RIOK3 1.34 4.92E-17 

MAN1A1 0.89 7.26E-13   CAPZB -0.562 9.42E-17 

NDUFA5 1.35 7.26E-13   YOD1 1.34 1.97E-16 

ANKRD12 0.76 1.20E-12   PI3 -1.61 6.91E-19 

B2M 0.94 1.59E-12   CREG1 0.993 8.01E-16 

NORAD 0.55 1.59E-12   NORAD 0.616 1.02E-15 

BLOC1S2 0.88 1.70E-12   LOC644285 -1.35 1.12E-15 
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Table 2.3. Significantly enriched pathways on day 1 and 3 at high altitude. 

HA1 v SL 

Term Adj. P Overlap 

Apoptosis signaling pathway Homo sapiens P00006 0.0003 40/102 

CCKR signaling map ST Homo sapiens P06959 0.0003 57/165 

Ubiquitin proteasome pathway Homo sapiens P00060 0.0024 20/43 

PDGF signaling pathway Homo sapiens P00047 0.0033 39/112 

T cell activation Homo sapiens P00053 0.0033 28/73 

Toll receptor signaling pathway Homo sapiens P00054 0.0033 21/49 

Ras Pathway Homo sapiens P04393 0.0064 26/69 

FAS signaling pathway Homo sapiens P00020 0.0156 14/31 

   
HA3 v SL 

Term Adj. P Overlap 

Apoptosis signaling pathway Homo sapiens P00006 0.0000 49/102 

CCKR signaling map ST Homo sapiens P06959 0.0000 62/165 

T cell activation Homo sapiens P00053 0.0011 31/73 

Toll receptor signaling pathway Homo sapiens P00054 0.0011 23/49 

PDGF signaling pathway Homo sapiens P00047 0.0011 42/112 

VEGF signaling pathway Homo sapiens P00056 0.0053 23/54 

Interleukin signaling pathway Homo sapiens P00036 0.0068 32/86 

Glycolysis Homo sapiens P00024 0.0103 10/17 

Ras Pathway Homo sapiens P04393 0.0141 26/69 

Integrin signaling pathway Homo sapiens P00034 0.0162 49/156 

Ubiquitin proteasome pathway Homo sapiens P00060 0.0162 18/43 

B cell activation Homo sapiens P00010 0.0171 22/57 

Angiotensin II-stimulated signaling through G proteins 
and beta-arrestin Homo sapiens P05911 0.0176 15/34 

Inflammation mediated by chemokine and cytokine 
signaling pathway Homo sapiens P00031 0.0232 56/188 

p53 pathway Homo sapiens P00059 0.0302 25/71 

Parkinson disease Homo sapiens P00049 0.0464 27/81 

General transcription regulation Homo sapiens P00023 0.0464 12/18 

mRNA splicing Homo sapiens P00058 0.0464 4/5 

Alzheimer disease-amyloid secretase pathway Homo 
sapiens P00003 0.0464 20/56 

EGF receptor signaling pathway Homo sapiens P00018 0.0464 34/109 
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Table 2.4. Relationships between phenotypes and log2 fold changes in gene 
expression. 

SpO2 

Gene R p 

FASLG 0.68 0.005 

SMAD7 0.63 0.011 

PTGER4 0.56 0.028 

TRAF2 0.55 0.035 

IL8 -0.51 0.051 

   

AMS Score   

Gene R p 

TNFSF14 -0.74 0.002 

FASLG -0.71 0.003 

IL18 -0.62 0.013 

CD40LG 0.61 0.015 

PTGER4 -0.60 0.019 

MAPKAPK2 -0.58 0.024 

HLADRB1 0.57 0.027 

SMAD7 -0.57 0.027 

AGER -0.55 0.035 

MAFK -0.54 0.037 

IRF5 -0.54 0.037 

P values for Pearson 
correlations are provided. 
Negative R values indicate that 
increased expression levels at 
high altitude were associated 
with lower AMS scores or SpO2 
levels. 
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3.1 ABSTRACT 

The immune response to acute hypoxemia has been considered to play a critical role in 

high altitude acclimatization and adaptation. However, if not properly controlled, 

hypoxemia induced by high-altitude exposure is suspected to potentially exacerbate 

subsequent high-altitude pathologies, such as Acute Mountain Sickness (AMS). 

Furthermore, investigating the impact of high-altitude exposure on the immunological cell 

balance may provide insight into high-altitude illness development, or the pathology of 

hypoxia-related clinical conditions. Several studies report changes in immune cell 

subsets at high altitude, however there are still gaps in our knowledge regarding the 

underlying mechanisms that alter immune cell balances at high altitude, and if these 

alterations are beneficial or maladaptive. To address this, we performed multiparameter 

flow cytometry on peripheral blood mononuclear cells (PBMCs) collected throughout 3 

days of high-altitude acclimatization in healthy sea-level residents (n=20). Additionally, 

we conducted in vitro stimulation assays to test if there is a synergistic effect of 

inflammatory stimuli and hypoxia on pro-inflammatory cytokine production, as well as 

analyzed how hypoxia-inducible factor (HIF) pathway activity affects components of the 

toll-like receptor 4 (TLR4) signaling pathway, which has previously been found 

upregulated in response to acute high-altitude exposure. We found several immune 

populations to be significantly altered in response to high-altitude exposure, including 

monocytes, T cells, and B cells. These changes in immune cell populations are 

potentially correlated with acute mountain sickness (AMS) incidence and severity. In 

particular, the distribution of monocyte subsets was found to be correlated with AMS 

severity. In vitro PBMC cultures stimulated with hypoxia and lipopolysaccharide (LPS), 

which is recognized by TLR4, showed no changes in pro-inflammatory cytokine 
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production. However, in vitro whole blood cultures showed significant increases in TNFα 

when stimulated with hypoxia and LPS. Lastly, we identified a potential role of hypoxia 

inducible factor (HIF) in CD14 expression, an essential co-receptor to TLR4, that 

potentially drives inflammatory responses. These results indicate that high-altitude 

exposure may initiate an inflammatory response that encompasses innate immune 

sensitization, but adaptive immune suppression. 

3.2 INTRODUCTION 

High-altitude hypoxia is an extremely stressful environment that triggers 

physiological responses to maintain oxygen homeostasis. While many physiological 

mechanisms that modulate high-altitude adaptation are well described, such as the 

impact on respiratory, cardiovascular, and metabolic mechanisms, (Bartsch et al., 2002; 

Beall, 2006; Scheinfeldt et al., 2012; Simonson, 2015; Moore, 2017), little is understood 

regarding immunological adaptation to high altitude.  

Under typical conditions, immune cells are exposed to a wide variety of oxygen 

tensions as they migrate from bone marrow to blood, and throughout the arterio-venous 

circuit (Tsai et al., 2010). However, immune cells are also mobilized to sites of 

inflammation or tissue injury, where hypoxia is an important feature that immune cells 

must accommodate. As such, the molecular hypoxia- and inflammatory-response 

pathways work in tandem and share significant crosstalk to mediate the response and 

resolution mechanisms for tissue injury or insult (Görlach & Bonello, 2008; Bandarra & 

Rocha, 2013; D’Ignazio et al., 2016; Corcoran & O’Neill, 2016; Pham et al., 2021). 

Immune cell adaptation to hypoxia is largely mediated by the hypoxia-response pathway, 

which is primarily controlled by transcriptional activity of the hypoxia inducible factor 

(HIF) (Semenza, 1998, 2009). In addition to HIF being the master regulator of the 
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cellular hypoxia response, HIF also plays a crucial role in immune cell metabolic function 

(Tao et al., 2015).  

The crucial crosstalk between hypoxia and inflammation is a significant feature in 

critical illnesses, such as sepsis and acute respiratory distress syndrome (ARDS). 

Indeed, hypoxemia may exacerbate inflammatory responses and subsequently worsen 

outcomes in these cases. Previous research has investigated how acute high-altitude 

hypoxia exposure upregulates inflammatory mediators in peripheral blood (Faquin et al., 

1992; Hartmann et al., 2000; Eltzschig, Holger K, 2011; Scholz et al., 2013; Kiers et al., 

2016; Lundeberg et al., 2018; Heinrich et al., 2018; Pham et al., 2022), and may also 

impact immune cell adaptation and differentiation (Caldwell et al., 2001; Tao et al., 2015; 

Kiers et al., 2016; Zhu et al., 2022). While there is evidence that hypoxemia induced by 

high-altitude exposure may contribute to acute increases in pro-inflammatory mediators, 

it remains unknown if this systemic inflammatory response is a consequence of or a 

contributing factor to the development of high-altitude illnesses, such as Acute Mountain 

Sickness (AMS), high-altitude pulmonary edema (HAPE), high-altitude pulmonary 

hypertension (HAPH), and high-altitude cerebral edema (HACE) (Bärtsch & Swenson, 

2013; Luks et al., 2017). Furthermore, little is known about what drives these changes in 

the inflammatory profile at high altitude, as well as the changes in the immunological 

balance, and it is unclear if these changes are beneficial or maladaptive. 

In the current study, we investigate the changes in the immune cell balance by 

characterizing peripheral blood mononuclear cells (PBMCs) during three days of acute 

high-altitude hypoxia exposure in healthy sea-level residents. Furthermore, since 

previous research has shown that acute high-altitude exposure may sensitize the TLR4 

signaling pathway to subsequent inflammatory stimuli (Pham et al., 2022), we aim to 
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determine the role of HIF in innate immunity sensitization, particularly in the context of 

CD14 and TLR4 expression. We utilized flow cytometry and enzyme-linked 

immunosorbent assay (ELISA) to characterize PBMCs at high altitude, and if HIF 

affected inflammatory surface markers or inflammatory cytokine production. We 

hypothesized that the immune phenotype will be pro-inflammatory upon initial acute 

high-altitude hypoxia exposure but will shift to an anti-inflammatory profile upon 

acclimatization as complimentary physiological changes occur to improve oxygen 

delivery to tissue.  

3.3 METHODS 

Ethical approval 

This study was approved by the University of California, Riverside Clinical 

Institutional Review Board (HS 22-088). All participants were informed of the study’s 

purpose and risks. Participants provided written informed consent in their native 

language (English). The work was conducted in accordance with the Declaration of 

Helsinki, except for registration in a database.  

Participants 

The study included 20 healthy participants (N=7 women, 13 men) between 19 

and 35 years of age. Participants were recruited by word of mouth and flyers on the UC 

Riverside campus. All participants reported no known history of cardiopulmonary 

disease or sleep disturbances, including obstructive sleep apnea, and displayed no 

abnormal findings on electrocardiogram (ECG) or pulmonary function testing. Mean age 

was 25 ± 7 years for women and 26 ± 6 years for men and mean BMI was 30 ± 5.4 

kg/m2 for women and 31 ± 5.3 kg/m2 for men. Exclusion criteria included travel above 
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8,000 feet within one month of the first measurements, a previous history of high-altitude 

pulmonary or cerebral edema, current smoking, and pregnancy.  

Experimental design and physiological measures 

In the two weeks prior to ascent to high altitude, participants completed initial 

screening for eligibility at UC Riverside, at approximately 400 m elevation (Riverside, 

CA, USA). Demographic information including age, height, weight, and blood pressure 

were collected. Participants also answered questions about their ancestral background 

(to determine presence of high-altitude ancestry) and medical history including current 

medications. Participants then completed pulmonary function testing and ECG to verify 

absence of lung or heart disease.  

Participants returned to UC Riverside in the early morning on the day of ascent. 

Baseline (sea-level, SL) physiological measures were collected at this time, including 

blood pressure, pulse oximetry (SpO2), heart rate, and AMS scores via the 2018 Lake 

Louise scoring criteria with an experimenter asking participants each question (Roach et 

al., 2018). Fasting blood samples were then collected via standard venipuncture 

procedures. Breakfast was provided to participants following blood sampling, prior to 

travel.  

The group then traveled by car to Barcroft Station (3,800 m elevation) in the 

White Mountain Research Center (Bishop, CA, USA) over a period of approximately 6.5 

hours. At the field station, fasting blood samples and morning measurements were 

collected each day within 1 hour of waking and before 9 am to keep timing consistent 

with sea level measures. Physiological measures and fasting blood samples were 

collected every morning for 3 consecutive days (HA1, HA2, HA3). Pulse oximetry and 

heart rate values were collected using a Nellcor N-600 pulse oximeter (Medtronic, 



 

 

67 

Minneapolis, MN, USA). Participants sat upright in a chair without their legs crossed and 

rested, breathing normally, for 3 minutes until values stabilized. Blood pressure 

measurements were collected in duplicate while participants rested in an upright seated 

position using a manual sphygmomanometer.   

Participants abstained from taking anti-inflammatory medications or other agents 

that may influence acclimatization, such as acetazolamide (Basaran et al., 2016). 

Participants were permitted to consume caffeine in moderation (1 cup of coffee or tea) 

after completing morning measurements but were asked to abstain from caffeine after 

noon. Three meals per day were provided and participants did not complete any 

strenuous physical activity. Participants did not consume alcohol, and fluid intake was 

supervised to ensure participants remained hydrated.  

Immune cell characterization 

Isolation of PBMCs and freezing 

Peripheral venous blood was collected in a 10mL vacutainer tube containing 

EDTA (BD, Franklin Lakes, NJ, USA) and processed within 4 hours of collection. Blood 

was diluted 1:1 with PBS. In a separate tube, equal volume (compared to blood volume) 

of Lymphoprep Density Gradient Medium (1.077 g/mL density) (StemCell, Seattle, WA, 

USA) was added. Blood was then slowly added to be layered on top of the Lymphoprep. 

Tubes were centrifuged at 400xg for 30 minutes at room temperature, with slow 

acceleration and no brakes. PBMCs were carefully collected into a separate 15 mL tube 

with 8 mL of EasySep media (StemCell, Seattle, WA, USA). PBMCs were centrifuge at 

400xg for 5 minutes and resuspended in 5 mL of EasySep media. The wash step was 

repeated twice. PBMCs were resuspended in 1.5 mL of freezing media (90% FBS, 10% 

DMSO), and aliquoted in 500 uL volumes. Aliquots were placed in a Mr. Frosty freezing 
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container (ThermoFisher, Carlsbad, USA) and into a -80 °C freezer overnight, then 

transferred to liquid nitrogen the following morning.  

At high altitude, the same procedure was followed, with the following exceptions. 

Due to a lack of a -80 °C freezer at high altitude, the Mr. Frosty containers were placed 

in a large Styrofoam box filled with dry ice overnight. Aliquots were transferred to a 

transportable liquid nitrogen dewar for transport to sea level. Due to logistical constraints 

and timing, PBMCs collected on day 3 at altitude were first collected as buffy coat while 

at Barcroft Station, and then processed for PBMCs following the same protocol the 

following day at sea level.  

PBMC thawing 

PBMCs were first thawed before use. PBMCs were removed from liquid nitrogen 

and placed in a 37 °C water bath for 30-45 seconds, or until a small ice crystal was left. 

1 mL of warmed media (RPMI 1640, 10% FBS, 100 U/mL Strep/Penicillin) was added in 

a dropwise manner to the tube, which was then transferred to a 15 mL falcon tube 

containing 5 mL of warmed media. An additional 1 mL of warm media was used to rinse 

PBMC cryotube and added to the 15mL falcon tube. The tubes were gently mixed by 

inverting, and then centrifuged at 330xg for 10 minutes at room temperature. PBMCs 

were then resuspended in 1 mL of warmed media and counted via hemocytometer for 

experiments.  

Flow cytometry for immune cell characterization 

PBMCs from sea level, day 1 at high altitude, and day 3 at high altitude were 

stained and analyzed. 3.0 x 105 PBMCs from each sample were aliquoted for the 

experiment. PBMCs were then centrifuged at 330xg for 10 minutes and resuspended in 
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100 uL of a 1:20 dilution of Human TruStain FcX (Fc Receptor Blocking Solution) 

(BioLegend, San Diego, USA) in FACS buffer. Cells were stained using fluorescent 

antibodies: anti-CD3 PerCP/Cyanine 5.5  (BioLegend, San Diego, USA; Clone OKT3), 

anti-CD11b APC/Cyanine 7  (BioLegend, San Diego, USA; Clone M1/70), anti-CD25 BV 

420 (BioLegend, San Diego, USA; Clone BC96), anti-CD45 BV 711 (BioLegend, San 

Diego, USA; Clone HI30), anti-CD66b APC (BioLegend, San Diego, USA; Clone 

G10F5), anti-CD56 (BioLegend, San Diego, USA; Clone HCD56), anti-CD14 AlexaFluor 

488 (BioLegend, San Diego, USA; Clone HCD14), anti-CD163 BV 510 (BioLegend, San 

Diego, USA; Clone GHI/61), anti-CD8 BV 785 (BioLegend, San Diego, USA; Clone 

SK1), anti-CD16 PE (BioLegend, San Diego, USA; Clone 3G8), anti-CD19 PerCP-eFluor 

710 (eBioscience, San Diego, USA; Clone HIB19), anti-CD4 PE/Cyanine 5 (BioLegend, 

San Diego, USA; Clone A16A1), and anti-HLA-DR, DP, DQ (BD Biosciences, San 

Diego, USA; Clone Tu39). After staining, PBMCs were fixed with 4% PFA for 10 

minutes, washed and resuspended in 2 mL FACS buffer. Samples were analyzed using 

the NovoCyte Quanteon flow cytometer, NovoSampler Q, and NovoExpress Software. 

An average of 1.0x105 events were collected in total for analysis. Analysis was 

conducted using FlowJo software version 10.0.  

Flow cytometry for TLR4 surface expression analysis  

PBMCs from sea level (SL), first day (HA1) and third day (HA3) at altitude were 

stained with LIVE/DEAD Fixable Far Red Dead Cell Stain (Thermofisher, Carlsbad, 

USA) for 30 minutes at 4°C. After staining, cells were washed with FACS buffer, 

centrifuged, and resuspended in 100 uL of FACS buffer. Cells were stained using 

fluorescent antibodies: anti-CD14 AlexaFluor488 (BioLegend, San Diego, USA; Clone 

HCD14) and anti-TLR4 PE (BioLegend, San Diego, USA; Clone HTA125). Samples 
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were analyzed using the NovoCyte Quanteon flow cytometer, NovoSampler Q, and 

NovoExpress Software. An average of 0.7x105 events were collected in total for 

analysis. Analysis was conducted using FlowJo software version 10.0.  

HIF-dependent CD14 and TLR4 analysis 

PBMC experiments 

1.0 x 105  PBMCs from SL samples were used per condition and treatment and 

resuspended in 200 uL of media (RPMI 1640, 10% Fetal Bovine Serum (FBS), 

10,000U/mL penicillin/streptomycin). PBMCs were treated with 0.5 mM DMOG (Millipore 

Sigma, Darmstadt, Germany), an antagonist of α-ketoglutarate cofactor and inhibitor for 

HIF prolylhydroxylase, or 25 uM PX478 (Cayman Chemicals, Michigan, USA), a HIF-1α 

inhibitor, and co-treated with 100 ng/mL lipopolysaccharide (LPS) (E. coli Serotype (026: 

B6) (Sigma-Aldrich, Burlington, Massachusetts, USA)). PBMCs were then cultured in 

normoxic conditions (21% O2; 5% CO2) or hypoxic conditions (1% O2; 5% CO2) for 6 

hours in a Hypoxia Incubator Chamber (StemCell, Seattle, WA, USA). The chamber was 

placed inside a 37 °C incubator for the duration of the culture. Following culture, the 

plate was centrifuged at 330xg for 10 minutes. Supernatant was collected and stored at -

80 °C for ELISA analysis. PBMCs were analyzed via flow cytometry.  

Whole blood experiments 

Experimental design was adapted from another study (Feuerecker et al., 2019). 

Briefly, 150 uL of whole blood was combined with 850 uL of media. Whole blood cultures 

were treated with 0.5 mM DMOG, 25 uM PX478, or control (PBS), and co-treated with 

10 ug/mL LPS. Whole blood cultures were then cultured in normoxic conditions (21% O2; 

5% CO2) or hypoxic conditions (1% O2; 5% CO2) for 24 hours in a Hypoxia Incubator 
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Chamber. The chamber was placed inside a 37°C incubator for the duration of the 

culture. Following culture, the culture was collected into microfuge tubes and was 

centrifuged at 330xg for 10 minutes. Supernatant was collected and stored at -80 °C for 

ELISA analysis. 

Flow cytometry for HIF-dependent analysis 

SL PBMCs were resuspended in 100 uL of a 1:20 dilution of Human TruStain 

FcX (Fc Receptor Blocking Solution) (BioLegend, San Diego, USA) in FACS buffer. 

PBMCs were then stained with LIVE/DEAD Fixable Far Red Dead Cell Stain 

(Thermofisher, Carlsbad, USA) for 30 minutes at 4 °C. After staining, cells were washed 

with FACS buffer, centrifuged, and resuspended in 100 uL of FACS buffer. Cells were 

stained using fluorescent antibodies: anti-CD14 AlexaFluor488 (BioLegend, San Diego, 

USA; Clone HCD14) and anti-TLR4 PE (BioLegend, San Diego, USA; Clone HTA125). 

An average of 0.7x105 events were collected in total for analysis. Analysis was 

conducted using FlowJo software version 10.0.  

ELISA analysis  

According to manufacturer’s instructions, the concentration of TNFα in cell 

culture supernatants were analyzed using a TNFα Human ELISA kit (Invitrogen, 

Carlsbad, USA). An automated microplate reader (Synergy Lx Multimode Reader) 

(Biotek, Seattle, Washington, USA) was used for the measurement of the optical density 

at 450 nm. The concentrations of each sample were detected based on optical density 

(OD) and the concentration of the standard.  
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Statistical analysis 

Statistical analyses were conducted in R (version 4.1.0) (R Foundation) and GraphPad 

Prism v10.0. To identify changes in physiological variables and immune cell phenotypes 

at high altitude compared to baseline sea-level measures, we used repeated measures 

ANOVA and post-hoc pairwise t-tests with Tukey corrections. To analyze the 

concentration of TNFα in cell culture supernatants, we performed a paired t-test 

analysis. To determine if changes in immune cell phenotype were associated with 

physiological measures at high altitude (SpO2, AMS Score), Pearson correlation 

coefficients and p-values were obtained with the rcorr function from the Hmisc package 

in R. Data is presented throughout the paper as mean ± standard deviation. Three 

participants did not have PBMCs collected for one or more days at high altitude due to 

blood collection complications and were excluded from immune cell characterization 

analysis. 

3.4 RESULTS 

Physiological measures 

Table 3.1 provides an overview of physiological measures at sea level and over 

three days of acclimatization to high altitude. On the first morning at high altitude (HA1), 

8 of 20 subjects indicated mild AMS (AMS score 3-5 with headache), and 6 of 20 

subjects indicated moderate – severe AMS (AMS score 6+ score with headache). By the 

third day at altitude, 5 of 20 subjects indicated mild AMS, and 3 of 20 subjects indicated 

moderate – severe AMS. SpO2 dropped by about 11 percent on the first day at high 

altitude and remained lower than sea-level values throughout all 3 days at altitude. This 

was coupled with a 17-point increase in heart rate on the first day at high altitude, which 
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increased a further 9 points by day 3. There was no significant increase in systolic or 

diastolic blood pressure at high altitude. 

Acute high-altitude exposure promotes a shift in immune cell populations 

throughout acclimatization 

Immune cell subsets were quantified to identify high altitude-induced changes 

over the course of three days at altitude compared to sea level values (n=17). Flow 

cytometry gating of peripheral blood mononuclear cells (PBMCs) was performed to 

quantify innate and adaptive immune cells (Figure 3.S1). Total monocyte frequency as a 

percentage of total white blood cells (% WBCs) were significantly elevated on the first 

day of acute high-altitude exposure (following the night of arrival) compared to sea-level 

values (Figure 3.1A, p=0.0006). Specifically, both classical and intermediate monocytes 

were significantly elevated on the first day at high altitude (p=0.0011 and p=0.045, 

respectively). By the third day at high altitude, classical monocyte populations returned 

to baseline, while intermediate monocyte population continue to increase (p=0.0004). 

There was no significant difference in non-classical monocyte populations on day 1 

(p=0.89) or on day 3 (p=0.36) of altitude (Figure 3.1A). When analyzing based on total 

monocytes, classical monocyte subpopulation did not change on first day of altitude 

(p=0.812) but was significantly reduced by the third day (p<0.0001). Intermediate 

monocytes subpopulations also did not change after one day at altitude (p=0.20) but 

was significantly higher by the third day (p<0.0001) (Figure 3.S2). 

T Cell populations were analyzed as a percentage of total WBCs (Figure 3.1B). 

CD3+ T cells of total WBCs were significantly reduced on the first (p=0.0002) and third 

day of altitude (p=0.0008). Specifically, CD4+ T cells was significantly reduced on first 

(p<0.0001) and third (p<0.0001) day at high altitude, while there was no change in CD8+ 
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T cells as a percentage of total WBCs on either day (p=0.17 and p=0.93, respectively). 

DN T cells (CD3+ CD4- CD8- CD16-) were significantly increased on both first (p=0.011) 

and third (p=0.0003) day at high altitude (Figure 3.1B). When analyzing B cell 

populations as a percentage of total WBCs, B cells were significantly elevated following 

one day (p=0.0093) and three days (p=0.0012) at high altitude (Figure 3.1C, far left). Of 

total CD3+ T cells (% CD3+), there was a significant reduction of CD4+ (p=0.013) on 

first day at high altitude, which remained reduce by third day at altitude compared to 

baseline (p=0.0024). There was no change in CD8+ T cells on either first (p=0.43) or 

third day (p=0.99) at altitude. DN T cells (CD3+ CD16+) were significantly increased on 

the first (p<0.0001) and third day of altitude (p<0.0001) (Figure 3.S3). 

NK cell populations were also analyzed as a percentage of total WBCs (Figure 

3.1C). CD56+ NK Cells frequency of total WBCs did not change following one day at 

altitude (p=0.88) but was significantly reduced by the third day (p=0.010). CD16+ NK 

Cells populations were not changed on either first (p=0.74) or third (p=0.45) day at 

altitude (Figure 3.1C, middle). Lastly, while NK T cells are considered to be 

lymphocytes, they have innate-like features. NK T cells were significantly reduced on the 

first day at altitude (p=0.016) but recovered to baseline values by day 3 at altitude 

(p=0.99) (Figure 3.1C, far right). These results demonstrate acute high-altitude alters 

both innate and adaptive immune populations.  

TLR4 expression on the surface of live CD14+ PBMCs collected at SL, HA1, and 

HA3 were quantified via mean fluorescence intensity (MFI) to measure effects of altitude 

on the TLR4 signaling pathway, which key components were previously found to have 

significant gene upregulations (Pham et al., 2022). MFI of TLR4 was detected via flow 



 

 

75 

cytometry. MFI of CD14+TLR4+ live PBMCs was significantly increased on day 1 at 

altitude (p=0.022) and was sustained on day 3 at altitude (p=0.025) (Figure 3.2).  

HIF stability alters CD14 expression and pro-inflammatory cytokine production 

CD14 and TLR4 surface expression on PBMCs were quantified to identify if 

hypoxia and/or HIF stabilization alter key components of the TLR4 signaling pathway. 

PBMCs were cultured in normoxic versus hypoxic conditions, treated with either control 

(PBS), HIF activator (DMOG), or a HIF inhibitor (PX478), and stimulated with (n=6) and 

without LPS (n=10) (100 ng/mL) for 6 hours.  

While both DMOG and PX478 treatments alone significantly increased surface 

CD14 expression in normoxia compared to control (p<0.0001 and p=0.015, 

respectively), DMOG produced higher CD14 expression compared to all other 

treatments and conditions (Figure 3.3A). Surprisingly, compared to normoxia conditions 

and within treatment groups, hypoxia alone did not alter CD14 expression in these in 

vitro conditions. However, PX478 treatment + hypoxia + LPS produced significantly 

higher CD14 than PX478 + hypoxia (p=0.035) (Figure 3.3D). This indicates that when 

HIF was inhibited, LPS stimulation does affect and increase CD14 expression in both 

normoxic and hypoxic conditions, potentially indicating that HIF activity plays a role in 

the LPS-induced increase in CD14. These results show that both HIF stabilization and 

inhibition positively promote CD14 upregulation on PBMCs. However, HIF inhibition did 

not increase CD14 expression as strongly as HIF activation. Lastly, hypoxic conditions 

did not affect CD14 expression among treatment groups (Figure 3.3B-D). In contrast to 

CD14, TLR4 expression on PBMCs remain unchanged regardless of treatment or 

condition. In fact, when stimulated with LPS, there was a consistent decrease in TLR4 

across all treatments and conditions (Figure 3.4).  
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TNFα cytokine production was analyzed from both PBMC and whole blood 

cultures. PBMC cultures were treated with either control (PBS), DMOG, or PX478, 

stimulated with or without LPS (100 ng/mL), and under normoxic or hypoxic conditions 

for 6 hours in a 37 °C incubator. While there was a significant increase in TNFα 

production following LPS stimulation of PBMCs (p=0.012), hypoxic conditions alone did 

not affect TNFα production. When treated with PX478 or DMOG, TNFα production was 

significantly reduced despite stimulation with LPS (p=0.76 and p=0.37, respectively) 

(Figure 3.5).  

Whole blood cultures were also treated with either control (PBS), DMOG, or 

PX478, stimulated with or without LPS (10 ug/mL), and under normoxic or hypoxic 

conditions for 24 hours in a 37 °C incubator. In whole blood cultures, hypoxia did 

significantly increase TNFα production following LPS stimulation with control treatments 

(Figure 3.6A, p=0.0006). Interestingly, the addition of PX478 eliminated the hypoxia-

induced increase in TNFα production by increasing TNFα production in normoxic 

conditions (Figure 3.6B). Lastly, the addition of DMOG completely abrogated TNFα 

production in response to LPS in both normoxic and hypoxic conditions (Figure 3.6C).   

Baseline immune cell populations is not a predictor of Acute Mountain Sickness 

 Immune cell populations (i.e., monocyte subsets, T cell subsets, B cells, NK 

cells) on first and third day at altitude were tested for associations with self-reported 

Acute Mountain Sickness (AMS) scores and oxygen saturation (SpO2). Of all analyzed 

associations with AMS scores and SpO2, the following were found to be significant: non-

classical monocytes were positively correlated with AMS score on the first day of altitude 

(p=0.031, r=0.27) (Figure 3.7A), CD16+ NK Cells were negatively correlated with SpO2 

on the third day at altitude (p=0.034, r =0.27) (Figure 3.7B), and DN T cells were 
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positively correlated with SpO2 on third day at altitude (p= 0.0093; r=0.37) (Figure 3.7C). 

All correlation analyses are shown in Table 3.2.  

  When analyzing monocyte total and subset populations on both day 1 and 3 at 

altitude and separated by AMS severity groups, we found that participants with moderate 

to severe AMS severity displayed a trend for more total monocytes compared to the mild 

AMS severity group (p=0.064), but no difference from the group with no AMS (p=0.75) 

(Figure 3.8A). The moderate to severe AMS group also had increased classical 

monocytes compared to the mild group (p=0.034), but no difference from the no AMS 

group (p=0.13) (Figure 3.8B). All analyses with immune populations and AMS severity 

groups are shown in Table 3.3.  

 To determine if baseline sea level immune cell populations affected AMS 

symptom severity at altitude, we analyzed associations between sea level immune 

populations with AMS scores on day 1 and 3 at altitude. While there was no significance 

between any of the baseline (sea-level (SL)) immune cell populations and AMS from 

either day 1 or 3 at altitude, participants with higher baseline B cell levels showed a 

trend to be more likely to report no AMS compared to the mild AMS group (p=0.058) 

(Figure 3.9). All analyses with sea-level immune populations and AMS severity on day 1 

and 3 at altitude are shown in Table 3.4.  

3.5 DISCUSSION 

In this study, we utilized multi-parameter flow cytometry to determine how high-

altitude acclimatization may impact the immunological cell balance in healthy lowlander 

participants. While we previously demonstrated that acute exposure to high-altitude 

hypoxia triggers significant changes in inflammation-related gene expression (Pham et 

al., 2022), there is a gap in knowledge regarding how this affects immune cell 



 

 

78 

development, differentiation, and activity. In this subsequent study, we determined that 

the changes in the immune cell populations in sojourners to high altitude over time 

reflect immune adaptation to acute high-altitude hypoxic exposure. In particular, we 

found shifts in leukocyte populations, such as monocytes, T lymphocytes, and NK cells. 

In addition, we previously identified a potential hypoxia-induced innate immune system 

sensitization mechanism through upregulation of TLR4 signaling pathway components at 

the gene expression level (Pham et al., 2022). Now, we specifically quantified TLR4 

expression on the surface immune cells and confirm that acute high-altitude exposure 

does indeed promote greater TLR4 expression. We also investigated the impact of HIF 

stabilization on CD14 expression, which is not only a crucial co-receptor for several toll-

like receptors (TLRs) (Akashi-Takamura & Miyake, 2008; Baumann et al., 2010; Zanoni 

et al., 2011; Weber et al., 2012; Ciesielska et al., 2021), but also has a role in host 

defense, regulating metabolism, and acts as a pattern recognition receptor (PRR) 

capable of triggering downstream signaling (Wennerås et al., 2001; Granucci et al., 

2004; Jersmann, 2005; Wiersinga et al., 2008; Zanoni et al., 2012; Dessing et al., 2012; 

Zanoni & Granucci, 2013).  

Acute high-altitude exposure promotes a pro-inflammatory innate immune 

phenotype 

Monocyte populations 

Monocytes are classified as CD14+CD16+. Specifically, monocyte subsets have 

been defined as classical monocytes (CD14+ CD16-), intermediate (CD14+ CD16+) and 

non-classical (CD14dim CD16+) (Marimuthu et al., 2018). Monocytes are essential 

immune cells in the innate immune system that can shape the immune response by 

playing a role in tissue healing, pathogen clearance, and initiation of the adaptive 
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immune system. Under steady-state homeostasis, monocyte subsets are maintained in 

peripheral blood as they differentiate from classical to non-classical phenotypes, 

constantly monitoring and recruited to tissues to replenish tissue macrophages (Yang et 

al., 2014). In response to inflammation, monocytes are rapidly mobilized and recruited to 

sites of injury (Serbina et al., 2003; Ingersoll et al., 2011). As these cells develop from 

the bone marrow, circulate throughout the blood, and extravasate into tissues, they 

experience a wide range of oxygen tensions. In particular, sites of inflammation are 

commonly hypoxic, as the cellular demand for oxygen outstrips the supply, and immune 

cells can experience low oxygen tensions as low as 2% PO2 (Sahaf et al., 2008; Bosco 

et al., 2008; Fangradt et al., 2012; Strehl et al., 2014). While it is well known that hypoxic 

microenvironments impact immune cell properties, such as cytokine production and 

surface marker expression (Cramer et al., 2003), we found that acute systemic 

hypoxemia, or other factors related to acute high-altitude exposure, also alter monocyte 

subsets.  

In the present in vivo study, monocyte population subsets significantly favor the 

classical phenotype on the first day of high-altitude exposure but shifted towards the 

intermediate monocyte subset by day 3 of acclimatization (Figure 3.1A). These data 

provide support for the theory that acute high-altitude hypoxia exposure does lead to a 

pro-inflammatory immune phenotype. This agrees with our previous studies, where we 

identified several inflammatory-related genes that indicate hypoxia-induced sensitization 

of the innate immune system, including upregulation of TLR4 pathway genes (TLR4, 

LY96) and alarmins (HMGB1, HMGB2, and S100 protein genes) (Pham et al., 2022). 

The significant increase in total monocytes and classical monocytes after one day at 

high altitude supports these previous findings of a pro-inflammatory profile.  
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To complement this data, research in rats at moderate altitude (1,655m) also 

found evidence of increase monocytic count as well as greater pro-inflammatory 

cytokine production in response to LPS at high altitude compared to measures made at 

sea level, indicating a pro-inflammatory profile at high altitude (Nguyen et al., 2021). In 

further agreement with our study, previous research on high altitude sojourners also 

found elevated monocyte counts, particularly in the inflammatory classical monocyte 

subset (Bhattacharya et al., 2021). Additionally, studies with the Tibetan population, a 

native high-altitude population that is considered to be one of the most well-adapted 

groups to the high-altitude environment, reveal that this population has a reduced 

percentage of total monocytes, of which there are also reduced inflammatory classical 

monocytes compared to non-Tibetans at high altitude (Bhattacharya et al., 2021). 

Furthermore, this monocytic suppression in total count and function in the Tibetan 

population is attributed to a gain-of-function variant in EGNL1 which encodes for prolyl 

hydroxylase (PHD), a key enzyme crucial for modulating HIF expression. When 

comparing the inflammatory profiles between Tibetans with and without the PHD variant, 

Tibetans with the PHD variant not only had significantly lower total monocyte count and 

inflammatory monocytic subset, but they also report significant suppression of pro-

inflammatory cytokine production, such as TNFα and IL6. This would suggest that 

through evolutionary selection, a diminished hypoxia-mediated inflammatory response is 

a beneficial adaptation.  

Intermediate monocyte subsets were significantly increased by day 3 of 

acclimatization to high altitude (Figure 3.1A; third). Our monocyte data on day 3 of 

acclimatization agrees with studies that found elevated intermediate monocytes in HAPH 

and HAPE patients compared to healthy controls at the same elevation (Bhattacharya et 
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al., 2021; Wu et al., 2023b). Although both studies reported that the classical monocyte 

subsets were not different between healthy controls and patients with HAPH or HAPE, 

they did find a significant increase in total monocyte count in peripheral whole blood, as 

well as an increase in both intermediate and non-classical monocyte subsets in the 

HAPH and HAPE groups. Furthermore, Wu et al. report that while the intermediate 

monocyte populations were significantly increased in HAPH patients compared to 

healthy controls at the same elevation, HIF-1a was surprisingly downregulated in this 

subset, and showed evidence of downregulation in pathways signatures involving 

phagocytosis, coagulation, and platelet adhesion (Wu et al., 2023b). This further 

suggests the importance of HIF in immune adaptation to high altitude, as HIF inhibition 

may lead to impaired monocyte function and immunosuppression. Accordingly, long-

term chronic high-altitude hypoxia exposure is suspected to result in immune 

exhaustion, particularly with monocyte populations. This may indicate that, while 

promotion of intermediate and non-classical monocytes may be beneficial in short term 

hypoxia or high-altitude exposure, chronic upregulation or excessive quantities of these 

subsets is likely maladaptive and may result in the development of high-altitude 

pulmonary hypertension.  

Natural Killer (NK) cell populations 

Natural Killer (NK) cells are important innate immune cells that are “naturally 

cytotoxic” and mediate anti-tumor and anti-viral responses. These innate immune cells 

primarily target physiologically stressed cells that lose surface expression of inhibitory 

receptors and MHC class l expression, which normally functions to promote self-

tolerance. This scenario normally occurs in response to DNA damage, as commonly 

seen in tumor or viral infection (Paul & Lal, 2017). When activated, NK cells are capable 
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of producing a wide variety of cytokines, most notably IFN-γ, that can further promote 

the antitumor properties of NK cells. An important feature of NK cells is that they do not 

require prior sensitization to kill susceptible targets. NK cells can subdivided based on 

relative expression of CD16 and CD56. The two major subsets reported in our study are 

CD56+ CD16− and CD56dim CD16+.  

We found that while there were no significant changes in CD16+ NK cells on 

either day at altitude (p=0.74 and p=0.15, respectively), CD56+ NK cells are markedly 

reduced by day 3 at altitude (p=0.010) (Figure 1C, middle). While there is very little 

research on NK cells at altitude or low oxygen, this conflicts with previous studies that 

report increased NK cell populations at high altitude and in a decompression chamber 

that mimics high altitude (Klokker et al., 1993; Facco et al., 2005). This may be due to 

different conditions in our studies, as the rate of ascent, height of ascent, and exertion of 

ascent plays a role in the development of high-altitude illnesses (Bärtsch & Swenson, 

2013; Luks et al., 2017) Regardless, future experiments are necessary to elucidate how 

high altitude affects NK cell populations, their role in innate immunity at high altitude, and 

how they influence adaptive immunity.  

Overall, our data suggests that acute high-altitude exposure initially promotes a 

pro-inflammatory phenotype in monocytes that transitions to an anti-inflammatory 

phenotype over the course of acclimatization. Based on these data, as well as other 

research, monocyte subsets are suspected to return to baseline values, even if total 

monocyte count remains elevated, following proper acclimatization to high-altitude. This 

phenotype has been previously demonstrated in healthy sojourners to high altitude 

(Bhattacharya et al., 2021), although the duration of high-altitude exposure in these 

participants is unknown. Other studies with longer hypoxia environment exposure in non-



 

 

83 

native sojourners to high altitude also demonstrate immune sensitization to inflammatory 

stimuli, however total monocyte counts did not peak until 4-7 months at altitude 

(Feuerecker et al., 2019). These findings warrant further studies to investigate the 

impact of hypoxia-induced sensitization of immune cells, as both inflammatory and non-

inflammatory monocyte subsets are suspected to play a role in hypoxia-induced 

pathologies.  

The role of HIF in hypoxia-induced inflammation and immune sensitization 

Our results suggest that HIF stabilization significantly increases CD14 surface 

expression on PBMCs, regardless of oxygen tension or LPS stimulation (Figure 3.3). 

Because CD14 is an important TLR4 co-receptor, this data suggests that high altitude 

exposure promotes monocyte induction of trained immunity and sensitization to 

subsequent inflammatory stimuli (Cheng et al., 2014). The hypoxia response pathway is 

well established to have significant crosstalk with several other molecular networks, 

including the regulation of inflammation and immune function. As such, HIF-1α 

stabilization promotes metabolic reprogramming in immune cells that would in turn 

promote a pro-inflammatory profile (Corcoran & O’Neill, 2016).  

Despite these findings that HIF activation via DMOG increased surface CD14 

expression, when analyzing cytokine production from in vitro PBMC cultures treated with 

DMOG, there was significantly lower extracellular TNFα production. This seemingly 

contradictory result may be explained by off-target effects of DMOG. DMOG activates 

HIF by inhibiting PHD activity, which under normal conditions, functions to reduce HIF 

activity. However, PHD also plays a role in regulating the expression of many other 

proteins, including the IKK complex which modulates NF-κB activity. In support of our 

findings, multiple previous studies also report that DMOG abrogates TNFα expression in 
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a mice model, as well as in RAW264.7 macrophages (mouse macrophage cell line) and 

human gingival fibroblasts (Takeda et al., 2009; Hindryckx et al., 2010; Shang et al., 

2019). Furthermore, DMOG has been shown to suppress LPS-induced TNFα expression 

in a HIF-independent manner (Takeda et al., 2009). Additionally, because DMOG is a 

PHD inhibitor, and PHD is known to affect NF-κB transcriptional activity, this would 

suggest that the TNFα suppression via DMOG may be due to PHD inhibition, as 

opposed to HIF modulation.  

Surprisingly, HIF inhibition in PBMCs by PX478 also resulted in significant 

upregulation of CD14 surface expression, although not to the extent of HIF activation. 

While it is suspected that HIF plays a role in both promoting and suppressing these key 

receptors, further studies are required to explore the exact mechanism behind HIF-

induced CD14 expression. Further studies regarding the role of HIF in inflammatory 

responses are necessary, particularly when considering changes in CD14. 

Adaptive immune cells are affected by acute high-altitude exposure 

The adaptive immune system is comprised of specialized immune cells that 

mount highly specific responses to pathogens. The two critical components of the 

adaptive immune system are B lymphocytes, which are responsible for antibody 

production against antigens and conferring humoral immunity, and T lymphocytes, which 

mediates cytokine production, trigger cell death in target cells, and are responsible for 

cellular immunity.  

B lymphocytes produce antibodies that mediate protection against pathogens on 

a long-term scale. However, while it is known that B cells also experience a wide range 

of oxygen tension throughout development, the impact of hypoxia on B cell function 

remains controversial (Zhang et al., 2022). Furthermore, there are conflicting reports 
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regarding how hypoxia regulates B cell populations and function at altitude. Several 

studies have reported that high altitude does not alter B cell population or function 

(Meehan, 1987; Facco et al., 2005), while others report increase in both of these 

parameters (Chohan et al., 1975; Mishra & Ganju, 2010; Feuerecker et al., 2019).  

Our research agrees that acute high-altitude exposure does increase B cell 

populations (Figure 3.1C). When considering the time scale response of immune 

function at high altitude, acute exposure is implicated in promoting protective antibody 

production against pathogens. Studies have found that hypoxia does favor generation of 

plasma cells, which are the endpoint of B cell differentiation (Schoenhals et al., 2017). 

This corresponds with studies that have found increases in antibody production in 

response to high-altitude (Tengerdy & Kramer, 1968; Chohan et al., 1975). However, 

long-term chronic exposure may have the opposite effect. Studies on high-altitude native 

Tibetans and long-term high-altitude residents of Han Chinese ancestry reveal that total 

B cells were significantly reduced at altitude in both groups compared to a mid-altitude 

Han Chinese population. (Bai et al., 2022). This may be an effect of the evolutionarily 

conserved response to hypoxic immunological niches and stage-specific HIF expression 

throughout B cell development (Burrows et al., 2020; Zhang et al., 2022). In the earliest 

stages of B cell development, HIF activity is high, but is suppressed at the immature B 

cell stage. The initial increase in B cells seen in our study may be an effect on B cells 

already differentiated, but chronic hypoxic exposure prevents the development of new 

immature B cells, leading to a reduction in circulating B cells in long-term high-altitude 

residents.  

To complement B lymphocytes, T lymphocyte cells play a central role in the 

adaptive immune response by maintaining homeostasis, immunological memory, and 
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cell-mediated immunity (McNamee et al., 2013; Tao et al., 2015). Peripheral T cells are 

comprised of several subsets, such as naïve T cells, CD4+ T cells, and CD8+ T cells. 

Throughout development, differentiation, or during response to a disease, T cells 

encounter a wide range of oxygen tensions (McNamee et al., 2013). Changes in oxygen 

tensions during development not only can affect lymphocyte subsets, but can also 

impact function and activity, such as their ability to produce cytokines (Caldwell et al., 

2001). In agreement with several studies, T lymphocyte balance has been found to be 

affected by acute high-altitude hypoxia exposure (Klokker et al., 1993; Facco et al., 

2005; Mishra & Ganju, 2010; Feuerecker et al., 2019). Likewise, our data has shown that 

total CD3+ T cells were significantly reduced throughout high-altitude exposure, of which 

CD4+ T cells were most notably reduced at high altitude, while CD8+ T cells were 

unaffected (Figure 3.1B).  

CD4+ T cells are critical in both activating and modulating the adaptive immune 

response. While our study does not distinguish between specific CD4+ helper subsets 

(T-helper cells 1 (Th1) vs T-helper cells 2 (Th2)), previous research has found that the 

Th1/Th2 immune balance was dysregulated at high altitude, which have implications in 

long-term immunological alterations (Caldwell et al., 2001; Facco et al., 2005). CD4+ T 

cell reduction, specifically in the Th1 subset, has been seen previously in patients who 

develop hypoxemia, such as in the case of COVID-19 infection (Wu et al., 2020). This 

has implications regarding an individual’s ability to respond to pathogens, as reduced 

CD4+ T cell capacity in the adaptive immune response has been associated with the 

disease outcome (Faist et al., 1986; Infante-Duarte, 1999; Roncati et al., 2020; Gil-Etayo 

et al., 2021). Furthermore, studies have also found that T cells cultured in hypoxic 

conditions or collected at high altitude had significantly reduced function and proliferative 
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response when stimulated with mitogen (PHA) (Klokker et al., 1993; Tingate et al., 1997; 

Facco et al., 2005; Mishra & Ganju, 2010). However, this is controversial, as conflicting 

studies have found no change or even increased function and cytokine production 

following stimulation (Caldwell et al., 2001; Feuerecker et al., 2019).  

Interestingly, the immune cell changes to day 1 at high altitude match the 

immunological cell balance in the native Tibetan population (Bai et al., 2022). While the 

decrease in the CD4+ population is still under investigation, it has been previously found 

that CD8+ T cells fare better in low oxygen (Meehan et al., 1988; Caldwell et al., 2001; 

Facco et al., 2005; Bai et al., 2022). This agrees with our data, as we report no changes 

to the CD8+ T cell population. Because hypoxia is a prominent feature in inflammation, 

cancer, and tumor microenvironments, studies have found that hypoxia inhibits CD4+ 

effector function through immunosuppression via regulatory T cells (Karger et al., 2017). 

Specifically, HIF-1α stability and function was implicated in the exacerbation of the 

regulatory T cell suppressive capacity in hypoxia (Ben-Shoshan et al., 2008; Lee et al., 

2015). Therefore, the decrease in circulating CD4+ T cells may not be due to T cell 

exhaustion, but suppression of CD4+ population by regulatory T cells.  

We also report other subsets of CD3+ T Cells that were significantly altered by 

hypoxia exposure, such as CD3+ CD8+ CD16+ (NK T Cells) and CD3+ CD4- CD8- CD16- 

(DN T Cells) subsets. Interestingly, while NK T cells were also significantly reduced on 

the first day of altitude, the subset recovered to baseline values by third day of altitude. 

NK T cells are a unique subset of T lymphocytes that also express NK cell surface 

markers. Although they are T lymphocytes, they have innate immune response-like 

qualities that play a role in maintenance of self-tolerance and regulation of autoimmunity 

(Tupin et al., 2007). NK T cells have also been implicated in their role in the host 
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defense against viruses, bacteria, and parasites. As such, this initial decrease in this 

specialized subset of T cells population at altitude is interesting, as it would indicate 

immunosuppression. Decline in circulating NK T cells has been primarily reported in 

cancer (Molling et al., 2008). Since NK T cells are a subset of T lymphocytes, this initial 

decrease may be more reflective of suppression of adaptive immunity, further agreeing 

with the decrease in CD4+ T cells. On the other hand, NK T cell activation can be 

conferred through other means beyond T cell receptor activation, such as cytokine-

mediated activation and endogenous-antigen mediated activation (Mallevaey et al., 

2006; Kronenberg & Gapin, 2007). It is possible that while the acute high-altitude 

hypoxia exposure led to the initial suppression of this unique population, release of 

cytokines and endogenous antigens from stressed and damaged cells promoted the 

recovery of NK T cells. Because of their dual role in both innate and adaptive immunity, 

NK T cells are in a unique position to mediate activation and bridge both sides of the 

immune system, and therefore may be impacted by both the innate sensitization to 

further stimuli, as well as the adaptive immunity suppression. The underlying mechanism 

behind the decrease in NK T cells after acute high-altitude exposure needs to be further 

studied, as this may provide insight into specific T cell regulation in response to high 

altitude hypoxia.  

DN T cells were the only CD3+ T cell subset that significantly increased on both 

the first and third day at altitude. This contradicts previous studies that report no 

changes in DN T cell subpopulations; however, it is important to note that this study was 

a long-term chronic hypoxia exposure, spanning over 6 months and only on three 

participants (Tingate et al., 1997). DN T cells are another rare subset of T cells that play 

an important role in regulating self-tolerance and immune responses (Chen et al., 2004; 
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Paul et al., 2015). Much like the other T lymphocyte subsets, stimulation through the T 

cell receptor (TCR) is necessary for function. However, they do not express any other 

common T cell co-receptors, such as CD4, CD8, or CD28. Similar to NK T cells, DN T 

cells play a role in bridging the innate and adaptive immune response in homeostasis as 

well as under inflammatory conditions (Paul et al., 2014; Paul & Lal, 2017). They are 

capable of producing cytokines that can promote migration of immune cells, induce lysis 

via granzyme secretion, induce antibody production in B cells, and present antigens to 

conventional T cells (Manetti et al., 1993; Paul et al., 2014). Recently, research on this 

novel Treg cell subset has garnered interest due to their ability to regulate the adaptive 

immune response by suppressing activated CD8+ T cells, CD4+ T cells, and B cells 

(Zhang et al., 2000; Young & Zhang, 2002). This substantial increase in DN T cells in 

response to high altitude further highlights how high altitude may lead to adaptive 

immunosuppression. Overall, we see an increase or at least a recovery in T lymphocytes 

that are denoted to be innate-like, as well as no change in CD8+ T cells. The only 

exception is CD4+ T cells, which remains to be significantly reduced throughout stay at 

altitude. While our current data does not dive into specific subsets of DN T cells, we can 

appreciate that these unique cells have complex roles that, following acute high-altitude 

exposure, may affect their functions and potentially contribute to pathologies, as shifts in 

immunological cell balance can activate the inflammatory response as well as cause 

immunosuppression. Altogether, this may indicate that, in response to systemic hypoxia 

exposure, certain immune cell populations and subsets are capable of adapting to the 

drop in oxygen tension. 
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Immune cell populations and AMS correlations  

Sojourners to high altitude are at risk of developing high-altitude pathologies, 

such as AMS, HAPE, HAPH, and HACE. While it remains to be determined if, or how, 

underlying chronic inflammation may play a part in high-altitude pathologies, we 

hypothesized that increased pro-inflammatory immune cell phenotypes are a driving 

force for high-altitude pathologies. Baseline monocyte levels (total, classical, 

intermediate, non-classical) did not predict AMS severity on either the first or third day at 

altitude. However, we did determine that participants with increased total monocyte, 

classical monocytes, and non-classical monocyte populations at altitude had higher AMS 

scores on average. This agrees with other studies that have also reported higher 

monocytic count in travelers to high altitude, although the timescale of exposure is 

unknown (Bhattacharya et al., 2021; Wu et al., 2023b).  

Furthermore, Bhattacharya et al. determined that Tibetans carrying an 

evolutionarily selected variant had reduced monocytic count and function. This would 

indicate that a suppressed monocyte count and function is a beneficial adaptation to 

high-altitude hypoxia. Monocytes from Tibetan high-altitude natives with the beneficial 

EGLN1 variant, produced less pro-inflammatory cytokines, and have limited migration 

when cultured in hypoxic conditions (1% O2). indicating that this variant plays an 

immunosuppressive role and increases fitness in the high-altitude environment.  

In comparison, travelers who develop high-altitude pathologies, such as AMS 

and HAPE, display both elevated total and inflammatory monocytes, as well as 

circulating pro-inflammatory cytokines (Bhattacharya et al., 2021). This further serves as 

evidence that the initial initiation of the inflammatory response to acute high-altitude 

hypoxia exposure aims to be an adaptive mechanism, however failure to resolve the 
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inflammatory response may lead to the development or exacerbation of high-altitude 

pathologies.  

There are only a few studies that analyze B cells at high altitude. In our study, we 

report that participants with no AMS had a higher baseline B cell in total WBCs 

compared to AMS groups (Figure 3.9). This could potentially indicate a protective role of 

B cells on an acute hypoxia exposure scale. While there are multiple publications that 

report both enhanced as well as suppressed antibody production in animal and human 

models at altitude (Tengerdy & Kramer, 1968; Chohan et al., 1975; Singh et al., 1977; 

Meehan, 1987), this may be indicative of the benefit of functional antibody production. 

Recently, research on the severe acute respiratory syndrome coronavirus-2 (SARS-

CoV-2) at altitude has found elevated and sustained humoral immune response (Tomas-

Grau et al., 2021). This suggests that participants with higher baseline B cells may have 

a more protective phenotype against the development of high-altitude illness, as well as 

protection against exacerbated response to subsequent infections at altitude. Further 

research is necessary to elucidate antibody production and function at high altitude, and 

if these factors promote or suppress high-altitude pathology development and/or 

exacerbation.  

3.6 CONCLUSION 

In conclusion, we demonstrate that acute exposure to high-altitude hypoxia 

significantly alters both innate and adaptive immune cell populations. Specifically, our 

analysis reveals evidence of innate immune sensitization, most notably in monocyte 

subsets, as well as adaptive immune suppression, particularly CD4+ T cells. In addition, 

we found changes in DN T cells as well as NK T cells, which may impact immune 

suppression. While our data suggests acute high-altitude exposure initially promotes a 
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pro-inflammatory phenotype that may transition to an anti-inflammatory phenotype over 

the course of acclimatization, further studies are necessary to elucidate underlying 

mechanisms behind hypoxia-induced inflammation and its contribution to high-altitude 

illnesses. Future studies should expand to encompass analyzing innate and adaptive 

immune cells in chronic exposure. In particular, comparing native highlanders that are 

well-adapted, such as the Tibetans, or maladaptive, such as the Andeans, might expand 

our understanding of the time domain response of hypoxia-induced inflammation. 

Additionally, characterizing additional immune subsets affected by hypoxemia will 

provide valuable insights into how immune cell population shifts modulate both the 

inflammatory and immune response in critical and chronic illnesses, such as acute 

respiratory disease and COVID19.  
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Figures 

 
Figure 3.1. Immune population analysis during 3 days of acute high-altitude 
exposure. Quantification of significantly altered immune populations from analyzed flow 
cytometry data from total white blood cells (WBCs). PBMCs were collected at sea level 
(SL), as well as one (HA1) and three days (HA3) at high altitude. (A) Total monocyte and 
monocyte subsets (classical, intermediate, non-classical). (B) Total CD3+ T cells and 
double negative (DN) T cells. (C) B cells, CD16+ and CD56+ NK cells, and CD3+ CD16+ 
(NK) T cells. Graphs are plotted as mean and error bars as standard deviation.  
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Figure 3.2. TLR4 surface expression on PBMCs throughout 3 days of acute high-
altitude exposure. Mean fluorescence intensity (MFI) quantification of TLR4 surface 
expression from analyzed flow cytometry data from live PBMCs collected at sea level (SL), 
first day (HA1) and third day (HA3) at altitude. 
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Figure 3.3. HIF stability affects CD14 surface expression on live PBMCs. PBMC 
cultures were incubated in specific conditions for 6 hours at 37°C. (A) Overview of all 
conditions and treatments. (B) Control cultures; normoxia vs hypoxia (C) DMOG (HIF 
activator) cultures; normoxia vs hypoxia (D) PX478 (HIF inhibitor) cultures; normoxia vs 
hypoxia. Graphs are plotted as mean and error bars as standard deviation. 
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Figure 3.4. HIF stability does not affect TLR4 expression on live PBMCs. PBMC 
cultures were incubated in specific conditions for 6 hours at 37°C. (A) Overview of all 
conditions and treatments. (B) Control cultures; normoxia vs hypoxia (C) DMOG (HIF 
activator) cultures; normoxia vs hypoxia (D) PX478 (HIF inhibitor) cultures; normoxia vs 
hypoxia. Graphs are plotted as mean and error bars as standard deviation. 
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Figure 3.5. TNFα cytokine production from stimulated PBMC cultures. PBMC 
cultures were cultured in normoxic or hypoxic conditions (1% O2) for 6 hours. (A) PBMCs 
were cultured with (B) Control PBS + LPS, (C) PX478 (HIF Inhibitor) + LPS, (D) DMOG 
(HIF Activator) + LPS. Graphs are plotted as mean and error bars as standard deviation. 
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Figure 3.6. TNFα cytokine production from stimulated whole blood cultures. Whole 
blood cultures were stimulated with 10ug/mL LPS and cultured in either normoxic or 
hypoxic (1% O2) conditions for 24 hours. (A) Whole blood was cultured with (B) Control 
PBS + LPS, (C) PX478 (HIF Inhibitor) + LPS, (D) DMOG (HIF Activator) + LPS. Graphs 
are plotted as mean and error bars as standard deviation.
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Figure 3.7. Significant correlations with AMS or SpO2 on either the first or third day 
at altitude. Correlation analyses between immune cell populations and oxygen saturation 
(SpO2) and Acute Mountain Sickness scores (AMS). (A) Correlation between non-
classical monocyte populations and AMS on day 1 at altitude. (B) Correlation between 
CD16+ NK cell populations and SpO2 on day 3 at altitude. (C) Correlation between DN T 
cell populations and SpO2 on day 3 at altitude. 
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Figure 3.8. Monocyte subpopulations in participants grouped by AMS severity. 
Monocyte populations grouped by AMS severity. (A) Total monocyte (% WBC). (B) 
Classical monocytes (% WBC). (C) Intermediate Monocytes (% WBCs) (D) Non-classical 
monocytes (% WBCs). 
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Figure 3.9. Association between baseline B cell population with AMS scores on first 
day at altitude (HA1). B cell concentration of total WBCs by AMS severity. AMS severity: 
No AMS = 0-3; Mild = 3-5; Moderate - Severe = 6+. 
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Figure 3.S1. Full gating strategy for high altitude PBMCs. Concatenated sea-level 
baseline group for flow cytometry PBMC characterization.
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Figure 3.S2. Monocyte subset immune population analysis during 3 days of acute 
high-altitude exposure. Quantification of monocyte subpopulations from total monocyte 
(%). 
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Figure 3.S3. T cell subset immune population analysis during 3 days of acute high-
altitude exposure. Quantification of T cell subpopulations from total CD3+ (%). 
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Figure 3.S4. Full gating strategy for HIF-dependent analysis. Concatenated control 
group used as baseline. 
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Table 3.1. Physiological measures at baseline and over three days at high altitude. 
 

Variable SL HA 1 HA 2 HA 3 ANOVA P 

Psys 121 ± 7.1 126 ± 9.5 128 ± 13 126 ± 11 0.177 

Pdia 79 ± 5.0 85 ± 7.1 85 ± 8.4 85 ± 8.7 0.059 

HR 74 ± 8.4 91 ± 13* 90 ± 15* 100 ± 16*** <0.001 

SpO2 95 ± 1.7 84 ± 4.3*** 84 ± 3.2*** 84 ± 4.1*** <0.001 

AMS 0.5 ± 0.6 4.3 ± 2.7*** 4.0 ± 2.4** 2.6 ± 2.5* <0.001 

Variable units: Psys and Pdia (mmHg); HR (bpm); SpO2 (%). Overall p-values for 
repeated measures ANOVA are provided. Asterisks indicate significant 
differences from SL at p<0.05 (*), p<0.01 (**), and p<0.001 (***) levels via post-
hoc pairwise comparisons with Bonferroni adjusted p-values. 
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Table 3.2. Correlation analyses of all immune cell populations and AMS scores 
and oxygen saturation (SpO2) on day 1 and 3 at altitude. 
 

Oxygen Saturation (SpO2) - HA1  

Immune Population r p-value 

Total Monocyte 0.24 0.37 

Classical Monocyte 0.30 0.25 

Intermediate Monocyte -0.26 0.33 

Non-Classical Monocyte -0.10 0.72 

CD4 T Cells -0.10 0.71 

CD8 T cells -0.30 0.26 

B Cells -0.13 0.62 

CD16+ NK Cells -0.23 0.38 

CD56+ NK Cells 0.04 0.87 

DN T Cells 0.10 0.71 

NK T Cells 0.32 0.22 

 
Oxygen Saturation (SpO2) - HA3  

Immune Population r p-value 

Total Monocyte 0.23 0.38 

Classical Monocyte 0.05 0.85 

Intermediate Monocyte -0.20 0.44 

Non-Classical Monocyte 0.06 0.82 

CD4 T Cells 0.27 0.29 

CD8 T cells 0.04 0.88 

B Cells 0.05 0.85 

CD16+ NK Cells -0.52 0.03 

CD56+ NK Cells 0.23 0.37 

DN T Cells 0.61 0.0093 

NK T Cells -0.26 0.31 
 

AMS Scores - HA1  

Immune Population r p-value 

Total Monocyte 0.09 0.73 

Classical Monocyte 0.06 0.81 

Intermediate Monocyte 0.10 0.71 

Non-Classical Monocyte 0.52 0.03 

CD4 T Cells 0.08 0.77 

CD8 T cells -0.09 0.74 

B Cells -0.08 0.76 

CD16+ NK Cells 0.35 0.17 

CD56+ NK Cells 0.008 0.98 

DN T Cells -0.40 0.11 

NK T Cells -0.14 0.59 
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AMS Scores - HA3  

Immune Population r p-value 

Total Monocyte 0.05 0.86 

Classical Monocyte 0.02 0.94 

Intermediate Monocyte -0.17 0.51 

Non-Classical Monocyte -0.22 0.40 

CD4 T Cells 0.16 0.53 

CD8 T cells -0.13 0.62 

B Cells -0.10 0.69 

CD16+ NK Cells -0.20 0.43 

CD56+ NK Cells -0.27 0.29 

DN T Cells 0.18 0.50 

NK T Cells -0.035 0.89 
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Table 3.3. Immune population concentrations (% WBCs) at altitude by AMS 
severity and altitude (HA1 and HA3). 
 

AMS Score - HA1    

Immune Population 
No  
AMS 

Mild  
AMS 

Moderate- Severe  
AMS 

ANOVA 
P 

Total Monocyte 23 ± 9.7 16 ± 2.8 26 ± 7.5 0.065 

Classical Monocyte 21 ± 9.6 13 ± 4.1 24 ± 7 0.03* 

Intermediate Monocyte 0.93 ± 0.36 0.72 ± 0.43 1.1 ± 0.38 0.22 

Non-Classical Monocyte 0.06 ± 0.05 0.07 ± 0.02 0.13 ± 0.07 0.069 

CD4 T Cells 17 ± 5.9 23 ± 9.8 13 ± 4.8 0.12 

CD8 T cells 14 ± 6.5 20 ± 6.5 12 ± 5.9 0.10 

B Cells 7.5 ± 2.2 8.7 ± 3.8 6.5 ± 1.3 0.46 

CD16+ NK Cells 10 ± 8.3 7.6 ± 5.8 14 ± 7.0 0.36 

CD56+ NK Cells 0.99 ± 0.4 1.1 ± 0.36 1.0 ± 0.42 0.90 

DN T Cells 6.9 ± 2.9 6.0 ± 2.2 4.5 ± 1.9 0.29 

NK T Cells 0.82 ± 0.48 0.47 ± 0.32 0.70 ± 0.59 0.41 

   
AMS Score - HA3    

Immune Population 
No  
AMS 

Mild  
AMS 

Moderate- Severe  
AMS 

ANOVA 
P 

Total Monocyte 14 ± 6.4 14 ±7.2 15 ± 10 0.99 

Classical Monocyte 8.1 ± 3.7 7.5 ± 4.4 10 ± 9.9 0.73 

Intermediate Monocyte 5.7 ± 4.3 6.6 ± 4.1 4.2 ± 2.4 0.70 

Non-Classical Monocyte 0.06 ± 0.06 0.07 ± 0.04 0.05 ± 0.05 0.83 

CD4 T Cells 19 ± 7.0 19 ± 5.5 19 ± 3.1 0.99 

CD8 T cells 18 ± 8.8 15 ± 10 14 ± 9.2 0.72 

B Cells 8.7 ± 4.0 8.4 ± 3.5 7.9 ± 2.6 0.95 

CD16+ NK Cells 11 ± 6.0 12 ± 4.5 8.6 ± 3.5 0.62 

CD56+ NK Cells 0.67 ± 0.37 0.59 ± 0.27 0.54 ± 0.19 0.78 

DN T Cells 8.0 ± 3.8 7.4 ± 1.7 8.9 ± 2.6 0.78 

NK T Cells 0.97 ± 0.78 1.0 ± 0.67 0.85 ± 0.44 0.95 
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Table 3.4. Baseline (SL) immune populations (% WBCs) grouped by AMS scores 
on day 1 and 3 at altitude. 
 

SL Immune Populations versus AMS Score - HA1  

Immune Population 
No  
AMS 

Mild  
AMS 

Moderate- 
Severe  
AMS 

ANOVA 
P 

Total Monocyte 13 ± 5.2 10 ± 2.6 11 ± 4.1 0.40 

Classical Monocyte 12 ± 5.1 9.3 ± 2.3 9.5 ± 2.2 0.24 

Intermediate Monocyte 0.72 ± 0.15 0.63 ± 0.34 1.4 ± 1.9 0.47 

Non-Classical Monocyte 0.05 ± 0.05 0.1 ± 0.06 0.1 ± 0.06 0.32 

CD4 T Cells 29 ± 3.0 30.5 ± 7.0 29 ± 5.1 0.84 

CD8 T cells 18 ± 5.0 25 ± 9.5 19 ± 7.3 0.26 

B Cells 7.1 ± 0.59 4.5 ± 1.4 4.3 ± 2.8 0.045* 

CD16+ NK Cells 9.5 ± 4.2 7.7 ± 4.6 13 ± 6.6 0.28 

CD56+ NK Cells 1.2 ± 0.78 0.83 ± 0.15 1.2 ± 0.55 0.31 

DN T Cells 5.6 ± 2.1 4.1 ± 1.2 4.7 ± 2.9 0.54 

NK T Cells 1.3 ± 0.67 0.81 ± 0.67 1.0 ± 0.70 0.54 

   
SL Immune Populations versus AMS Score - HA3 

Immune Population 
No  
AMS 

Mild  
AMS 

Moderate- 
Severe  
AMS 

ANOVA 
P 

Total Monocyte 11 ± 3.9 12 ± 4.2 7.4 ± 0.2 0.34 

Classical Monocyte 9.9 ± 3.0 12 ± 3.8 6.9 ± 0.15 0.22 

Intermediate Monocyte 1.2 ± 1.6 0.67 ± 0.44 0.28 ± 0.050 0.45 

Non-Classical Monocyte 0.10 ± 0.06 0.08 ± 0.06 0.03 ± 0.007 0.25 

CD4 T Cells 27 ± 5.3 32 ± 4.2 33 ± 1.5 0.051* 

CD8 T cells 23 ± 9.7 19 ± 6.3 18 ± 4.5 0.51 

B Cells 5.2 ± 1.6 5.6 ± 2.9 4.1 ± 2.2 0.65 

CD16+ NK Cells 12 ± 6.3 7.6 ± 3.0 7.6 ± 4.7 0.23 

CD56+ NK Cells 1.0 ± 0.37 1.0 ± 0.54 1.3 ± 1.0 0.80 

DN T Cells 4.9 ± 2.2 4.7 ± 2.4 4.3 ± 1.8 0.92 

NK T Cells 0.98 ± 0.63 0.82 ± 0.65 1.45 ± 0.86 0.43 
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4.1 ABSTRACT 

High-altitude hypoxia is a physiologically stressful environment due to low oxygen 

availability, temperatures, humidity, and other factors. These stressors can induce an 

inflammatory response that can modulate immune metabolism and function. While the 

molecular pathways that regulate hypoxia and inflammatory responses have significant 

interplay, the duration of systemic hypoxia exposure may drive altered inflammatory 

profiles as adaptation to this environment occurs. Whether the inflammatory response to 

hypoxia is maintained, or blunted over long exposure periods, and if this is an adaptive 

or maladaptive response, remains unknown. Previous work indicates that acute high-

altitude exposure increase expression of several pro-inflammatory cytokines and 

alarmins, but there is a significant gap in knowledge regarding how the inflammatory 

profile modulates the immune response, and if chronic hypoxia exposure promotes or 

impede a pro-inflammatory profile over longer time periods. Furthermore, while native 

high-altitude populations live in similar hypoxic environments, each have their own 

distinct adaptations. Therefore, questions remain regarding how the inflammatory 

profiles in each of these populations differ, and if they contribute to, or protect against, 

high-altitude illnesses. In the present study, we aim to examine the inflammatory profile 

across several time domains of high-altitude acclimatization and adaptation. We also 

examine the inflammatory profile as a potential biomarker of Acute and Chronic 

Mountain Sickness (AMS, CMS). We examined plasma samples for cytokines essential 

to the immune response from lowlanders who traveled to high altitude over 3 days 

(acute time domain), as well as a native Andean population who are known to have a 

high prevalence of CMS (chronic time domain). The data revealed that on an acute 

timescale, monocyte chemoattractant protein – 1 (MCP-1) was significantly elevated at 
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high altitude, whereas on a chronic timescale in the Andeans, IP-10 was found to be 

significantly elevated. Both of these markers indicate vascular endothelium stress. 

Furthermore, Andeans classified with excessive erythropoiesis (EE; hematocrit > 63%) 

had significantly higher IP-10 compared to healthy Andeans, while CMS classification 

showed no distinction. These results suggest that while both acute and chronic hypoxia 

exposure promotes a robust inflammatory profile, the differences between these time 

domains may be part of an underlying mechanism in high-altitude illness pathogenesis 

and can provide insight into how the immune response may be modulated over long-

term hypoxic exposure. 

4.2 INTRODUCTION 

Maintaining oxygen homeostasis is paramount to survival in high-altitude hypoxic 

environments. When tissue oxygenation is challenged, rapid physiological mechanisms, 

such as increased ventilation and red blood cell production, occur over minutes to days 

to promote increased oxygen delivery (Beall, 2006; Scheinfeldt et al., 2012; Simonson, 

2015; Moore, 2017). Over longer time periods of adaptation to high altitude, additional 

changes occur including shifts in metabolic pathways and increases in capillary density 

(Yu et al., 2022). However, while the physiological adaptations that occur during 

acclimatization to high altitude have been well established, questions remain regarding 

the underlying molecular mechanisms that drive these processes. 

The molecular response to hypoxia is primarily controlled by the hypoxia-

inducible factor (HIF), the master transcription factor of the hypoxia response pathway. 

Because oxygen sensing is crucial for survival in all vertebrates, this hypoxia response 

pathway is highly evolutionary conserved. In addition, it shares significant crosstalk with 

other molecular pathways to coordinate the response to changes in oxygen availability, 
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such as the inflammatory pathway controlled by NF-kB. As a result, NF-kB can lead to 

activation of a wide variety of pro-inflammatory, apoptotic, and oncogenic genes that 

function to promote metabolic adaptation to hypoxic stress (Pahl, 1999). Together, these 

pathways play an important role in facilitating and promoting hypoxia adaptation, 

particularly in the immune system response to insults and injury. In support of this 

interaction, new evidence indicates that the hypoxemic challenge at high altitude affects 

the immune system and inflammatory responses. Immune populations of both innate 

and adaptive immune systems encounter a wide range of oxygen tensions throughout 

development and circulation, and exposure to systemic acute or chronic hypoxia may 

alter their specific metabolic function in vastly different ways, such as altered cytokine 

production and immune phenotype.  

While limited, previous studies have examined the impact of high altitude on 

immune adaptation and tolerance. These works indicates that both the inflammatory 

profile, as well as several innate and adaptive immune cell populations, are affected 

(Klokker et al., 1993; Facco et al., 2005; Mishra & Ganju, 2010; Mishra et al., 2018; 

Feuerecker et al., 2019). For example, studies agree that CD4+ T cell populations are 

significantly reduced at altitude, while CD8+ T cell concentration remains unaffected. 

Monocyte subpopulations are also altered following high-altitude exposure, specifically 

showing increased classical monocytes, as well as subset shifts towards a more anti-

inflammatory phenotype with longer hypoxia exposure durations. Hypoxia exposure 

times in these studies range from hours to months, and as such, this work provides 

valuable insight into the expected inflammatory response to high altitude over an acute 

timeframe. More recently, other studies have examined how chronic lifelong hypoxia 

exposure impacts immune cell populations and function (Bhattacharya et al., 2021; Bai 
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et al., 2022; Mirchandani et al., 2022; Wu et al., 2023b). However, the current state of 

the field has focused on characterizing the immunological balance in native highlanders, 

as these populations have unique evolutionary adaptations populations (Beall, 2006, 

2007; Jeong et al., 2014; Simonson, 2015). The underlying mechanisms that drive the 

shift from an acute to a chronic time domain inflammatory profile, as well as determining 

if these responses provide an adaptive benefit, remain relatively unexplored. When 

considering if the unique adaptations of each native group are beneficial or maladaptive, 

potential links between the inflammatory and immune profile with high-altitude illnesses 

(HAIs) severity may provide insight into HAI pathogenesis. This is particularly important 

when considering the prevalence of Chronic Mountain Sickness (CMS), a progressive 

and fatal disease that develops in natives or lifelong altitude residents above 2,500m 

(Monge, 1943; Simonson, 2015; Villafuerte & Corante, 2016). While lifelong chronic 

hypoxia exposure increases the risk of CMS, the Andean population has a significantly 

higher CMS prevalence than any other native highlander group (Monge, 1943; 

Simonson, 2015). What drives this difference between other highlander groups, as well 

as what are the differences between those who do and do not develop CMS in Andean 

highlanders, remains to be a significant gap in our knowledge.  

In the current study, we investigate the changes in the inflammatory profile on both 

an acute and chronic timescale by analyzing circulating cytokine expression in 

acclimatizing lowlanders at high altitude, as well as in high-altitude native Andeans with 

and without CMS. Furthermore, as we have previously seen shifts in both the innate and 

adaptive immune cell populations, we aim to further characterize how immune cells are 

sensitized to high-altitude hypoxia exposure. We utilized multiplex assays and enzyme-

linked immunosorbent assays (ELISA) to characterize circulating cytokines in plasma, 
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and if peripheral blood mononuclear cells (PBMCs) collected at high altitude have 

altered immune responses to inflammatory stimuli. We hypothesized that on an acute 

timescale, PBMCs are sensitized to produce increased pro-inflammatory cytokines in 

response to toll-like receptor stimulation, but that this response is dampened following 

acclimatization. When considering the chronic timescale, we hypothesized that Andeans 

with CMS have an inflammatory profile that resembles the first day of acute high-altitude 

exposure in lowlanders, while healthy Andeans are more comparable to an acclimatized 

group and sustain higher levels of systemic inflammation. We predict that maintenance 

of systemic inflammation as a result of chronic hypoxemia is a contributor to the 

development of CMS, as well as a potential effect of elevated blood viscosity in these 

patients. 

4.3 METHODS 

Sojourners to High Altitude: White Mountain 2022 Field Expedition 

Ethical approval 

This study was approved by the University of California, Riverside Clinical 

Institutional Review Board (HS 22-088). All participants were informed of the study’s 

purpose and risks. Participants provided written informed consent in their native 

language (English). The work was conducted in accordance with the Declaration of 

Helsinki, except for registration in a database.  

Participants 

The study included 20 healthy participants (N=7 women, 13 men) between 19 

and 35 years of age. Participants were recruited by word of mouth and flyers on the UC 

Riverside campus. All participants reported no known history of cardiopulmonary 

disease or sleep disturbances, including obstructive sleep apnea, and displayed no 
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abnormal findings on electrocardiogram (ECG) or pulmonary function testing. Mean age 

was 25 ± 7 years for women and 26 ± 6 years for men and BMI was 30 ± 5.4 kg/m2 for 

women and 31 ± 5.3 kg/m2 for men. Exclusion criteria included travel above 8,000 feet 

within one month of the first measurements, a previous history of high-altitude 

pulmonary or cerebral edema, smoking, and pregnancy.  

Experimental design and physiological measures 

In the two weeks prior to ascent to high altitude, participants completed initial 

screening for eligibility at UC Riverside, at approximately 400 m elevation (Riverside, 

CA, USA). Demographic information including age, height, weight, and blood pressure 

were collected. Participants also answered questions about their ancestral background 

(to determine presence of high-altitude ancestry) and medical history including current 

medications. Participants then completed pulmonary function testing and ECG to verify 

absence of lung or heart disease.  

Participants returned to UC Riverside in the early morning on the day of ascent. 

Baseline (sea-level, SL) physiological measures were collected at this time, including 

blood pressure, pulse oximetry (SpO2), heart rate, and AMS scores via the 2018 Lake 

Louise scoring criteria with an experimenter asking participants each question (Roach et 

al., 2018). Fasting blood samples were then collected via standard venipuncture 

procedures. Breakfast was provided to participants following blood sampling, prior to 

travel.  

The group then traveled by car to Barcroft Station (3800 m elevation) in the 

White Mountain Research Center (Bishop, CA, USA) over a period of approximately 6.5 

hours. At the field station, fasting blood samples and morning measurements were 

collected each day within 1 hour of waking and before 9 am to keep timing consistent 
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with sea level measures. Plasma and peripheral blood mononuclear cells (PBMCs) were 

collected from fasting blood samples. Additional information regarding PBMC processing 

is found in the ‘Stimulation Assay’ Method section. Due to logistical constraints, buffy 

coat was collected from blood at third day at altitude, and then normal PBMC processing 

was followed at sea level about 24 hours after blood collection.  

Physiological measures and fasting blood samples were collected every morning 

for 3 consecutive days (HA1, HA2, HA3). Pulse oximetry and heart rate values were 

collected using a Nellcor N-600 pulse oximeter (Medtronic, Minneapolis, MN, USA). 

Participants sat upright in a chair without their legs crossed and rested, breathing 

normally, for 3 minutes until values stabilized. Blood pressure measurements were 

collected in duplicate while participants rested in an upright seated position using a 

manual sphygmomanometer.   

Participants abstained from taking anti-inflammatory medications or other agents 

that may impact the process of acclimatization, such as acetazolamide (Basaran et al. 

2016). Participants were permitted to consume caffeine in moderation (1 cup of coffee or 

tea) after completing morning measurements but were asked to abstain from caffeine 

after noon. Three meals per day were provided and participants did not complete any 

strenuous physical activity. Participants did not consume alcohol, and fluid intake was 

supervised to ensure participants remained hydrated.  

Ventilatory chemoreflex testing 

Experimental design, data collection, and data analysis have been previously 

described in a separate study of the same field expedition (Frost et al., in prep). Briefly, 

ventilatory chemoreflex tests were conducted using Duffin’s modified rebreathing 

protocol (Casey et al., 1987; Duffin & McAvoy, 1988; Mohan & Duffin, 1997; Duffin, 



 

 

120 

2007). Participants breathed room air for 5 minutes to establish a baseline. They were 

then instructed to voluntarily hyperventilate until their end tidal PCO2 reached 23-25 

mmHg. Once the threshold was met, the participant was quickly switched to a 

rebreathing bag. Participants resumed normal breathing as the rebreathing bag allowed 

their end-tidal PCO2 to slowly increase to 60 mmHg over a period of about 5-10 minutes. 

The test was stopped when end tidal PCO2 reached 60mmHg, total ventilation hit 

100L/min, SpO2 approached 75% (in hypoxic trials), or the participant indicated they 

were unable to continue. The rebreathing bag contained either a hyperoxic (30% O2, 6.5 

– 7% CO2, N2 as needed to balance) or hypoxic (8.5% O2, 7.5 – 8%CO2, N2 as needed 

to balance) gas mixture during the start of the test. Throughout the test, inspired O2 was 

maintained at 30% for the hyperoxic test, and end-tidal PO2 was maintained at 50 mmHg 

for the hypoxic test. These two tests were performed with a 15 minute rest interval 

between each trial. The hyperoxic test was always performed first to prevent any impact 

of hypoxia exposure on subsequent measures (Katayama et al., 2001; Kiernan et al., 

2016; Pamenter & Powell, 2016). Data was recorded by using LabChart (AD 

Instruments) and analyzed using Rstudio (Rstudio, Boston, MA, USA) with R version 

3.6.2. Due to logistical constraints, chemoreflex measures were collected in a subset of 

participants on the second day at altitude (n=8). 

When choosing the data to input to R we did not include room air values or the 

hyperventilation period. The data selection began when the participant was switched 

from room air to the rebreathing bag. If there is an equilibration point, this is the point we 

started from. Data selection included any values from this point to include all points 

where PCO2 falls below 60 mmHg. All data was BTPS corrected using the equation ( 

(760-18.7) / (760-47.1) ) * ( (273 + 37) / (273 + 21) ). 
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The packages mcp and JAGS were used to identify the ventilatory recruitment 

thresholds and resulting slopes. For files where the function did not choose the correct 

threshold, the threshold was identified using the raw values in LabChart by viewing the 

total ventilation channel and identifying the PCO2 where there is a clear slope increase in 

ventilation. A range containing that value was entered into the mcp model. Mcp then ran 

15 chains to determine the best fit line.  

In the event that there were irregular breathing patterns such as severely elevated 

tidal volume, or irregular frequency, the irregular data was removed from when total 

ventilation increased above the stable value to where it returned to the stable value. This 

includes periods at the beginning of the bag breathing period where it is clear that the 

participant is “coming down” from the hyperventilation period. When choosing data for 

the hypoxic test only the data where the expired O2 (bottom of the O2 curves) is within an 

acceptable range (50 +/-5 mmHg) was taken. If the participant did not reach a PCO2 of 

45 or 50, while calculating the hypoxic ventilatory response (HVR) at these points, all 

other data was plotted, and the equation of best fit line was used to give an estimation of 

SpO2 at these points. 

Statistical analysis for chemoreflex 

Respiratory volume data was corrected to BTPS conditions.  

Resting ventilatory characteristics were tested twice at sea level and at high altitude 

at the start of the hyperoxic and hypoxic rebreathing test trials. To determine if there was 

an effect of test order on resting parameters, we first conducted a two-way repeated 

measures ANOVA on all parameters and found no effect of treatment (hypoxic, 

hyperoxic) on resting ventilation parameters, as expected. As a result, we used 
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measures taken only during the first test period in subsequent analyses of resting 

parameters.  

Each outcome variable was first checked for outliers via the rstatix package in R 

and any points determined to be 3 times above or below the interquartile range were 

examined to verify no measurement errors. Data were then checked for normality using 

a Shapiro-Wilks tests via the rstatix package in R. If data distributions were normal, we 

proceeded with paired t-tests to compare resting measurements across sea level and 

high altitude. In some cases, paired data at high altitude was not available for all 

participants due to logistical constraints on the number of participants we could test in 

one day. In these cases, unpaired t-tests were performed. Two-way repeated measures 

ANOVAs were used to test for effects of altitude and oxygen condition on ventilatory 

chemoreflex parameters. If a significant two-way interaction or main effect of altitude or 

oxygen treatment were identified, post-hoc pairwise comparisons with Bonferroni 

adjustments for multiple comparisons were performed to identify differences across 

groups. In cases where data distributions were not normal, nonparametric Wilcoxon sign 

rank tests were performed.  

Native Andean Highlanders: Cerro De Pasco, Peru 2019 Field Expedition 

Ethics Approval 

The study was approved by the Institutional Ethics Committee of Universidad 

Peruana Cayetano Heredia (Lima, Peru). All participants received a detailed explanation 

of the study procedures in their native language (Spanish) and signed an informed 

consent form.  
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Participants 

The study included 62 men between ages 18 and 65 years old. Participants were 

recruited by word of mouth at Cerro de Pasco, Peru. All participants reported no history 

of heart or lung disease (besides Chronic Mountain Sickness) and had at least 3 

generations of high-altitude ancestry. Exclusion criteria included recent travel below 

2,500 meters within one month, smoking, and currently taking anti-inflammatory 

medications. Participants were grouped based on hematocrit (Hct). Participants with Hct 

≥ 63 % were classified as ‘EE’. This value is based on suggestions by Villafuerte et al. 

that a hemoglobin concentration ([Hb]) of 21 g/dL or higher in men classifies as EE, and 

a conversion of [Hb] = Hct/3 (Villafuerte et al., 2004). The diagnosis of Chronic Mountain 

Sickness (CMS) is based on a test defined by a consensus statement named “Qinghai 

CMS score” (León-Velarde et al., 2005). The test includes assessments of 7 signs or 

symptoms of CMS and the score assigned for EE (score=0 if hemoglobin level is below 

the cut-off point for EE and score= 3 if hemoglobin level is defined as EE). CMS is 

diagnosed with a score greater than 5 (León-Velarde et al., 2005). 

Experimental Design and Analysis 

Cytokine analysis 

Peripheral venous blood was collected in a 10mL vacutainer tube containing 

EDTA (BD, Franklin Lakes, NJ, USA) and processed within 4 hours of collection. Blood 

samples were spun at 1,000xg for 10 minutes, and the top layer of plasma was 

collected. As per manufacturer’s instructions, plasma samples were assayed for 

cytokines using LEGENDplex kits and the manufacturer’s protocols (BioLegend): 

“Human Essential Immune Response Panel” (13-plex) at 1:2 dilution. Samples were run 
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on a Novocyte Quanteon flow cytometer, and data analysis was conducted using 

BioLegend’s LEGENDplex Data Analysis Software. 

Isolation of PBMCs and freezing 

Peripheral venous blood was diluted 1:1 with PBS. In a separate tube, equal 

volume (compared to blood volume) of Lymphoprep Density Gradient Medium (1.077 

g/mL density) (StemCell, Seattle, WA, USA) was added. Blood was then slowly added to 

be layered on top of the Lymphoprep. Tubes were centrifuged at 400xg for 30 minutes at 

room temperature, with slow acceleration and no brakes. PBMCs were carefully 

collected into a separate 15 mL tube with 8 mL of EasySep media (StemCell, Seattle, 

WA, USA). PBMCs were centrifuge at 400xg for 5 minutes and resuspended in 5 mL of 

EasySep media. The wash step was repeated twice. PBMCs were resuspended in 1.5 

mL of freezing media (90% FBS, 10% DMSO), and aliquoted in 500 uL volumes. 

Aliquots were placed in a Mr. Frosty (ThermoFisher, Carlsbad, USA) and into a -80 °C 

freezer overnight, then transferred to liquid nitrogen the following morning.  

At high altitude, the same procedure was followed, with the following exceptions. 

Due to a lack of a -80 °C freezer at high altitude, the Mr. Frosty containers were placed 

in a large Styrofoam box filled with dry ice overnight. Aliquots were transferred to a 

transportable liquid nitrogen dewar for transport to sea level. Due to logistical constraints 

and timing, PBMCs collected on day 3 at altitude were first collected as buffy coat while 

at Barcroft Station, and then processed for PBMCs following the same protocol the 

following day at sea level. 
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PBMC thawing 

PBMCs were first thawed before use. PBMCs were removed from liquid nitrogen 

and placed in a 37°C water bath for 30-45 seconds, or until a small ice crystal was left. 1 

mL of warmed media (RPMI 1640, 10% FBS, 100 U/mL Strep/Penicillin) was added in a 

dropwise manner to the tube, which was then transferred to a 15 mL falcon tube 

containing 5 mL of warmed media. The tubes were gently mixed by inverting, and then 

centrifuged at 330xg for 10 minutes at room temperature. PBMCs were then 

resuspended in 1 mL of warmed media and counted via hemocytometer for experiments.  

Inflammatory stimulation assay 

PBMCs collected at sea level, first day and third day at altitude were used for 

stimulation experiments. 1.0 x 105 of PBMCs in a total of 200 uL media at each timepoint 

was used in the experiment. PBMCs were stimulated with 100 ng/mL LPS (E. coli 

Serotype (026: B6)) (Sigma-Aldrich, Burlington, Massachusetts, USA) in a 37 °C 

incubator in normoxic conditions (21% O2; 5% CO2) for 6 hours. Following culture, 

samples were centrifuge at 330xg for 10 minutes, and supernatant was collected and 

stored at -80 °C for ELISA analysis.  

ELISA analysis 

According to manufacturer’s instructions, the concentration of TNFα and IL6 in 

cell culture supernatants were analyzed using a TNFα or IL6 Human ELISA kit 

(Invitrogen, Carlsbad, USA). An automated microplate reader (Synergy Lx Multimode 

Reader) (Biotek, Seattle, Washington, USA) was used for the measurement of the 

optical density at 450 nm. The concentrations of each sample were detected based on 

optical density (OD) and the concentration of the standard.  
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Statistical analysis 

Statistical analyses were conducted in R (version 4.1.0) (R Foundation) and 

GraphPad Prism v10.0. The statistical significance for inflammatory stimulation assays 

and cytokine concentration at altitude, we used repeated measures ANOVA and post-

hoc Tukey corrections. For the chronic domain cytokine analysis (Andeans), we used 

unpaired Student’s t-test and a p-value <0.05 was considered significantly significant. 

Outliers were determined using the ROUT method. Three participants did not have 

PBMCs collected for one or more days at high altitude due to blood collection 

complications and were excluded from inflammatory stimulation assay analysis.  

Correlation analysis 

To examine correlations between physiological and immunological parameters in 

the dataset, pairwise Pearson correlations were conducted using R package Hmisc and 

corr function. Correlation analysis results were visualized using the corrplot function in 

Rstudio. Binary variables were converted to 1 (yes) or 0 (no). Using the min-max scaling 

method, all continuous variables were scaled from 0 to 1 to guarantee that they were all 

on the same scale. Correlation coefficients with p-values less than 0.05, 0.01, and 0.001 

are denoted with “*”, “**”, and “***” respectively. Correlation matrices were made using 

unadjusted p-values. To calculate adjusted p-values, p-values were corrected using “BH” 

(q-value) for multiple comparisons. 

4.4 RESULTS 

Physiological measures 

Table 4.1 provides an overview of physiological measures of the acute time 

domain (sea level and over three days of acclimatization to high altitude). On the first 
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morning at high altitude (HA1), 8 of 20 subjects indicated mild AMS (AMS score 3-5 with 

headache), and 6 of 20 subjects indicated moderate to severe AMS (AMS score 6+ 

score with headache). By the third day at altitude, 5 of 20 subjects indicated mild AMS, 

and 3 of 20 subjects indicated moderate to severe AMS. SpO2 (%) dropped by about 11 

percent on the first day at high altitude and remained lower than sea-level values 

throughout all 3 days at altitude. This was coupled with a 17-point increase in heart rate 

on the first day at high altitude, which increased a further 9 points by day 3. There was 

no significant increase in systolic or diastolic blood pressure at high altitude. 

Table 4.2 provides an overview of physiological measures of the chronic time 

domain (native Andean highlanders with or without CMS). Andeans with CMS (n=31; 

CMS score > 5) had a 4.6-point higher CMS score and 12.7-point higher hematocrit 

percentage than healthy Andeans. This was coupled with a and a 3.7-point lower SpO2 

percentage in Andeans with CMS. While there was no difference in systolic blood 

pressure, Andeans with CMS had a 5.2-point higher diastolic blood pressure than 

healthy Andeans. 

PBMCs at high altitude were not sensitized to subsequent inflammatory stimuli  

PBMC cultures from sea level, first, and third day at altitude were stimulated with 

LPS to determine if immune cells at altitude were sensitized to subsequent inflammatory 

stimuli. ELISA analysis on supernatants collected from each culture was performed to 

quantify TNFα (n= 17) and IL6 (n= 13) production. TNFα and IL6 production by immune 

cells after 1 day of high-altitude exposure was not significantly changed compared to 

cells collected from the same individuals at sea level (p=0.11 and p=0.95, respectively) 

(Figure 4.1 and 4.2). In contrast, TNFα and IL6 production by PBMCs was significantly 

decreased in cells collected on day 3 at altitude compared to cells collected at sea level 



 

 

128 

(p=0.0002 and p=0.0082, respectively) (Figure 4.1 and 4.2). Of note, on the first day at 

altitude, 10 of the 17 participants were reported to have increased TNFα production, 

despite this not being statistically significant overall (Figure 4.1B).  

When analyzing for potential correlations between pro-inflammatory cytokine 

production and AMS scores at altitude, there was no significant correlation between 

AMS score and high-altitude PBMC production of TNFα nor IL6 on day 1 (TNFα: r= -

0.14, p= 0.59; IL6: r= 0.21, p= 0.49) or day 3 at altitude (TNFα: r= 0.29, p= 0.28; IL6: r= 

0.053, p= 0.87) (Figure 4.3A and 4.3B). Additionally, we also analyzed correlations with 

oxygen saturation (SpO2) and pro-inflammatory cytokine production at high altitude, as 

systemic hypoxemia may impact immune cell function. There were no significant 

correlations between SpO2 with TNFα nor IL6 production on first (TNFα: r= -0.075, p= 

0.78; IL6: r= -0.042, p= 0.90) or third day (TNFα: r= -0.23, p= 0.39; IL6: r= -0.29, p=0.35) 

at altitude (Figure 4.3C and 4.3D).  

Acute high-altitude exposure impacts on cytokine production and physiological 

parameters 

Acute high-altitude exposure impacts MCP-1 cytokine concentration 

Plasma samples from sea level and three days at high altitude were analyzed for 

expression of cytokines essential for the immune response with a bead-assisted 

multiplex by flow cytometry (LEGENDPlex). Of the 13 cytokines analyzed, MCP-1 was 

found to be significantly elevated on the first (p= 0.0094) and third day (p= 0.0021) at 

altitude (Figure 4.4).  
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Phenotype associations 

To analyze for underlying mechanisms or effects following acute high-altitude 

exposure, we looked for significant correlations between phenotypes over three days at 

altitude with inflammatory cytokine expression in plasma. However, neither AMS score 

or resting SpO2 (%) were significantly associated with any cytokine in plasma on any day 

at altitude (p>0.05 for all correlations). Further analysis revealed that age was found to 

be significantly and positively correlated with AMS scores (r= 0.76; p= 0.00025) and 

SpO2 (r=-0.55; p=0.024) on the first day at altitude. Age and AMS scores on the first day 

at altitude remain significant after multiple corrections (adj. p=0.0059). (Figure 4.S1). By 

the second and third day at altitude, Age and AMS scores correlations were no longer 

significant (day 2: r=0.40; p= 0.082; day 3: r= -0.10, p= 0.66) (Figure 4.2 and 4.S3). 

In a previous study, we analyzed immune cell populations and cell surface 

markers from total white blood cells (% WBCs). These included T cells (CD4+, CD8+, DN 

T (CD3+ CD4- CD8- CD16-), NK T (CD3+ CD16+), B cells (CD19+), monocyte 

subpopulations (classical: CD14+ CD16- ; intermediate: CD14+ CD16+, non-classical: 

CD14- CD16+), and NK cells (CD16+ NK and CD56+ NK). For additional cell surface 

markers, we analyzed mean fluorescence intensity (MFI) of TLR4 surface expression on 

all PBMCs, as well as MHC all on total monocytes (Chapter 3: Immune adaptation 

during acute high-altitude exposure). Below I describe how these findings relate to the 

phenotypes measured in the same subjects.  

Table 4.3 provides a summary of the complete correlation analysis. In brief, on 

the first day at altitude, we found the following significant associations: Plasma IP-10 

levels and the proportion of classical monocytes (% WBC) are positively correlated with 

TLR4 expression (r= 0.64, p= 0.035; r= 0.62, p= 0.042, respectively). Intermediate 
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monocytes (% WBCs) are positively correlated with IL-1b (r= 0.59; p= 0.013), IL8 (r= 

0.60; p= 0.010), TNFα (r= 0.53; p= 0.028), and IFNy (r= 0.59; p= 0.013). CD4+ T cells (% 

WBCs) are positively correlated with MCP-1 (r= 0.69; p= 0.0021) and negatively 

correlated with IL12p70 (r= -0.51; p= 0.036). CD8+ T cells (% WBCs) are positively 

correlated with TNFα (r= 0.49; p= 0.044). DN T cells (% WBCs) are positively correlated 

with IP-10 (r= 0.74; p= 0.00067). Finally, CD16+ NK cells (% WBCs) are negatively 

associated with IFNy (r= -0.49; p= 0.043) (Figure 4.S1, Table 4.3). After multiple 

correction analysis, the following were still significant: CD4+ T cells positively correlated 

with MCP-1 (adj. p= 0.042) and DN T cells positively correlated with IP-10 (adj. p=0.014) 

(Table 4.3).  

On the third day at altitude, we found the following significant associations: DN T 

cells were positively correlated with IL1b (r= 0.49; p= 0.046), IL2 (r= 0.57; p= 0.017), IL4 

(r= 0.59; p= 0.013), IL8 (r= 0.69; p= 0.0022), TNFα (r= 0.56; p= 0.020), and IFNy (r= 

0.51; p= 0.038),  NK T cells were positively correlated with IL6 (r= 0.53; p= 0.03), IL10 

(r= 0.65; p= 0.0050), and IL12p70 (r= 0.76; p= 0.00035), and CD16+ NK cells was 

positively correlated with IL12p70 (r= 0.55; p= 0.023) (Figure 4.S2, Table 4.5). After 

multiple comparisons, the following were still significant: NK T cells positively correlated 

with IL12p70 (adj. p=0.0076) and DN T cells positively correlated with IL8 (adj. p= 0.040) 

(Table 4.5). Full correlation analyses of all variables on day 1 and 3 at altitude are found 

in Table 4.S1 and 4.S3. 

Associations with ventilatory chemoreflex sensitivity 

In a separate study, we determined the HVR, the reflexive increase in breathing 

in response to hypoxia, as well as the ventilatory recruitment threshold (VRT), the end 

tidal PCO2 threshold at which when ventilation is stimulated to increase, after two days 
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at altitude. Low ventilatory drive has been previously considered as a contributing factor 

to AMS development (Hohenhaus et al., 1995; Bartsch et al., 2002; Richalet et al., 

2012), and systemic inflammation has been linked to modulating ventilatory 

chemoreflexes (McDeigan et al., 2003; Ladino et al., 2007; Fernández et al., 2008; 

Huxtable et al., 2011; Hocker et al., 2017). In this study, we sought to determine if the 

HVR at altitude is correlated with the inflammatory profile or has phenotypic associations 

in lowlanders traveling to altitude after two days of acclimatization. We found the 

following to have significant associations: Hypoxic Ventilatory Response at 45mmHg 

PCO2 (HVR) was negatively correlated with cytokines on HA2: IL10 (r= -0.86; p= 

0.0063), IL6 (r= -0.87; p= 0.0051), TNFα (r= -0.77; p= 0.037), IFNy (r= -0.74; p= 0.035), 

and IL1b (r= -0.79; p= 0.018). Additionally, correlation with AMS scores was approaching 

significance (p= 0.064). (Figure 4.S2, Table 4.4). After multiple comparisons, the 

following was still significant: HVR negatively correlated with IL6 (adj. p= 0.049). We also 

found HVR and IL10 correlation to be approaching significance (adj. p = 0.059) (Figure 

4.10; Table 4.4). Full correlation analyses of all variables on day 2 at altitude are found 

in Table 4.S2.  

 Chronic high-altitude exposure impact on cytokine production and phenotype 

associations 

Plasma samples from Andeans with and without CMS were also analyzed with 

the Essential Immune Response Panel (LEGENDPlex). Of the 13 cytokines analyzed, 

IP-10 (CXCL10) was significantly elevated in Andeans with EE compared to healthy 

Andeans (p= 0.0489) (Figure 4.5). However, when we classified patients based on CMS 

status rather than EE status, there was no significant difference in any of the cytokines 

across CMS and healthy groups (p> 0.999) (Figure 4.6). When comparing acute vs 
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chronic time domains, Andeans with EE had significantly higher IP-10 compared to 

lowlanders at sea level (p= 0.0085) and on first day at altitude (p= 0.0008). In contrast, 

healthy Andeans (based off EE values) had significantly less IL4 compared to 

lowlanders at sea level (p= 0.032), day 1 (p= 0.030), and day 3 (p= 0.033) at altitude, as 

well as significantly less IL8 compared to day 3 at altitude (p= 0.044) (Figure 4.7).  

In addition to grouping participants by EE and CMS status, we conducted 

correlation analyses to account for the wide variation in hematocrit levels and determine 

if any unique relationships were revealed. These correlation analyses revealed that 

higher a CMS score was associated with higher hematocrit (r= 0.65, p<0.0001), lower 

SpO2 (r= -0.40, p= 0.0029), and positively correlated with EE status (r= 0.71; p<0.0001), 

as expected based on previous work by others (Heinrich et al., 2020). CMS score was 

also associated with several inflammatory markers (TNFα (r= 0.28, p= 0.032), IL-2 (r= 

0.26, p= 0.045), IL6 (r= 0.26, p= 0.048), IL8 (r= 0.33, p= 0.012). When removing one 

outlier, the results for all but IL8 versus CMS scores were no longer significant. SpO2 

was also found to be significantly positively correlated with IL12p70 (r= 0.30, p= 0.026). 

While IP-10 was found to be significantly higher in Andeans with CMS, there was no 

correlation between CMS score and IP-10 concentration (Figure 4.S4, Table 4.6). After 

multiple corrections, the following remained significant: CMS positively correlated with 

hematocrit (adj. p = <0.0001), negatively correlated with SpO2 (adj. p= 0.0098), 

positively correlated with EE status (adj. p< 0.0001), and positively correlated with IL-8 

(adj. p = 0.039) (Table 4.6). Full correlation analyses of all variables for the Andean 

population (chronic hypoxia exposure) are found in Table 4.S4. 
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4.5 DISCUSSION 

This study examined how acute and chronic high-altitude hypoxia exposure impact 

cytokine concentration in peripheral blood, and how the cytokine profile differs in these 

time domains by using a multiplex cytokine array to analyze plasma from lowlanders 

traveling to high altitude as well as high-altitude native Andeans with or without EE. We 

also analyze how CMS classification compares to only EE in terms of associations with 

inflammatory profile, as EE is considered to be the greatest contributing factor to CMS. 

Our results demonstrate that acute high-altitude exposure impacts cytokine expression 

and that these impacts have potential associations with AMS and hypoxemia severity. 

These inflammatory profile changes may be a cause or an effect of changes in immune 

cell populations at high altitude. In particular, we found significant elevation in MCP-1 on 

an acute timescale in sojourners to high altitude, while we found significant elevation of 

IP-10 (CXCL10) on a chronic timescale when comparing Andeans with and without EE. 

We also investigated relationships between phenotypes, including the ventilatory 

responses to hypoxia, with the inflammatory profile to determine if there were underlying 

susceptibilities that can influence AMS development. While both acute and chronic 

hypoxia exposure are physiologically stressful, each time domain elicits distinct 

phenotypes that may reflect how an initial beneficial adaptation can turn maladaptive if 

not properly resolved. Here, we will discuss the impact of the inflammatory profile of both 

acute and chronic time domains, and how it may play a role in high-altitude illnesses. 

Impact of acute versus chronic high altitude hypoxia exposure on cytokine 

expression and inflammatory sensitivity  

In a previous study, we hypothesized that acute high-altitude exposure causes 

immune sensitization due to upregulation in genes involved in the toll-like receptor 4 
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(TLR4) signaling pathway, such as CD14, LY96, and TLR4. Additionally, several 

alarmins that may sensitize the TLR4 pathway were also upregulated at the gene 

expression level, such as HMGB1, S100A8, and S100A9 (Pham et al., 2022). When 

analyzing if immune cells at high altitude were more sensitive to inflammatory stimuli, we 

did not find any significant elevation in pro-inflammatory TNFα or IL6 cytokine production 

following LPS stimulation. Despite the non-significance, we did notice that for a subset of 

the participants, there was an appreciable increase in TNFα production from PBMCs 

collected on the first day at altitude compared to sea level values, which may indicate a 

potential role of hypoxia-induced immune sensitization. While we did not see any 

association between TNFα production and AMS scores on first or third day at altitude, 

this may have further implications in cases of severe AMS, high-altitude pulmonary 

edema (HAPE), or high-altitude cerebral edema (HACE). Interestingly, there was a 

significant reduction in pro-inflammatory cytokine production on the third day at altitude 

(Figure 4.1). However, while we do believe that this could be an effect of 

immunosuppression, as HIF pathway activation in hypoxia also plays a major role in 

producing antioxidant properties, due to logistics during sample processing, PBMCs on 

day 3 at altitude may have lower activity due to their collection as buffy coat and 

subsequent isolation after return to sea level. Nevertheless, immune cell populations at 

altitude are altered, and continuous HIF activation and hypoxia exposure do indeed 

impact surface expression, and potentially cytokine production (Chapter 3: Immune 

adaptation during acute high-altitude exposure).  

Monocyte chemoattractant protein-1 (MCP-1) is a chemotactic cytokine that 

promotes inflammation by directing the migration and tissue infiltration of several 

immune cell populations, particularly monocytes and T cells. MCP-1 has been found to 
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be elevated in several pathological conditions and has potential to be diagnostic 

biomarker of inflammation in disease (Dalgard et al., 2017; Kobayashi et al., 2018; Chen 

et al., 2020). Elevated MCP-1 concentration mediated by inflammation and oxidative 

stress and driven by NF-kB activity have been demonstrated in COPD and diabetes 

(Chiarelli et al., 2002; Takebayashi et al., 2006; Di Stefano et al., 2018). When 

considering the synergy between inflammation and oxidative stress interplay in acute 

high-altitude exposure, previous research has found increased oxidative stress 

biomarkers following acute high-altitude exposure (Malacrida et al., 2019). Given that 

MCP-1 protein expression is upregulated in situations of oxidative stress and 

inflammation, our research agrees with this conclusion, as acute high-altitude hypoxia 

exposure leads to significantly elevated MCP-1 expression in sojourners to high altitude 

(Figure 4.4). This also agrees with previous studies that investigated pro-inflammatory 

cytokine profile in patients with a history of high-altitude induced pulmonary edema 

(HAPE), which have found elevated MCP-1 concentration in HAPE-susceptible travelers 

(Mishra et al., 2016).  

Additionally, we found CD4+ T cells were positively correlated with MCP-1 on the 

first day at altitude (Figure 4.8A). MCP-1 is also a potent T-lymphocyte chemoattractant 

(Carr et al., 1994). This suggests T cells are actively recruited to sites of inflammation, 

however the CD4+ T reduction in response to high-altitude exposure is indicative of 

immunosuppression. While it is well documented that high-altitude significantly reduces 

CD4+ T cell concentration in total WBCs, the severity of hypoxemia nor AMS severity 

was not correlated with CD4+ T cells and was not a driver of CD4+ reduction. 

Interestingly, we do report that CD4+ T cells were negatively correlated with IL12p70 

cytokine expression (Figure 4.8B). IL12p70, also known as the natural killer cell 
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stimulatory factor (NKSF) primarily acts on NK cells and T cells and is a particularly 

potent stimulator of IFNy (Trinchieri, 2009). In addition to their role in enhancing 

phagocytic activity in NK and T cells, they also favor differentiation and function of T-

helper cell type 1 (Th1) (Manetti et al., 1993). However, this contradicts previous studies 

that report a dysregulated Th1 vs Th2 balance at altitude, specifically in the Th1 subset 

(Klokker et al., 1993; Facco et al., 2005). This also contradicts our finding that CD16+ NK 

cells are negatively correlated with IFNy, as we expected the opposite to occur. This 

may have several implications, such as an external factor driving the CD4+ T cell 

reduction. It is important to note that our data does not find any significant differences in 

cytokine concentration over 3 days at altitude in IFNy, favored by Th1, nor in IL4, favored 

by Th2, and we also did not find IL12p70 itself to be differentially changed at altitude, yet 

we see a significant reduction in CD4+ T cells. The CD4+ T cells and IL12p70 

relationship also fell out of significance following multiple corrections, although this may 

warrant further studies to determine if there is a true relationship between these 

variables.  

Furthermore, because these are otherwise healthy individuals in a stressful 

environment, and although we do expect that the inflammatory and immune profile to 

shift in response to the high-altitude hypoxia exposure, these correlations may have 

other underlying factors that contribute to these results. Previous research found that 

FASLG was positively correlated with SpO2 (Pham et al., 2022). FASLG, which encodes 

for FasL, regulates immune system activation particularly in T cells (Mogi et al., 2001). 

We suspected that upon high-altitude exposure, a higher SpO2 with elevated FASLG 

expression may be indicative that the physiological response to hypoxia quickly adapts 

and appropriately blunts the immune response. This could also suggest that the 
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suppression of CD4+ T cells would impact IFNy production, as we also do not see any 

significant changes in IFNy cytokine concentration at altitude. However, additional 

studies are needed to elucidate what causes CD4+ T cell reduction, why the Th1 vs Th2 

balance is dysregulated, and if the FAS pathway plays a role in high-altitude immune 

modulation. 

IP-10 is an inflammatory chemotactic cytokine that is produced by leukocytes, 

neutrophils, monocytes, and epithelial cells in response to IFNy (Luster & Ravetch, 

1987; Dyer et al., 2009; Liu et al., 2011). IP-10 promotes chemotactic activity of CXCR3+ 

cells, such as macrophages, NK cells, and CD4+ and CD8+ T cells, while also inducing 

apoptosis, regulating cell growth and proliferation, and anti-angiogenesis (Liu et al., 

2011). We identified elevated IP-10 plasma concentration in Andeans with EE. 

Interestingly, when grouping by CMS score instead of EE classification, IP-10 was no 

longer significant compared to healthy Andeans (Figure 4.6). Furthermore, we found 

correlations between CMS score and higher hematocrit concentration, lower oxygen 

saturation, as well as several inflammatory cytokines (IL2, IL6, IL8, and TNFα) (Figure 

4.9). However, when removing outliers and taking into account multiple corrections, only 

IL8 remained significant. Despite the strong associations with CMS, these relationships 

are not seen as a function of EE status or hematocrit. Therefore, this suggests that while 

EE is known as the main mechanism responsible for CMS development and is one of 

the major contributors to determining CMS classification, there are most likely several 

other contributing factors that lead to CMS, as seen by the correlations with several pro-

inflammatory cytokines. This agrees with studies indicating that CMS and EE 

classifications are not interchangeable, and that other underlying mechanisms, in 

addition to EE, may drive CMS development (Gonzales et al., 2013; Hancco et al., 2020; 
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Oberholzer et al., 2020). Having said that, excessive red blood cell concentration 

increases blood viscosity and can cause shear stress on endothelial cells and impact 

cardiovascular function. Indeed, Andean highlanders with EE have increased 

cardiovascular risk compared to healthy Andeans (Corante et al., 2018). To complement 

the EE vs CMS classification, IL8, a chemotactic cytokine crucial for neutrophil 

chemotaxis, was significantly correlated with CMS scores, which would indicate an 

immunological response to injury. Andeans with CMS may have other underlying risk 

factors that, coupled with EE, may trigger CMS pathogenesis. Together, this suggests 

that in addition to EE, Andeans with CMS have a more robust inflammatory profile that 

may be a driving factor in CMS development.  

Cytokine profiles of high-altitude acclimatization time domains 

In contrast to the acute time domain, chronic hypoxia exposure elicits different 

effects on the cytokine profile. MCP-1 plasma concentration was not significantly 

elevated in the Andean population, a surprisingly conclusion, as we expected that 

chronic hypoxia exposure would stimulate significantly higher levels of MCP-1 in all 

native Andeans, and an even greater concentration in Andeans with EE. Furthermore, 

this data contradicts previous research that have found elevated MCP-1 levels in Han 

Chinese patients with high-altitude polycythemia (HAPC) (Yi et al., 2021). However, 

while both Andeans with EE and Han Chinese with HAPC have elevated erythrocytosis, 

the Andean population may be subjected to other evolutionary adaptations, as they have 

migrated to the Andean Altiplano more than 10,000 years ago and have survived in this 

hypoxic environment for several generations, whereas the Han Chinese are relatively 

new immigrants to high altitude in comparison (Bigham et al., 2013; Moore, 2017). This 

may suggest that MCP-1 has underlying impacts when considering a time scale of days 
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to years, but the native Andean highlanders who have survived for generations at high 

altitude may have evolutionary variants that mitigate MCP-1 concentration or function.  

While there were no changes in MCP-1, IP-10 was significantly elevated in 

Andeans with EE compared to lowlanders at sea level and on first day at altitude. This 

significant elevation in IP-10 in only Andeans with EE also has several implications. 

Elevated IP-10 has been found in a rat model of LPS-induced HACE, which may 

suggest that IP-10 may play a role in the development or exacerbation of severe high-

altitude illnesses (Shi et al., 2023). Additionally, HACE is considered to be the end-stage 

of AMS, which may explain why in our acute timescale study, we did not find significantly 

higher IP-10, as no participant developed HACE during their stay at altitude. This may 

indicate that Andeans with EE are more susceptible to developing high-altitude 

pathologies, specifically CMS, however other factors are suspected to work concurrently 

with the pro-inflammatory cytokines to develop high-altitude pathologies.  

In several pathological conditions, most notably in cases of severe COVID-19 

infection, and severe acute respiratory syndrome (SARS), MCP-1 and IP-10 are 

elevated (Uguccioni et al., 1999; Jiang et al., 2012; Chen et al., 2020; Mulla et al., 2022; 

Eichhorn et al., 2023; Tiwari et al., 2023). Furthermore, these cytokines were associated 

with disease severity. These pathologies are clinically characterized with hypoxemia, 

and while there are other mechanisms to consider, there is a strong synergistic role 

between the hypoxia and inflammatory response that can provide insight into how these 

biomarkers can be indicative of CMS development. However, further research is 

necessary to determine if MCP-1 and/or IP-10 are potential biomarkers of CMS in 

highlanders, and additional investigations on MCP-1 and IP-10 in other native 
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highlanders will provide invaluable insight into how inflammatory adaptations may confer 

or exacerbate high-altitude illnesses. 

High hypoxic ventilatory response is correlated with AMS severity and a robust 

inflammatory profile 

In sea-level sojourners, the immediate increase in ventilation in response to 

acute high-altitude hypoxia exposure is one of the most crucial aspects of high-altitude 

acclimatization, as this significantly increases the level of oxygen in alveolar air. 

However, this adaptation is not sustained throughout their stay at high altitude. HVR, the 

reflexive increase in breathing in response to reduced arterial oxygen pressure, follows 

the same trend, where HVR is significantly elevated in lowlanders acutely exposed to 

high altitude but seems to become reduced in amplitude over prolonged exposure (Sato 

et al., 1994; Powell et al., 1998; Hupperets et al., 2004; Brutsaert et al., 2005; Brutsaert, 

2007; Dempsey et al., 2014). While it is well known that sojourners to high altitude have 

an increased HVR at high altitude, there is still significant individual variation in HVR 

sensitivity. In addition to the HVR variability in sea-level populations, lower HVR values 

are significantly more common (Oeung et al., 2023). This has implications in an 

individual’s susceptibility to hypoxia-related illnesses. Finally, studies have reported that 

failure to increase HVR at high altitude may be a contributing factor in AMS development 

and severity (Hohenhaus et al., 1995; Bartsch et al., 2002).  

With the same participants, we investigated the HVR and the ventilatory 

recruitment threshold (VRT) at sea level and after 2 days at high altitude to determine if 

these factors are associated with the inflammatory profile. We report that the isocapnic 

HVR measured at 45mmHg end-tidal PCO2 (HVR) was approaching a significant 

correlation with AMS scores (p=0.063). This would indicate that participants with higher 
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HVR fare better at altitude in terms of AMS symptom severity (Matsuzawa et al., 1989; 

Hohenhaus et al., 1995; Bartsch et al., 2002). Furthermore, HVR at altitude is 

significantly negatively correlated with IL10, IL6, TNFα, IFNy, and IL1b on the second 

day at altitude (HA2) (Figure 4.10). This would suggest that individuals who have low 

HVR also have a more prominent inflammatory profile, which could contribute to or 

exacerbate high-altitude illnesses (Huxtable et al., 2011; Hocker et al., 2017).  

When comparing these results to a chronic high-altitude time domain profile, specifically 

of native Tibetan and Andean highlanders, we see these trends as well. Despite living in 

similar high-altitude hypoxic environments, these two populations followed two very 

different routes of high-altitude adaptation that ultimately achieved the same goal of 

increased oxygen delivery (Beall, 2006, 2007b). However, the native Andean 

highlanders are considered to have less beneficial adaptations to high altitude compared 

to Tibetans. The Andean population has the highest prevalence of Chronic Mountain 

Sickness (CMS), a clinical syndrome that occurs in native and life-long residents at 

altitude and is characterized by excessive erythropoiesis and severe hypoxemia (Monge, 

1943; Monge et al., 1989; Villafuerte & Corante, 2016). When comparing key 

adaptations in these native populations, HVR is significantly higher in Tibetans than 

Andean highlanders. As a matter of fact, the Tibetans express a normal HVR more 

comparable to sea-level populations, while the Andeans have a blunted HVR (Zhuang et 

al., 1993; Beall et al., 1997; Brutsaert et al., 2005). Additionally, Andeans have 

significantly elevated hematocrit levels, which can contribute to increased blood viscosity 

and thus are at higher risk of vascular damage via shear stress, which can trigger the 

release of inflammatory cytokines (Beall et al., 1990, 1998; Huertas et al., 2013; Corante 

et al., 2018). In comparison, the Tibetans have markedly lower hematocrit levels (Beall, 
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2007). To further complement these adaptive benefits, the Tibetan population have an 

evolutionary selected variant that has been found to promote less circulating pro-

inflammatory cytokines as well as pro-inflammatory immune cells (Bhattacharya et al., 

2021). Together, this suggests that in sojourners to high altitude, the combination of high 

HVR without an exacerbated inflammatory profile is protective against AMS. 

4.6 CONCLUSION 

In conclusion, we demonstrate significant differences in the acute and chronic 

time domains of high-altitude acclimatization. Specifically, our analysis has determined 

relationships between AMS severity, ventilatory responses, and immune cell populations 

with inflammatory cytokines on an acute timescale, as well as CMS or EE severity with 

inflammatory cytokines on a chronic timescale. While it is clear that high-altitude induced 

hypoxemia has significant impacts on the inflammatory profile, further studies are 

essential to elucidate what benefits, if any, come from a robust inflammatory response. 

Additionally, because we see associations with the physiological response to hypoxia, 

we suspect that individuals with chronic inflammation as well as having a low HVR in 

response to hypoxia may be at greater risk of developing high-altitude illnesses. With the 

rising cases of co-morbidities that have underlying chronic inflammation coupled with the 

commonly low HVR in lowlanders, this may provide insights into who are susceptible to 

severe high-altitude illnesses. Lastly, IP-10 is a potential biomarker for EE severity in 

Andeans and may be implicated in CMS pathogenesis. By characterizing the 

inflammatory profile in time domains of high-altitude acclimatization, this work provides 

insight into how the inflammatory response, alongside the immune and physiological 

response, may play a role in high-altitude illnesses, and how differences in native 
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highlander profiles may reflect specific evolutionary adaptations that promotes survival in 

high-altitude hypoxic environments. 
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Figures 
 

 
 
Figure 4.1. TNFα cytokine production in PBMC collected at altitude (day 1 and 3) 
and stimulated with LPS. (A) Overall change in TNFα production following inflammatory 
stimulus (LPS) over 3 days at altitude. (B) Changes in TNFα production following 
inflammatory stimulus (LPS) over 3 days at altitude. Outliers were removed from data. 
Graphs are plotted as mean and error bars as standard deviation. 
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Figure 4.2. IL6 cytokine production in PBMC collected at altitude (day 1 and 3) and 
stimulated with LPS. (A) Overall change in IL6 production following inflammatory 
stimulus (LPS) over 3 days at altitude. (B) Individual changes in IL6 production following 
inflammatory stimulus (LPS) over 3 days at altitude. Graphs are plotted as mean and error 
bars as standard deviation. 
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Figure 4.3. Associations between pro-inflammatory cytokine production, Acute 
Mountain Sickness (AMS) scores, and oxygen saturation (SpO2). TNFα and IL6 
associations with AMS scores on (A) day 1 and (B) day 3 at altitude; TNFα and IL6 
associations with SpO2 on (C) day 1 and (D) day 3 at altitude. 
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Figure 4.4. Cytokine expression across 3 days at altitude compared to sea level 
(baseline). Sea-level (SL); High altitude day 1, 2, and 3 (HA1, HA2, HA3). Only significant 
p-values shown.
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Figure 4.5. Cytokine expression in native Andean highlanders with or without 
excessive erythrocytosis (EE).
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Figure 4.6. Cytokine expression in native Andean highlanders with or without 
Chronic Mountain Sickness (CMS). 
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Figure 4.7. Cytokine expression during acute exposure (Sea-level (SL); High altitude 
day 1, 2, and 3 (HA1, HA2, HA3)) and during chronic exposure (native Andeans with 
excessive erythrocytosis (EE) or without (healthy). 
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Figure 4.8. Correlation plots between cytokine expression and immune populations 
on day 1 at altitude. (A) MCP-1 and CD4 T Cells and (B) IL12p70 vs CD4T Cells after 1 
day at high altitude. 
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Figure 4.9. Relationships in phenotypes and cytokines in native Andean 
highlanders. (A) Oxygen saturation (SpO2) and Chronic Mountain Sickness (CMS) 
Scores; (B) Hematocrit and CMS Scores; (C) TNFα and CMS Scores; (D) IL2 and CMS 
Scores; (E) IL6 and CMS Scores; (F) IL8 and CMS Scores. After removing outliers and 
multiple corrections, only IL8 versus CMS remain significant. 
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Figure 4.10. Correlation plots of high-altitude day 2. (A) IL1b and Hypoxic Ventilatory 
Response (HVR) (B) TNFα and HVR; (C) IL10 and HVR; (D) IL6 and HVR; (E) AMS 
Scores and HVR. After multiple corrections, only IL6 and HVR remain significant. 
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Figure 4.S1. Correlation Matrix of demographic, immune, and cytokine parameters 
on High-Altitude Day 1. 
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Figure 4.S2. Correlation Matrix of demographic, chemoreflex, and cytokine 
parameters on High-Altitude Day 2. 
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Figure 4.S3. Correlation Matrix of demographic, immune, and cytokine parameters 
on High-Altitude Day 3. 
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Figure 4.S4. Correlation Matrix of native Andeans with or without CMS or EE. 
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Table 4.1. Physiological measures at baseline and over three days at altitude 

Acute Time Domain (Sojourners to Altitude) 

Variable SL HA 1 HA 2 HA 3 

ANOVA 

P 

Psys 121 ± 7.1 126 ± 9.5 128 ± 13 126 ± 11. 0.177 

Pdia 79 ± 5 85 ± 7.1 85 ± 8.4 85 ± 8.7 0.059 

HR 74 ± 8.4 91 ± 13 90 ± 15* 100 ± 16*** <0.001 

SpO2 95 ± 1.7 84 ± 4.3*** 84 ± 3.2*** 84 ± 4.1*** <0.001 

AMS 0.5 ± 0.6 4.3 ± 2.7*** 4 ± 2.4** 2.6 ± 2.5* <0.001 

BMI 30.5 ± 5.2 - - - - 

Age 25.6 ± 6.1 - - - - 

Variable units: Psys and Pdia (mmHg); HR (bpm); SpO2 (%); BMI (kg/m2). Overall p-
values for repeated measures ANOVA are provided. Asterisks indicate significant 
differences from SL at p<0.05 (*), p<0.01 (**), and p<0.001 (***) levels via post-hoc 
pairwise comparisons with Bonferroni adjusted p-values. 
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Table 4.2. Physiological measures in native Andean highlanders with or without 
Chronic Mountain Sickness (CMS). 
 

Chronic Time Domain (Native Andean Highlanders) 

Variable Healthy CMS P-value 

Psys 111 ± 18.9 113 ± 9.3 0.252 

Pdia 70.3 ± 10.1 75.5 ± 8.7 0.026* 

SpO2 88.7 ± 3.8 85.0 ± 3.5 <0.001*** 

Hct 55.0 ± 5.0 67.7 ± 4.3 <0.001*** 

CMS 1.3 ± 1.5 5.9 ± 2.9 <0.001*** 

BMI 26.5 ± 4.5 26.8 ± 3.1 0.39 

Age 41.4 ± 11.5 37.1 ±10.4 0.067 

Variable units: Psys and Pdia (mmHg); SpO2 (%); Hct (%); BMI (kg/m2). Overall p-
values for unpaired t-tests are provided. Asterisks indicate significant differences 
from “Healthy” at p<0.05 (*), p<0.01 (**), and p<0.001 (***) levels. 

 

  



 

 

160 

Table 4.3. Relationships between cytokines, phenotypes, and immune populations 
on first day at altitude (HA1). 

Variable 1  Variable 2 Correlation (r) p-value adj. p 

Male Hct 0.87 3.41E-06 1.20E-04 

Age AMS Score 0.76 2.50E-04 0.0059 

IP10 DN Tcells 0.74 6.70E-04 0.014 

MCP1 CD4+ T cells 0.69 0.0021 0.042 

BP (Sys) BMI 0.64 0.0061 0.12 

IP10 BP (Dia) -0.63 0.0072 0.13 

BP (Dia) DN Tcells -0.63 0.0083 0.15 

IL8 Intermediate Monocytes 0.60 0.01 0.18 

IFNy Intermediate Monocytes 0.59 0.013 0.21 

IL1b Intermediate Monocytes 0.59 0.013 0.22 

Age NK T cells -0.58 0.014 0.22 

Male B Cells -0.57 0.016 0.25 

Age SpO2 -0.55 0.021 0.30 

Male MHC ll Monocytes 0.54 0.024 0.33 

Heart Rate BP (Dia) 0.54 0.024 0.33 

TNFα Intermediate Monocytes 0.53 0.028 0.36 

IP10 TLR4 0.64 0.035 0.43 

IL12p70 CD4+T Cells -0.51 0.036 0.43 

IFNy CD16+ NK cells -0.49 0.043 0.47 

TNFα CD8 T cells 0.49 0.044 0.47 

Heart Rate CD56+ NK Cells 0.51 0.045 0.47 

Heart Rate CD16+ NK cells -0.48 0.052 0.52 

IP10 HR -0.47 0.055 0.54 

IL1b CD16+ NK cells -0.47 0.056 0.54 

IL10 Non-Classical Monocytes -0.47 0.059 0.56 

BP (Dia) BMI 0.46 0.064 0.58 

TNFα CD16+ NK cells -0.45 0.069 0.61 
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Table 4.4. Relationships between cytokines, phenotypes, and chemoreflex 
parameters on second day at altitude (HA2). 

Variable 1  Variable 2 Correlation (r) p-value adj. p 

BP (Sys) BP (Dia) 0.78 5.30E-05 6.10E-04 

Male Hct 0.73 2.30E-04 0.0026 

BP (Dia) BMI 0.70 5.20E-04 0.0056 

BP (Sys) BMI 0.61 0.0043 0.043 

IL6 HVR -0.87 0.0051 0.049 

IL10 HVR -0.86 0.0063 0.059 

Male 

Chemoreflex Hypoxia 

Threshold 0.81 0.015 0.12 

IL1b HVR -0.79 0.018 0.15 

AMS Score BP (Sys) 0.49 0.029 0.22 

Heart Rate 

Chemoreflex Hypoxia 

Threshold -0.76 0.030 0.22 

IFNy HVR -0.74 0.035 0.25 

TNFα HVR -0.74 0.037 0.26 

IL1b 

Chemoreflex Hypoxia 

Threshold 0.72 0.045 0.30 

Hematocrit BP (Dia) 0.42 0.062 0.39 

AMS Score HVR -0.68 0.063 0.39 

SpO2 AMS  -0.42 0.064 0.39 

IL12p70 HVR -0.67 0.067 0.39 

Male BP (Dia) 0.42 0.068 0.39 

Hematocrit 

Chemoreflex Hypoxia 

Threshold 0.67 0.069 0.39 
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Table 4.5. Relationships between cytokines, phenotypes, and immune populations 
on third day at altitude (HA3). 

Variable 1  Variable 2 Correlation (r) p-value adj. p 

BP (Sys) BP (Dia) 0.86 1.43E-06 5.00E-05 

Male Hct 0.83 1.30E-05 3.50E-04 

IL12p70 DN T Cells -0.03 3.50E-04 0.98 

AMS Score Heart Rate 0.68 0.0011 0.02 

IL8 DN T Cells 0.69 0.0022 0.04 

IL10 NK T cells 0.65 0.005 0.08 

Age BP (Sys) 0.59 0.0061 0.10 

SpO2 DN T Cells 0.61 0.0093 0.14 

Male Total Monocytes -0.61 0.0093 0.14 

BP (Dia) BMI 0.56 0.011 0.16 

IL4 DNT cells 0.59 0.013 0.18 

Hematocrit Total Monocytes -0.58 0.014 0.19 

BP (Sys) BMI 0.54 0.015 0.20 

IL2 DNT cells 0.57 0.017 0.23 

BMI TLR4 -0.69 0.02 0.25 

TNFα DNT cells 0.56 0.02 0.25 

IL12p70 NK T cells 0.76 0.023 0.0076 

Male 

Intermediate 

Monocytes -0.54 0.024 0.29 

IL6 NK T cells 0.53 0.03 0.35 

SpO2 CD16+ NK Cells -0.52 0.034 0.39 

MCP1 BMI 0.49 0.035 0.39 

BP (Sys) TLR4 -0.63 0.038 0.41 

IFNy DN T Cells 0.51 0.038 0.41 

BMI B Cells 0.50 0.04 0.42 

BP (Dia) TLR4 -0.61 0.045 0.46 

IL1b DNT cells 0.49 0.046 0.46 

Hematocrit 

Intermediate 

Monocytes -0.48 0.049 0.48 

Male SpO2 -0.44 0.051 0.48 

Hematocrit CD8+ T cells 0.47 0.057 0.53 

IL10 BMI -0.44 0.058 0.53 

MCP1 CD4T Cells 0.47 0.059 0.53 

MCP1 SpO2 -0.44 0.062 0.55 

Age BP (Dia) 0.42 0.067 0.59 
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Table 4.6. Relationships between cytokines and phenotypes in native Andean 
highlanders. Excessive erythrocytosis (EE).  

Variable 1 Variable 2 Correlation (r) p-value adj. p 

EE Hematocrit 0.81 1.28E-15 7.48E-15 

EE CMS Score 0.71 5.03E-10 2.20E-09 

Hematocrit CMS Score 0.65 3.19E-08 1.32E-07 

BP Sys BP Dia 0.61 2.30E-06 8.63E-06 

Hematocrit SpO2 -0.47 3.78E-04 0.0013 

EE SpO2 -0.46 5.06E-04 0.0018 

MCP1 BP (Sys) 0.41 0.0025 0.0086 

CMS Score SpO2 -0.40 0.0029 0.0098 

Hematocrit BP Dia 0.39 0.0043 0.014 

IL8 CMS Score 0.33 0.012 0.039 

BP Sys Age 0.34 0.013 0.04 

MCP1 BP(Dia) 0.34 0.015 0.046 

IL12p70 SpO2 0.30 0.026 0.081 

MCP1 Age 0.28 0.031 0.095 

TNFα CMS Score 0.28 0.032 0.095 

IL2 CMS Score 0.26 0.045 0.13 

IL6 CMS Score 0.26 0.048 0.14 

EE BP Dia 0.27 0.053 0.15 

MCP1 SpO2 -0.26 0.054 0.15 

SpO2 BMI -0.27 0.059 0.93 

IP10 Hct -0.23 0.07 0.19 
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Table 4.S1. All relationships between cytokines, phenotypes, and immune 
populations on first day at altitude (HA1). 

Variable 1 Variable 2 Correlation (r) p-value adj. p 
TNFα IFNy 0.97 1.52E-11 8.52E-09 

IL1b IL8 0.95 2.44E-09 6.83E-07 

IL1b IFNy 0.94 5.58E-09 1.04E-06 

IL4 IL2 0.93 1.71E-08 2.39E-06 

IL1b IL17A 0.93 3.06E-08 2.93E-06 

IL17A IFNy 0.93 3.14E-08 2.93E-06 

TNFα IL17A 0.92 4.97E-08 3.98E-06 

IL1b TNFα 0.92 8.70E-08 6.10E-06 

IL2 TNFα 0.92 9.97E-08 6.22E-06 

IL17A IL8 0.91 1.59E-07 8.90E-06 

IFNy IL8 0.89 6.99E-07 3.56E-05 

IL10 IL12p70 0.89 9.07E-07 3.92E-05 

IL2 IL17A 0.89 9.09E-07 3.92E-05 

IL6 IL12p70 0.88 1.87E-06 7.49E-05 

TNFα IL8 0.87 2.44E-06 9.11E-05 

Male Hct 0.87 3.41E-06 1.20E-04 

IL2 IL1b 0.86 3.94E-06 1.30E-04 

IL2 IL8 0.86 4.94E-06 1.54E-04 

IL2 IFNy 0.84 1.37E-05 4.04E-04 

IL4 TNFα 0.82 3.47E-05 9.74E-04 

IL4 IL1b 0.81 5.44E-05 1.45E-03 

IL4 IL8 0.79 8.51E-05 2.17E-03 

IL6 IL10 0.76 2.24E-04 5.48E-03 

Age AMS Score 0.76 2.50E-04 5.85E-03 

IL4 IL17A 0.75 3.67E-04 8.24E-03 

IP10 DN Tcells 0.74 6.68E-04 1.44E-02 

IL4 IFNy 0.71 8.86E-04 1.84E-02 

MCP1 CD4+ T cells 0.69 2.10E-03 4.20E-02 

BP(Sys) BMI 0.64 6.12E-03 1.18E-01 

IP10 BP (Dia) -0.63 7.18E-03 1.34E-01 

BP(Dia) DN Tcells -0.63 8.26E-03 1.49E-01 

IL8 
Intermediate 
Monocytes 0.60 1.05E-02 1.78E-01 

IFNy 
Intermediate 
Monocytes 0.59 1.27E-02 2.10E-01 

IL1b 
Intermediate 
Monocytes 0.59 1.35E-02 2.16E-01 

Age NK T cells -0.58 1.39E-02 2.17E-01 

Male B Cells -0.57 1.62E-02 2.46E-01 

Age SpO2 -0.55 2.11E-02 2.96E-01 

Male MHC ll Monocytes 0.54 2.44E-02 3.26E-01 

HR BP (Dia) 0.54 2.44E-02 3.26E-01 

TNFα 
Intermediate 
Monocytes 0.53 2.78E-02 3.63E-01 

IP10 TLR4 0.64 3.46E-02 4.32E-01 
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IL12p70 CD4+T Cells -0.51 3.60E-02 4.34E-01 

IFNy CD16+ NK cells -0.49 4.34E-02 4.68E-01 

TNFα CD8+ T cells 0.49 4.44E-02 4.70E-01 

HR CD56+ NK Cells 0.51 4.52E-02 4.70E-01 

HR CD16+ NK cells -0.48 5.24E-02 5.25E-01 

IP10 HR -0.47 5.46E-02 5.38E-01 

IL1b CD16+ NK cells -0.47 5.57E-02 5.39E-01 

IL10 
Non-Classical 

Monocytes -0.47 5.89E-02 5.59E-01 

BP(Dia) BMI 0.46 6.42E-02 5.81E-01 

TNFα CD16+ NK cells -0.45 6.92E-02 6.13E-01 
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Table 4.S2. All relationships between cytokines, phenotypes, and chemoreflex 
parameters on second day at altitude (HA2). 

Variable 1 Variable 2 Correlation (r) p-value adj. p 
TNFα IFNy 0.99 1.27E-16 3.81E-14 

IL4 IL2 0.98 6.07E-14 9.10E-12 

IL6 IL12p70 0.97 2.86E-12 2.86E-10 

IL2 IL8 0.96 1.18E-11 8.53E-10 

IL17A IFNy 0.96 1.42E-11 8.53E-10 

IL1b IL17A 0.96 2.13E-11 1.07E-09 

IL10 IL12p70 0.96 4.43E-11 1.90E-09 

TNFα IL17A 0.95 6.86E-11 2.57E-09 

IL1b IL8 0.95 3.19E-10 1.06E-08 

IL2 IL1b 0.94 5.38E-10 1.61E-08 

IL1b IFNy 0.94 5.95E-10 1.62E-08 

IL1b TNFα 0.94 1.03E-09 2.58E-08 

IL4 IL8 0.93 2.83E-09 6.54E-08 

IL17A IL8 0.92 1.25E-08 2.69E-07 

IL2 IL17A 0.92 1.35E-08 2.69E-07 

IL4 IL1b 0.91 4.20E-08 7.88E-07 

IL6 IL10 0.89 2.17E-07 3.84E-06 

IL2 TNFα 0.88 3.91E-07 6.52E-06 

IP10 MCP1 0.86 1.02E-06 1.61E-05 

IL2 IFNy 0.86 1.30E-06 1.95E-05 

IL4 IL17A 0.85 2.53E-06 3.61E-05 

IFNy IL8 0.83 6.58E-06 8.98E-05 

IL4 TNFα 0.82 7.99E-06 1.04E-04 

TNFα IL8 0.82 8.29E-06 1.04E-04 

IL4 IFNy 0.79 3.79E-05 4.55E-04 

BP (Sys) BP (Dia) 0.78 5.26E-05 6.07E-04 

Male Hct 0.73 2.33E-04 2.59E-03 

BP (Dia) BMI 0.70 5.23E-04 5.60E-03 

IL10 IL8 0.67 1.26E-03 1.30E-02 

BP (Sys) BMI 0.61 4.25E-03 4.25E-02 

IL6 HVR -0.87 5.06E-03 4.90E-02 

IL10 HVR -0.86 6.26E-03 5.87E-02 

IL4 IL10 0.57 8.48E-03 7.71E-02 

IL1b IL10 0.55 1.25E-02 1.08E-01 

IL2 IL10 0.55 1.26E-02 1.08E-01 

Male 
Chemoreflex Hypoxia 

Threshold 0.81 1.50E-02 1.24E-01 

IL17A IL10 0.53 1.53E-02 1.24E-01 

IL1b HVR45 -0.79 1.84E-02 1.45E-01 

IL12p70 IL8 0.51 2.03E-02 1.56E-01 

AMS Score BP (Sys) 0.49 2.92E-02 2.19E-01 

HR 
Chemoreflex Hypoxia 

Threshold -0.76 3.02E-02 2.21E-01 

IFNy HVR45 -0.74 3.47E-02 2.48E-01 



 

 

167 

TNFα HVR45 -0.74 3.69E-02 2.58E-01 

IL17A IL12p70 0.46 3.93E-02 2.68E-01 

IL1b 
Chemoreflex Hypoxia 

Threshold 0.72 4.47E-02 2.98E-01 

IL1b IL12p70 0.45 4.82E-02 3.15E-01 

Hct BP (Dia) 0.42 6.23E-02 3.91E-01 

AMS Score HVR45 -0.68 6.25E-02 3.91E-01 

SpO2 AMS -0.42 6.43E-02 3.92E-01 

IL4 IL12p70 0.42 6.64E-02 3.92E-01 

IL12p70 HVR45 -0.67 6.73E-02 3.92E-01 

Male BP (Dia) 0.42 6.79E-02 3.92E-01 

Hct 
Chemoreflex Hypoxia 

Threshold 0.67 6.94E-02 3.93E-01 
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Table 4.S3. All relationships between cytokines, phenotypes, and immune 
populations on third day at altitude (HA3). 

Variable 1 Variable 2 Correlation (r) p-value adj. p 
Age BP (Sys) 0.59 6.09E-03 9.76E-02 

Age BP (Dia) 0.42 6.68E-02 5.86E-01 

Male SpO2 -0.44 5.06E-02 4.81E-01 

Male Hct 0.83 1.30E-05 3.48E-04 

Male Total Monocytes -0.61 9.34E-03 1.42E-01 

Male 
Intermediate 
Monocytes -0.54 2.39E-02 2.86E-01 

IL4 IL2 0.94 1.64E-09 3.96E-07 

IL4 Il1b 0.76 1.81E-04 4.06E-03 

IL4 TNFα 0.83 1.08E-05 3.03E-04 

IL4 IL17A 0.72 5.78E-04 1.16E-02 

IL4 IFNy 0.73 3.78E-04 7.86E-03 

IL4 IL8 0.87 9.73E-07 4.10E-05 

IL4 DNT cells 0.59 1.28E-02 1.80E-01 

IL2 Il1b 0.84 5.44E-06 1.69E-04 

IL2 TNFα 0.93 5.55E-09 7.78E-07 

IL2 IL17A 0.88 5.22E-07 2.66E-05 

IL2 IFNy 0.87 1.02E-06 4.10E-05 

IL2 IL8 0.93 1.00E-08 1.12E-06 

IL2 DNT cells 0.57 1.73E-02 2.26E-01 

IL1b TNFα 0.89 3.10E-07 1.93E-05 

IL1b IL17A 0.85 5.03E-06 1.66E-04 

IL1b IFNy 0.89 4.72E-07 2.65E-05 

IL1b IL8 0.89 2.95E-07 1.93E-05 

IL1b DNT cells 0.49 4.58E-02 4.58E-01 

TNFα IL17A 0.92 1.54E-08 1.44E-06 

TNFα IFNy 0.98 7.65E-13 4.29E-10 

TNFα IL8 0.88 6.12E-07 2.86E-05 

TNFα DNT cells 0.56 1.97E-02 2.46E-01 

MCP1 SpO2 -0.44 6.17E-02 5.50E-01 

MCP1 BMI 0.49 3.47E-02 3.89E-01 

MCP1 CD4+ T Cells 0.47 5.87E-02 5.31E-01 

IL17A IFNy 0.94 2.12E-09 3.96E-07 

IL17A IL8 0.81 3.04E-05 7.75E-04 

IL6 IL10 0.77 1.07E-04 2.50E-03 

IL6 IL12p70 0.87 1.28E-06 4.80E-05 

IL6 NK T cells 0.53 2.99E-02 3.50E-01 

IL10 IL12p70 0.89 2.72E-07 1.93E-05 

IL10 BMI -0.44 5.75E-02 5.29E-01 

IL10 NK T cells 0.65 5.05E-03 8.33E-02 

IFNy IL8 0.83 1.01E-05 2.97E-04 

IFNy DN T Cells 0.51 3.80E-02 4.10E-01 

IL12p70 NK T cells 0.76 2.26E-02 7.61E-03 

IL12p70 DN T Cells -0.03 3.53E-04 9.81E-01 
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IL8 DN T Cells 0.69 2.16E-03 4.03E-02 

SpO2 CD16+ NK Cells -0.52 3.43E-02 3.89E-01 

SpO2 DN T Cells 0.61 9.29E-03 1.42E-01 

Hct Total Monocytes -0.58 1.38E-02 1.89E-01 

Hct CD8+ T cells 0.47 5.68E-02 5.29E-01 

Hct 
Intermediate 
Monocytes -0.48 4.95E-02 4.81E-01 

AMS Score HR 0.68 1.06E-03 2.05E-02 

BP (Sys) BP (Dia) 0.86 1.43E-06 5.00E-05 

BP (Sys) BMI 0.54 1.50E-02 2.00E-01 

BP (Sys) TLR4 -0.63 3.79E-02 4.10E-01 

BP (Dia) BMI 0.56 1.08E-02 1.59E-01 

BP (Dia) TLR4 -0.61 4.54E-02 4.58E-01 

BMI B Cells 0.50 3.98E-02 4.17E-01 

BMI TLR4 -0.69 1.95E-02 2.46E-01 
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Table 4.S4. All relationships between cytokines and phenotypes in native Andean 
highlanders. Excessive erythrocytosis (EE).  

Variable 1  Variable 2 Correlation (r) p-value adj. p 
EE Hct 0.81 1.28E-15 7.48E-15 

EE CMS Score 0.71 5.03E-10 2.20E-09 

EE BP Dia 0.27 5.27E-02 1.52E-01 

EE SpO2 -0.46 5.06E-04 1.77E-03 

IL4 IL2 0.67 4.95E-11 2.36E-10 

IL4 IL1b 0.64 3.89E-10 1.74E-09 

IL4 TNFα 0.63 1.31E-09 5.61E-09 

IL4 IL17A 0.45 4.97E-05 1.83E-04 

IL4 IL6 0.52 1.89E-06 7.27E-06 

IL4 IL10 0.52 1.90E-06 7.27E-06 

IL4 IFNy 0.53 9.12E-07 3.61E-06 

IL4 IL12p70 0.56 1.47E-07 5.93E-07 

IL4 IL8 0.44 7.47E-05 2.71E-04 

IL4 TGFb 0.29 1.21E-02 3.91E-02 

IL2 IL1b 0.91 3.08E-30 3.23E-29 

IL2 TNFα 0.96 9.01E-43 3.78E-41 

IL2 IL17A 0.80 8.63E-18 5.33E-17 

IL2 IL6 0.95 1.52E-39 4.57E-38 

IL2 IL10 0.95 3.43E-39 8.00E-38 

IL2 IFNy 0.95 2.30E-39 6.03E-38 

IL2 IL12p70 0.89 8.76E-27 7.08E-26 

IL2 IL8 0.92 1.55E-32 1.81E-31 

IL2 TGFb 0.71 1.08E-12 5.40E-12 

IL2 CMS Score 0.26 4.50E-02 1.33E-01 

IP10 Hct -0.23 7.00E-02 1.93E-01 

IL1b TNFα 0.94 2.43E-36 4.26E-35 

IL1b IL17A 0.76 1.62E-15 9.17E-15 

IL1b IL6 0.93 7.54E-33 9.89E-32 

IL1b IL10 0.92 1.02E-32 1.26E-31 

IL1b IFNy 0.95 2.65E-38 5.57E-37 

IL1b IL12p70 0.90 3.52E-29 3.21E-28 

IL1b IL8 0.84 3.10E-21 2.33E-20 

IL1b TGFb 0.65 1.78E-10 8.30E-10 

TNFα IL17A 0.81 8.49E-19 5.57E-18 

TNFα IL6 0.95 2.92E-38 5.58E-37 

TNFα IL10 0.95 1.42E-39 4.57E-38 

TNFα IFNy 0.96 3.98E-44 2.09E-42 

TNFα IL12p70 0.87 2.07E-24 1.61E-23 

TNFα IL8 0.90 8.19E-29 7.17E-28 

TNFα TGFb 0.69 6.68E-12 3.26E-11 

TNFα CMS Score 0.28 3.15E-02 9.45E-02 

MCP1 BP (Sys) 0.41 2.51E-03 8.63E-03 

MCP1 BP(Dia) 0.34 1.48E-02 4.63E-02 

MCP1 SpO2 -0.26 5.38E-02 1.53E-01 
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MCP1 Age 0.28 3.14E-02 9.45E-02 

IL17A IL6 0.81 5.45E-19 3.69E-18 

IL17A IL10 0.90 9.75E-28 8.19E-27 

IL17A IFNy 0.81 1.04E-18 6.65E-18 

IL17A IL12p70 0.78 4.98E-17 2.99E-16 

IL17A IL8 0.81 4.53E-19 3.17E-18 

IL17A TGFb 0.59 1.81E-08 7.62E-08 

IL6 IL10 0.98 3.45E-51 3.63E-49 

IL6 IFNy 0.98 1.10E-52 2.31E-50 

IL6 IL12p70 0.91 1.84E-29 1.84E-28 

IL6 IL8 0.93 5.61E-33 7.86E-32 

IL6 TGFb 0.72 3.14E-13 1.66E-12 

IL6 CMS Score 0.26 4.81E-02 1.40E-01 

IL10 IFNy 0.91 6.32E-50 4.43E-48 

IL10 IL12p70 0.94 9.57E-31 1.06E-29 

IL10 IL8 0.72 1.75E-35 2.82E-34 

IL10 TGFb 0.22 3.17E-13 1.66E-12 

IFNy IL12p70 0.91 3.09E-29 2.95E-28 

IFNy IL8 0.93 5.07E-33 7.60E-32 

IFNy TGFb 0.72 1.56E-13 8.60E-13 

IL12p70 IL8 0.83 1.73E-20 1.25E-19 

IL12p70 TGFb 0.65 2.98E-10 1.36E-09 

IL12p70 SpO2 0.30 2.63E-02 8.12E-02 

IL8 TGFb 0.71 4.17E-13 2.14E-12 

IL8 CMS Score 0.33 1.18E-02 3.87E-02 

Hct CMS Score 0.65 3.19E-08 1.32E-07 

Hct BP Dia 0.39 4.32E-03 1.44E-02 

Hct SpO2 -0.47 3.78E-04 1.35E-03 

CMS Score SpO2 -0.40 2.91E-03 9.84E-03 

BP Sys BP Dia 0.61 2.30E-06 8.63E-06 

BP Sys Age 0.34 1.27E-02 4.04E-02 

SpO2 BMI -0.27 5.92E-02 9.27E-01 
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Chapter 5 

Related Projects 

Chapter 5.2 - The normal distribution of the hypoxic ventilatory response and 

methodological impacts: a meta-analysis and computational investigation 

 

Chapter 5.3 - Health disparities in COVID-19: immune and vascular changes are linked 

to disease severity and persist in a high-risk population in Riverside County, California  

 

  



 

 

173 

5.1 INTRODUCTION 

In addition to the role of inflammation and immune function at high altitude, there 

are several decades of research investigating the hypoxic ventilatory response (HVR), 

the reflexive increase in breathing in response to reduced arterial oxygen pressure. 

However, it is necessary to determine the overall distribution of this reflex, as variation 

may not only occur per individual, but across different populations. Furthermore, by 

characterizing the normal distribution of the HVR, this will assist to guide clinical 

decisions in situations where arterial oxygen pressure is affected, such as if patients are 

hypoxemic. For example, COVID-19 infection can cause profound hypoxemia in 

patients, but when coupled with low HVR, this may manifest as “silent hypoxemia”, 

where patients, despite low oxygen saturation, do not experience breathing discomfort 

(Tobin, 2020; Xie et al., 2020; Tobin et al., 2020b, 2020a; Dhont et al., 2020; Chandra et 

al., 2020; Wilkerson et al., 2020; Allali et al., 2020; Bickler et al., 2021a; Simonson et al., 

2021). This is a dangerous phenomenon, as this may mask underlying symptoms and 

increase the risk of mortality. Additionally, COVID-19 may have long-lasting impact on 

the inflammatory and immune profile, which also have physiological consequences (Xie 

et al., 2020; Ackermann et al., 2020; Westmeier et al., 2020; Lopez et al., 2021; Cheon 

et al., 2021; Ekstedt et al., 2022). This chapter investigates two components: the normal 

distribution of HVR in populations and the immune and vascular changes linked to 

COVID-19 disease severity.   
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Chapter 5.2 
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KEY POINTS 

• The hypoxic ventilatory response (HVR) plays a crucial role in determining an 

individual's predisposition to hypoxia-related pathologies. 

• There is notable variability in HVR sensitivity across individuals as well as 

significant population-level differences. 

• We report that the normal distribution of the HVR is positively skewed, with a 

significant prevalence of low HVR values amongst the general healthy 

population. We also find no significant impact of the experimental protocol used 

to induce hypoxia, although HVR is greater with isocapnic versus poikilocapnic 

methods. 

• These results provide insight into the normal distribution of the HVR, which could 

be useful in clinical decisions of diseases related to hypoxemia. 

• Additionally, the low HVR values found within the general population provides 

insight into the genetic adaptations found in populations residing in high altitudes.  
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5.2.1 ABSTRACT 

The hypoxic ventilatory response (HVR) is the increase in breathing in response to 

reduced arterial oxygen pressure. Over several decades, studies have revealed 

substantial population-level differences in the magnitude of the HVR as well as 

significant inter-individual variation. In particular, low HVRs occur frequently in Andean 

high-altitude native populations. However, our group conducted hundreds of HVR 

measures over several years and commonly observed low responses in sea-level 

populations as well. As a result, we aimed to determine the normal HVR distribution, 

whether low responses were common, and to what extent variation in study protocols 

influence these findings. We conducted a comprehensive search of the literature and 

examined the distributions of HVR values across 78 studies that utilized step-

down/steady-state or progressive hypoxia methods in untreated, healthy human 

subjects. Of these studies, 35 (59.3%) were moderately positively skewed (skew>0.5), 

and 21 (35.6%) were significantly positively skewed (skew>1), indicating that lower HVR 

values are common. The skewness of HVR distributions does not appear to be an 

artifact of methodology or the unit with which the HVR is reported. Further analysis 

demonstrated that the use of step-down hypoxia versus progressive hypoxia methods 

did not have a significant impact on average HVR values, but that isocapnic protocols 

produced higher HVRs than poikilocapnic protocols. This work provides a reference for 

expected HVR values and illustrates substantial inter-individual variation in this key 

reflex. Finally, the prevalence of low HVRs in the general population provides insight into 

our understanding of blunted HVRs in high-altitude adapted groups. 
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5.2.2 INTRODUCTION 

The hypoxic ventilatory response (HVR) is the increase in breathing in response 

to reductions in arterial oxygen partial pressure (PaO2). This reflex is the body’s first 

defense against oxygen limitation. During an acute hypoxic stimulus (seconds to 

minutes), changes in arterial PO2 are detected by the peripheral (carotid body) 

chemoreceptors. This leads to increased afferent input to the respiratory centers and 

reflex activation of respiratory muscles which increase tidal volume (VT) and frequency 

(fR) of breathing (Pamenter & Powell, 2016). The amplitude of this response is 

dependent on the arterial PCO2 (PaCO2), with larger increases in total ventilation occurring 

for the same drop in PaO2 when PaCO2 is higher.  

There is significant individual variation in HVR sensitivity which may drive 

susceptibility to, or protection against, hypoxia-related pathologies. In the context of 

high-altitude physiology and medicine, studies have linked HVR to exercise performance 

at altitude (Schoene et al., 1984; Masuyama et al., 1986), susceptibility to high altitude 

pulmonary edema (HAPE) (Hackett et al., 1988; Matsuzawa et al., 1989), and 

development of acute mountain sickness (AMS) (Moore et al., 1986b). In clinical cases, 

high respiratory drive in response to hypoxemia may result in patient self-inflicted lung 

injury in acute respiratory distress syndrome (ARDS) (Vassilakopoulos et al., 2004; 

Wang et al., 2005; Spinelli et al., 2020a), and high or low hypoxic ventilatory responses 

may exacerbate central and obstructive sleep apnea syndromes, respectively (Solin et 

al., 2000; Ainslie et al., 2013). Finally, low HVRs may have contributed to “silent 

hypoxemia” in COVID-19, in which patients presented with very low arterial oxygen 

levels but minimal dyspnea (Nouri-Vaskeh et al., 2020; Tobin et al., 2020a; Bickler et al., 

2021b; Swenson et al., 2021). 
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Given the critical role of the HVR in determining the physiological consequences 

of hypoxic episodes, it is important to understand the natural variation in this reflex, how 

it differs across populations, and how this trait can be used to predict susceptibility to 

hypoxia-promoted diseases. Furthermore, understanding the normal distribution of this 

trait among the general population will provide valuable information to guide clinical 

decisions. This will also inform our understanding of possible genetic determinants of the 

HVR. Previous work has demonstrated that this ventilatory reflex is low, or “blunted”, in 

high-altitude Andean native populations compared to other high-altitude native groups, 

as well as sea-level residents. This blunted HVR has been described as a unique 

adaptation, or maladaptation, to the high-altitude environment. However, it is possible 

that this phenotype is also common in lowlanders, and that these individuals may share 

genetic variants associated with lower HVR. Therefore, the goal of this meta-analysis is 

to quantitatively examine the available literature on the HVR to determine the normal 

distribution of this reflex and how methodology impacts the measured ventilatory 

sensitivity to hypoxia. Throughout several years of collecting HVR measurements in 

diverse populations, we observed that high HVRs appear to be uncommon in healthy 

sea-level populations. We therefore aimed to test the hypothesis that low HVR values 

are more common in the general population and that this result is not dependent on the 

specific method used. To test this hypothesis, we collected and analyzed HVR values, 

methodological details, and population demographics from all published studies 

examining the HVR which include raw data.   
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5.2.3 METHODS 

Literature summary and data extraction 

We conducted a literature search following the PRISMA guidelines for systematic 

reviews and meta-analyses to identify peer-reviewed studies reporting individual HVR 

measurements in healthy populations (Page et al., 2021). The search was conducted on 

August 12, 2021. Papers were located via PubMed searches for “hypoxic ventilatory 

response” or “hypoxic chemosensitivity” across any time period. Studies were then 

screened for titles which indicated that HVR measurements were made or that 

respiratory reflexes or chemoreflexes were measured in humans, and that the paper was 

not a review. Studies were then screened for abstracts that indicated the appropriate 

HVR measures were made and included at least one group of healthy subjects receiving 

no additional experimental intervention. Finally, a complete review of each remaining 

paper for methodological details was conducted. Published studies that included mean 

or raw individual HVR data in table or scatterplot form, as well as sufficient participant 

demographics and methodological information to determine the type of HVR test 

conducted, were included in our analyses. At each step of the filtering process, titles, 

abstracts, or whole studies were evaluated by two reviewers and disagreements were 

settled by a third reviewer.  

Raw data was extracted from eligible studies. Individual HVR measures for each 

participant had to be provided in a table, as a scatterplot with individual points, or in 

supplementary data. For scatterplot data, values were extracted from graphs with the 

Image Calibration tool in ImageJ (National Institutes of Health, MD, USA). In one study, 

hundreds of HVR measures were provided in scatterplot form. This may have led to the 

exclusion of some individual data points from this study due to overplotting. Studies 
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reporting measurements in distinct populations (i.e., high-altitude versus sea-level 

populations) were separated into subgroups by population to ensure that across-

population differences in HVR characteristics were accounted for.  

Methodological details for each study were collected as categorical variables. 

Eligible studies were classified as using step-down/steady-state or progressive hypoxia 

administration methods. Step-down or steady-state HVR tests involve measuring total 

ventilation after several minutes of equilibration to two or more constant fractions of 

inspired oxygen (FIO2), arterial oxygen pressures (PaO2), or arterial oxygen saturation 

(SpO2) targets and calculating the change in ventilation across two O2 levels. 

Progressive tests involve rebreathing or other methods which produce a continuous 

decrease in inspired PO2 over time. In this case, the HVR is calculated as the curvilinear 

relationship between total ventilation and PO2 (Weil et al., 1970). CO2 status during the 

protocol was classified as “isocapnic” if end-tidal PCO2 was maintained at a constant 

level while O2 was manipulated, or “poikilocapnic” if end-tidal PCO2 was allowed to 

decrease freely with hyperventilation. The elevation at which measurements were made 

was also recorded. When the altitude of measurement was not provided, it was 

determined from the location of measurements (if provided). If neither elevation or exact 

location of measurements were provided, the measurement elevation was assumed to 

be the elevation of the corresponding author’s home institution or institution providing 

IRB approval. Age was included in the dataset only if individual ages were provided for 

each participant. Participants were assumed to be of sea-level ancestry if data was 

collected at sea level and there was no other indication of participant ancestry. Units of 

measurement (A or L/min/%SpO2) and target hypoxic values were also recorded (as 

SpO2, FIO2, PIO2, PAO2, or PaO2).   
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Collected measurements were limited to cases in which HVR measurements 

were made under resting conditions at any altitude. Measurements made under 

additional experimental conditions (e.g., exercise, hypercapnia, head-down tilt angles, 

sleep) were not included. However, if a study utilizing these treatments also included 

baseline measures under no treatment condition, these baseline measures were 

included. In one case, measurements taken with a head up tilt of 85° were utilized 

(Hildebrandt et al., 2000a) since this angle is often utilized in seated participants during 

HVR measures. If several HVR measures were conducted in short succession (Basaran 

et al. 2016), only the first measure was included in our dataset, when provided, to allow 

comparison across studies and prevent the inclusion of HVR values elevated by prior 

intermittent hypoxia exposure. Of note, several studies conducted HVR measures in 

duplicate or triplicate and reported means. 

For studies targeting a specific inspired oxygen pressure or fraction, an 

estimated corresponding saturation value was determined to facilitate comparisons of 

hypoxia targets across studies. These calculations were based on the Severinghaus 

equations for human blood O2 dissociation computations at a pH of 7.4 and temperature 

of 37°C (Severinghaus, 1979). Arterial PO2 was estimated from inspired PO2 using the 

alveolar gas equation with the A-a gradient calculated as (age + 10) / 4 (Sharma et al., 

2019; Hantzidiamantis & Amaro, 2022). An alveolar-arterial oxygen gradient of 10 was 

used if participant age was not provided. This value was determined by calculating the 

normal A-a gradient for a healthy individual aged 33 years, since this was the average 

age of all participants in the total dataset.  
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Comparison with within-lab controlled datasets 

 In a separate analysis, we gathered HVR values collected in a single laboratory 

using the same methodology to determine how mean and skew values compared to the 

larger literature. Each of these studies used isocapnic, step-down hypoxia protocols. 7 

datasets were included in this separate analysis, 4 of which are published and 3 

unpublished. Of the four published studies, three were included in the larger literature 

review (Garcia et al., 2000b; Hupperets et al., 2004; Basaran et al., 2016) and one was 

excluded due to the inclusion of intravenous infusions during testing (Weinger et al., 

1998). Three additional unpublished datasets were included which utilized the same 

protocol. For each dataset, only HVR measures collected at sea level under no 

treatment condition were included. 

Data simulation  

Data recovered in the meta-analysis included data reported in two unit types: “A” 

or “L/min/SpO2”. The unit A is the mathematical parameter which determines the 

curvilinear shape of the ventilatory response to changes in PO2, with higher A values 

representing higher HVRs. Alternatively, the L/min/SpO2 unit represents the linear 

change in ventilation as a function of SpO2 or SaO2. Since a primary goal of this study is 

to determine the distributions of HVR values across populations and methodologies, we 

aimed to determine if HVRs reported in different units were comparably distributed, or if 

the use of the L/min/SpO2 unit preferentially produced the skewed distributions we 

observed.  

Similarly, it was unclear if the degree of hypoxia administered during the test 

impacted the skewness of the data. In particular, we hypothesized that higher positive 
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skewness would be observed for the same dataset if values were reported in L/min/SpO2 

and utilized a modest SpO2 target. However, since no dataset included both A values 

and L/min/SpO2 values within the same individuals, we prepared a simulated dataset to 

address this question.   

We first simulated a set of 500 random HVR curves, and their corresponding A 

and VE
0 values, constrained by the mean and standard deviation of HVR values reported 

in Weil et al. (1970) (means: A = 180.2 ± 14.5; VE
0 = 4.8 ± 0.3).  For each curve, four 

PAO2 values were chosen (120, 50, 40, 37 mmHg) to represent normoxic as well as mild, 

moderate, and severe hypoxic targets respectively, based on commonly used HVR 

protocols. Ventilation values corresponding to each PAO2 value were then calculated for 

each curve based on the following equation: 

𝑉𝐸 = 𝑉𝐸0 +
𝐴

𝑃𝐴𝑂2 − 32
 

To convert these simulated HVR values from A to L/min/%SpO2 units, we first 

calculated arterial oxygen saturations at the four chosen PAO2 values directly from the 

standard oxygen dissociation curve using an A-a gradient of 10 as described above. 

These calculations were conducted using the Kelman strategy which allows the 

calculation of SO2 or PO2 at various temperatures, carbon dioxide levels, and pH levels 

based on data from Severinghaus (1966) (Kelman 1966). As such, PAO2 values of 100, 

70, 55, and 48 mmHg correspond to arterial saturations of 96.8, 91.0, 80.4, and 71.1%, 

respectively, assuming a PCO2 of 40, pH of 7.4, and temperature of 37°C. 

HVR values were determined for each of the 500 ventilatory response curves 

based on the calculated increase in ventilation from baseline (PAO2 = 120 mmHg) to 

each hypoxic target (PAO2 = 50, 40, and 37 mmHg) as 
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𝐻𝑉𝑅 =  
∆𝑉𝐸

∆𝑆𝑎𝑂2
 

Statistical analysis 

All statistical analyses and data simulations were conducted in R Studio (Version 

1.4.1717). Summary statistics were calculated in R using the psych package. To 

determine if data were normally distributed or skewed, Kolmogorov-Smirnov statistics 

are provided for datasets of N ≥ 50, and Shapiro-Wilks statistics are provided for 

datasets of N < 50.  Comparisons of HVR values across methods were conducted with 

unpaired t-tests after removal of extreme outliers (see results). Additional general linear 

models were used to determine if significant relationships were upheld after adjusting for 

cofactors such as PO2 or PCO2 method, sex, and study population. To test for significant 

differences in mean HVR values across studies with the lab-controlled dataset, one-way 

ANOVAs and post-hoc Tukey HSD tests were used. For correlation analyses, Shapiro-

Wilk normality tests were first conducted, and Spearman rank correlations were utilized 

for non-normally distributed datasets. Data are reported throughout the paper as means 

± standard deviation and error bars represent 95% confidence intervals. 

5.2.4 RESULTS 

Study filtering 

The initial literature search revealed 861 records. Of these, 630 were removed 

during title filtering and 71 were removed during abstract filtering. A final subset of 160 

studies received complete review. After this review, 78 studies remained in the final 

dataset and provided either mean or raw HVR values and sufficient methodological 

detail to include in this analysis (Figure 5.2.1) (Doekel et al., 1976; Zwillich et al., 1977; 

Riley et al., 1977; Scoggin et al., 1978; Hackett et al., 1980, 1988b; Stanley et al., 1983; 
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White et al., 1983, 1987; Ward, 1984; Moore et al., 1984, 1986c, 1986a; TANAKA et al., 

1986; Aitken et al., 1986; OKITA et al., 1987; Regensteiner et al., 1988, 1989, 1990; 

Milledge et al., 1988, 1991; Matsuzawa et al., 1989; LEVINE et al., 1992; Gold et al., 

1993; Selland et al., 1993; Zhuang et al., 1993; Reeves et al., 1993; Chowdhury et al., 

1993; Amin et al., 1994; Kikuchi et al., 1994; Feiner et al., 1995; Swenson et al., 1995; 

Harms & Stager, 1995; Markov et al., 1996; Sato et al., 1996; REDLINE et al., 1997; 

Beall et al., 1997; Katayama et al., 1999, 2000, 2001, 2002; Garcia et al., 2000a, 2000c; 

Hildebrandt et al., 2000a, 2000b; Warren et al., 2000; Prisk et al., 2000; Zhang & 

Robbins, 2000; Jokic et al., 2000; Muza et al., 2001; Teppema et al., 2002, 2005, 2006; 

Bärtsch et al., 2002; Pokorski & Marczak, 2003b, 2003a; Bhaumik et al., 2003; Drumm 

et al., 2004; Hupperets et al., 2004; Koehle et al., 2005; Spicuzza et al., 2005; Teichtahl 

et al., 2005; Terblanche et al., 2005; Brutsaert et al., 2005; Karan et al., 2005; Foster et 

al., 2005; Lusina et al., 2006; Steinback & Poulin, 2007; Faulhaber et al., 2012; Kovtun & 

Voevoda, 2013; Albert & Swenson, 2014; Caravita et al., 2015; Basaran et al. 2016; 

Pfoh et al., 2016, 2017; Goldberg et al., 2017; Smith et al., 2017; Broens et al., 2019). 

The complete dataset with additional details including study populations and location of 

measurements is located in Table 5.2.S1.  Several individual studies included multiple 

datasets which we evaluated separately due to differences in methodology, treatment 

(such as measures made at sea level versus high altitude), or study population. This 

yielded 132 separate data sets for analysis. Of these 132 datasets, 31 reported HVR 

units as A values (23.5%) and 101 reported L/min/SpO2
 units (76.5%). 119 datasets 

utilized isocapnic protocols (90.2%) and 13 used poikilocapnic protocols (9.8%). 93 used 

progressive hypoxia or rebreathing methods (70.5%) and 39 used step-down or step-

down methods (29.5%).  
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Summary of HVR measurements across all studies reporting raw data 

In the final analysis, 72 datasets reported mean HVR values and 60 datasets 

provided raw HVR datasets. Across all studies, the mean HVR was 126.0 ± 69.2 for 

reported A units, and 0.98 ± 0.89 for reported L/min/SpO2 units. Density plots 

demonstrating the distribution of measurements in each study that included raw HVR 

values are provided in Figure 5.2.2. We calculated the skewness of HVR distributions 

for each of these datasets. Of the 60 datasets reporting raw HVR values, 35 (58.3%) 

were at least moderately positively skewed (skew>0.5), and 21 (35%) were significantly 

positively skewed (skew>1). Notably, no studies showed moderate or significant 

negative skew. Therefore, HVR distributions tend to be at least moderately positively 

skewed in nearly half of all studies, indicating that lower HVR values are more common. 

Skewness for all studies that included raw HVR measurements was determined via 

Shapiro-Wilks tests for normality. 24 out of 72 datasets (33.3%) were significantly 

different from a normal distribution (Table 5.2.S2).  

Impact of methodology on the HVR and its distribution 

Since reported HVR values display significant positive skewness, we aimed to 

determine if specific HVR methodologies contributed to this result, or to the mean HVR 

value. For this analysis, we included additional tests with only studies conducted at sea-

level since HVR increases with high-altitude acclimatization and differs across native 

high-altitude populations. The initial analysis revealed two extreme within-study outliers, 

in study 6 and 24, who were reported to have HVR values of 11 and 7.5 L/min/SpO2, 

respectively (Figure 5.2.S1A). These outliers were removed in the subsequent 

analyses. Additionally, datasets 55b-k were removed due to extreme outlier means 

within these high-altitude acclimatized group of datasets (Figure 5.2.S1B). These 
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studies are later examined independently to explore the impact of high-altitude 

acclimatization on the HVR. 

After removing outliers, the mean HVR across all populations was 126.0 ± 69.2 

for studies reporting A units, and 0.70 ± 0.38 L/min/SpO2. For studies conducted in sea-

level residents at sea-level, the mean HVR was 121.0 ± 56.6 for studies reporting A units 

and 0.65 ± 0.34 L/min/SpO2. Within studies reporting HVR in L/min/SpO2 units, both 

step-down and progressive methods were used to manipulate inspired oxygen. There 

was no significant impact of progressive versus step-down methods on average HVR 

across all studies (t(53.9) = 0.72, p=0.469, Figure 5.2.3A), or within sea-level studies 

only (t(44.0)=-0.49, p=0.626, Figure 5.2.3D). HVRs were higher on average when 

measured with isocapnic protocols (all studies: t(13.4)=3.4, p=0.004, Figure 5.2.3B; SL 

only: t(11.4)=3.0, p=0.01, Figure 5.2.3E). This relationship was also observed in studies 

reporting A units (all studies: t(28.6)=4.9, p<0.001, Figure 5.2.3C; SL only: t(24.5)=5.3, 

p<0.001, Figure 5.2.3F), however only 2 datasets included A units with poikilocapnic 

methods. The significant effect of CO2 method on HVR remained after adjusting for O2 

method and study population in studies reporting HVR in L/min/SpO2 units (p=0.002). 

This relationship was not upheld in studies reporting A values (p=0.188), although there 

were only 2 datasets in this group utilizing poikilocapnic methods, so we are 

underpowered to make this comparison in this group. Furthermore, among step-down 

methods using isocapnic protocols, there was a significant positive association between 

the end-tidal PCO2 target and the mean HVR across studies via a Spearman rank 

correlation analysis (rho = 0.55, p=0.017) (Figure 5.2.4).  

Across all studies, the unit used to report HVR did not significantly impact the 

skew of the data distribution (A: skew = 0.86 ± 0.59, L/min/SpO2: skew=0.71 ± 0.66, 
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t(13.8)=0.68, p=0.507, Figure 5.2.5A). This remained true after adjusting for 

methodologies and population in linear models (p=0.741). There was also no impact of 

step-down versus progressive (t(27.2)=1.3, p=0.208) or isocapnic versus poikilocapnic 

methods (t(13.4)=-2.1, p=0.059) on skewness (Figure 5.2.5B-C), although there was a 

nonsignificant trend for higher skewness in studies using progressive hypoxia 

administration and poikilocapnia. Interestingly, linear models examining the impact of 

unit, methodology, and population on skewness indicated a significant, but modest, 

impact of CO2 method on skew in studies reporting HVR in L/min/SpO2 units (p=0.007, 

adj. model R2=0.10), but no impact of CO2 method in studies reporting A units (p=0.575).  

Studies used a wide range of hypoxia targets (Figure 5.2.6). The mean SpO2 

hypoxia target was 77.2 ± 7.2%. Since step-down methods allow the participant to 

stabilize at the hypoxia target for a longer period of time, the targets for studies using 

this method were typically higher (85.4 ± 6.9%). The mean end-tidal PO2 hypoxia target 

was 41.7 ± 3.4 mmHg for all studies and 46.9 ± 2.4 mmHg for step-down methods. The 

mean FIO2 hypoxia target was 9.4 ± 3.4% for all studies, and 10.8 ± 2.5% for step-down 

methods. Two studies utilized quite low SpO2 hypoxia targets of 55% and 45% (Hackett 

et al., 1988; Gold et al., 1993). The study utilizing a 45% target applied a rebreathing 

technique and this was the threshold at which the test was terminated unless the 

participant became distressed. The study using a 55% target replicated the Rebuck and 

Campbell rebreathing technique (Read, 1967). Therefore, both studies with the lowest 

hypoxia targets would not have maintained these low SpO2 levels for prolonged periods 

as is typically done with step-down methods. 

To determine if the hypoxia target had a significant impact on HVR, we first 

conducted Spearman rank correlations on mean HVR values collected at sea-level as a 
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function of author-reported SpO2, end-tidal PCO2, and FIO2 hypoxia targets. In the 

overall dataset, for studies reporting HVR in L/min/SpO2 units, there was no relationship 

between reported SpO2 or end-tidal PO2 hypoxia target and mean HVR across studies 

(SpO2: p=0.99, rho=-0.002; ETPO2: p=0.99, rho=0.003; Figure 5.2.7A-B). This remained 

true after adjusting for study source, sex, and O2 and CO2 methods (Adj. model R2 = 

0.35, p=0.445). A trend emerged for higher HVR values at lower FIO2 targets (FIO2: 

p=0.05, rho=-0.71; Figure 5.2.7C), however this also did not remain after adjusting for 

study source, sex, and O2 and CO2 methods in linear models (Adj. model R2=-0.46, 

p=0.733). For studies reporting A units, multiple hypoxia targets were provided only for 

studies reporting SpO2 units and there was no significant relationship (p=0.23, rho=0.32; 

Figure 5.2.7D). We then calculated the estimated SpO2 level for each study using the 

reported end-tidal PO2 or inspired PO2 hypoxia target levels. With this expanded dataset, 

there was still no significant relationship between SpO2 hypoxia target and mean HVR 

(p=0.51), and this result remained after splitting groups into isocapnic and poikilocapnic 

methods (isocapnic: p=0.38, poikilocapnic: p=0.69). Notably, when investigating these 

relationships using all available individual HVR values collected at sea-level (N=2303), 

there were significant increases in HVR at lower target SpO2 and FIO2 targets (SpO2: R 

= -0.23, p<0.001; FIO2: R=-0.50, p<0.001). This relationship remained for studies 

reporting FIO2 targets, but not for studies reporting SpO2 after adjusting for study source, 

sex, and O2 and CO2 methods in linear models.   

Comparison with within-lab controlled datasets 

 The mean and distribution of HVR values collected over 7 studies completed in 

the same laboratory are provided in Figure 5.2.8. Within this group, there were some 

significant differences across datasets (F(6, 9.8 = 5.3, p<0.001)). Dataset B had 
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significantly higher mean HVR than dataset A and D (adj. p<0.05 for all). Dataset C had 

significantly higher mean HVR values than dataset A, D, and E (adj. p<0.05 for all). This 

difference across studies seems to be explained by the chosen isocapnic PCO2 targets. 

Of the published studies, dataset B utilized an isocapnic target 3.8 mmHg above the 

eupneic PCO2 level and dataset C utilized an isocapnic target of 4 mmHg above the 

normoxic baseline PCO2. In contrast, studies A and D maintained isocapnia at the 

eupneic level, resulting in a comparatively lower HVR value. Overall, there was no 

significant difference in the mean HVR measured across this dataset and the dataset 

from our literature review (t(6.6) = -0.76, p=0.47). There was also no significant 

difference in skewness (t(7.1) = 1.0, p=0.34) and overall these datasets demonstrated a 

mean positive skew of 0.35.  

Impact of the duration of high-altitude acclimatization on HVR 

 21 datasets across 7 studies reported HVR values at high altitude over various 

periods of acclimatization ranging from 1 to 56 days (Muza et al., 2001.; White et al., 

1983, 1987; Hackett et al., 1988; Bärtsch et al., 2002; Hupperets et al., 2004; Basaran et 

al., 2016; Smith et al., 2017). Only one dataset reported A values and was therefore 

excluded (Muza et al., 2001). Another dataset did not specify the exact time period of 

acclimatization and was also excluded (Hackett et al., 1988). This left 19 datasets across 

6 studies. Among the remaining datasets, the altitude of measurements ranged only 

from 3800 to 4559 m elevation. Across this relatively narrow elevation range, there was 

a significant increase in HVR measured across studies as a function of time spent at 

high altitude (p<0.001, Rho=0.7) (Figure 5.2.9A). Since only one study had reported 

HVR values after more than 7 days of acclimatization and this study tended to report 

higher overall HVR values, we investigated if this relationship held after removing these 
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datapoints at greater than 7 days of acclimatization. While a positive relationship 

between HVR and time of acclimatization remained in this data subset, it was no longer 

significant, likely due to limited datasets for analysis and across-study variability 

(p=0.344) (Figure 5.2.9B). Finally, the predicted increase in HVR at high altitude 

compared to sea-level measures was observed (t(19.2)=6.10, p<0.0001; SL: 0.66 ± 0.37 

L/min/SpO2; HA: 2.28 ± 1.17 L/min/SpO2) (Figure 5.2.9C). There was no significant 

difference in the skewness of HVR values in datasets collected at high altitude versus 

sea level (t(6.8)=-0.61, p=0.563), although future work may be required to address this 

question since limited datasets were available for comparison at high altitude.  

HVR values across sex 

Of the 69 datasets including mean data only, 20 datasets across 14 studies 

included only men, 15 datasets across 5 studies included only women, and 34 datasets 

across 17 studies included both men and women in their participant cohorts. Of the 60 

datasets across 44 studies including raw data, 38 datasets across 24 studies included 

men, and 10 datasets across 9 studies included women. Only 47% of datasets included 

individual participant sex data for raw HVR values out of a total of 2442 individual HVR 

measures. Within these studies including individual participant HVR and sex data, there 

were 872 measures from men across 24 studies, and 439 measures from women across 

9 studies. Notably, a majority of the measures in women were provided in Beall et al. 

(1997) who report an impressive 418 men and 420 women of high-altitude ancestry. Due 

to some overplotting in the figures from this paper, we were able to extract 360 of these 

HVR values in men and 347 of these HVR values in women. This means that a small 

subset of the remaining measures from other studies were from women (women: 92 

measures from 8 studies, men: 512 measures from 23 studies).  
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To determine if significant differences in HVR were observed across men and 

women, we first examined data from studies reporting raw HVR values collected in sea-

level residents at sea-level, using L/min/SpO2 units. In linear models adjusted for O2 and 

CO2 method, as well as study source, there was no significant effect of sex on the HVR 

(p = 0.196, Adj R2 = 0.271).  

Data simulations   

The experimental data from studies included in this meta-analysis demonstrated 

a potential trend for higher HVR values when lower FIO2 hypoxia targets were chosen. 

Therefore, we also conducted additional tests using simulated data to determine if lower 

hypoxia targets would be more likely to result in higher HVR values when using step-

down methods. 500 complete HVR curves were simulated as described above. Figure 

5.2.10A-B demonstrates a subset of 10 of these random HVR curves. We then 

calculated the HVR value for each individual curve at three different levels of hypoxia 

(PO2 = 50, 40, and 37 mmHg). There was no impact of the chosen hypoxia target on the 

skewness of the HVR distribution. However, lower hypoxia targets result in higher mean 

HVR values and more variation in measurements (Figure 5.2.11). Notably, lower PO2 

levels gave higher mean HVR values when calculated as the linear relationship between 

ventilation rate and corresponding estimated SpO2.  

5.2.5 DISCUSSION 

Summary of findings 

• Across all studies, the mean HVR is 126.0 ± 69.2 A or 0.98 ± 0.89 L/min/SpO2. 

• HVR distributions are positively skewed, indicating that lower HVR values are 

more common. 
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• There is no significant impact of progressive versus step-down hypoxia methods 

on average HVR. 

• Isocapnic methods produce higher HVR measures. 

• HVR is elevated at high altitude compared to sea-level and increases as a 

function of time spent at high altitude.  

• This analysis identified no significant differences in HVR across men and women, 

although women were largely underrepresented in available datasets. 

 

The primary aim of this meta-analysis was to determine if low hypoxic ventilatory 

responses are common in the general population and how methodology impacts the 

magnitude and variation in HVR measurements. We examined 118 datasets from 78 

separate studies which reported mean or raw HVR values in healthy adults using typical 

steady-state/step-down or progressive/rebreathing methods. We found that a majority of 

studies (58.3%) reported at least moderately positively skewed datasets (skewness > 

0.5), with over one third (35%) being significantly positively skewed (skewness > 1). 

Notably, no studies were negatively skewed. Therefore, this result indicates that lower 

HVR values are typical and high HVR values are relatively uncommon. 

The average amplitude of the HVR is further reduced, as expected, in studies 

using poikilocapnic methods, compared to isocapnic methods in which end-tidal CO2 is 

not allowed to fall with hyperventilation, in both step-down/steady-state and progressive 

hypoxia methodologies (Figure 5.2.3). Moreover, methods using higher end-tidal PCO2 

targets for isocapnia produce, on average, higher HVR values (Figure 5.2.4). While 

isocapnic protocols may not represent the natural ventilatory response during 

environmental hypoxia exposures, in which hypoxia-induced increases in ventilation 
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reduce arterial PCO2, isocapnic protocols are essential for quantifying the independent 

peripheral chemoreflex sensitivity to hypoxia without constantly changing contributions 

from CO2 and pH-sensitive peripheral and central chemoreceptors. Isocapnic protocols 

also allow comparisons of HVR values across individuals and studies.  

This comprehensive retrospective analysis of published data clearly documents 

the general observation made by investigators in this field that there is a wide range of 

normal hypoxic ventilatory responses. Previously, there has been much discussion 

about blunted hypoxic ventilatory responses in high-altitude Andean native populations 

(Moore, 2000; Brutsaert et al., 2005; Heinrich et al., 2020). It has been argued that this is 

a unique adaptation observed in this group, particularly when comparing these 

phenotypes to those observed in Tibetan high-altitude native groups (Beall, 2007). 

However, we found that low HVR values similar to those observed in Andean groups are 

also seen in sea-level residents using similar methodologies and that these low 

responses seem to be more common than previously appreciated. From an evolutionary 

perspective, the high prevalence of relatively low poikilocapnic HVRs among the general 

population is perhaps expected due to the fact that humans have evolved under 

conditions of fairly high oxygen availability with few scenarios in which chronic sustained 

hypoxia would be experienced. With the exceptions of native high-altitude groups, 

humans have inhabited primarily lower elevation areas with sufficient atmospheric 

oxygen conditions. Therefore, there is little selective pressure to drive natural selection 

on higher hypoxic ventilatory responses. 

This meta-analysis also revealed a disparity in data available on the HVR in 

women compared to men. Of the studies including raw data, only about a quarter of 

them included women. With this available data, we did not find significant differences in 
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HVR across sex groups. This is consistent with other studies reporting no differences in 

HVR across men and women (Bhaumik et al., 2003). However, other studies have 

demonstrated higher (Aitken et al. 1986) and lower (White et al., 1983; Goldberg et al., 

2017) HVRs in women also. It is known that the impact of female horomones, 

particularly progesterone which is a respiratory stimulant, on hypoxic chemosenstivity 

may lead to variable results and contribute to this confusion (Regensteiner et al. 1990; 

Schoene et al. 1981). Hence, this important question requires further study that should 

include women with HVRs measured in the context of the menstrual cycle phase, using 

rigorous measures of progesterone levels or menopausal state.  

These results also provide insight into the prevalence of silent hypoxemia 

observed clinically, particularly throughout the COVID-19 pandemic. Based on the 

studies evaluated here, if an average patient’s saturation falls 10 points, (e.g., from 95% 

to 85%), this would result in only a 2.8 L/min increase in breathing if not coupled with 

hypercapnia since the average poikilocapnic HVR is 0.28 L/min/SpO2. Often, moderate 

hypoxic stimuli are not detected by the participant and these slight increases in total 

ventilation are achieved without dyspnea when not coupled with hypercapnia or changes 

in airflow resistance or lung compliance (Simonson et al., 2021). This is illustrated by the 

significantly lower HVR observed in studies utilizing poikilocapnic methods compared to 

isocapnic methods. Therefore, if CO2 retention does not occur, it is unlikely that a 

substantial 10-point desaturation would cause significant hyperventilation or dyspnea. 

However, in more advanced cases, hypercapnia or prolonged hypoxemia resulting in 

ventilatory acclimatization would further increase total ventilation and more effectively 

stimulate dyspnea (Powell et al., 1998; Pamenter & Powell, 2016).  
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The increase in total ventilation as a function of arterial oxygen saturation has 

been described as, effectively, a linear function (Edelman et al., 1970; Weil et al., 1970). 

Based on the analyses conducted here, this does seem to apply when tests are 

performed with saturations between a 100-80% window. However, after this point, 

assuming PO2 and SpO2 fall along the normal hemoglobin-oxygen dissociation curve, 

total ventilation begins to increase at a faster rate as saturation continues to fall. This is 

observed in Figure 5.2.10 (A-B) by the increased slope of the ventilation versus PO2 or 

SpO2 curves at lower PO2 and SpO2 levels. Based on our data simulations, the degree 

to which ventilation deviates from this linear relationship below approximately 80% SpO2 

is variable across individuals (Figure 5.2.10 A-B). Nonetheless, it appears that HVR 

tests using two SpO2 levels as targets can assume a linear relationship between 

ventilation and SpO2 as long as the two chosen points are above 80% SpO2. This is 

supported by pooled HVR data across studies using several different SpO2 targets 

(Figure 5.2.7). We saw that the slope of the relationship between mean HVR and SpO2 

target was near zero, indicating that, in practice, lower SpO2 targets did not yield higher 

average HVRs. The benefit of this generally linear relationship is that when conducting 

step-down HVR tests, one could choose any two SpO2 levels across this linear line and 

obtain the same HVR value.  

Weil et al. postulated about the cause of this linear relationship between 

ventilation and arterial PO2 and SpO2 in their influential 1970 paper “Hypoxic ventilatory 

drive in normal man.” In this paper, they observed that the ventilation-PO2 curve 

resembled the oxygen-hemoglobin dissociation curve and that both show inflections over 

the same PO2 range. This seemed to indicate that only oxygen tensions that are low 

enough to lower hemoglobin oxygen saturation would stimulate ventilation. Total arterial 
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oxygen content is primarily composed of oxygen bound to hemoglobin, and dissolved 

oxygen contributes minimally to the total arterial oxygen content (Siggaard-Andersen et 

al., 1990). Thus, a hypoxic ventilatory response in which ventilation only increases when 

PO2 is low enough to decrease hemoglobin oxygen saturation would represent an 

elegant evolutionary strategy for minimizing the metabolic demands of increased 

ventilation when hemoglobin remains highly saturated at PO2 levels above 70-80 mmHg, 

and therefore increases in ventilation would lead to minimal improvements in total 

arterial oxygen content. This remains a useful concept for teaching the physiology of the 

HVR, although it has been impossible to test experimentally and there is no known 

physiological mechanism for sensing decreases in O2-hemoglobin saturation directly. 

The relationship between ventilation and PO2 or SpO2 becomes more variable at 

lower SpO2 levels based on our computational investigation (Figures 5.2.10 A-B). 

However, since few studies use hypoxia targets lower than 75% SpO2, we are unable to 

verify that this would occur in vivo. Although, among studies utilizing FIO2 targets, 

studies with lower targets did seem to present higher average HVR values (Figure 

5.2.7C), providing some evidence that the chosen hypoxia targets can potentially impact 

HVR measurements, even when reporting HVR as a change in ventilation per unit 

change in SpO2. The increased variability in the relationship between ventilation and 

SpO2 at lower saturation levels may stem from increased individual variation in 

hemoglobin-oxygen binding affinity. In 2020, Balcerek et al. found that P50 ranged over 7 

mmHg across 60 healthy individuals, with women presenting lower hemoglobin-oxygen 

binding affinities due to higher 2,3-BPG and BPGM levels (Balcerek et al., 2020). Thus, 

at a similar PO2, and therefore a similar stimulus to peripheral chemoreceptors, different 
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participants may present significantly different SpO2 levels, thereby impacting the 

calculated HVR value. 

Nonetheless, the lack of studies using hypoxia targets below 80% SpO2 is 

reasonable given that this level of hypoxemia is not necessary to obtain a valid HVR 

measure experimentally. Furthermore, the accuracy of commercially available pulse 

oximeters decreases at lower SpO2 levels (Severinghaus et al., 1989). However, in a 

clinical setting, it may be expected that exceptionally low PO2 and SpO2 levels are 

experienced by patients routinely, such as in severe obstructive sleep apnea, or in 

chronic or acute lung disease cases (Zysman et al., 2021). Therefore, it is possible that 

the high variability in HVR at lower SpO2 levels may have clinical relevance in these 

cases and could affect disease progression. For example, high respiratory drive is often 

observed in patients with severe lung injury. The resulting intense respiratory effort can 

cause additional lung damage through “patient self-inflicted lung injury” (P-SILI) (Spinelli 

et al., 2020b). On the contrary, a patient with lower respiratory drive may be protected 

against this but may also experience more severe hypoxemic stress. 

Carotid body chemoreceptors play a key role in regulating arterial PCO2, pH, and 

PO2 by modulating ventilation rate, and therefore play a major role in the amplitude and 

plasticity of the HVR. Additionally, carotid body sensitivity influences many other 

physiological functions including sympathetic and parasympathetic activity, as well as 

cardiovascular, renal, endocrine, gastrointestinal, and metabolic effects. As a result, the 

carotid body dysfunction is implicated in the progression of sympathetic-related diseases 

such as obstructive sleep apnea, congestive heart failure, resistant hypertension, and 

metabolic diseases (Iturriaga et al., 2021). It is therefore an interesting possibility that the 

HVR may be used as a marker of carotid body function. HVR measurements have been 
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used to assess changes in carotid body O2-sensitivity in whole-animal experiments. 

Applying this idea to our results might suggest that low O2-sensitivity in carotid bodies is 

more common than high O2-sensitivity in healthy humans. However, the HVR also 

depends on translating arterial chemoreceptor activity into ventilation, which involves 

both neural transmission in the respiratory centers and neuromuscular function. It is not 

easy to separate these different mechanisms in human studies, at least, so we cannot 

conclude that high O2-sensitivity in carotid bodies is relatively rare in healthy humans 

from our analysis. 

5.2.6 CONCLUSION 

The dataset produced through this meta-analysis provides the most 

comprehensive overview, to date, of the normal HVR during acute hypoxia exposure, as 

well as the amplitude of the HVR following acclimatization to hypoxia. It also highlights 

the high level of variation in this reflex within and across individuals and populations. Our 

study was not designed to provide “normal values” for clinical settings such as those 

established for pulmonary function tests and arterial blood gas values. However, all of 

the data we used is available if it could be useful for such an effort. The data could also 

be used as a control group for experimental studies if comparable protocols are used. 

Our main conclusion, which should be applicable to other clinical or experimental 

studies, is that a low HVR is not necessarily “abnormal”. In earlier experimental studies, 

we might exclude a subject from further study if they had an extremely low (or negative) 

HVR measured during screening. Studies have shown that the HVR is reproducible 

within an individual (MacNutt et al., 2015) so a low HVR measured during screening 

would likely be low in following sessions. However, our analysis suggests this exclusion 
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of low HVRs is not appropriate and future work may show that a low HVR is even more 

common than this analysis suggests. 

This meta-analysis also has some limitations. First, our analysis of the impact of 

hypoxia targets on mean HVR values depends on single lower-limit hypoxia targets 

reported in the methods of each study. However, experimental error will introduce 

variability in the actual hypoxia targets reached, and most studies do not indicate if HVR 

values were indeed calculated at these lower-limit points or if other criteria were used to 

choose data for HVR calculation. Similarly, particularly for rebreathing studies, it was not 

always stated if the HVR was calculated using a two-point calculation of change in 

ventilation per change in % SpO2 (as is used for steady state methods), or if a linear 

regression across the entire range of SpO2 levels was used. Nonetheless, with a 

substantial sample size, our data do not demonstrate significant impacts of SpO2 targets 

on the amplitude of the HVR. Second, our data simulations do not account for individual 

variation and within-subject changes in hemoglobin-oxygen binding affinity, but instead 

depend on normal range values for estimates. However, these tests occur over short 

time periods (typically less than 30 minutes) and our simulations adjust for estimated 

changes in PCO2 tensions at given PO2 levels. 

In conclusion, we demonstrate that lower HVRs are more common and higher 

HVRs are rare. This skewness of HVR measurements occurs across study 

methodologies. While isocapnic methods do produce higher HVR values, there is no 

impact of steady state or rebreathing methods on overall HVR when comparing across 

all studies. Finally, the experimental data examined here supports the predicted linear 

relationship between ventilation and SpO2, at least at SpO2 levels above about 75-80%, 
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and while computational investigations indicate that the level of hypoxia chosen may 

impact the amplitude of the HVR, this does not occur in vivo. 
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FIGURES 
 

 
 
Figure 5.2.1. Abstract Figure In this meta-analysis, we examine hypoxic ventilatory 
response (HVR) distributions across 78 studies in which healthy, untreated participants 
from diverse populations were examined under several testing conditions (i.e., step-down 
or progressive hypoxia, and isocapnic or poikilocapnic CO2 methods) and units of 
measurements (i.e., L/min/SpO2, A unit). We find that lower HVR values are more common 
amongst the general population and higher HVR values are uncommon. We also impacts 
of methodology on HVR measurements, including higher HVRs observed in isocapnic 
protocols, but no significant impact of step-down versus progressive hypoxia methods. 
These results provide key insight into understanding the evolutionary adaptation of the 
HVR in high-altitude native populations, as well as comparative interpretations of HVR 
measurements across studies. 
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Figure 5.2.2. PRISMA diagram of study filtering. Filtering methods and inclusion criteria 
used to identify studies for this analysis. A PubMed search conducted on August 12, 2021 
using the terms “hypoxic ventilatory response” or “hypoxic chemosensitivity” across any 
time period yielded 861 reports. All reports were screened by title, and 630 reports were 
excluded due to the title indicating they were reviews, or providing no indication that any 
type or respiratory reflex was measured in humans. All remaining abstracts were then 
screened, and 71 of the remaining reports were excluded because of abstracts which did 
not indicate that HVR was measured in at least one untreated healthy group. All remaining 
studies were then read in detail to verify that the study contained compatible study 
populations, compatible methodological approaches with sufficient detail provided, and 
compatible units (“L/min/SpO2” or “A"), and that raw or mean HVR data was available for 
extraction. 82 reports were excluded during this step (Data not provided/incompatible data 
presentation (N=7), Insufficient methodological detail (N=5), Lack of healthy adult 
participants (N=3), Lack of non-intervention group (N=1), Incompatible methodology 
(N=34), Incompatible HVR unit (N=18), Inability to access report/not available in English 
language (N=14)). This yielded 78 compatible reports for analysis.  
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Figure 5.2.3. HVR distributions across studies. (Top) Density plots showing pooled 
data across all studies, separated by HVR unit, "L/min/%SpO2” (A) or “A” (B). (Bottom) 
Boxplots showing distributions of HVR values within study datasets, separated by HVR 
unit, “L/min/%SpO2” (C) or “A” (D). For studies examining two distinct populations, data is 
separated into individual plots for each population within that study (i.e., 2a and 2b). 
Boxplot colors indicate the population examined in each dataset. Studies 3a, 12a, and 44a 
represent data collected in Tibetan or Sherpa high-altitude natives, and studies 3b and 26 
represent data collected in Andean high-altitude natives. Study 44b represents data 
collected in high-altitude residents of Han Chinese ancestry.  
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Figure 5.2.4. Impact of methodology on mean HVR. Data points represent mean HVR 
values within an individual study. Data for all studies, including those in sea-level residents 
at sea level, high-altitude resident populations tested at high altitude, and sea-level 
residents acclimatized to high altitude are provided in panels A-C. Data for only studies 
conducted in sea-level residents at sea level are provided in panels D-F. Error bars 
represent 95% confidence intervals.  
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Figure 5.2.5. Spearman correlation plot for relationship between the HVR and end-
tidal PCO2 isocapnic target. Data points represent mean HVR values for individual 
studies. Points are slightly jittered along the x axis for visibility of overlapping data. R and 
p values represent values calculated via a Spearman rank correlation analysis.   
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Figure 5.2.6. Impact of methodology on HVR distribution skewness. Data points 
represent skewness of HVR value distributions within an individual study. Error bars 
represent 95% confidence intervals.  
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Figure 5.2.7. Histograms of experimental hypoxia targets chosen across all studies. 
Hypoxia targets were determined for each individual study based on the target SpO2 (A), 
or end-tidal PO2 target in mmHg (B) or % (C). Results reported here include both hypoxia 
targets for step-down tests as well as low-end threshold hypoxia targets for 
progressive/rebreathing methods. 
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Figure 5.2.8. Mean HVR values as a function of target hypoxia level. Relationships 
between mean HVR across studies and hypoxia targets for studies indicating SpO2 (A), 
end-tidal PO2 (B), and FIO2 targets (C) with L/min/SpO2 units, as well as SpO2 targets with 
A units (D).   
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Figure 5.2.9. Distributions of lab-controlled datasets. Datasets collected in the same 
laboratory all using isocapnic step-down protocols. Study IDs: A – Garcia et al. 2000, B – 
Hupperets et al. 2004, C – Weigner et al. 1998, D – Basaran et al. 1998, E – Unpublished 
1, F – Unpublished 2, G – Unpublished 3. 
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Figure 5.2.10. Impact of high-altitude acclimatization on the HVR. (A) Mean HVR 
values collected from 19 datasets across 6 studies conducted at 3800 to 4559 m elevation. 
(B) An expanded view of mean HVR values from studies reporting 1-7 days of 
acclimatization at 3800 to 4559 m elevation. (C) Mean HVR values in all studies collecting 
HVR values in sea-level residents at sea level (SL) compared to sea-level residents 
acclimatized to 3800-4559 m elevation (HA). 
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Figure 5.2.11. Simulated HVR curves. A subset of 10 randomly generated HVR curves 
plotted as a function of PO2 (A) or SaO2 (B). The same 10 datasets are plotted in A and 
B, and estimated SpO2 levels in B were calculated from PO2 in A as described above. 
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Figure 5.2.12. Distribution of simulated HVR values at different target PO2 levels. 
Plots display histogram distributions of 500 simulated HVR measurements with a target 
PO2 at three levels across the same curves. The mean HVR in each group is indicated by 
vertical red dashed lines. 
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4 
 
Figure 5.2.S1. Raw and mean HVR values across all studies. Datasets 55b-k are 
derived from high-altitude acclimatized individuals and therefore clearly demonstrate 
elevated HVR values compared to other datasets. 
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Figure 5.2.S2. Density plots of HVR values across studies/datasets reporting A 
units. Each study/dataset is plotted as an individual histogram with its identifying number 
above. The red dotted line represents the mean HVR for each study. Only studies 
reporting raw HVR data in table or scatterplot form are included. 
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Figure 5.2.S3. Histograms of HVR values across studies/datasets reporting 
L/min/SpO2 units. Each study/dataset is plotted as an individual histogram with its 
identifying number above. The red dotted line represents the mean HVR for each study. 
Only studies reporting raw HVR data in table or scatterplot form are included. 
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Figure 5.2.S4. Q-Q plots of each study/dataset. Each study/dataset is plotted as an 
individual panel with its identifying number above. Shaded regions indicate 95% 
confidence intervals. Each plot checks the normality of the data by drawing the correlation 
between raw HVR data values within a study dataset and the normal distribution. 
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5.3.1 ABSTRACT  

Health disparities in underserved communities, such as inadequate healthcare access, 

impact COVID-19 disease outcomes. These disparities are evident in Hispanic 

populations nationwide, with disproportionately high infection and mortality rates. 

Furthermore, infected individuals can develop long COVID with sustained impacts on 

quality of life. The goal of this study was to identify immune and endothelial factors that 

are associated with COVID-19 outcomes in Riverside County, a high-risk and 

predominantly Hispanic community, and investigate the long-term impacts of COVID-19 

infection.112 participants in Riverside County, California, were recruited according to the 

following criteria: healthy control (n=23), outpatients with moderate infection (outpatient, 

n=33), ICU patients with severe infection (hospitalized, n=33), and individuals recovered 

from moderate infection (n=23). Differences in outcomes between Hispanic and non-

Hispanic individuals and presence/absence of co-morbidities were evaluated. Circulating 

immune and vascular biomarkers were measured by ELISA, multiplex analyte assays, 

and flow cytometry. Follow-up assessments for long COVID, lung health, and immune 

and vascular changes were conducted after recovery (n=23) including paired analyses 

of the same participants. Compared to uninfected controls, the severe infection group 

had a higher proportion of Hispanic individuals (n=23, p=0.012) than moderate infection 

(n=8, p=0.550). Disease severity was associated with changes in innate monocytes and 

neutrophils, lymphopenia, disrupted cytokine production (increased IL-8 and IP-

10/CXCL10 but reduced IFNλ2/3 and IFNγ), and increased endothelial injury (myoglobin, 

VCAM-1). In the severe infection group, a machine learning model identified 

LCN2/NGAL, IL-6, and monocyte activation as parameters associated with fatality while 

anti-coagulant therapy was associated with survival. Recovery from moderate COVID 
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infection resulted in long-term immune changes including increased 

monocytes/lymphocytes and decreased neutrophils and endothelial markers. This group 

had a lower proportion of co-morbidities (n=8, p=1.0) but still reported symptoms 

associated with long COVID despite recovered lung health. This study indicates 

increased severity of COVID-19 infection in Hispanic individuals of Riverside County, 

California. Infection resulted in immunological and vascular changes and long COVID 

symptoms that were sustained for up to 11 months, however, lung volume and airflow 

resistance was recovered. Given the immune and behavioral impacts of long COVID, the 

potential for increased susceptibility to infections and decreased quality of life in high-risk 

populations warrants further investigation. 

5.3.2 INTRODUCTION 

The United States alone currently accounts for 103 million of the 760 million 

confirmed COVID-19 cases world-wide, and 1.1 million confirmed deaths have been 

reported in the US as of June 2023 (World Health Organization, 2020). Of the 66 million 

reported cases with ethnicity data available, Hispanic individuals make up 24% of these 

cases despite only making up 18.45% of the total US population (Center for Disease 

Control and Prevention, 2022). The Hispanic population also comprises 17% of all 

reported deaths, one of the largest groups impacted by infection (Center for Disease 

Control and Prevention, 2022). Despite a decreasing trend observed in COVID-19 

hospitalizations and deaths and significant advances in vaccine development and 

distribution in the last two years, the number of COVID-19 positive cases and deaths in 

the Hispanic community has continued to rise. Possible reasons include existing health 

disparities like pre-existing health conditions and higher rates of key co-morbidities 

(Khatana & Groeneveld, 2020; Zhao et al., 2022; Rao et al., 2023; Gatto et al., 2023). A 
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higher prevalence of these pre-existing factors is predicted to stem from systemic 

inequities in healthcare access, quality of care, and inequalities in the built environment. 

In the county of Riverside, California, Hispanic individuals make up 37 % of the 

cumulative 741,000 reported COVID cases, almost 2-fold more than reported cases in 

non-Hispanic white individuals (County of Riverside, 2023). In addition, Hispanic 

individuals make up 42% of the hospitalizations and deaths in this county. This 

staggering statistic is concerning given the lack of Hispanic data in COVID-19 research.  

COVID-19 infection induces significant immune and vascular responses that 

change with disease severity. Severe infection often results in overactivation of certain 

innate immune subsets (Meidaninikjeh et al., 2021; Hazeldine & Lord, 2021; Satta et al., 

2022; Ekstedt et al., 2022; Herrera et al., 2023; Rice et al., 2023; Root-Bernstein, 2023; 

Leal et al., 2023) while additional studies have reported suppression of adaptive immune 

subsets that are necessary for antiviral immunity and memory responses (Westmeier et 

al., 2020; Hanley et al., 2020; Pappas et al., 2022). These highly dysregulated immune 

responses not only represent their own form of infection-induced pathology but also 

drive vascular pathology, including coagulopathies, myocarditis, and tissue damage 

particularly in the lung following infection (Cheon et al., 2021; Root-Bernstein, 2023; Wu 

et al., 2023a). Immune-independent mechanisms underlying COVID-19-induced 

vascular damage, including changes in essential vitamins and platelet aggregation, have 

also been reported (Getachew et al., 2022). Dysregulated immune responses may 

therefore play a larger role in COVID-19-induced vascular pathology than originally 

thought.  

Increasing reports of post-acute COVID-19 conditions raise serious concerns for 

unknown long-term effects of this disease. These conditions are similar to other post-
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acute infection syndromes that have long been present but remain widely misunderstood 

(Choutka et al., 2022). Long COVID is characterized by persistent symptoms, immune 

dysregulation, and lasting tissue damage that persists after recovery from infection 

(Kennedy et al., 2021; Li et al., 2022b; Wiech et al., 2022; Davis et al., 2023). Recent 

work has identified a relationship between COVID-19 disease severity and the 

development of long COVID (Hawar & Dauod, 2022). Prolonged immune changes 

associated with long COVID are present for months following recovery in the periphery 

(Phetsouphanh et al., 2022; Ryan et al., 2022) as well as in tissues directly affected by 

infection (Roukens et al., 2022). Measures have been taken to evaluate and manage 

long COVID based on current knowledge (Kim et al., 2022), but significant gaps in 

knowledge remain about the risk factors and mechanisms underlying long COVID (Pinto 

et al., 2022).  

The primary goal of this study was to identify immune and endothelial biomarkers 

associated with disease severity in Riverside County, CA. Additionally, a machine 

learning model was used to dissect large data output and predict risk factors for COVID-

19 disease severity. A secondary goal was to determine if Hispanic individuals were 

disproportionately affected by COVID-19 infection. Finally, a third goal of this study was 

to explore immune and vascular factors associated with long COVID in this cohort and 

investigate the impact on lung health and immune homeostasis.  

5.3.3 METHODS 

Study Population 

Men and women with active COVID-19 infection, who had recovered from a past mild-to-

moderate COVID-19 infection or had no history of COVID-19 (healthy control) were 

recruited. Individuals who were currently incarcerated or were not residents of Riverside 
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County, CA, were excluded, as were individuals under the consenting age of 18. 

Pregnant women were excluded from the study due to exposure to acute hypoxia and 

hypercapnia in breathing tests not reported here. Severe group participants who 

received treatment (e.g., dexamethasone) prior to sampling were not excluded. Inclusion 

criteria for each study group were: 1) healthy controls with no prior history of confirmed 

COVID-19 infection (via PCR or rapid test); 2) moderate infection participants that were 

outpatients with active COVID-19 infection (confirmed by PCR test), who were offered 

monoclonal antibody treatment; 3) severe infection participants with active COVID-19 

infection (confirmed by PCR test) requiring hospitalization and supplemental oxygen; 4) 

recovered participants with no active COVID-19 infection but prior history of confirmed 

positive (via PCR or rapid test) mild-to-moderate COVID-19 infection. 

Study Recruitment and Design 

Study recruitment 

Moderate infection participants were invited to participate by fliers distributed by 

their physician. Severe infection participants were recruited from Riverside University 

Health System (RUHS). For Control and Recovered groups, participants were recruited 

from University of California Riverside Health Clinic, Riverside Free Clinic, and 

University of California, Riverside. 

Study design 

Participants completed a medical history questionnaire which provided 

information regarding demographic information, current medications, as well as current 

and past medical conditions. Recovered participants also completed the Yorkshire 

Rehabilitation Scale questionnaire which provides self-reported health status before and 
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after recovery from COVID-19 (Sivan et al., 2021; O’Connor et al., 2022). For recovered 

participants and healthy controls, basic physiological parameters including height, 

weight, blood pressure, and lung function parameters via spirometry were recorded. 

Peripheral venous blood samples were collected from all participants using standard 

phlebotomy procedures. For ICU patients, data was collected from hospital medical 

records, hospital personnel drew blood, and specimens were transported to the 

University of California, Riverside for processing. For all groups, samples were 

processed for downstream analysis within 4 hours of collection. Samples were collected 

between January 2021-February 2022 from RUHS for the severe (hospitalized) group, 

January-July 2022 for the moderate (outpatient) group, April-October 2022 for healthy 

control group, and April-October 2022 for follow-up (recovered) group.  

Laboratory Evaluation of Samples 

Whole blood and plasma isolation 

Peripheral venous blood was collected in 10 ml vacutainer tubes containing 

EDTA (BD, Franklin Lakes, NJ, USA) and maintained at room temperature until 

processing within 4 hours of collection. Following blood collection, an aliquot of whole 

blood was set aside for flow cytometry analysis. Plasma was isolated according to 

previously published protocols (Bonenfant et al., 2022). Briefly, gradient centrifugation 

with Histopaque-1077 was performed, and plasma was recovered for quantification of 

cytokines, Resistin, and endothelial parameters.  

Flow cytometry 

100µl whole blood was incubated in human Fc Receptor Block (Biolegend) 

followed by anti-human fluorophore-conjugated antibodies: PerCP/Cyanine5.5 anti-
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CD3), APC/Cyanine7 anti-CD11b, Brilliant Violet 650 anti-CD25, PE/Cyanine5 anti-

CD62P/P-Selectin, Brilliant Violet 711 anti-CD45, APC anti-CD66b, Brilliant Violet 605 

anti-CD56/NCAM, Alexa Fluor488 anti-CD14, Brilliant Violet 785 anti-CD8, PE anti-CD16 

(all from Biolegend); Alexa Fluor594 anti-ACE-2 (R&D Systems), PerCP-eFluor710 anti-

CD19 (eBioscience), and BV421 anti-HLA-DR, DP, DQ (BD Biosciences). Red blood 

cells were lysed and cells were fixed using 1-step Fix/Lyse Solution (eBioscience), 

rinsed with FACS buffer, and resuspended in FACS buffer (0.5% BSA, 0.005% EDTA, 

1x PBS). Samples were analyzed using the NovoCyte Quanteon flow cytometer, 

NovoSampler Q, and NovoExpress Software. An average of 1 x 105 events were 

collected from the “Live Cell” gate for analysis. Analysis was conducted using FlowJo 

software version 10. The complete gating strategy is provided in Figure 5.3.S2.  

Participant-specific immune tracking 

Within each study group, some participants (Moderate, n=3; Severe, n=9; 

Control/Recovered, n=5) provided blood specimens at multiple timepoints. These 

samples were used for within-subject time course analyses to determine changes in 

parameters throughout the course of infection and following recovery. Flow cytometry for 

different immune cell populations was analyzed for each of these participants to track 

changes over time. A representative participant was then selected for each group, and 

UMAP projections were created to visualize immune cell changes.  

Cytokine and endothelial marker analysis 

Plasma samples were assayed for cytokine and endothelial marker analysis 

using LEGENDplex kits and the manufacturer’s protocols (Biolegend): “Human Anti-

Virus Response Panel” (13-plex) at 1:2 dilution and “Human Vascular Inflammation 
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Panel” (13-plex)”at 1:100 dilution in 5% TX100 (in PBS) for virus inactivation. Samples 

were run on a Novocyte Quanteon flow cytometer, and data analysis was conducted 

using BioLegend’s LEGENDplex Data Analysis Software. 

ELISA 

The ELISA assays for Resistin and spike protein receptor-binding domain (RBD) 

were performed with the following ELISA kits: Human-Resistin-Mini ABTS ELISA 

Development Kit (PEPRO TECH, Catalog #900-M235). Human SARS-CoV-2 RBD 

ELISA Kit (Themo Fisher, Catalog # EH492RB). Prior to measurement, the plasma 

samples were centrifuged at 1000g for 5 minutes, supernatant was then diluted 1:100 for 

Resistin and 1:4 for spike protein. The absorbance was acquired by a plate reader 

(BioTek Synergy HT).  

Viral reverse transcription quantitative PCR 

RNA was extracted from nasal swab samples using a Quick-RNA Viral Kit 

(ZYMO Research, Catalog # R1034). QPCR was performed using primers (N2) and 

probes from the 2019-nCoV RUO Kit (IDT, Catalog # 10006713). SARS-CoV-2 RNA 

was quantified using GoTaq® Probe 1-Step RT-qPCR System (Promega, A6120) 

according to the manufacturer’s protocol. 1000 copies/µL of 2019-nCoV plasmid (IDT, 

Catalog # 10006625) was used as positive control.  

Lung function spirometry tests 

To measure lung function in recovered participants and healthy controls, 

standard spirometry procedures were conducted in triplicate and mean values were 

collected for forced vital capacity (FVC), forced expired volume in 1 second (FEV1), and 

FEV1/FVC. Values were adjusted for predicted values based on the National Health and 
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Nutrition Examination Survey (NHANES) III reference values, or Global Lung Function 

Initiative (GLI) references values for Asian individuals. Respiratory flow was measured 

with a spirometer and respiratory flow head (1000 L) (ADInstruments, Colorado Springs, 

CO, 80907), with data acquisition via a PowerLab 8/35 and analysis conducted in 

LabChart Pro using the ADInstruments spirometry plugin.  

Statistical and Bioinformatic Analysis 

Statistical analysis for laboratory results 

Statistical significance for all experiments was determined by either 2- tailed 

unpaired Student’s t-test or One-Way ANOVA with multiple comparisons and a p-value < 

0.05 was considered statistically significant. For self-reported symptom severity on the 

YRS Questionnaire, data was tested for normality of distributions with Shapiro Wilk’s 

tests, and scores were compared across pre and post COVID-19 infection using paired 

Wilcoxon-signed rank tests in R using the stats package. P-values for these 

comparisons were adjusted for family-wise error rates using a Holm-Bonferroni method. 

The type of statistical test run for each experimental result is indicated in the 

corresponding figure and table legends. 

Correlation analyses 

To examine correlations between parameters in the dataset, pairwise Pearson 

correlations were conducted using the R package Hmisc. Using the min-max scaling 

method, all continuous variables were scaled from 0 to 1 to guarantee that they were all 

on the same scale. Binary variables were converted to 1 (yes) or 0 (no). Correlation 

analysis results were visualized using the corrplot function in R. Correlation coefficients 
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with p-values less than 0.05, 0.01, and 0.001 are denoted with “*,” “**,” and “***” 

respectively. 

Machine learning (ML) 

We trained the model using three sets of data: one set of parameters acquired 

from the hospital, one set of parameters lab-based assays, and one set with both types 

of parameters. The parameters from the hospital included 17 features “Sex”, “Hispanic”, 

“Diabetes”, “Hypertension”, “SBP”, “DBP”, “RBCs”, “WBC”, “Platelets”, “AST”, “ALT”, 

“LDH”, “CRP”, “Ferritin”, “D-dimer”, “HgbA1C”, “Anticoagulant”. The parameters from lab-

based assays included 19 features including “Platelets Percentage of Whole Blood”, 

“Neutrophils”, “Monocytes”, “B cells”, “MHCII Monocytes”, “Resistin”, “IL-8”, “IP-10”, “IL-

6”, “IFNλ2/3”, “MHCII+Platelets”, “LCN2/NGAL”, “Myoglobin”, “CRP”, “OPN”, “MPO”, 

“ICAM-1”, “VCAM-1”, “Cystatin C”. Prior to training the ML models, the data was pre-

processed by addressing missing values. For the missing values, the average value was 

used for imputation. In the present study, missing values of HgbA1C were imputed using 

a HgbA1C threshold approach. Specifically, for non-diabetic participants, missing values 

were filled with a value of 5.7, which is the lower limit of the normal HgbA1C range. For 

diabetic participants, missing values were filled with a value of 6.5, which is the 

diagnostic cut-off for diabetes. For the undetected values from ‘IL-6’, ‘IFN’, and ‘Cystatin 

C’, half of the lowest measurable value was used to impute. Random forest was applied 

from the scikit-learn library to train the data. The ‘leave-one-out’ cross-validation was 

used to evaluate the performance of the model and the feature_importances function 

provided by the random forest to select the features as the best combination predictors. 

In random forest, feature importance is computed by averaging the importance of a 

feature across all trees in the forest. The feature importance score is calculated as the 
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average decrease in impurity (measured by Gini impurity) caused by splits involving the 

feature. These selected features were then utilized to train a Simple Decision Tree 

Classifier. A visualization of the decision tree generated from this classifier was created 

to provide an intuitive representation of the relationships between the features and the 

outcome. 

5.3.4 RESULTS 

Hispanic individuals and co-morbidities are over-represented in severe infection   

A total of 112 participants were included in this study and were placed into 

groups based on their COVID-19 status: 1) healthy control (n=23), 2) outpatients with 

moderate COVID-19 infection (n=33), 3) ICU patients with severe COVID-19 infection 

(n=33), and 4) recovered (n=23) (Figure 5.3.1). Baseline characteristics are shown in 

Table 5.3.1. P-values indicate results of comparisons between each experimental group 

and healthy control group for each listed characteristic. Participant ethnicity data is 

based on self-reporting. Non-Hispanic group included individuals self-reporting as White 

(not of Hispanic origin), Asian or Pacific Islander, Black (not of Hispanic origin), or 

multiracial. The number of male and female participants were balanced between each 

experimental group compared to healthy controls. The mean age of moderate and 

severe infection groups was balanced (p=0.398), and recovered and healthy control 

groups had comparable mean ages (p=0.270). Active infection groups had increased 

age compared to healthy controls (p<0.001). Hispanic individuals were significantly over-

represented in the severe infection group (69.7%, p=0.012) compared to other groups 

and the demographic data for Riverside County (51.6% Hispanic) (US Census Bureau, 

2022). There were also significantly more co-morbidities, including diabetes and 

hypertension, reported in the severe (p<0.001) and moderate (p=0.002) infection groups 
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compared to healthy controls. Vaccination status also differed significantly in moderate 

(p=0.001) and severe (p<0.001) infection groups compared to healthy controls while the 

recovered group had comparable vaccination status (p=0.480). This difference may be 

partially explained by differences in vaccine availability during sample collection from 

infected individuals compared to healthy participant recruitment. Overall, these data 

indicate that Hispanic individuals and reported co-morbidities were over-represented in 

the severe infection group which correlates with hospitalization and death statistics in 

Riverside County for the time period of the study (2021-2022) (County of Riverside, 

2023). 

Confirmation of COVID-19 viral burden in moderate and severe infection  

To confirm active COVID-19 infection and determine viral demographics, nasal 

viral burden and circulating spike protein in plasma were evaluated in moderate and 

severe infection groups. Participants with moderate and severe infection had detectable 

levels of nasal viral burden with significantly higher viral load in the severe infection 

group (Figure 5.3.S1A). Circulating spike protein concentrations were also compared 

across mortality outcomes within the severe infection group, and there was no significant 

difference between COVID-19 survivors or non-survivors (Figure 5.3.S1B).  

Immune cell subsets and circulating immune and endothelial factors are 

dependent on COVID-19 disease severity. 

 Immune cell subsets and plasma factors were measured to identify infection-

induced changes and associations with disease severity. Flow cytometry gating of the 

peripheral blood was performed to quantify innate and adaptive immune cells and 

platelets (Figure 5.3.2A-C, Figure 5.3.S2). Flow plots of major immune populations from 
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concatenated data for each study group demonstrated differences in key immune cell 

subsets (Figure 5.3.S3). In severe infection, innate neutrophils were significantly 

elevated compared to moderate infection (p=0.010) and healthy controls (p=0.031), and 

monocytes were significantly decreased compared to moderate infection (p<0.0001). B 

cells (p=0.015) , NK T cells (p=0.002), CD8- T cells (p=0.0002), and CD8+ T cells 

(p<0.0001) were all significantly decreased in the severe infection group compared to 

healthy controls and moderate infection (B cells: p=0.002; NK T cells: p=0.020; CD8- T 

cells: p=0.030; CD8+ T cells: p=0.009) (Figure 5.3.2A). These results demonstrate 

alterations in both innate and adaptive immune subsets that are dependent on disease 

severity. 

 Significant changes were observed in circulating chemokines and interferons 

relating to chemotaxis, inflammatory, and anti-viral responses in severe infection (Figure 

5.3.2B). The neutrophil chemoattractant IL-8 was significantly elevated compared to 

both healthy controls (p=0.0004) and moderate infection (p= 0.002). The 

chemoattractant IP-10 (CXCL10) was also significantly increased compared to healthy 

controls (p<0.0001) and moderate infection (p= 0.002). Pro-inflammatory IL-6 was 

significantly increased in severe infection (p= 0.009) while TNFα was decreased (p= 

0.016) compared to healthy controls. Anti-viral IFNλ2/3 (p= 0.002) and IFNγ (p= 0.0003) 

were also significantly decreased in severe infection.  

Indicators of endothelial damage were also altered based on disease severity 

(Figure 5.3.2C). Myoglobin (p=0.02), VCAM1 (p<0.0001), and myeloperoxidase (MPO) 

(p<0.0001) were all significantly upregulated in the plasma of the severe infection group 

compared to healthy controls. There were also multiple endothelial markers that that 

were downregulated in severe infection including ICAM-1 (p=0.02) and C-reactive 
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protein (CRP) (p=0.0003). Lipocalin (LCN)-2 (NGAL) was not significantly altered in 

severe infection (p=0.77) but was significantly decreased in the moderate infection group 

(p=0.001). Collectively, this data demonstrates severity-dependent changes in immune 

populations, cytokine response, and endothelial damage. 

Immune and endothelial biomarkers are impacted by the presence of co-

morbidities during severe infection and are associated with fatal outcomes 

To discern potential correlations between Hispanic ethnicity, infection severity, 

and immune/endothelial changes, correlation matrices were plotted for immune and 

endothelial parameters (Figure 5.3.3). Hispanic individuals showed strong positive 

correlations with severe infection (Figure 5.3.3A-B). Hispanic ethnicity was also 

positively correlated with elevated neutrophils and IL-8 but negatively correlated with 

monocytes, MHC II expression by monocytes, B cells, and CD8+ T cells (Figure 

5.3.3A). Analysis of endothelial parameters revealed that Hispanic ethnicity was 

positively correlated with VCAM-1 and MPO (Figure 5.3.3B) which corresponds to 

elevated levels of these markers seen in severe infection (Figure 5.3.2).  

The clinical co-morbidities diabetes and hypertension that were over-reported in 

the severe infection group showed significant impacts on immune and endothelial 

parameters that were associated with severe disease (Figure 5.3.3C-D). Participants 

with diabetes had increased circulating neutrophils (p=0.04), IL-6 (p=0.004) and 

myoglobin (p=0.02) but no differences in circulating LCN2/NGAL (p=0.19) (Figure 

5.3.3C). Participants with hypertensions had increased circulating myoglobin (p=0.02) 

and LCN2/NGAL (p=0.02), but no changes in VCAM-1 (p=0.15) or platelets (p=0.30) 

(Figure 5.3.3D). These results demonstrate that both immune and endothelial 
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parameters are correlated with disease severity and are altered based on the presence 

of co-morbidities that may reflect health disparities in the severe infection group. 

 To investigate relationships between demographic, immune, and endothelial 

parameters based on the outcome of severe infection, correlation matrices were 

performed for survival vs. fatality outcomes (Figure 5.3.S4). Severely infected 

participants with a fatal outcome had more significant correlations between these 

parameters (Figure 5.3.S4A) compared to those that survived (Figure 5.3.4B). In fatal 

infection outcomes, there were significantly negative correlations between Hispanic 

ethnicity and the cytokine Resistin, but there were no strong positive correlations 

between Hispanic ethnicity and any other parameter (Figure 5.3.S4A). In the survival 

group, Hispanic ethnicity was not significantly correlated to Resistin or IL-6 but exhibited 

negative correlations with the endothelial parameter Cystatin C (Figure 5.3.4B). 

The factors that were differentially correlated in fatal vs. survival outcomes were 

investigated further to determine if these differences contributed to a fatality (Figure 

5.3.4). Neutrophils were significantly increased in the fatal (p=0.03) compared to survival 

group (Figure 5.3.4A). Expression of MHCII by monocytes was significantly 

downregulated in the fatal group (p=0.04) despite there being no significant changes in 

monocyte percentages (p=0.07) (Figure 5.3.4A). The fatal group also had significantly 

increased plasma Resistin (p=0.008) and IL-6 (p=0.003) compared to the survival group 

(Figure 5.3.4B). Finally, the endothelial damage indicators myoglobin (p=0.01) and 

LCN2/NGAL (p=0.007) were also significantly upregulated in fatal outcome (Figure 

5.3.4C).  

To determine the relationships between the significantly altered factors in fatal 

vs. survival infection outcomes, correlation analyses were performed (Figure 5.3.4D-E). 
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In the fatal group (Figure 5.3.4D), neutrophils were negatively correlated with B cells, 

MHCII expression by monocytes, and platelets. Resistin, IL-6, and myoglobin were all 

positively correlated with each other in fatal infection. In the survival group (Figure 

5.3.4E), monocytes were negatively correlated with the endothelial marker VCAM-1 and 

platelets. Monocyte MHCII was also significantly negatively correlated with neutrophils. 

Taken together, these results demonstrate key immune and endothelial markers that 

differ depending on the outcome of severe infection. Neutrophilia, low MHCII expression 

by monocytes, and elevated plasma Resistin, IL-6, myoglobin, and VCAM-1 correlated 

with fatal infections.  

Immune and endothelial changes are sustained following recovery from moderate 

COVID-19 infection and correlate with long COVID 

Given the serious and poorly understood complication of long COVID 

development after infection, we examined prolonged immune and vascular changes 

associated with long COVID in recovered individuals in Riverside County and investigate 

the impact on lung health and immune homeostasis. We were unable to re-recruit 

individuals from the severe, ICU patient group due to high mortality and declination to 

participate in the follow-up study. Flow cytometric analysis revealed long-lasting 

alterations in both innate and adaptive immune cells despite resolution of infection 

(Figure 5.3.S5A and Figure 5.3.5A). Notable differences were observed in the 

frequencies of neutrophils, monocytes, B cells, NK T cells, CD8- T cells, and CD8+ T 

cells after recovery from moderate infection (Figure 5.3.S5A). The frequency of 

neutrophils (p<0.0001) decreased significantly in recovered participants compared to 

healthy controls (Figure 5.3.5A). Monocytes (p=0.002), B cells (p=0.02), NK T cells 

(p<0.0001), and CD8- T cells (p<0.0001) remained upregulated following recovery while 



 

 

235 

CD8+ T cells were not changed (p=0.74) (Figure 5.3.5A). These alterations in both 

innate and adaptive immune populations were sustained as long as 11 months post-

positive COVID-19 test and indicate prolonged effects of COVID-19 infection on immune 

homeostasis. 

Circulating cytokines returned to baseline levels in recovered participants (data 

not shown), but there were endothelial damage indicators that were altered following 

recovery from infection. Myoglobin (p= 0.02), VCAM1 (p=0.002), MPO (p=0.03), and 

LCN2 (NGAL) (p=0.008) were all significantly downregulated in the recovered group 

compared to healthy controls (Figure 5.3.5B). These results demonstrate long-lasting 

effects of COVID-19 infection that could impact endothelial health.  

 Prolonged changes in the expression of immune and endothelial biomarkers 

following recovery suggested long COVID presence. To test this, all recovered 

participants completed the COVID-19 Yorkshire Rehabilitation Scale (YRS) 

questionnaire for self-reporting of the presence and severity of symptoms defining long 

COVID. The average reported “Functional Disability” score was significantly increased 

following COVID-19 infection in the recovered group (Figure 5.3.5C). This score 

encompasses symptoms related to communication problems, mobility, personal care, 

daily activity, and social role. The most highly impacted function was communication 

(adj. p = 0.04). There was also a significant increase in “Overall Symptom Severity” after 

COVID-19 infection. This score encompassed several different physical symptoms such 

as breathlessness, cough, swallowing, fatigue, continence, pain, cognition, and other 

psychological symptoms. The most highly impacted symptom was fatigue (adj. P = 

0.012), but several other symptoms were also significant prior to correction for multiple 

family-wise comparisons (Table 5.3.2).  
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The symptoms “Fatigue” and “Communication Problems” were significantly altered after 

infection following multiple comparison corrections (Figure 5.3.5C). Other symptoms 

that were significantly altered following recovery from infection were “Breathlessness,” 

“Cough/Throat Sensitivity,” “Pain,” “Daily Activity Problems,” “Cognition Problems,” 

“Anxiety,” and “Depression” (Figure 5.3.S5B). When overall lung health was examined 

using spirometry testing, lung health was not significantly altered in the recovered group 

compared to healthy controls indicating a return to baseline lung health (Figure 5.3.5D). 

In summary, these results demonstrate sustained immunological and endothelial 

changes long after recovery from infection that suggest prolonged effects of COVID-19 

on overall immune health and correlate with the presence of long COVID.  

Participant-specific tracking of immune changes over time during and following 

COVID-19 infection 

 Tracking of immune composition within individual participants at different time 

points (TP1 and TP2) was performed (Figure 5.3.6). UMAP projections of flow cytometry 

data enabled the visualization and quantification of immune subsets in severely infected 

participants at enrollment in the ICU (TP1) and three days later (TP2) (Figure 5.3.6A-B). 

Participants with moderate infection were also tracked before (TP1), and after treatment 

with monoclonal antibody (TP2) (Figure 5.3.6C-D). Last, healthy control subjects who 

subsequently were infected with COVID then recovered, were analyzed for changes in 

the peripheral blood immune subsets pre- and post-infection (Figure 5.3.6E-F). While 

the majority of immune cells present did not change from TP1 to TP2, innate monocytes 

decreased over time in severe infection (p=0.05). In moderate infection, there were 

decreasing trends in neutrophils, monocytes, and NK T cells and an increasing trend in 

B cells (Figure 5.3.6D). Paired tracking from uninfected timepoints and six weeks after 
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recovery demonstrated visible changes in all evaluated immune cell-types following 

recovery from infection (Figure 5.3.6E). Quantification of these immune cells showed 

increases in B cells (p=0.02), NK T cells (p=0.02), a trend towards monocyte increase 

(p=0.06) and a decreasing trend in neutrophils (p=0.07) (Figure 5.3.6F). Taken together, 

these changes observed between individually paired participants show dynamic changes 

in immune subsets in infection, and also indicate that COVID infection leads to persistent 

changes in the peripheral immune subsets. 

Machine learning model identifies predictive markers of infection outcome in 

severe disease 

 We employed a random forest algorithm as the machine learning model to 

determine the optimal combination of parameters for predicting survival in severe 

COVID-19 patients. The metrics mainly investigated were precision and recall. Precision 

and recall are two of the most relevant metrics to consider when predicting patient 

survival using machine learning models because they directly measure the ability of the 

model to correctly identify true positive cases, which are the patients who survive. The 

results indicated that when utilizing solely parameters obtained from the clinic, the 

strongest predictor of fatality was [‘Diabetes’, ‘Hispanic’] with a precision of 76% and 

recall at 100%. When utilizing only parameters from lab-based assays for immune cells 

and circulating cytokines and endothelial factors, the optimal combination of predictors 

was ‘'LCN2(NGAL)’',‘'MHCII Monocyte’',‘'IL-6’'], which achieved a precision of 86% and 

recall at 98%. Notably, when combining all parameters in a single random forest model, 

the strongest predictors for survival were ‘'LCN2’',‘'MHCII Monocyte’',‘'IL-

6’',‘'Anticoagulant’'], resulting in a precision of 86% and recall at 100% (Figure 5.3.7A). 



 

 

238 

This data suggests the strength of combining data collected from the clinic with lab-

based assays for improved prediction of survival outcomes in severe COVID-19 patients. 

The decision tree analysis using the selected features, namely LCN2, MHCII 

Monocytes, IL-6, and Anticoagulant, revealed distinct patterns associated with patient 

survival and fatality outcomes (Figure 5.3.7B-C). In patients receiving anticoagulant 

therapy (Anticoagulant = 1), there was a notable tendency towards survival, with 72% 

(18 out of 25) of the patients surviving compared to 28% (7 out of 25) with fatal 

outcomes (Figure 5.3.7B). In contrast, in the absence of anticoagulant treatment 

(Anticoagulant = 0), a higher fatality rate of 75% (3 out of 4) was observed, as opposed 

to a 25% (1 out of 4) survival rate. Furthermore, patients with LCN2 levels below 

159ng/mL exhibited a higher likelihood of survival, as demonstrated by the n=12 in this 

category (Figure 5.3.7C). Among these, patients with monocytes expressing MHCII at a 

mean fluorescence intensity lower than 15,550 showed a higher fatality rate, as 

evidenced by n=7 in this group. In contrast, patients with LCN2 levels above 197ng/mL 

had a higher risk of fatality, as indicated by n=2 in this category. Among patients with 

LCN2 levels below 197ng/mL, a lower amount of circulating IL-6 (< 435pg/mL) was 

indicative of a higher survival rate, with all 7 individuals surviving (Figure 5.3.7C). This 

suggests that lower LCN2 and IL-6 levels might be associated with improved prognosis 

in this patient population. In summary, the decision tree analysis highlights the potential 

predictive value of LCN2, MHCII expression by monocytes, IL-6, and Anticoagulant 

treatment in determining survival and fatality outcomes in patients within our study 

cohort and warrants further investigation in larger cohorts to validate these findings. 
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5.3.5 DISCUSSION 

Study Overview and Novelty 

There are currently alarming health disparities such as inadequate access to 

healthcare among Hispanic communities, especially among those with pre-existing 

health conditions. These inequities place individuals at a higher risk of severe or fatal 

disease as shown by previous work (Bender Ignacio et al., 2022; Rao et al., 2023). 

Determining the impacts of COVID-19 infection within at-heightened-risk populations is 

of vital importance. As a result, the goal of this study was to determine links between 

immunological and endothelial changes and COVID-19 disease severity in Riverside 

County, CA, a predominantly high-risk and Hispanic community. Results from this study 

suggest a higher prevalence of severe disease in individuals of Hispanic ethnicity, which 

may be driven by increased rates of key clinical co-morbidities, and other 

sociodemographic factors that impact disease risk and outcomes.  

This study is unique as it describes immune and vascular biomarkers associated 

with disease severity in a high-risk population. It also evaluates the relationship between 

immune and vascular alterations, long COVID, and lung health which have not 

previously been demonstrated. The biological relevance of our findings is demonstrated 

through paired tracking of individual participants’ immune responses at multiple 

timepoints during infection and after recovery. A machine learning model was used to 

learn the features that predict patient survival from severe COVID-19 infection and has 

the potential to uncover hidden insights that might otherwise be overlooked (Davenport 

& Kalakota, 2019).  
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Health Disparities and Severity of COVID-19 Infection 

This study revealed that a significant proportion of individuals suffering from 

severe COVID-19 infection in Riverside County, CA, are Hispanic, and these participants 

report higher instances of co-morbidities, particularly diabetes, hypertension, and 

obesity. These results highlight likely healthcare disparities in preventative healthcare 

access in the severe group. According to the RUHS, 84% of their payors use Medi-Cal 

insurance (Riverside University Health System, 2020). Statewide Medi-Cal enrollment 

data shows that 59% of those patients enrolled are Hispanic/Latino youth, which is more 

than double the enrollment of Asian/Pacific Islander and White ethnicities (Patel, 2017). 

Furthermore, the Riverside area is home to a high number of uninsured individuals 

(Meconis, 2017). It has been reported that Medi-Cal patients with co-morbidities 

requiring specialist visits have difficulties in accessing specialist care (i.e., 

endocrinologists for those with diabetes or cardiologists for those with hypertension). 

According to the U.S. Bureau of Labor Statistics 2021 data, the average Hispanic/Latino 

median household income was $55,321 compared to $74,912 for non-Hispanic white 

households (Occupational Outlook Handbook, 2022). In 2020, the U.S. Census Bureau 

reported that 17% of Hispanic individuals were living at poverty level (U.S. Census 

Bureau, 2023). As a result, few insurance options are available in these cases, and a 

large percentage of underserved populations utilize Medi-Cal, where they experience 

difficulties accessing routine preventative care and specialist visits, potentially leading to 

the worse outcomes seen in the severe infection cohort. Furthermore, limited healthcare 

access, fear of financial burden, or avoidance of the healthcare system due to 

documented status can result in patients waiting longer to seek care and therefore 
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receiving treatment only after the disease has advanced to a more severe stage, also 

leading to increased mortality risk (Lopez et al., 2021).  

Previous work has investigated the impact of health disparities on socioeconomic 

status and overall psychological health as a result of the pandemic (Pinto et al., 2022; 

Tao et al., 2022; Zhao et al., 2022; Rao et al., 2023). However, it is unknown how health 

disparities that are prevalent in underserved Hispanic communities relate to infection-

dependent biological alterations and infection outcome. The severe infection group in 

this study was predominantly composed of Hispanic individuals, and this group 

demonstrated significant changes in immune cell populations and vascular factors which 

corresponded to a positive correlation with disease severity. As diabetes has been 

directly linked to increased COVID-19 disease severity (Shkurnikov et al., 2022), the 

increased frequency of diabetes, which often leads to complications with viral infections, 

reported by Hispanic individuals in the severe group offers a prime example of health 

disparities negatively impacting COVID-19 disease outcomes. Based on these 

cumulative data, further studies are needed to determine the impact of health disparities 

on the risk of Hispanic communities developing long COVID. 

Severity-Dependent Changes in Immune and Endothelial Factors and Their 

Predictive Capability 

Several immune factors including both innate and adaptive cell populations are 

necessary to successfully combat COVID-19 infection (Westmeier et al., 2020; Hartley et 

al., 2020; Meidaninikjeh et al., 2021; Röltgen & Boyd, 2021; Hazeldine & Lord, 2021; Li 

et al., 2022a; Roukens et al., 2022). The severe infection group showed significant 

alterations to all immune subsets compared to healthy controls and moderate infection, 

indicating relationships between immune parameters and disease severity. Neutrophils 
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and the neutrophil chemoattractant IL-8, which are known to cause increased damage 

during COVID-19 infection, were significantly increased in this group compared to both 

healthy controls and the moderate infection group (Hazeldine & Lord, 2021; Herrera et 

al., 2023; Rice et al., 2023; Leal et al., 2023). In our global correlation analyses, 

neutrophils were also positively correlated with the inflammatory cytokine IL-6, and all of 

these immune parameters were positively correlated with severe infection. These same 

factors and Resistin, which has been identified as an indicator of disease severity and 

early predictor of mortality in sepsis (Bonenfant et al., 2022), were also increased in 

individuals who had a fatal infection outcome. This data demonstrates a direct link 

between neutrophils, neutrophil-chemotactic biomarkers, and disease severity in our 

high-risk study cohort. Contrary to neutrophil patterns observed, all other immune 

subsets and Type I interferons were significantly decreased in the severe group. These 

immune parameters were also negatively correlated with severe infection and positively 

correlated with healthy participants in our correlation analyses. These opposing immune 

populations in healthy versus severe infection supports the importance of these cells for 

combatting infection as previously reported (Westmeier et al., 2020; Hartley et al., 2020; 

Roukens et al., 2022; Satta et al., 2022). Lack of these cells in the severe group could 

indicate an impaired antiviral response.  

Measurement of endothelial biomarkers showed severity-dependent changes in 

circulating vascular damage indicators. The severe infection group demonstrated 

significantly elevated circulating levels of myoglobin, VCAM-1, and MPO which were 

significantly correlated with severe infection. MPO and VCAM-1 were also positively 

correlated with Hispanic ethnicity in this group, and myoglobin was significantly elevated 

in fatal infection. Myoglobin has been directly linked to oxidative vascular damage 
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(Ohashi et al., 1998; Leoncini et al., 2008; Bains et al., 2010), which could explain 

increased lung pathology in fatal COVID-19 infection. The elevated levels of MPO seen 

directly correspond to the observed increases in neutrophils in severe infection, and 

MPO production by neutrophils has been associated with COVID-19 disease pathology 

(Hazeldine & Lord, 2021). In addition, MPO showed significant positive correlations with 

Resistin and IL-6 in fatal infection. Currently, techniques are being developed to create 

potential drug targets for MPO (Chaikijurajai & Tang, 2020) and myoglobin (Pimentel et 

al., 2021) in COVID-19 disease that could be used to mitigate COVID-19 disease 

severity caused by vascular damage.  

Our machine learning results demonstrate that the inclusion of lab-based assays 

in addition to routine assays performed in the clinic can significantly improve the 

accuracy of the predictive models, indicating the complementary nature of the two types 

of parameters investigated in this study. We found that ‘LCN2(NGAL),’ ‘MHCII 

expression by monocytes,’ ‘IL-6,’ and ‘Anticoagulant treatment’ revealed distinct patterns 

associated with severe infection outcomes. In severe COVID-19 patients receiving 

anticoagulant therapy, a tendency towards survival was observed, matching previous 

studies that have reported the potential benefits of anticoagulant treatment in this patient 

population (Bikdeli et al., 2020; Paranjpe et al., 2020). Emerging evidence from our 

study also suggests that lower LCN2 levels might be associated with improved 

prognosis in severe COVID-19 patients. LCN2, or Lipocalin-2 (also known as neutrophil 

gelatinase-associated lipocalin or NGAL), is an acute-phase protein involved in immune 

response and inflammation (Flo et al., 2004). Recent work has indicated that elevated 

LCN2 levels are correlated with the severity of COVID-19 infection and may serve as a 

potential biomarker for disease progression (Huang et al., 2022). Our finding that higher 
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MHCII expression by monocytes is associated with improved prognosis confirms results 

found in recent studies (Schulte-Schrepping et al., 2020; Zhang et al., 2021). The 

increased expression of MHCII by monocytes in severe COVID-19 patients that survive 

infection suggests that a more robust immune response contributes to better clinical 

outcomes and resistance to re-infection (Giamarellos-Bourboulis et al., 2020). Recent 

studies have indicated that severe COVID-19 patients with lower inflammatory 

interleukin-6 (IL-6) levels may exhibit improved prognosis (Aziz et al., 2020; Ruan et al., 

2020). This association between the combination of anticoagulant therapy, lower LCN2 

levels, increased expression of MHCII by monocytes, lower IL-6 levels, and improved 

prognosis warrants further investigation as it could aid in developing targeted therapies 

and personalized treatment strategies for COVID-19 patients. In the context of 

healthcare, even modest improvements in predictive accuracy can have significant 

impacts on patients' lives, informing treatment decisions and resource allocation 

(Rajkomar et al., 2019). By leveraging machine learning to analyze these limited 

datasets, researchers can gain valuable insights into disease mechanisms, prognosis, 

and therapeutic approaches, ultimately improving patient care and outcomes. 

Recovery from infection and biomarkers for long COVID 

Previous studies have identified sustained immune alterations following recovery 

from mild and severe COVID-19 infection (Hartley et al., 2020; Kennedy et al., 2021; Li 

et al., 2022a). In addition, the presence of long COVID and subsequent immune 

changes have been investigated previously (Phetsouphanh et al., 2022; Wiech et al., 

2022; Ryan et al., 2022). Recent studies reported that women, black individuals, and 

Hispanic individuals are more likely to experience long COVID (Sivan et al., 2022). 

Consistent with these studies and the primarily Hispanic makeup of Riverside County, 



 

 

245 

our recovered group was composed of 43% Hispanic individuals which accounted for 

more than any other single ethnicity. 

Our work shows significant increases in monocytes, B cells, NK T cells, and 

CD8- T cells following recovery from mild-to-moderate infection as well as significant 

decreases in neutrophils and circulating vascular biomarkers compared to healthy 

controls. This indicates a prolonged systemic inflammatory response despite successful 

clearance of active infection in these recovered participants, which has been 

hypothesized with previous work demonstrating increased immune activation. These 

results were also seen across our paired timepoint analyses of healthy controls who later 

returned as recovered participants. As a result, our data suggests potential risks of 

autoimmunity and/or overactive immune responses following COVID-19 infection. 

5.3.6 CONCLUSION 

Our study adds to current knowledge of long-term COVID-19 impacts by showing 

previously undemonstrated prolonged vascular alterations. We also offer insights into 

the impact of prior COVID-19 infection on lung health via the use of spirometry 

measurements. Recent work has identified specific immune signatures that underly 

certain post-acute COVID-19 sequalae in the lung linking prolonged immune 

dysregulation with lasting tissue pathology caused by infection (Cheon et al., 2021). This 

indicates the potential for sustained immune alterations to have deleterious effects on 

overall lung health following recovery from infection and during long COVID. Our results 

indicate that despite sustained immune changes and self-reported symptoms suggesting 

the presence of long COVID, overall lung function is recovered as no significant change 

was observed in spirometry tests between our recovered and healthy control 

participants.   
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Limitations and Caveats 

While our study offers novel insights into the long-term health impacts of COVID-

19 infection, there remain limitations. First, there was missing information for various 

participants in each group, such as missing blood collection for some participants due to 

logistic issues. Second, different treatment regimens offered and given to severe and 

moderate infection groups (such as Remesdivir/dexamethasone for severe group, 

monoclonal antibody treatment for moderate group, and Paxlovid for certain recovered 

participants) could have affected the immune and/or vascular endothelial responses 

observed. Third, our modest sample size, including our paired participant time point 

data, limits our ability to generalize these results, and increased participant numbers are 

needed to perform more rigorous statistical analysis in the future. The addition of 

increased data representing the Hispanic population in the future could help with 

comparisons of Hispanic versus non-Hispanic groups and discern population-specific 

immune alterations. There are also age differences between the Moderate/Severe 

infection groups and the Healthy Control/Recovered groups which could contribute in 

part to differences observed in certain biomarkers. The sample size for the Yorkshire 

Rehabilitation Scale Questionnaire is also limited. Despite this smaller sample size, our 

study agrees with several other studies worldwide that utilize this questionnaire (Halpin 

et al., 2021; Ayuso García et al., 2022; Sivan et al., 2022; Straudi et al., 2022). Lastly, it 

should be considered that the immune response is extremely complex and can vary 

greatly between individuals which could contribute to some of the variation seen in the 

results of our study. In addition, our machine learning model made use of a small sample 

size that warrants further testing to confirm validity of our results for this portion of our 

study. Further prospective clinical studies that address these caveats are needed to 
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better understand the relationships between COVID-19 disease severity and immune 

changes as well as the relationship between long COVID and sustained immune 

alterations. 
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FIGURES 
 
 

 
 
Figure 5.3.1. Flow diagram of study design, subject enrollment, grouping criteria, 
and experimental methods. 
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Figure 5.3.2. Immune and endothelial damage analysis during active COVID-19 
infection. A) Quantification of significantly altered immune populations from analyzed flow 
cytometry data. B) Circulating cytokine levels from plasma of control and infected groups. 
C) Circulating endothelial damage markers from plasma of control and infected groups. 
For all experiments, “Healthy” n=21, “Outpatient/Moderate” n=19, “ICU/Severe” n=31, “n” 
altered for some results depending on availability of samples. Statistical significance 
determined via One-Way ANOVA using multiple comparisons. 
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Figure 5.3.3. Correlation analyses of immune, endothelial, and clinical parameters. 
A-B) Correlation matrix of immune (control n=21, outpatient/moderate infection n=19, 
ICU/severe infection n=31) (A) and endothelial (control n=15, moderate infection n=19, 
severe infection n=31) (B) parameters across control and infected groups. (C-D) 
Circulating levels of immune and endothelial parameters that have significant correlations 
with the clinical parameters of diabetes (C) and hypertension (D) in the severe COVID-19 
group (n=29). Statistical significance determined via unpaired student’s t-test. 
  



 

 

252 

 

Figure 5.3.4. Analysis of immune and endothelial factors during severe COVID-19 
infection based on infection outcome. (A) Significantly altered immune populations 
from flow cytometry data distinguished by fatality or survival. (B) Significantly altered 
circulating cytokine levels from fatal vs. survival groups. C) Significantly altered circulating 
endothelial damage markers from plasma of fatal vs. survival groups. (D-E) Correlations 
between parameters within fatal (D) and survival (E) groups. Statistical significance 
determined via unpaired student’s t-test. 
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Figure 5.3.5. Immune analysis following recovery from infection including long 
COVID parameters and lung function tests. (A) Quantification of immune populations 
from healthy control and moderate recovered flow cytometry data (n=18/group, significant 
outliers removed from analysis). (B) Circulating endothelial damage markers from plasma 
of control and recovered groups (“Healthy” n=14, “Recovered” n=9). (C) Correlation of 
self-reported COVID-19 symptoms associated with long COVID as assessed by YRS 
questionnaire (n=23); points are slightly jittered for visibility. (D) Results of lung spirometry 
tests measuring overall lung function. Statistical significance determined via unpaired 
student’s t-test. 
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Figure 5.3.6. Paired time point analyses of flow cytometry data during severe 
infection, moderate infection, and following recovery. UMAP analyses (A, C, and E) 
and graphical quantification (B,D, and F) of flow data from single participants with paired 
time points for different stages of infection: A-B) severe infection at 1 day (TP1) and 3 
days (TP2) post admission; C-D) moderate infection at monoclonal antibody treatment 
start date (TP1) and 7 days aftertreatment start (TP2); E-F) prior to COVID-19 infection 
(TP1) and following recovery ( varying number of days post COVID+ test result) (TP2). 
Statistical significance determined via unpaired student’s t-test; severe (n=9), moderate 
(n=3), and control/recovered (n=5) participants at time point one (TP1) and time point 
two (TP2). 
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Figure 5.3.7. Machine learning analysis. (A) Feature analysis and comparison of our 
machine learning models across precision and recall metrics predicting survival. 
Performance of our parameters from the clinic (blue), parameters from molecular (orange) 
methods vs. parameters from both the clinic and molecular (green) across four metrics. 
(B-C) Decision Tree for Predicting Survival from Severe COVID-19. This figure illustrates 
the decision tree used to identify significant parameters for predicting survival from severe 
COVID-19. (B) The tree is first divided based on whether a patient had Anticoagulation 
treatment. (C) The tree is further divided based on patients’ “LCN2(NGAL),” “MHCII 
Monocytes,” and “IL-6” levels. With different thresholds from Anticoagulation, LCN2, 
MHCII Monocytes, and IL-6, the branches lead to different outcomes. The figure also 
includes the threshold for each parameter, represented by the numbers at the end of each 
branch, and the sample size from under the threshold from the parameter. Additionally, 
the figure includes the value which represents the number of possible outcomes of a 
decision and the decision made.  
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Figure 5.3.S1. Confirmation of active COVID-19 infection for severe and moderate 
infection groups. (A) Quantification of viral burden from nasal swab of severe and 
moderate infection groups. (B) Quantification of blood spike protein in severely infected 
participants based on survival vs fatality from infection.  
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Figure 5.3.S2. Full gating strategy for whole blood flow cytometry. Concatenated 
healthy control sample used as in Figure 5.3.2. 
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Figure 5.3.S3. Flow plots of significantly altered immune cell types by study 
group. (A-C) Flow plots of major immune cell populations analyzed for control (A), 
moderate infection (B), and severe infection (C) groups (all individual samples 
concatenated by group for shown plots).  
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Figure 5.3.S4. Correlation matrices of demographic, immune, and endothelial 
parameters in severe COVID-19 infection with fatal and non-fatal outcomes. A) 
Fatal outcome correlation matrix. B) Survival outcome correlation matrix. 
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Figure 5.3.S5. Significantly altered immune cell types and long COVID symptoms in 
Recovered group. (A) Flow plots of major immune cell populations analyzed for moderate 
recovered group (all individual samples concatenated by group for shown plots). (B) 
Correlation of self-reported COVID-19 symptoms associated with long COVID identified 
as significantly altered prior to multiple comparison corrections as assessed by YRS 
questionnaire (n=23); points are slightly jittered for visibility.  
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Table 5.3.1. Study demographics by group 
Characteristic Healthy 

Control 
n=23(%) 

Outpatient 
Moderate 
Infection 
n=33(%) 

P-
value 

ICU 
Severe 
Infection 
n=33(%) 

P-value Recovered 
n=23(%) 

P-
value 

Sex 
       

Male 12 (57) 13 (39) 0.27 23 (70) 0.39 10(48) 0.76 

Female 9 (43) 20 (61) 
 

10 (30) 
 

11(52) 
 

Age, years 
       

Mean (SD) 27.60 
(7.27) 

52.88 
(16.68) 

0.0003 56.09 
(13.86) 

<0.001 31.05 
(12.17) 

0.27 

Median (IQR) 26.00 
(19.00-
52.00) 

48.00 
(22.00-
84.00) 

 
52.00 
(23.00-
80.00) 

 
27.00 
(19.00-
67.00) 

 

Ethnicity,  
No. (%) 

       

Hispanic 7 (33) 8 (25) 0.55 23 (70) 0.012 9 (43) 0.75 

Non-Hispanic 14 (67) 24 (75) 
 

10 (30) 
 

12( 57) 
 

Co-morbidity,  
No. (%) 

       

Yes 8 (38) 27 (82) 0.002 30 (91) <<0.001 8 (38) 1 

No 13 (62) 6 (18) 
 

3 (9) 
 

13 (62) 
 

Vaccinated, 
No. (%) 

       

Yes 18 (95) 10 (45) 0.001 9 (28) <<0.001 21 (100) 0.48 

No 1 (5) 12 (55) 
 

23 (72) 
 

0 (0) 
 

 
  



 

 

262 

Table 5.3.2. Self-reported symptoms as obtained by YRS Questionnaire results. 
  

Scores 
  

Symptom Pre-COVID-19 Post-COVID-19 P P Adj 

Breathlessness (at rest) 0.83 ± 2.61 1.30 ± 2.91 0.05 0.29 

Breathlessness (while 
dressing) 

1.00 ± 2.86 1.70 ± 3.10 0.06 0.29 

Breathlessness (stairs) 2.04 ± 2.70 2.65 ± 2.64 0.12 0.49 

Cough or throat symptoms 0.26 ± 0.62 1.52 ± 2.10 0.01 0.07 

Swallowing problems 0.04 ± 0.21 0.30 ± 1.11 0.37 0.74 

Fatigue 0.57 ± 1.08 2.74 ± 3.18 0.00 0.01 

Continence 0.09 ± 0.42 0.74 ± 2.00 0.17 0.52 

Pain and discomfort 0.43 ± 0.90 1.96 ± 3.34 0.01 0.11 

Cognition 0.30 ± 0.70 2.04 ± 2.85 0.01 0.07 

Anxiety 1.30 ± 1.58 2.48 ± 2.94 0.01 0.08 

Depression 0.43 ± 0.84 1.30 ± 2.38 0.04 0.25 

PTSD 0.00 ± 0.00 0.13 ± 0.63 1.00 1.00 

Communication problems 0.22 ± 0.52 1.39 ± 2.37 0.01 0.04 

Mobility problems 0.04 ± 0.21 0.70 ± 2.03 0.17 0.52 

Personal care 0.09 ± 0.43 0.23 ± 0.75 0.59 0.59 

Daily activity problems 0.17 ± 0.39 1.26 ± 2.14 0.01 0.06 

Social role 0.09 ± 0.42 0.48 ± 1.20 0.17 0.52 
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Chapter 6 

Conclusion 

Summary 

While there are numerous mechanisms that contribute to high-altitude 

acclimatization, this work both confirms previous findings and provides new evidence 

regarding the role of inflammation and immune function. It is clear that high altitude is a 

stressful environment that triggers the release of pro-inflammatory mediators and affects 

the immunological cell balance. This dissertation examines the changes in the 

transcriptomic profile, the cytokine profile, and the immune profile, and how these 

alterations may contribute to development of high-altitude illnesses. Here, we introduce 

a potential mechanism of hypoxia-induced immune sensitization following acute high-

altitude exposure that may exacerbate inflammatory and immune responses. 

Furthermore, we explored differences in the time domains of high-altitude acclimatization 

by investigating distinctions in the inflammatory profiles between lowlanders who 

traveled and acclimatized to high altitude and with native Andean highlanders who have 

survived in high-altitude hypoxic environments for thousands of generations.  

This work identified novel transcriptional changes seen during acute high-altitude 

exposure in non-native lowlanders. Specifically, we have identified several inflammatory-

related genes involved in innate immunity, such as the Toll-Like Receptor 4 signaling 

pathway, and therefore may indicate a potential mechanism for immune system 

sensitization. Furthermore, this work has characterized plasma cytokines that are 

essential to the immune response as well as changes in immune cell populations and 

function after acute high-altitude exposure. These changes provide insight into the 

mechanism behind hypoxia-induced inflammation and how high altitude impacts immune 
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cell function. Additionally, these changes on a transcriptional, plasma cytokine, and 

immune population levels are found to be correlated with high-altitude illness severity, 

providing insight into how the inflammatory profile may affect acclimatization. Immune 

profile characterization in lowlanders traveling to high altitude has revealed shifts from a 

pro- to anti-inflammatory profile as individuals acclimatize. Our work has found further 

evidence that immune system sensitization is focused on innate immunity, and we also 

report potential adaptive immune suppression at high altitude. This study also 

investigated the impact of hypoxia inducible factor (HIF) stability on CD14 expression, a 

co-receptor of the TLR4 pathway, and found that HIF stability promotes CD14 

expression. The relationship between physiological responses and inflammatory profile 

changes to high altitude can be further explored to examine how hypoxemia modulates 

the inflammatory response in critical illnesses. 

We demonstrate significant differences between acute and chronic hypoxia 

exposure time domains. Our work has determined relationships between high-altitude 

illness severity and immune population shifts with inflammatory cytokines on an acute 

timescale. In this study, we characterized the chronic hypoxia exposure time domain 

specifically in Andean highlanders. Here, we have determined that chronic hypoxia 

exposure in the Andean population have elevated pro-inflammatory cytokine levels that 

are correlated with Chronic Mountain Sickness severity. Interestingly, this relationship 

was not seen with excessive erythrocytosis, which is thought to be the main mechanism 

responsible for Chronic Mountain Sickness development. For both acute and chronic 

time domains, we identified potential biomarkers of high-altitude illness severity. We 

have identified IP-10 to not only be significantly elevated in native Andeans compared to 

acutely exposed sojourners to high altitude, Andeans with excessive erythrocytosis have 
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significantly higher concentration than healthy Andeans. This distinction, however, is not 

seen in Andeans with Chronic Mountain Sickness versus healthy Andeans. This 

indicates that additional underlying mechanisms are in play in Chronic Mountain 

Sickness development, in which we suspect a pro-inflammatory profile may play a role. 

In pulmonary diseases, hypoxemia may exacerbate the inflammatory response to 

viral or bacterial infections. Of most notable interest at this time, the coronavirus disease 

of 2019 (COVID-19) pandemic sparked incredible scientific effort to understand how to 

manage and treat patients with severe hypoxemia, as COVID-induced hypoxemia was 

associated with mortality rates. Even after recovery from COVID-19, there are long-

lasting detrimental health effects that indicate potential risks of autoimmunity as well as 

potential overactive immune responses. Our meta-analysis study on the normal 

distribution of the hypoxic ventilatory response (HVR) demonstrates that there is 

significant prevalence of low HVR values among the general healthy population. 

Coupled with pulmonary diseases potentially causing profound hypoxemia, individuals 

who have a low hypoxic ventilatory response may be more susceptible to these diseases 

and develop exacerbated and severe symptoms.  

Potential Future Directions 

This dissertation provides novel insights into high altitude hypoxia-induced 

immune sensitization as well as adds to research regarding the impact of high altitude 

on the inflammatory and immune profile. However, there still remains several gaps in 

knowledge that need to be addressed. We have demonstrated the potential mechanism 

of high-altitude hypoxia-induced immune sensitization, but further characterization of 

other components of the innate immunity, as well as the impact of this immune 

sensitization, would be beneficial to elucidate the function of this mechanism. 



 

 

266 

Additionally, our study focuses on the native Andean highlanders when discussing the 

impact of chronic hypoxia exposure. However, this is only one of several native high-

altitude populations and is considered to be one of the most maladaptive native groups. 

Characterizing the inflammatory and immune profile in other high-altitude groups, such 

as the Tibetans, Sherpa, and Ethiopians, would provide insight into how the 

inflammatory profiles and immune function alterations may contribute to or protect 

against high-altitude illness pathogenesis. While we have identified potential biomarkers 

of high-altitude illness in both acute and chronic time domains of high-altitude 

acclimatization, further work to investigate these differences in time domain responses 

will be beneficial to those who travel to or live at high altitude. Furthermore, 

understanding the long-term effects of high-altitude hypoxia exposure would not only 

provide insight into potential evolutionary adaptations that promote survival in hypoxic 

environments, but may give rise to new and novel therapeutic targets to treat 

hypoxemia-induced inflammatory and immune responses in critical and chronic 

illnesses.  

Taken together, this dissertation provides new and supportive evidence of the 

role of the inflammatory and immune profile in high-altitude illness pathogenesis. 

Furthermore, through the lens of high-altitude physiology, this work provides a novel 

perspective into the responses to hypoxemia in critical pulmonary diseases. This 

research highlights the significant and synergistic crosstalk between the hypoxia and 

inflammatory transcriptional response. The essential role of this crosstalk highlights the 

physiological consequences of hypoxia-induced inflammation, and the importance to 

identify novel therapeutic targets in order to mitigate excessive inflammation with 

concomitant hypoxemia and systemic inflammation. 



 

 

267 

REFERENCES 
 
Ainslie PN, Lucas SJE & Burgess KR (2013). Breathing and sleep at high altitude. 

Respir Physiol Neurobiol 188, 233–256. 

Aitken ML, Franklin JL, Pierson DJ & Schoene RB (1986). Influence of body size and 
gender on control of ventilation. J Appl Physiol 60, 1894–1899. 

Akashi-Takamura S & Miyake K (2008). TLR accessory molecules. Curr Opin Immunol 
20, 420–425. 

Akira S, Takeda K & Kaisho T (2001). Toll-like receptors: Critical proteins linking innate 
and acquired immunity. Nat Immunol 2, 675–680. 

Akira S, Uematsu S & Takeuchi O (2006). Pathogen recognition and innate immunity. 
Cell 124, 783–801. 

Albert TJ & Swenson ER (2014). Peripheral Chemoreceptor Responsiveness and 
Hypoxic Pulmonary Vasoconstriction in Humans. High Alt Med Biol 15, 15–20. 

Amin HM, Sopchak AM, Foss JF, Esposito BF, Roizen MF & Camporesi EM (1994). 
Efficacy of Methylnaltrexone Versus Naloxone for Reversal of Morphine-Induced 
Depression of Hypoxic Ventilatory Response. Anesth Analg 78, 701-705. 

Araneda OF, García C, Lagos N, Quiroga G, Cajigal J, Salazar MP & Behn C (2005). 
Lung oxidative stress as related to exercise and altitude. Lipid peroxidation evidence 
in exhaled breath condensate: A possible predictor of acute mountain sickness. Eur 
J Appl Physiol 95, 383–390. 

Arias-Stella J & Saldana M (1963). The Terminal Portion of the Pulmonary Arterial Tree 
in People Native to High Altitudes. Circulation 28, 915–925. 

Arulselvan P, Fard MT, Tan WS, Gothai S, Fakurazi S, Norhaizan ME & Kumar SS 
(2016). Role of Antioxidants and Natural Products in Inflammation. Oxid Med Cell 
Longev; DOI: 10.1155/2016/5276130. 

Ayuso García B, Besteiro Balado Y, Pérez López A, Romay Lema E, Marchán-López Á, 
Rodríguez Álvarez A, García País MJ, Corredoira Sánchez J & Rabuñal Rey R 
(2022). Assessment of post-covid symptoms using the c19-yrs tool in a cohort of 
patients from the first pandemic wave in northwestern Spain. Telemedicine and e-
Health 29, 278–283. 

Aziz M, Fatima R & Assaly R (2020). Elevated interleukin-6 and severe COVID-19: a 
meta-analysis. J Med Virol 92, 2283–2285. 

Balcerek B, Steinach M, Lichti J, Maggioni MA, Becker PN, Labes R, Gunga HC, 
Persson PB & Fähling M (2020). A broad diversity in oxygen affinity to haemoglobin. 
Sci Rep 10, 1–15. 



 

 

268 

Baggiolini M & Clark-Lewis I (1992). Interleukin-8, a chemotactic and inflammatory 
cytokine. FEBS Lett 307, 97–101. 

Baggiolini M, Walz A & Kunkel SL (1989). Neutrophil-activating Peptide-1/lnterleukin 8, a 
Novel Cytokine That Activates Neutrophils. J Clin Invest 84, 1045–1049. 

Bai J, Li L, Li Y & Zhang L (2022). Genetic and immune changes in Tibetan high-altitude 
populations contribute to biological adaptation to hypoxia. Environ Health Prev Med 
27, 39. 

Bailey DM, Bärtsch P, Knauth M & Baumgartner RW (2009a). Emerging concepts in 
acute mountain sickness and high-altitude cerebral edema: From the molecular to 
the morphological. Cellular and Molecular Life Sciences 66, 3583–3594. 

Bailey DM, Brugniaux J V., Filipponi T, Marley CJ, Stacey B, Soria R, Rimoldi SF, Cerny 
D, Rexhaj E, Pratali L, Salmòn CS, Murillo Jáuregui C, Villena M, Smirl JD, Ogoh S, 
Pietri S, Scherrer U & Sartori C (2019). Exaggerated systemic oxidative‐
inflammatory‐nitrosative stress in chronic mountain sickness is associated with 
cognitive decline and depression. J Physiol 597, 611. 

Bailey DM, Rimoldi SF, Rexhaj E, Pratali L, Salmòn CS, Villena M, McEneny J, Young 
IS, Nicod P, Allemann Y, Scherrer U & Sartori C (2013). Oxidative-Nitrosative Stress 
and Systemic Vascular Function in Highlanders With and Without Exaggerated 
Hypoxemia. Chest 143, 444–451. 

Bailey DM, Roukens R, Knauth M, Kallenberg K, Christ S, Mohr A, Genius J, Storch-
Hagenlocher B, Meisel F, McEneny J, Young IS, Steiner T, Hess K & Bärtsch P 
(2006). Free radical-mediated damage to barrier function is not associated with 
altered brain morphology in high-altitude headache. Journal of Cerebral Blood Flow 
and Metabolism 26, 99–111. 

Bailey DM, Taudorf S, Berg RMG, Lundby C, McEneny J, Young IS, Evans KA, James 
PE, Shore A, Hullin DA, McCord JM, Pedersen BK & Möller K (2009b). Increased 
cerebral output of free radicals during hypoxia: Implications for acute mountain 
sickness? Am J Physiol Regul Integr Comp Physiol 297, 1283–1292. 

Bains SK, Foresti R, Howard J, Atwal S, Green CJ & Motterlini R (2010). Human sickle 
cell blood modulates endothelial heme oxygenase activity: effects on vascular 
adhesion and reactivity. Arterioscler Thromb Vasc Biol 30, 305–312. 

Bakonyi T & Radak Z (2004). High Altitude and Free Radicals. J Sports Sci Med 3, 64. 

Balcerek B, Steinach M, Lichti J, Maggioni MA, Becker PN, Labes R, Gunga HC, 
Persson PB & Fähling M (2020). A broad diversity in oxygen affinity to haemoglobin. 
Sci Rep 10, 1–15. 

Bandarra D & Rocha S (2013). A tale of two transcription factors: NF-kB and HIF 
crosstalk. OA Molecular and Cell Biology 1, 6. 



 

 

269 

Bärtsch P (1999). High altitude pulmonary edema. Med Sci Sports Exerc 31, 23–27. 

Bärtsch P & Swenson ER (2013). Acute High-Altitude Illnesses. New England Journal of 
Medicine 368, 2294–2302. 

Bärtsch P, Swenson ER, Paul A, Jülg B & Hohenhaus E (2002). Hypoxic ventilatory 
response, ventilation, gas exchange, and fluid balance in acute mountain sickness. 
High Alt Med Biol. 

Basaran KE, Villongco M, Ho B, Ellis E, Zarndt R, Antonova J, Hopkins SR & Powell FL 
(2016). Ibuprofen blunts ventilatory acclimatization to sustained hypoxia in humans. 
PLoS One 11, 1. 

Baumann CL, Aspalter IM, Sharif O, Pichlmair A, Blüml S, Grebien F, Bruckner M, 
Pasierbek P, Aumayr K, Planyavsky M, Bennett KL, Colinge J, Knapp S & Superti-
Furga G (2010). CD14 is a coreceptor of Toll-like receptors 7 and 9. Journal of 
Experimental Medicine 207, 2689–2701. 

Beall CM (2006). Andean, Tibetan, and Ethiopian patterns of adaptation to high-altitude 
hypoxia. Integr Comp Biol 46, 18–24. 

Beall CM (2007). Two routes to functional adaptation: Tibetan and Andean high-altitude 
natives. Proc Natl Acad Sci U S A 104, 8655–8660. 

Beall CM, Brittenham GM, Macuaga F & Barragan M (1990). Variation in hemoglobin 
concentration among samples of high-altitude natives in the Andes and the 
Himalayas. American Journal of Human Biology 2, 639–651. 

Beall CM, Brittenham GM, Strohl KP, Blangero J, Williams‐Blangero S, Goldstein MC, 
Decker MJ, Vargas E, Villena M, Soria R, Alarcon AM & Gonzales C (1998). 
Hemoglobin concentration of high‐altitude Tibetans and Bolivian Aymara. Am J Phys 
Anthropol 106, 385–400. 

Beall CM, Laskowski D & Erzurum SC (2012). Nitric oxide in adaptation to altitude. Free 
Radic Biol Med 52, 1123–1134. 

Beall CM, Strohl KP, Blangero J, Williams-Blangero S, Almasy LA, Decker MJ, 
Worthman CM, Goldstein MC, Vargas E, Villena M, Soria R, Alarcon AM & Gonzales 
C (1997). Ventilation and Hypoxic Ventilatory Response of Tibetan and Aymara High 
Altitude Natives. Am J Phys Anthropol 104, 427–447. 

Beg AA & Jr ASB (1993). The IKB proteins : multifunctional regulators of Rel / NF-KB 
transcription factors. Genes Dev 7, 2064–2070. 

BelAiba RS, Bonello S, Zähringer C, Schmidt S, Hess J, Kietzmann T & Görlach A 
(2007). Hypoxia up-regulates hypoxia-inducible factor-1α transcription by involving 
phosphatidylinositol 3-kinase and nuclear factor κB in pulmonary artery smooth 
muscle cells. Mol Biol Cell 18, 4691–4697. 



 

 

270 

Bender Ignacio RA, Shapiro AE, Nance RM, Whitney BM, Delaney JAC, Bamford L, 
Wooten D, Karris MY, Mathews WC & Kim HN (2022). Racial and ethnic disparities 
in coronavirus disease 2019 disease incidence independent of comorbidities, among 
people with HIV in the United States. AIDS 36, 1095–1103. 

Ben-Shoshan J, Maysel-Auslender S, Mor A, Keren G & George J (2008). Hypoxia 
controls CD4+CD25+ regulatory T-cell homeostasis via hypoxia-inducible factor-1α. 
Eur J Immunol 38, 2412–2418. 

Bernecker C, Scherr J, Schinner S, Braun S, Scherbaum WA & Halle M (2013). 
Evidence for an exercise induced increase of TNF-α and IL-6 in marathon runners. 
Scand J Med Sci Sports 23, 207–214. 

Bhattacharya S, Shrimali NM, Mohammad G, Koul PA, Prchal JT & Guchhait P (2021). 
Gain-of-function Tibetan PHD2D4E;C127S variant suppresses monocyte function: A 
lesson in inflammatory response to inspired hypoxia. EBioMedicine 68, 103418. 

Bhaumik G, Sharma RP, Dass D, Lama H, Chauhan SKS, Verma SS, Selvamurthy W & 
Banerjee PK (2003). Hypoxic Ventilatory Response Changes of Men and Women 6 
to 7 Days after Climbing from 2100 m to 4350 m Altitude and after Descent. High Alt 
Med Biol 4, 341–348. 

Bianchi ME (2007). DAMPs, PAMPs and alarmins: all we need to know about danger. J 
Leukoc Biol 81, 1–5. 

Bickler PE, Feiner JR, Lipnick MS & McKleroy W (2021). “silent” Presentation of 
Hypoxemia and Cardiorespiratory Compensation in COVID-19. Anesthesiology 134, 
262–269. Available at: http://pubs.asahq.org/anesthesiology/article-
pdf/134/2/262/512654/20210200.0-00020.pdf [Accessed April 3, 2021]. 

Biddlestone J, Bandarra D & Rocha S (2015). The role of hypoxia in inflammatory 
disease (Review). Int J Mol Med 35, 859–869. 

Bigham AW, Wilson MJ, Julian CG, Kiyamu M, Vargas E, Leon-Velarde F, Rivera-Chira 
M, Rodriquez C, Browne VA, Parra E, Brutsaert TD, Moore LG & Shriver MD (2013). 
Andean and Tibetan patterns of adaptation to high altitude. American Journal of 
Human Biology 25, 190–197. 

Bikdeli B, Madhavan M V, Jimenez D, Chuich T, Dreyfus I, Driggin E, Nigoghossian C, 
Ageno W, Madjid M & Guo Y (2020). COVID-19 and thrombotic or thromboembolic 
disease: implications for prevention, antithrombotic therapy, and follow-Up: JACC 
State-of-the-Art Review. J Am Coll Cardiol 75, 2950–2973. 

Billiar TR, Wilson Hackam MA, Vodovotz Y, Yang H, Tracey KJ, Fan J, Li Y, Levy RM & 
Fan JJ (2021). HMGB1-TLR4 Signaling Oxidase Activation in Neutrophils: Role of 
Hemorrhagic Shock Induces NAD(P)H. J Immunol References 178, 6573–6580. 



 

 

271 

Bone RC (1992). Toward an Epidemiology and Natural History of SIRS (Systemic 
Inflammatory Response Syndrome). JAMA 268, 3452–3455. 

Bonello S, Zähringer C, BelAiba RS, Djordjevic T, Hess J, Michiels C, Kietzmann T & 
Görlach A (2007). Reactive oxygen species activate the HIF-1α promoter via a 
functional NFκB site. Arterioscler Thromb Vasc Biol 27, 755–761. 

Bonenfant J, Li J, Nasouf L, Miller J, Lowe T, Jaroszewski L, Qiu X, Thapamagar S, 
Mittal A & Godzik A (2022). Resistin concentration in early sepsis and all-cause 
mortality at a safety-net hospital in riverside county. J Inflamm Res 15, 3925–3940. 

Boos CJ, Woods DR, Varias A, Biscocho S, Heseltine P & Mellor AJ (2016). High 
altitude and acute mountain sickness and changes in circulating Endothelin-1, 
Interleukin-6, and Interleukin-17a. High Alt Med Biol 17, 25–31. 

Bosco MC, Puppo M, Blengio F, Fraone T, Cappello P, Giovarelli M & Varesio L (2008). 
Monocytes and dendritic cells in a hypoxic environment: Spotlights on chemotaxis 
and migration. Urban & Fischer. 

Brill SE & Wedzicha JA (2014). Oxygen therapy in acute exacerbations of chronic 
obstructive pulmonary disease. International Journal of COPD 9, 1241–1252. 

Brito J, Siques P & Pena E (2020). Long-term chronic intermittent hypoxia: a particular 
form of chronic high-altitude pulmonary hypertension. Pulm Circ 10, 5–12. 

Broens SJL, Boon M, Martini CH, Niesters M, van Velzen M, Aarts LPHJ & Dahan A 
(2019). Reversal of Partial Neuromuscular Block and the Ventilatory Response to 
Hypoxia: A Randomized Controlled Trial in Healthy Volunteers. Anesthesiology 131, 
467–476. 

Brugniaux J V., Hodges ANH, Hanly PJ & Poulin MJ (2007). Cerebrovascular responses 
to altitude. Respir Physiol Neurobiol 158, 212–223. 

Brunner T, Wasem C, Torgler R, Cima I, Jakob S & Corazza N (2003). Fas (CD95/Apo-
1) ligand regulation in T cell homeostasis, cell-mediated cytotoxicity and immune 
pathology. Semin Immunol 15, 167–176. 

Brutsaert TD (2007). Population genetic aspects and phenotypic plasticity of ventilatory 
responses in high altitude natives. Respir Physiol Neurobiol 158, 151–160. 

Brutsaert TD, Parra EJ, Shriver MD, Gamboa A, Rivera-Ch M & León-Velarde F (2005). 
Ancestry explains the blunted ventilatory response to sustained hypoxia and lower 
exercise ventilation of Quechua altitude natives. Am J Physiol Regul Integr Comp 
Physiol 289, 225–234. 

Burke DL, Frid MG, Kunrath CL, Karoor V, Anwar A, Wagner BD, Strassheim D & 
Stenmark KR (2009). Sustained hypoxia promotes the development of a pulmonary 



 

 

272 

artery-specific chronic inflammatory microenvironment. Am J Physiol Lung Cell Mol 
Physiol 297, 238–250. 

Burrows N et al. (2020). Dynamic regulation of hypoxia-inducible factor-1α activity is 
essential for normal B cell development. Nat Immunol 21, 1408–1420. 

Cai W, Liu Z, Li G, Xiao P, Lv Q, Gong Y, Fan H, Hou S & Ding H (2019). The effects of 
a graded increase in chronic hypoxia exposure duration on healthy rats at high-
altitude. Int J Clin Exp Pathol 12, 1975–1991. 

Caldwell CC, Kojima H, Lukashev D, Armstrong J, Farber M, Apasov SG & Sitkovsky M 
V. (2001). Differential Effects of Physiologically Relevant Hypoxic Conditions on T 
Lymphocyte Development and Effector Functions. The Journal of Immunology 167, 
6140–6149. 

Canouı¨- F, Poitrine C-, Veerabudun K, Larmignat P, Letournel M, Bastuji-Garin S & 
Richalet J-P (2014). Risk Prediction Score for Severe High Altitude Illness: A Cohort 
Study. PLoS One 9, e100642. 

Caravita S, Faini A, Lombardi C, Valentini M, Gregorini F, Rossi J, Meriggi P, Di Rienzo 
M, Bilo G, Agostoni P & Parati G (2015). Sex and Acetazolamide Effects on 
Chemoreflex and Periodic Breathing During Sleep at Altitude. Chest 147, 120–131. 

Carr MW, Roth SJ, Luthert E, Rose SS & Springer TA (1994). Monocyte 
chemoattractant protein 1 acts as a T-lymphocyte chemoattractant. Proc Natl Acad 
Sci U S A 91, 3652–3656. 

Carroll VA & Ashcroft M (2006). Role of hypoxia-inducible factor (HIF)-1α versus HIF-2α 
in the regulation of HIF target genes in response to hypoxia, insulin-like growth 
factor-I, or loss of von Hippel-Lindau function: Implications for targeting the HIF 
pathway. Cancer Res 66, 6264–6270. 

Casey K, Duffin J & McAvoy G V. (1987). The effect of exercise on the central-
chemoreceptor threshold in man. J Physiol 383, 9. 

Cavaillès A, Brinchault-Rabin G, Dixmier A, Goupil F, Gut-Gobert C, Marchand-Adam S, 
Meurice JC, Morel H, Person-Tacnet C, Leroyer C & Diot P (2013). Comorbidities of 
COPD. European Respiratory Review 22, 454–475. 

Celli BR et al. (2004). Standards for the diagnosis and treatment of patients with COPD: 
A summary of the ATS/ERS position paper. European Respiratory Journal 23, 932–
946. 

Cen X, Liu S & Cheng K (2018). The Role of Toll-Like Receptor in Inflammation and 
Tumor Immunity. Front Pharmacol 9, 878. 



 

 

273 

Center for Disease Control and Prevention (2022). COVID data tracker. US Department 
of Health and Human Services. Available at: https://covid.cdc.gov/covid-data-
tracker/#demographics [Accessed February 12, 2023]. 

Chaikijurajai T & Tang WHW (2020). Myeloperoxidase: a potential therapeutic target for 
coronary artery disease. Expert Opin Ther Targets 24, 695–705. 

Chakraborty R & Burns B (2022). Systemic Inflammatory Response Syndrome. 
StatPearls. 

Chandel NS, Maltepe E, Goldwasser E, Mathieu CE, Simon MC & Schumacker PT 
(1998). Mitochondrial reactive oxygen species trigger hypoxia-induced transcription. 
Proc Natl Acad Sci U S A 95, 11715–11720. 

Chen EY, Tan CM, Kou Y, Duan Q, Wang Z, Meirelles G v., Clark NR & Ma’ayan A 
(2013). Enrichr: Interactive and collaborative HTML5 gene list enrichment analysis 
tool. BMC Bioinformatics 14, 1–14. 

Chen W, Ford MS, Young KJ & Zhang L (2004). The role and mechanisms of double 
negative regulatory T cells in the suppression of immune responses. Cell Mol 
Immunol 1, 328–335. 

Chen Y & Gaber T (2021). Hypoxia/HIF Modulates Immune Responses. Biomedicines 9, 
260. 

Chen Y, Wang J, Liu C, Su L, Zhang D, Fan J, Yang Y, Xiao M, Xie J, Xu Y, Li Y & 
Zhang S (2020). IP-10 and MCP-1 as biomarkers associated with disease severity of 
COVID-19. Molecular Medicine 26, 1–12. 

Cheng SC et al. (2014). mTOR/HIF1α-mediated aerobic glycolysis as metabolic basis for 
trained immunity. Science (1979) 345, 1250684. 

Cheon IS et al. (2021). Immune signatures underlying post-acute COVID-19 lung 
sequelae. Sci Immunol 6, 1741. 

Chiarelli F, Cipollone F, Mohn A, Marini M, Iezzi A, Fazia M, Tumini S, De Cesare D, 
Pomilio M, Pierdomenico SD, Di Gioacchino M, Cuccurullo F & Mezzetti A (2002). 
Circulating Monocyte Chemoattractant Protein-1 and Early Development of 
Nephropathy in Type 1 Diabetes. Diabetes Care 25, 1829–1834. 

Chohan IS, Singh I, Balakrishnan K & Talwar GP (1975). Immune response in human 
subjects at high altitude. Int J Biometeorol 19, 137–143. 

Choutka J, Jansari V, Hornig M & Iwasaki A (2022). Unexplained post-acute infection 
syndromes. Nature Medicine 2022 28:5 28, 911–923. 

Chowdhury MF, Masuda A, Nakamura W & Honda Y (1993). Effects of 100% O2 
Exposure on Hypoxic Ventilatory Response. Sleep 16, S128–S129. 



 

 

274 

Ciesielska A, Matyjek M & Kwiatkowska K (2021). TLR4 and CD14 trafficking and its 
influence on LPS-induced pro-inflammatory signaling. Cellular and Molecular Life 
Sciences 78, 1233–1261. 

Clarke C (1988). High altitude cerebral oedema. Int J Sports Med 9, 170–174. 

Corante N, Anza-Ramírez C, Figueroa-Mujíca R, MacArlupú JL, Vizcardo-Galindo G, 
Bilo G, Parati G, Gamboa JL, León-Velarde F & Villafuerte FC (2018). Excessive 
Erythrocytosis and Cardiovascular Risk in Andean Highlanders. High Alt Med Biol 
19, 221–231. 

Corcoran SE & O’Neill LAJ (2016). HIF1α and metabolic reprogramming in inflammation. 
Journal of Clinical Investigation 126, 3699–3707. 

County of Riverside (2023). Riverside County COVID19 Data and Reports. Riverside 
University Health System - Public Health. Available at: https://coronavirus-
countyofriverside.hub.arcgis.com/ [Accessed February 12, 2023]. 

Couzin-Frankel J (2020). The mystery of the pandemic’s ‘happy hypoxia.’ Science 
(1979) 368, 455–456. 

Cramer T, Yamanishi Y, Clausen BE, Förster I, Pawlinski R, Mackman N, Haase VH, 
Jaenisch R, Corr M, Nizet V, Firestein GS, Gerber HP, Ferrara N & Johnson RS 
(2003). HIF-1α is essential for myeloid cell-mediated inflammation. Cell 112, 645–
657. 

Cummins EP, Berra E, Comerford KM, Ginouves A, Fitzgerald KT, Seeballuck F, 
Godson C, Nielsen JE, Moynagh P, Pouyssegur J & Taylor CT (2006). Prolyl 
hydroxylase-1 negatively regulates IκB kinase-β, giving insight into hypoxia-induced 
NFκB activity. Proc Natl Acad Sci U S A 103, 18154–18159. 

Dalgard C, Eidelman O, Jozwik C, Olsen CH, Srivastava M, Biswas R, Eudy Y, Rothwell 
SW, Mueller GP, Yuan P, Drevets WC, Manji HK, Vythlingam M, Charney DS, 
Neumeister A, Ursano RJ, Jacobowitz DM, Pollard HB & Bonne O (2017). The MCP-
4/MCP-1 ratio in plasma is a candidate circadian biomarker for chronic post-
traumatic stress disorder. Transl Psychiatry 7, e1025–e1025. 

Davenport T & Kalakota R (2019). The potential for artificial intelligence in healthcare. 
Future Healthc J 6, 94–98. 

Davis HE, McCorkell L, Vogel JM & Topol EJ (2023). Long COVID: major findings, 
mechanisms and recommendations. Nature Reviews Microbiology 2023 21:3 21, 
133–146. 

Dempsey JA, Powell FL, Bisgard GE, Blain GM, Poulin MJ & Smith CA (2014). Hypoxia: 
Role of chemoreception in cardiorespiratory acclimatization to, and deacclimatization 
from, hypoxia. J Appl Physiol 116, 858. 



 

 

275 

Dengler VL, Galbraith MD & Espinosa JM (2014). Transcriptional regulation by hypoxia 
inducible factors. Crit Rev Biochem Mol Biol 49, 1–15. 

Dessing MC, Knapp S, Florquin S, De Vos AF & Van Der Poll T (2012). CD14 Facilitates 
Invasive Respiratory Tract Infection by Streptococcus pneumoniae. Am J Respir Crit 
Care Med 175, 604–611. 

Dhont S, Derom E, Van Braeckel E, Depuydt P & Lambrecht BN (2020). The 
pathophysiology of “happy” hypoxemia in COVID-19. Respir Res 21, 198. 

Diamond MS (2014). IFIT1: A dual sensor and effector molecule that detects non-2′-O 
methylated viral RNA and inhibits its translation. Cytokine Growth Factor Rev 25, 
543. 

D’Ignazio L, Bandarra D & Rocha S (2016). NF-κB and HIF crosstalk in immune 
responses. FEBS Journal 283, 413–424. 

Dinarello CA, Gelfand JA & Wolff SM (1993). Anticytokine Strategies in the Treatment of 
the Systemic Inflammatory Response Syndrome. JAMA 269, 1829–1835. 

Doekel RC, Zwillich CW, Scoggin CH, Kryger M & Weil J V (1976). Clinical Semi-
Starvation: depression of hypoxic ventilatory response. N Engl J Med 295, 358–361. 

Drumm D, Hoefer M, Juhász J, Huszár É & Sybrecht GW (2004). Plasma Adenosine 
during Investigation of Hypoxic Ventilatory Response. Sleep Breath 8, 31–41. 

Dubois C, Marcé D, Faivre V, Lukaszewicz AC, Junot C, Fenaille F, Simon S, Becher F, 
Morel N & Payen D (2019). High plasma level of S100A8/S100A9 and S100A12 at 
admission indicates a higher risk of death in septic shock patients. Sci Rep; DOI: 
10.1038/S41598-019-52184-8. 

Duffin J (2007). Measuring the ventilatory response to hypoxia. J Physiol 584, 285–293. 

Duffin J & McAvoy G V. (1988). The peripheral-chemoreceptor threshold to carbon 
dioxide in man. J Physiol 406, 15. 

Dumont L, Mardirosoff C & Tramèr MR (2000). Efficacy and harm of pharmacological 
prevention of acute mountain sickness: Quantitative systematic review. Br Med J 
321, 267–272. 

Dunham-Snary KJ, Wu D, Sykes EA, Thakrar A, Parlow LRG, Mewburn JD, Parlow JL & 
Archer SL (2017). Hypoxic Pulmonary Vasoconstriction: From Molecular 
Mechanisms to Medicine. Chest 151, 181–192. 

Dyer KD, Percopo CM, Fischer ER, Gabryszewski SJ & Rosenberg HF (2009). 
Pneumoviruses infect eosinophils and elicit MyD88-dependent release of 
chemoattractant cytokines and interleukin-6. Blood 114, 2649. 



 

 

276 

Edelman NH, Lahiri S, Braudo L, Cherniack NS & Fishman AP (1970). The New 
England Journal of Medicine Downloaded from nejm.org on June 3, 2020. For 
personal use only. No other uses without permission. Copyright © 2009 
Massachusetts Medical Society. All rights reserved. N Engl J Med 282, 405–411. 

Eden E, Navon R, Steinfeld I, Lipson D & Yakhini Z (2009). GOrilla: A tool for discovery 
and visualization of enriched GO terms in ranked gene lists. BMC Bioinformatics 10, 
1–7. 

Ehrchen JM, Sunderkötter C, Foell D, Vogl T & Roth J (2009). The endogenous Toll-like 
receptor 4 agonist S100A8/S100A9 (calprotectin) as innate amplifier of infection, 
autoimmunity, and cancer. J Leukoc Biol 86, 557–566. 

Eichhorn T, Huber S, Weiss R, Ebeyer-Masotta M, Lauková L, Emprechtinger R, 
Bellmann-Weiler R, Lorenz I, Martini J, Pirklbauer M, Orth-Höller D, Würzner R & 
Weber V (2023). Infection with SARS-CoV-2 Is Associated with Elevated Levels of 
IP-10, MCP-1, and IL-13 in Sepsis Patients. Diagnostics 13, 1069. 

Ekstedt S, Piersiala K, Petro M, Karlsson A, Kågedal Å, Kumlien Georén S & Cardell LO 
(2022). A prolonged innate systemic immune response in COVID-19. Scientific 
Reports 2022 12:1 12, 1–9. 

Eltzschig, Holger K PC (2011). Hypoxia and Inflammation Holger. N Engl J Med 364, 
656–665. 

Facco M, Zilli C, Siviero M, Ermolao A, Travain G, Baesso I, Bonamico S, Cabrelle A, 
Zaccaria M & Agostini C (2005). Modulation of immune response by the acute and 
chronic exposure to high altitude. Med Sci Sports Exerc 37, 768–774. 

Faist E, Kupper TS, Baker CC, Chaudry IH, Dwyer J & Baue AE (1986). Depression of 
Cellular Immunity After Major Injury Its Association With Posttraumatic Complications 
and Its Reversal With Immunomodulation. Arch Surg 121, 1000–1005. 

Fan J, Xiang M & Fan J (2010). Association of toll-like receptor signaling and reactive 
oxygen species: A potential therapeutic target for posttrauma acute lung injury. 
Mediators Inflamm; DOI: 10.1155/2010/916425. 

Fangradt M, Hahne M, Gaber T, Strehl C, Rauch R, Hoff P, Löhning M, Burmester GR & 
Buttgereit F (2012). Human monocytes and macrophages differ in their mechanisms 
of adaptation to hypoxia. Arthritis Res Ther 14, R181. 

Faquin WC, Schneider TJ & Goldberg MA (1992). Effect of inflammatory cytokines on 
hypoxia-induced erythropoietin production. Blood 79, 1987–1994. 

Faulhaber M, Dünnwald T, Gatterer H, Bernardi L & Burtscher M (2012). Metabolic 
adaptations may counteract ventilatory adaptations of intermittent hypoxic exposure 
during submaximal exercise at altitudes up to 4000 m. PLoS One 7, e49953–
e49953. 



 

 

277 

Fei M, Guan J, Xue T, Qin L, Tang C, Cui G, Wang Y, Gong H & Feng W (2018). 
Hypoxia promotes the migration and invasion of human hepatocarcinoma cells 
through the HIF-1α–IL-8–Akt axis. Cell Mol Biol Lett 23, 1–8. 

Feiner JR, Bickler PE & Severinghaus JW (1995). Hypoxic ventilatory response predicts 
the extent of maximal breath-holds in man. Respir Physiol 100, 213–222. 

Fernández R, González S, Rey S, Cortés PP, Maisey KR, Reyes EP, Larraín C & 
Zapata P (2008). Lipopolysaccharide-induced carotid body inflammation in cats: 
functional manifestations, histopathology and involvement of tumour necrosis factor-
α. Exp Physiol 93, 892–907. 

Feuerecker M, Crucian BE, Quintens R, Buchheim JI, Salam AP, Rybka A, Moreels M, 
Strewe C, Stowe R, Mehta S, Schelling G, Thiel M, Baatout S, Sams C & Choukèr A 
(2019). Immune sensitization during 1 year in the Antarctic high-altitude Concordia 
Environment. Allergy: European Journal of Allergy and Clinical Immunology 74, 64–
77. 

Figueroa YG, Chan AK, Ibrahim R, Tang Y, Burow ME, Alam J, Scandurro AB & 
Beckman BS (2002). NF-κB plays a key role in hypoxia-inducible factor-1-regulated 
erythropoietin gene expression. Exp Hematol 30, 1419–1427. 

Flo TH, Smith KD, Sato S, Rodriguez DJ, Holmes MA, Strong RK, Akira S & Aderem A 
(2004). Lipocalin 2 mediates an innate immune response to bacterial infection by 
sequestrating iron. Nature 432, 917–921. 

Foell D, Wittkowski H, Vogl T & Roth J (2007). S100 proteins expressed in phagocytes: 
a novel group of damage-associated molecular pattern molecules. J Leukoc Biol 81, 
28–37. 

Foster GE, McKenzie DC, Milsom WK & Sheel AW (2005). Effects of two protocols of 
intermittent hypoxia on human ventilatory, cardiovascular and cerebral responses to 
hypoxia. J Physiol 567, 689–699. 

Frede S, Stockmann C, Freitag P & Fandrey J (2006). Bacterial lipopolysaccharide 
induces HIF-1 activation in human monocytes via p44/42 MAPK and NF-κB. 
Biochemical Journal 396, 517–527. 

Gallagher SA & Hackett PH (2004). High-altitude illness. Emerg Med Clin North Am 22, 
329–355. 

Gallucci S & Matzinger P (2001). Danger signals: SOS to the immune system. Curr Opin 
Immunol 13, 114–119. 

Garcia N, Hopkins SR, Elliott AR, Aaron EA, Weinger MB & Powell FL (2000a). 
Ventilatory response to 2-h sustained hypoxia in humans. Respir Physiol 124, 11–22. 



 

 

278 

Garcia N, Hopkins SR & Powell FL (2000b). Effects of intermittent hypoxia on the 
isocapnic hypoxic ventilatory response and erythropoiesis in humans. Respir Physiol 
123, 39–49. 

Gatto NM, Freund D, Ogata P, Diaz L, Ibarrola A, Desai M, Aspelund T & Gluckstein D 
(2023). Correlates of Coronavirus Disease 2019 Inpatient Mortality at a Southern 
California Community Hospital With a Predominantly Hispanic/Latino Adult 
Population. Open Forum Infect Dis; DOI: 10.1093/OFID/OFAD011. 

Gertsch JH et al. (2012). Altitude sickness in climbers and efficacy of NSAIDs trial 
(ASCENT): Randomized, controlled trial of ibuprofen versus placebo for prevention 
of altitude illness. Wilderness Environ Med 23, 307–315. 

Gertsch JH, Lipman GS, Holck PS, Merritt A, Mulcahy A, Fisher RS, Basnyat B, Allison 
E, Hanzelka K, Hazan A, Meyers Z, Odegaard J, Pook B, Thompson M, Slomovic B, 
Wahlberg H, Wilshaw V, Weiss EA & Zafren K (2010). Prospective, double-blind, 
randomized, placebo-controlled comparison of acetazolamide versus ibuprofen for 
prophylaxis against high altitude headache: The headache evaluation at altitude trial 
(HEAT). Wilderness Environ Med 21, 236–243. 

Getachew B, Landis HE, Manaye KF & Tizabi Y (2022). COVID-19-associated 
Coagulopathy: Role of Vitamins D and K. Curr Pharm Biotechnol 24, 401–410. 

Giamarellos-Bourboulis EJ, Netea MG, Rovina N, Akinosoglou K, Antoniadou A, 
Antonakos N, Damoraki G, Gkavogianni T, Adami ME & Katsaounou P (2020). 
Complex immune dysregulation in covid-19 patients with severe respiratory failure. 
Cell Host Microbe 27, 992-1000.e1003. 

Gil-Etayo FJ, Suàrez-Fernández P, Cabrera-Marante O, Arroyo D, Garcinuño S, Naranjo 
L, Pleguezuelo DE, Allende LM, Mancebo E, Lalueza A, Díaz-Simón R, Paz-Artal E 
& Serrano A (2021). T-Helper Cell Subset Response Is a Determining Factor in 
COVID-19 Progression. Front Cell Infect Microbiol 11, 624483. 

Gold AR, Schwartz AR, Wise RA & Smith PL (1993). Pulmonary function and respiratory 
chemosensitivity in moderately obese patients with sleep apnea. Chest 103, 1325–
1329. 

Goldberg S, Ollila HM, Lin L, Sharifi H, Rico T, Andlauer O, Aran A, Bloomrosen E, 
Faraco J, Fang H & Mignot E (2017). Analysis of Hypoxic and Hypercapnic 
Ventilatory Response in Healthy Volunteers. PLoS One 12, e0168930–e0168930. 

Gonggalanzi, Labasangzhu, Nafstad P, Stigum H, Wu T, Haldorsen OD, Ommundsen K 
& Bjertness E (2016). Acute mountain sickness among tourists visiting the high-
altitude city of Lhasa at 3658 m above sea level: A cross-sectional study. Archives of 
Public Health; DOI: 10.1186/S13690-016-0134-Z. 



 

 

279 

Gonzales GF, Rubio J & Gasco M (2013). Chronic mountain sickness score was related 
with health status score but not with hemoglobin levels at high altitudes. Respir 
Physiol Neurobiol 188, 152. 

Görlach A & Bonello S (2008). The cross-talk between NF-kappaB and HIF-1: further 
evidence for a significant liaison. Biochem J 412, 17–19. 

Granucci F, Zanoni I, Pavelka N, Van Dommelen SLH, Andoniou CE, Belardelli F, Degli 
Esposti MA & Ricciardi-Castagnoli P (2004). A Contribution of Mouse Dendritic Cell–
Derived IL-2 for NK Cell Activation. Journal of Experimental Medicine 200, 287–295. 

Griffith TS, Brunner T, Fletcher SM, Green DR & Ferguson TA (1995). Fas ligand-
induced apoptosis as a mechanism of immune privilege. Science (1979) 270, 1189–
1192. 

Groves BM, Reeves JT, Sutton JR, Wagner PD, Cymerman A, Malconian MK, Rock PB, 
Young PM & Houston CS (1987). Operation Everest II: Elevated high-altitude 
pulmonary resistance unresponsive to oxygen. J Appl Physiol 63, 521–530. 

Gupta RK, Soree P, Desiraju K, Agrawal A & Singh SB (2017). Subclinical pulmonary 
dysfunction contributes to high altitude pulmonary edema susceptibility in healthy 
non-mountaineers. Sci Rep 7, 14892. 

Hackett PH (1999). The cerebral etiology of high-altitude cerebral edema and acute 
mountain sickness. Wilderness Environ Med 10, 97–109. 

Hackett PH (2000). High altitude cerebral edema and acute mountain sickness: A 
pathophysiology update. Adv Exp Med Biol 474, 23–45. 

Hackett PH, Reeves JT, Reeves CD, Grover RF & Rennie D (1980). Control of breathing 
in Sherpas at low and high altitude. J Appl Physiol 49, 374–379. 

Hackett PH & Roach RC (2004). High altitude cerebral edema. High Alt Med Biol 5, 136–
146. 

Hackett PH, Roach RC, Schoene RB, Harrison GL & Mills WJ (1988). Abnormal control 
of ventilation in high-altitude pulmonary edema. J Appl Physiol (1985) 64, 1268–
1272. 

Hackett PH, Yarnell PR, Weiland DA & Reynard KB (2019). Acute and evolving MRI of 
high-altitude cerebral edema: Microbleeds, edema, and pathophysiology. American 
Journal of Neuroradiology 40, 464–469. 

Halpin SJ, McIvor C, Whyatt G, Adams A, Harvey O, McLean L, Walshaw C, Kemp S, 
Corrado J & Singh R (2021). Postdischarge symptoms and rehabilitation needs in 
survivors of COVID-19 infection: a cross-sectional evaluation. J Med Virol 93, 1013–
1022. 



 

 

280 

Hancco I, Bailly S, Baillieul S, Doutreleau S, Germain M, Pépin JL & Verges S (2020). 
Excessive Erythrocytosis and Chronic Mountain Sickness in Dwellers of the Highest 
City in the World. Front Physiol 11, 509873. 

Hancox RJ, Poulton R, Greene JM, Filsell S, McLachlan CR, Rasmussen F, Taylor DR, 
Williams MJA, Williamson A & Sears MR (2007). Systemic inflammation and lung 
function in young adults. Thorax 62, 1064–1068. 

Hanley B, Naresh KN, Roufosse C, Nicholson AG, Weir J, Cooke GS, Thursz M, 
Manousou P, Corbett R, Goldin R, Al-Sarraj S, Abdolrasouli A, Swann OC, Baillon L, 
Penn R, Barclay WS, Viola P & Osborn M (2020). Histopathological findings and viral 
tropism in UK patients with severe fatal COVID-19: a post-mortem study. Lancet 
Microbe 1, e245–e253. 

Hantzidiamantis P & Amaro E (2022). Physiology, Alveolar to Arterial Oxygen Gradient. 
In StatPearls. StatPearls Publishing, Treasure Island, FL. 

Harada A, Sekido N, Akahoshi T, Wada T, Mukaida N & Matsushima K (1994). Essential 
involvement of interleukin-8 (IL-8) in acute inflammation. In Journal of Leukocyte 
Biology, pp. 559–564. Federation of American Societies for Experimental Biology. 

Harms CA & Stager JM (1995). Low chemoresponsiveness and inadequate 
hyperventilation contribute to exercise-induced hypoxemia. J Appl Physiol 79, 575–
580. 

Hartley GE, Edwards ESJ, Aui PM, Varese N, Stojanovic S, McMahon J, Peleg AY, Boo 
I, Drummer HE, Mark Hogarth P, O’Hehir RE & Van Zelm MC (2020). Rapid 
generation of durable B cell memory to SARS-CoV-2 spike and nucleocapsid 
proteins in COVID-19 and convalescence. Sci Immunol 5, eabf9981. 

Hartmann G, Tschöp M, Fischer R, Bidlingmaier C, Riepl R, Tschöp K, Hautmann H, 
Endres S & Toepfer M (2000). High altitude increases circulating interleukin-6, 
interleukin-1 receptor antagonist and C-reactive protein. Cytokine 12, 246–252. 

Hawar AS & Dauod AS (2022). Long COVID-19 prevalence among a sample of infected 
people in Erbil city. J Popul Ther Clin Pharmacol 29, e123–e133. 

Hayden MS & Ghosh S (2004). Signaling to NF-κB. Genes Dev 18, 2195–2224. 

Hazeldine J & Lord JM (2021). Neutrophils and COVID-19: Active Participants and 
Rational Therapeutic Targets. Front Immunol 12, 680134. 

Heinrich EC, Anza-Ramirez C, Macarlupu J-L, Corante N, Vizcardo-Galindo G, 
Villafuerte FC, Powell FL & Simonson TS (2018). Increased Levels of Interleukin-6 
(IL-6) in Andean Males with Chronic Mountain Sickness and Sea-Level Participants 
After One Day at High Altitude May Reflect Differences in IL-6 Regulation. The 
FASEB Journal 32, lb479–lb479. 



 

 

281 

Heinrich EC, Orr JE, Gilbertson D, Anza-Ramirez C, DeYoung PN, Djokic MA, Corante 
N, Vizcardo-Galindo G, Macarlupu JL, Gaio E, Powell FL, Malhotra A, Villafuerte FC 
& Simonson TS (2020). Relationships Between Chemoreflex Responses, Sleep 
Quality, and Hematocrit in Andean Men and Women. Front Physiol 11, 534530. 

Herrera VLM, Bosch NA, Lok JJ, Nguyen MQ, Lenae KA & deKay JT (2023). Circulating 
neutrophil extracellular trap (NET)-forming “rogue” neutrophil subset, immunotype 
[DEspR+CD11b+], mediate multi-organ failure in COVID-19 - an observational study. 
Res Sq; DOI: 10.21203/rs.3.rs-2479844/v1. 

Hildebrandt W, Ottenbacher a, Schuster M, Swenson ER & Bärtsch P (2000a). Diuretic 
effect of hypoxia, hypocapnia, and hyperpnea in humans: relation to hormones and 
O(2) chemosensitivity. J Appl Physiol (1985) 88, 599–610. 

Hildebrandt W, Ottenbacher A, Schuster M, Baisch F & Bärtsch P (2000b). Increased 
hypoxic ventilatory response during hypovolemic stress imposed through head-up-tilt 
and lower-body negative pressure. Eur J Appl Physiol 81, 470–478. 

Himadri P, Kumari SS, Chitharanjan M & Dhananjay S (2010). Role of oxidative stress 
and inflammation in hypoxia-induced cerebral edema: A molecular approach. High 
Alt Med Biol 11, 231–244. 

Hindryckx P, De Vos M, Jacques P, Ferdinande L, Peeters H, Olievier K, Bogaert S, 
Brinkman B, Vandenabeele P, Elewaut D & Laukens D (2010). Hydroxylase 
Inhibition Abrogates TNF-α–Induced Intestinal Epithelial Damage by Hypoxia-
Inducible Factor-1–Dependent Repression of FADD. The Journal of Immunology 
185, 6306–6316. 

Hirani N, Antonicelli F, Strieter RM, Wiesener MS, Haslett C & Donnelly SC (2001). The 
Regulation of Interleukin-8 by Hypoxia in Human Macrophages-A Potential Role in 
the Pathogenesis of the Acute Respiratory Distress Syndrome (ARDS). Molecular 
Medicine 7, 685–697. 

Hirota K (2015). Involvement of Hypoxia-Inducible Factors in the Dysregulation of 
Oxygen Homeostasis in Sepsis. Cardiovascular & Hematological Disorders-Drug 
Targets 15, 29–40. 

Hislop A & Reid L (1976). New findings in pulmonary arteries of rats with hypoxia 
induced pulmonary hypertension. Br J Exp Pathol 57, 542–554. 

Hocker AD, Stokes JA, Powell FL & Huxtable AG (2017). The impact of inflammation on 
respiratory plasticity. Exp Neurol 287, 243. 

Hohenhaus E, Paul A, McCullough RE, Kucherer H & Bartsch P (1995). Ventilatory and 
pulmonary vascular response to hypoxia and susceptibility to high altitude pulmonary 
oedema. European Respiratory Journal 8, 1825–1833. 



 

 

282 

Hoit BD, Dalton ND, Erzurum SC, Laskowski D, Strohl KP & Beall CM (2005). Nitric 
oxide and cardiopulmonary hemodynamics in Tibetan highlanders. J Appl Physiol 99, 
1796–1801. 

Honigman B, Theis MK, Koziol-McLain J, Roach R, Yip R, Houston C & Moore LG 
(1993). Acute mountain sickness in a general tourist population at moderate 
altitudes. Ann Intern Med 118, 587–592. 

Huang Z, Li H, Liu S, Jia J, Zheng Y & Cao B (2022). Identification of Neutrophil-Related 
Factor LCN2 for Predicting Severity of Patients With Influenza A Virus and SARS-
CoV-2 Infection. Front Microbiol 13, 854172. 

Huertas A, Das SR, Emin M, Sun L, Rifkind JM, Bhattacharya J & Bhattacharya S 
(2013). Erythrocytes induce proinflammatory endothelial activation in hypoxia. Am J 
Respir Cell Mol Biol 48, 78–86. 

Hupperets MDW, Hopkins SR, Pronk MG, Tiemessen IJH, Garcia N, Wagner PD & 
Powell FL (2004). Increased hypoxic ventilatory response during 8 weeks at 3800 m 
altitude. Respir Physiol Neurobiol 142, 145–152. 

Huxtable AG, Vinit S, Windelborn JA, Crader SM, Guenther CH, Watters JJ & Mitchell 
GS (2011). Systemic inflammation impairs respiratory chemoreflexes and plasticity. 
Respir Physiol Neurobiol 178, 482–489. 

Imray C, Wright A, Subudhi A & Roach R (2010). Acute mountain sickness: 
Pathophysiology, prevention, and treatment. Prog Cardiovasc Dis 52, 467–484. 

Imtiyaz HZ, Williams EP, Hickey MM, Patel SA, Durham AC, Yuan LJ, Hammond R, 
Gimotty PA, Keith B & Simon MC (2010). Hypoxia-inducible factor 2α regulates 
macrophage function in mouse models of acute and tumor inflammation. Journal of 
Clinical Investigation 120, 2699–2714. 

Infante-Duarte C (1999). Th1/Th2 balance in infection. Springer Semin Immunopathol 
21, 317–338. 

Ingersoll MA, Platt AM, Potteaux S & Randolph GJ (2011). Monocyte trafficking in acute 
and chronic inflammation. Trends Immunol 32, 470–477. 

Irarrázaval S, Allard C, Campodónico J, Pérez D, Strobel P, Vásquez L, Urquiaga I, 
Echeverría G & Leighton F (2017). Oxidative Stress in Acute Hypobaric Hypoxia. 
High Alt Med Biol 18, 128–134. 

Israël A (2010). The IKK complex, a central regulator of NF-kappaB activation. Cold 
Spring Harb Perspect Biol 2, a000158. 

Jeong C, Alkorta-Aranburu G, Basnyat B, Neupane M, Witonsky DB, Pritchard JK, Beall 
CM & Di Rienzo A (2014). Admixture facilitates genetic adaptations to high altitude in 
Tibet. Nature Communications 2014 5:1 5, 1–7. 



 

 

283 

Jersmann HP (2005). Time to abandon dogma: CD14 is expressed by non-myeloid 
lineage cells. Immunol Cell Biol 83, 462–467. 

Jiang Q, Akashi S, Miyake K & Petty HR (2000). Cutting Edge: Lipopolysaccharide 
Induces Physical Proximity Between CD14 and Toll-Like Receptor 4 (TLR4) Prior to 
Nuclear Translocation of NF-κB. The Journal of Immunology 165, 3541–3544. 

Jiang Y, Xu J, Zhou C, Wu Z, Zhong S, Liu J, Luo W, Chen T, Qin Q & Deng P (2012). 
Characterization of Cytokine/Chemokine Profiles of Severe Acute Respiratory 
Syndrome. American Journal of Respiratory Critical Care Medicine 171, 850–857. 

Jokic R, Zintel T, Sridhar G, Gallagher CG & Fitzpatrick MF (2000). Ventilatory 
responses to hypercapnia and hypoxia in relatives of patients with the obesity 
hypoventilation syndrome. Thorax 55, 940–945. 

Julian CG, Subudhi AW, Wilson MJ, Dimmen AC, Pecha T & Roach RC (2011). Acute 
mountain sickness, inflammation, and permeability: New insights from a blood 
biomarker study. J Appl Physiol 111, 392–399. 

Kaelin WG & Ratcliffe PJ (2008). Oxygen Sensing by Metazoans: The Central Role of 
the HIF Hydroxylase Pathway. Mol Cell 30, 393–402. 

Kallenberg K, Bailey DM, Christ S, Mohr A, Roukens R, Menold E, Steiner T, Bärtsch P 
& Knauth M (2007). Magnetic resonance imaging evidence of cytotoxic cerebral 
edema in acute mountain sickness. Journal of Cerebral Blood Flow and Metabolism 
27, 1064–1071. 

Kammerer T, Faihs V, Hulde N, Stangl M, Brettner F, Rehm M, Horstmann M, Kröpfl J, 
Spengler C, Kreth S & Schäfer S (2020). Hypoxic-inflammatory responses under 
acute hypoxia: In vitro experiments and prospective observational expedition trial. Int 
J Mol Sci 21, 1–17. 

Kanaan NC, Peterson AL, Pun M, Holck PS, Starling J, Basyal B, Freeman TF, Gehner 
JR, Keyes L, Levin DR, O’Leary CJ, Stuart KE, Thapa GB, Tiwari A, Velgersdyk JL, 
Zafren K & Basnyat B (2017). Prophylactic Acetaminophen or Ibuprofen Result in 
Equivalent Acute Mountain Sickness Incidence at High Altitude: A Prospective 
Randomized Trial. Wilderness Environ Med 28, 72–78. 

Karakike E, Adami ME, Lada M, Gkavogianni T, Koutelidakis IM, Bauer M, Giamarellos-
Bourboulis EJ & Tsangaris I (2019). Late Peaks of HMGB1 and Sepsis Outcome: 
Evidence for Synergy with Chronic Inflammatory Disorders. Shock 52, 334–339. 

Karan S, Voter W, Palmer L & Ward DS (2005). Effects of Pain and Audiovisual 
Stimulation on the Opioid-induced Depression of the Hypoxic Ventilatory Response. 
Anesthesiology 103, 384–390. 

Karger S, Westendorf AM, Skibbe K, Adamczyk A, Buer J, Geffers R, Hansen W, 
Pastille E & Jendrossek V (2017). Hypoxia Enhances Immunosuppression by 



 

 

284 

Inhibiting CD4 + Effector T Cell Function and Promoting Treg Activity. Cell Physiol 
Biochem 41, 1271–1284. 

Katayama K, Sato Y, Morotome Y, Shima N, Ishida K, Mori S & Miyamura M (1999). 
Ventilatory chemosensitive adaptations to intermittent  hypoxic exposure with 
endurance training and detraining. J Appl Physiol 86, 1805–1811. 

Katayama K, Sato Y, Morotome Y, Shima N, Ishida K, Mori S & Miyamura M (2000). 
Cardiovascular response to hypoxia after endurance  training at altitude and sea 
level and after detraining. J Appl Physiol 88, 1221–1227. 

Katayama K, Sato Y, Morotome Y, Shima N, Ishida K, Mori S & Miyamura M (2001). 
Intermittent hypoxia increases ventilation and SaO2 during hypoxic exercise and 
hypoxic chemosensitivity. J Appl Physiol 90, 1431–1440. 

Katayama K, Sato Y, Shima N, Qiu J, Ishida K, Mori S & Miyamura M (2002). Enhanced 
chemosensitivity after intermittent hypoxic exposure does not affect exercise 
ventilation at sea level. Eur J Appl Physiol 87, 187–191. 

Kawai T & Akira S (2007). Signaling to NF-κB by Toll-like receptors. Trends Mol Med 13, 
460–469. Available at: www.sciencedirect.com [Accessed February 28, 2021]. 

Kelman GR (1966). Digital computer subroutine for the conversion of oxygen tension 
into saturation. J Appl Physiol 21(4), 1375–1376. 

Kennedy AE et al. (2021). Lasting changes to circulating leukocytes in people with mild 
sars-cov-2 infections. Viruses 13, 2239. 

Khatana SAM & Groeneveld PW (2020). Health Disparities and the Coronavirus Disease 
2019 (COVID-19) Pandemic in the USA. J Gen Intern Med 35, 2431–2432. 

Kidd BL & Urban LA (2001). Mechanisms of inflammatory pain. Br J Anaesth 87, 3–11. 

Kiernan EA, Smith SMC, Mitchell GS & Watters JJ (2016). Mechanisms of microglial 
activation in models of inflammation and hypoxia: Implications for chronic intermittent 
hypoxia. J Physiol 594, 1563. 

Kiers HD, Scheffer GJ, van der Hoeven JG, Eltzschig HK, Pickkers P & Kox M (2016). 
Immunologic Consequences of Hypoxia during Critical Illness. Anesthesiology 125, 
237–249. 

Kikuchi Y, Okabe S, Tamura G, Hida W, Homma M, Shirato K & Takishima T (1994). 
Chemosensitivity and Perception of Dyspnea in Patients with a History of Near-Fatal 
Asthma. N Engl J Med 330, 1329–1334. 

Kim SY, Choi YJ, Joung SM, Lee BH, Jung YS & Lee JY (2010). Hypoxic stress up-
regulates the expression of Toll-like receptor 4 in macrophages via hypoxia-inducible 
factor. Immunology 129, 516–524. 



 

 

285 

Kim Y, Kim SE, Kim T, Yun KW, Lee SH, Lee E, Seo JW, Jung YH & Chong YP (2022). 
Preliminary Guidelines for the Clinical Evaluation and Management of Long COVID. 
Infect Chemother 54, 566–597. 

Klausen T, Olsen NV, Poulsen TD, Richalet JP & Pedersen BK (1997). Hypoxemia 
increases serum interleukin-6 in humans. Eur J Appl Physiol Occup Physiol 76, 480–
482. 

Klokker M, Kharazmi A, Galbo H, Bygbjerg I & Pedersen BK (1993). Influence of in vivo 
hypobaric hypoxia on function of lymphocytes, neutrocytes, natural killer cells, and 
cytokines. J Appl Physiol 74, 1100–1106. 

Knauert M, Vangala S, Haslip M & Lee PJ (2013). Therapeutic applications of carbon 
monoxide. Oxid Med Cell Longev 360815, 11. 

Kobayashi A, Ohta T & Yamamoto M (2004). Unique Function of the Nrf2-Keap1 
Pathway in the Inducible Expression of Antioxidant and Detoxifying Enzymes. 
Methods Enzymol 378, 273–286. 

Kobayashi K, Yoshioka T, Miyauchi J, Nakazawa A, Kiyokawa N, Maihara T & Usami I 
(2018). Role of monocyte chemoattractant protein‐1 in liver fibrosis with transient 
myeloproliferative disorder in down syndrome. Hepatol Commun 2, 230. 

Kobayashi M, Saitoh S, Tanimura N, Takahashi K, Kawasaki K, Nishijima M, Fujimoto Y, 
Fukase K, Akashi-Takamura S & Miyake K (2006). Regulatory Roles for MD-2 and 
TLR4 in Ligand-Induced Receptor Clustering. The Journal of Immunology 176, 
6211–6218. 

Koehle MS, Foster GE, McKenzie DC & Sheel AW (2005). Repeated measurement of 
hypoxic ventilatory response as an intermittent hypoxic stimulus. Respir Physiol 
Neurobiol 145, 33–39. 

Kosanovic D, Platzek SM, Petrovic A, Sydykov A, Maripov A, Mamazhakypov A, 
Sartmyrzaeva M, Uulu KM, Cholponbaeva M, Toktosunova A, Omurzakova N, 
Duishobaev M, Vroom C, Pak O, Weissmann N, Ghofrani HA, Sarybaev A & 
Schermuly RT (2019). Circulating apoptotic signals during acute and chronic 
exposure to high altitude in Kyrgyz population. Front Physiol 10, 54. 

Kovtun LT & Voevoda MI (2013). Susceptibility to hypoxia and breathing control changes 
after short-term cold exposures. Int J Circumpolar Health 72, 
10.3402/ijch.v72i0.21574. 

Kronenberg M & Gapin L (2007). Natural killer T cells: Know thyself. Proc Natl Acad Sci 
U S A 104, 5713. 

Krzywinska E & Stockmann C (2018). Hypoxia, metabolism and immune cell function. 
Biomedicines; DOI: 10.3390/biomedicines6020056. Available at: 
/pmc/articles/PMC6027519/ [Accessed April 13, 2021]. 



 

 

286 

Kuhlicke J, Frick JS, Morote-Garcia JC, Rosenberger P & Eltzschig HK (2007). Hypoxia 
inducible factor (HIF)-1 coordinates induction of toll-like receptors TLR2 and TLR6 
during hypoxia. PLoS One; DOI: 10.1371/journal.pone.0001364. 

Kuleshov M v., Jones MR, Rouillard AD, Fernandez NF, Duan Q, Wang Z, Koplev S, 
Jenkins SL, Jagodnik KM, Lachmann A, McDermott MG, Monteiro CD, Gundersen 
GW & Ma’ayan A (2016). Enrichr: a comprehensive gene set enrichment analysis 
web server 2016 update. Nucleic Acids Res 44, W90. 

Kuzmich NN, Sivak K V., Chubarev VN, Porozov YB, Savateeva-Lyubimova TN & Peri F 
(2017). TLR4 Signaling Pathway Modulators as Potential Therapeutics in 
Inflammation and Sepsis. Available at: /pmc/articles/PMC5748601/ [Accessed May 
17, 2021]. 

Ladino J, Bancalari E & Suguihara C (2007). Ventilatory Response to Hypoxia during 
Endotoxemia in Young Rats: Role of Nitric Oxide. Pediatric Research 2007 62:2 62, 
134–138. 

Lakshminarayan S & Pierson DJ (1975). Recurrent high altitude pulmonary edema with 
blunted chemosensitivity. Am Rev Respir Dis 111, 869–872. 

Landmann R & Zimmerli W (2000). CD14, new aspects of ligand and signal diversity. 

Lawrence T (2009). The nuclear factor NF-kappaB pathway in inflammation. Cold Spring 
Harb Perspect Biol 1, a001651. 

Leal VNC, Andrade MMS, Teixeira FME, Cambui RAG, Roa MEGV, Marra LG, Yamada 
SM, Alberca RW, Gozzi-Silva SC, Yendo TM, Netto LC, Duarte AJS, Sato MN & 
Pontillo A (2023). Severe COVID-19 patients show a dysregulation of the NLRP3 
inflammasome in circulating neutrophils. Scand J Immunol 97, e13247. 

Lee JH, Elly C, Park Y & Liu YC (2015). E3 ubiquitin ligase VHL regulates hypoxia-
inducible factor-1α to maintain regulatory T cell stability and suppressive capacity. 
Immunity 42, 1062. 

Lenfant C & Sullivan K (2010). Adaptation to High Altitude. 
https://doi.org/101056/NEJM197106102842305 284, 1298–1309. 

Leoncini S, Rossi V, Signorini C, Tanganelli I, Comporti M & Ciccoli L (2008). Oxidative 
stress, erythrocyte ageing and plasma non-protein-bound iron in diabetic patients. 
Free Radic Res 42, 716–724. 

León-Velarde F, Maggiorini M, Reeves JT, Aldashev A, Asmus I, Bernardi LL-C, Ge RL, 
Hackett P, Kobayashi T, Moore LG, Penaloza D, Richalet JP, Roach R, Wu T, 
Vargas E, Zubieta-Castillo G & Zubieta-Calleja G (2005). Consensus statement on 
chronic and subacute high altitude diseases. High Alt Med Biol 6, 147–157. 



 

 

287 

León-Velarde F & Richalet J-P (2006). Respiratory Control in Residents at High Altitude: 
Physiology and Pathophysiology. High Alt Med Biol 7, 125–137. 

LEVINE BD, FRIEDMAN DB, ENGFRED KIM, HANEL B, KJAER M, CLIFFORD PS & 
SECHER NH (1992). The effect of normoxic or hypobaric hypoxic endurance training 
on the hypoxic ventilatory response. Med Sci Sport Exerc. Available at: 
https://journals.lww.com/acsm-
msse/Fulltext/1992/07000/The_effect_of_normoxic_or_hypobaric_hypoxic.6.aspx. 

Li D & Wu M (2021). Pattern recognition receptors in health and diseases. Signal 
Transduction and Targeted Therapy 2021 6:1 6, 1–24. 

Li Q, Wang Y, Sun Q, Knopf J, Herrmann M, Lin L, Jiang J, Shao C, Li P & He X 
(2022a). Immune response in COVID-19: what is next? Cell Death Differ 29, 1107–
1122. 

Li X, Garg M, Jia T, Liao Q, Yuan L, Li M, Wu Z, Wu W, Bi Y, George N, Papatheodorou 
I, Brazma A, Luo H, Fang S, Miao Z & Shu Y (2022b). Single-Cell Analysis Reveals 
the Immune Characteristics of Myeloid Cells and Memory T Cells in Recovered 
COVID-19 Patients With Different Severities. Front Immunol 12, 781432. 

Li Y, Zhang Y & Zhang Y (2018). Research advances in pathogenesis and prophylactic 
measures of acute high altitude illness. Respir Med 145, 145–152. 

Liao Y, Smyth GK & Shi W (2014). featureCounts: an efficient general purpose program 
for assigning sequence reads to genomic features. Bioinformatics 30, 923–930. 

Liao Y, Smyth GK & Shi W (2019). The R package Rsubread is easier, faster, cheaper 
and better for alignment and quantification of RNA sequencing reads. Nucleic Acids 
Res 47, e47–e47. 

Lipman GS, Kanaan NC, Holck PS, Constance BB & Gertsch JH (2012). Ibuprofen 
prevents altitude illness: A randomized controlled trial for prevention of altitude 
illness with nonsteroidal anti-inflammatories. Ann Emerg Med 59, 484–490. 

Liu B, Chen J, Zhang L, Gao Y, Cui J, Zhang E, Xu G, Liang Y, Liang Y, Wang J & Gao 
Y (2017). IL-10 Dysregulation in acute mountain sickness revealed by transcriptome 
analysis. Front Immunol; DOI: 10.3389/fimmu.2017.00628. 

Liu M, Guo S, Hibbert JM, Jain V, Singh N, Wilson NO & Stiles JK (2011). CXCL10/IP-
10 in infectious diseases pathogenesis and potential therapeutic implications. 
Cytokine Growth Factor Rev 22, 121. 

Lopez L, Hart LH & Katz MH (2021). Racial and ethnic health disparities related to 
COVID-19. JAMA 325, 719–720. 

Love MI, Huber W & Anders S (2014). Moderated estimation of fold change and 
dispersion for RNA-seq data with DESeq2. Genome Biol 15, 550. 



 

 

288 

Lu H, Zhang H & Jiang Y (2020). Methazolamide in high-altitude illnesses. European 
Journal of Pharmaceutical Sciences 148, 105326. 

Luks AM, Swenson ER & Bärtsch P (2017). Acute high-altitude sickness. European 
Respiratory Review 26, 160096. 

Lundeberg J, Feiner JR, Schober A, Sall JW, Eilers H & Bickler PE (2018). Increased 
Cytokines at High Altitude: Lack of Effect of Ibuprofen on Acute Mountain Sickness, 
Physiological Variables, or Cytokine Levels. High Alt Med Biol 19, 249–258. 

Lüneburg N, Siques P, Brito J, Arriaza K, Pena E, Klose H, Leon-Velarde F & Böger RH 
(2016). Long-Term Chronic Intermittent Hypobaric Hypoxia in Rats Causes an 
Imbalance in the Asymmetric Dimethylarginine/Nitric Oxide Pathway and ROS 
Activity: A Possible Synergistic Mechanism for Altitude Pulmonary Hypertension? 
Pulm Med; DOI: 10.1155/2016/6578578. 

Lusina S-JC, Kennedy PM, Inglis JT, McKenzie DC, Ayas NT & Sheel AW (2006). Long-
term intermittent hypoxia increases sympathetic activity and chemosensitivity during 
acute hypoxia in humans. J Physiol 575, 961–970. 

Luster AD & Ravetch J V (1987). Biochemical Characterization of a y Interferon-
Inducible Cytokine (IP-10). Journal of Experimental Medicine 166, 1084–1097. 

Ma L, Sun P, Zhang JC, Zhang Q & Yao SL (2017). Proinflammatory effects of 
S100A8/A9 via TLR4 and RAGE signaling pathways in BV-2 microglial cells. Int J 
Mol Med 40, 31. 

Malacrida S, Giannella A, Ceolotto G, Reggiani C, Vezzoli A, Mrakic-Sposta S, Moretti 
S, Turner R, Falla M, Brugger H & Strapazzon G (2019). Transcription Factors 
Regulation in Human Peripheral White Blood Cells during Hypobaric Hypoxia 
Exposure: an in-vivo experimental study. Sci Rep 9, 1–13. 

Mallet RT, Burtscher J, Pialoux V, Pasha Q, Ahmad Y, Millet GP & Burtscher M (2023). 
Molecular Mechanisms of High-Altitude Acclimatization. Int J Mol Sci; DOI: 
10.3390/IJMS24021698. 

Mallevaey T, Zanetta JP, Faveeuw C, Fontaine J, Maes E, Platt F, Capron M, de-
Moraes ML- & Trottein F (2006). Activation of Invariant NKT Cells by the Helminth 
Parasite Schistosoma mansoni. The Journal of Immunology 176, 2476–2485. 

Manetti R, Parronchi P, Giudizi MG, Piccinni M-P, Maggi E, Trinchieri G & Omagnani SP 
(1993). Natural Killer Cell Stimulatory Factor (Interleukin 12 [11,12]) Induces T 
Helper Type 1 (Thl)-specific Immune Responses and Inhibits the Development of 
ID4-producing Th Cells. Journal of Experimental Medicine 177, 1199–1204. 

Markov G, Orler R & Boutellier U (1996). Respiratory training, hypoxic ventilatory 
response and acute mountain sickness. Respir Physiol 105, 179–186. 



 

 

289 

Marimuthu R, Francis H, Dervish S, Li SCH, Medbury H & Williams H (2018). 
Characterization of Human Monocyte Subsets by Whole Blood Flow Cytometry 
Analysis. Journal of Visualized Experiments 2018, 57941. 

Masuyama S, Kimura H, Sugita T, Kuriyama T, Tatsumi K, Kunimoto F, Okita S, Tojima 
Y, Yuguchi Y, Watanabe S & Honda Y (1986). Control of ventilation in extreme-
altitude climbers. J Appl Physiol 61, 500–506. 

Matsushima K, Yang D & Oppenheim JJ (2022). Interleukin-8: An evolving chemokine. 
Cytokine 153, 155828. 

Matsuzawa Y, Fujimoto K, Kobayashi T, Namushi NR, Harada K, Kohno H, Fukushima 
M & Kusama S (1989). Blunted hypoxic ventilatory drive in subjects susceptible to 
high-altitude pulmonary edema. J Appl Physiol 66, 1152–1157. 

Matzinger P (2003). Tolerance, Danger, and the Extended Family. 
http://dx.doi.org/101146/annurev.iy12040194005015 12, 991–1045. 

McDeigan GE, Ladino J, Hehre D, Devia C, Bancalari E & Suguihara C (2003). The 
Effect of Escherichia coli Endotoxin Infusion on the Ventilatory Response to Hypoxia 
in Unanesthetized Newborn Piglets. Pediatric Research 2003 53:6 53, 950–955. 

McDevitt M, Mcintosh SE, Rodway G, Peelay J, Adams DL & Kayser B (2014). Risk 
Determinants of Acute Mountain Sickness in Trekkers in the Nepali Himalaya: a 24-
Year Follow-Up. Wilderness Environ Med 25, 152–159. 

McNamee EN, Korns Johnson D, Homann D & Clambey ET (2013). Hypoxia and 
hypoxia-inducible factors as regulators of T cell development, differentiation, and 
function. Immunol Res 55, 58. 

McNicholas WT (2009). Chronic obstructive pulmonary disease and obstructive sleep 
apnea: Overlaps in pathophysiology, systemic inflammation, and cardiovascular 
disease. Am J Respir Crit Care Med 180, 692–700. 

Meconis K (2017). Health insurance coverage among adults. Riverside University Health 
System - Public Health 9, 2. 

Meehan R, Duncan U, Neale L, Taylor G, Muchmore H, Scott N, Ramsey K, Smith E, 
Rock P, Goldblum R & Houston C (1988). Operation Everest II: Alterations in the 
immune system at high altitudes. J Clin Immunol 8, 397–406. 

Meehan RT (1987). Immune Suppression at High Altitude. Ann Emerg Med 16, 83–88. 

Mehta SR, Chawla A & Kashyap AS (2008). Acute mountain sickness, high altitude 
cerebral oedema, high altitude pulmonary oedema: The current concepts. Med J 
Armed Forces India 64, 149–153. 

Meidaninikjeh S, Sabouni N, Marzouni HZ, Bengar S, Khalili A & Jafari R (2021). 
Monocytes and macrophages in COVID-19: Friends and foes. Life Sci 269, 119010. 



 

 

290 

Milledge JS, Beeley JM, Broome J, Luff N, Pelling M & Smith D (1991). Acute mountain 
sickness susceptibility, fitness and hypoxic ventilatory response. Eur Respir J 4, 
1000. 

Milledge JS, Thomas PS, Beeley JM & English JS (1988). Hypoxic ventilatory response 
and acute mountain sickness. Eur Respir J 1, 948. 

Minamino T, Christou H, Hsieh CM, Liu Y, Dhawan V, Abraham NG, Perrella MA, 
Mitsialis SA & Kourembanas S (2001). Targeted expression of heme oxygenase-1 
prevents the pulmonary inflammatory and vascular responses to hypoxia. Proc Natl 
Acad Sci U S A 98, 8798–8803. 

Mirchandani AS et al. (2022). Hypoxia shapes the immune landscape in lung injury and 
promotes the persistence of inflammation. Nature Immunology 2022 23:6 23, 927–
939. 

Mishra K, Tanwar H, Chanda S, Singh S & Ganju L (2018). Differential immune 
response generation in rats acutely exposed to hypobaric hypoxia and determination 
of susceptibility and tolerance. MOJ Immunol 6, 120–127. 

Mishra KP & Ganju L (2010). Influence of High Altitude Exposure on the Immune 
System: A Review. Immunol Invest 39, 219–234. 

Mishra KP, Sharma N, Soree P, Gupta RK, Ganju L & Singh SB (2016). Hypoxia-
Induced Inflammatory Chemokines in Subjects with a History of High-Altitude 
Pulmonary Edema. Indian Journal of Clinical Biochemistry 31, 81–86. 

Mitchell S, Vargas J & Hoffmann A (2016). Signaling via the NFκB system. Wiley 
Interdiscip Rev Syst Biol Med 8, 227–241. 

Mittal M, Siddiqui MR, Tran K, Reddy SP & Malik AB (2014). Reactive Oxygen Species 
in Inflammation and Tissue Injury. Antioxid Redox Signal 20, 1126. 

Mogi M, Fukuo K, Yang J, Suhara T & Ogihara T (2001). Hypoxia Stimulates Release of 
the Soluble Form of Fas Ligand That Inhibits Endothelial Cell Apoptosis. Laboratory 
Investigation 2001 81:2 81, 177–184. 

Mohan R & Duffin J (1997). The effect of hypoxia on the ventilatory response to carbon 
dioxide in man. Respir Physiol 108, 101–115. 

Molling JW, Moreno M, Van Der Vliet HJJ, Van Den Eertwegh AJM, Scheper RJ, Mary 
B, Von Blomberg E & Bontkes HJ (2008). Invariant natural killer T cells and 
immunotherapy of cancer. Clinical Immunology 129, 182–194. 

Monge C (1943). Chronic Mountain Sickness. Physiol Rev 23, 166–184. 

Monge C, Leon-Velarde F & Arregui A (1989). Increasing Prevalence of Excessive 
Erythrocytosis with Age among Healthy High-Altitude Miners. New England Journal 
of Medicine 321, 1271–1271. 



 

 

291 

Moore LG (2000). Comparative human ventilatory adaptation to high altitude. Respir 
Physiol 121, 257–276. 

Moore LG (2001). Human genetic adaptation to high altitude. High Alt Med Biol 2, 257–
279. 

Moore LG (2017). Human genetic adaptation to high altitudes: Current status and future 
prospects. Quaternary International 461, 4–13. 

Moore LG, Brodeur P, Chumbe O, D’Brot J, Hofmeister S & Monge C (1986a). Maternal 
hypoxic ventilatory response, ventilation, and infant birth weight at 4,300 m. J Appl 
Physiol 60, 1401–1406. 

Moore LG, Harrison GL, McCullough RE, McCullough RG, Micco AJ, Tucker A, Weil J V 
& Reeves JT (1986b). Low acute hypoxic ventilatory response and hypoxic 
depression in acute altitude sickness. J Appl Physiol 60, 1407–1412. 

Moore LG, Huang SY, McCullough RE, Sampson JB, Maher JT, Weil J V, Grover RF, 
Alexander JK & Reeves JT (1984). Variable inhibition by falling CO2 of hypoxic 
ventilatory response in humans. J Appl Physiol 56, 207–210. 

Mulla S, Maruf M, Molla A, Ahmed SMA, Akhtaruzzaman AKM, Saleh AA & Anwar S 
(2022). Association of interferon gamma inducible protein-10, monocyte 
chemoattractant protein-1, macrophage inflammatory protein-1 alpha, interleukin-6, 
and rs12252 single nucleotide polymorphism of interferon-induced transmembrane 
protein-3 gene with the severity of COVID-19 infection. The Egyptian Journal of 
Internal Medicine 2022 34:1 34, 1–7. 

Muza SR, Rock PB, Fulco CS, Zamudio S, Braun B, Cymerman A, Butterfield GE & 
Moore LG (n.d.). Women at altitude: ventilatory acclimatization at 4,300 m. 

Nagata S & Golstein P (1995). The Fas Death Factor. Science (1979) 267, 1449–1456. 

Nepal G, Yadav JK, Rehrig JH, Bhandari N, Baniya S, Ghimire R & Mahotra N (2020). 
Efficacy and safety of inhaled budesonide on prevention of acute mountain sickness 
during emergent ascent: a meta-analysis of randomized controlled trials. BMC 
Emerg Med; DOI: 10.1186/S12873-020-00329-8. 

Nguyen KT, Gates CA, Hassell JE, Foxx CL, Salazar SN, Luthens AK, Arnold AL, Elam 
BL, Elsayed AI, Leblanc M, Adams SC, Lowry CA & Reuter JD (2021). Evaluation of 
the effects of altitude on biological signatures of inflammation and anxiety- and 
depressive-like behavioral responses. Prog Neuropsychopharmacol Biol Psychiatry 
111, 110331. 

Nouri-Vaskeh M, Sharifi A, Khalili N, Zand R & Sharifi A (2020). Dyspneic and non-
dyspneic (silent) hypoxemia in COVID-19: Possible neurological mechanism. Clin 
Neurol Neurosurg 198, 106217. 



 

 

292 

Oberholzer L, Lundby C, Stauffer E, Ulliel-Roche M, Hancco I, Pichon A, Lundby AKM, 
Villafuerte FC, Verges S & Robach P (2020). Reevaluation of excessive 
erythrocytosis in diagnosing chronic mountain sickness in men from the world’s 
highest city. Blood 136, 1884–1888. 

Occupational Outlook Handbook (2022). Labor force statistics from the current 
population survey. US Bureau of Labor Statistics. Available at: 
https://www.bls.gov/cps/cpsaat10.htm [Accessed August 21, 2023]. 

O’Connor RJ, Preston N, Parkin A, Makower S, Ross D, Gee J, Halpin SJ, Horton M & 
Sivan M (2022). The COVID-19 Yorkshire Rehabilitation Scale (C19-YRS): 
Application and psychometric analysis in a post-COVID-19 syndrome cohort. J Med 
Virol 94, 1027–1034. 

Oeckinghaus A & Ghosh S (2009). The NF-kappaB family of transcription factors and its 
regulation. Cold Spring Harb Perspect Biol 1, a000034. 

Oeung B, Pham K, Olfert IM, De DJ, Zerda L, Gaio E, Powell FL, Heinrich EC & Heinrich 
EC (2023). The normal distribution of the hypoxic ventilatory response and 
methodological impacts: a meta-analysis and computational investigation. J 
Physiol1–18. 

Ohashi K, Yukioka H, Hayashi M & Asada A (1998). Elevated methemoglobin in patients 
with sepsis. Acta Anaesthesiol Scand 42, 713–716. 

OKITA S, KIMURA H, KUNITOMO F, TOJIMA H, YUGUCHI Y, TATSUMI K, KURIYAMA 
T, WATANABE S & HONDA Y (1987). Effect of Chlormadinone Acetate, a Synthetic 
Progesterone, on Hypoxic Ventilatory Response in Men. Jpn J Physiol 37, 137–147. 

Ostrowski K, Rohde T, Asp S, Schjerling P & Pedersen BK (1999). Pro- and anti-
inflammatory cytokine balance in strenuous exercise in humans. J Physiol 515, 287. 

Ostrowski K, Rohde T, Zacho M, Asp S & Pedersen BK (1998). Evidence that 
interleukin-6 is produced in human skeletal muscle during prolonged running. J 
Physiol 508, 949. 

Pahl HL (1999). Activators and target genes of Rel/NF-κB transcription factors. 
Oncogene 18, 6853–6866. 

Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, Shamseer L, 
Tetzlaff JM, Akl EA, Brennan SE, Chou R, Glanville J, Grimshaw JM, Hróbjartsson A, 
Lalu MM, Li T, Loder EW, Mayo-Wilson E, McDonald S, McGuinness LA, Stewart 
LA, Thomas J, Tricco AC, Welch VA, Whiting P, Moher D. (2021) The PRISMA 2020 
statement: An updated guideline for reporting systematic reviews. BMJ 372. 

Pamenter ME & Powell FL (2016). Time Domains of the Hypoxic Ventilatory Response 
and Their Molecular Basis. Compr Physiol 6, 1345. 



 

 

293 

Pappas AG, Chaliasou AL, Panagopoulos A, Dede K, Daskalopoulou S, Moniem E, 
Polydora E, Grigoriou E, Psarra K, Tsirogianni A & Kalomenidis I (2022). Kinetics of 
Immune Subsets in COVID-19 Patients Treated with Corticosteroids. Viruses 15, 51. 

Paralikar SJ (2012). High altitude pulmonary edema-clinical features, pathophysiology, 
prevention and treatment. Indian J Occup Environ Med 16, 59–62. 

Paranjpe I, Fuster V, Lala A, Russak AJ, Glicksberg BS, Levin MA, Charney AW, Narula 
J, Fayad ZA & Bagiella E (2020). Association of treatment dose anticoagulation with 
in-hospital survival among hospitalized patients with COVID-19. J Am Coll Cardiol 
76, 122–124. 

Park BS & Lee J-O (2013). Recognition of lipopolysaccharide pattern by TLR4 
complexes. Experimental &amp; Molecular Medicine45. 

Park BS, Song DH, Kim HM, Choi BS, Lee H & Lee JO (2009). The structural basis of 
lipopolysaccharide recognition by the TLR4–MD-2 complex. Nature 458, 1191–1195. 

Patel S (2017). Health Insurance and Health Service Utilization Among Children in 
Riverside County. Riverside University Health system 9, 1. 

Paul S & Lal G (2017). The molecular mechanism of natural killer cells function and its 
importance in cancer immunotherapy. Front Immunol 8, 290728. 

Paul S, Shilpi S & Lal G (2015). Role of gamma-delta (γδ) T cells in autoimmunity. J 
Leukoc Biol 97, 259–271. 

Paul S, Singh AK, Shilpi & Lal G (2014). Phenotypic and Functional Plasticity of 
Gamma–Delta (γδ) T Cells in Inflammation and Tolerance. Int Rev Immunol 33, 537–
558. 

Pena E, El Alam S, Siques P & Brito J (2022). Oxidative Stress and Diseases 
Associated with High-Altitude Exposure. Antioxidants; DOI: 
10.3390/ANTIOX11020267. 

Perkins ND (2006). Post-translational modifications regulating the activity and function of 
the nuclear factor kappa B pathway. Oncogene 25, 6717–6730. 

Peyssonnaux C, Cejudo-Martin P, Doedens A, Zinkernagel AS, Johnson RS & Nizet V 
(2007). Cutting Edge: Essential Role of Hypoxia Inducible Factor-1α in Development 
of Lipopolysaccharide-Induced Sepsis. The Journal of Immunology 178, 7516–7519. 

Pfoh JR, Steinback CD, Vanden Berg ER, Bruce CD & Day TA (2017). Assessing 
chemoreflexes and oxygenation in the context of acute hypoxia: Implications for field 
studies. Respir Physiol Neurobiol 246, 67–75. 

Pfoh JR, Tymko MM, Abrosimova M, Boulet LM, Foster GE, Bain AR, Ainslie PN, 
Steinback CD, Bruce CD & Day TA (2016). Comparing and characterizing transient 



 

 

294 

and steady-state tests of the peripheral chemoreflex in humans. Exp Physiol 101, 
432–447. 

Pham K, Frost S, Parikh K, Puvvula N, Oeung B & Heinrich EC (2022). Inflammatory 
gene expression during acute high-altitude exposure. Journal of Physiology 600, 
4169–4186. 

Pham K, Parikh K & Heinrich EC (2021). Hypoxia and Inflammation: Insights From High-
Altitude Physiology. Front Physiol 12, 712. 

Pham L V., Miele CH, Schwartz NG, Arias RS, Rattner A, Gilman RH, Miranda JJ, 
Polotsky VY, Checkley W & Schwartz AR (2017). Cardiometabolic correlates of 
sleep disordered breathing in Andean highlanders. Eur Respir J 49, 1601705. 

Phetsouphanh C, Darley DR, Wilson DB, Howe A, Munier CML, Patel SK, Juno JA, 
Burrell LM, Kent SJ & Dore GJ (2022). Immunological dysfunction persists for 8 
months following initial mild-to-moderate SARS-CoV-2 infection. Nat Immunol 23, 
210–216. 

Pimentel V, Mariano D, Cantão LXS, Bastos LL, Fischer P, Lima LHF, Fassio A V & 
Melo-Minardi RC (2021). VTR: a web tool for identifying analogous contacts on 
protein structures and their complexes. Front Bioinform 1, 730350. 

Pinto MD, Chakraborty R & Lambert N (2022). The elephant in the waiting room: an 
urgent call for papers to address the public health crisis of long COVID. Clin Nurs 
Res 31, 1387–1389. 

Pokorski M & Marczak M (2003a). Ascorbic Acid Enhances Hypoxic Ventilatory 
Reactivity in Elderly Subjects. J Int Med Res 31, 448–457. 

Pokorski M & Marczak M (2003b). Ventilatory response to hypoxia in elderly women. 
Ann Hum Biol 30, 53–64. 

Powell FL, Milsom WK & Mitchell GS (1998). Time domains of the hypoxic ventilatory 
response. Respir Physiol 112, 123–134. 

Prisk GK, Elliott AR & West JB (2000). Sustained microgravity reduces the human 
ventilatory  response to hypoxia but not to hypercapnia. J Appl Physiol 88, 1421–
1430. 

Pugin J (2007). Dear SIRS, the concept of “alarmins” makes a lot of sense! Intensive 
Care Medicine 2007 34:2 34, 218–221. 

Pugin J (2012). How tissue injury alarms the immune system and causes a systemic 
inflammatory response syndrome. Ann Intensive Care 2, 1–6. 

Quercioli A, Mach F & Montecucco F (2010). Inflammation accelerates atherosclerotic 
processes in obstructive sleep apnea syndrome (OSAS). Sleep and Breathing 14, 
261–269. 



 

 

295 

Rajkomar A, Dean J & Kohane I (2019). Machine Learning in Medicine. New England 
Journal of Medicine 380, 1347–1358. 

Rao A, Alnababteh MH, Avila-Quintero VJ, Flores JM, Laing NE & Boyd DA (2023). 
Association between patient race and ethnicity and outcomes with COVID-19: a 
retrospective analysis from a large mid-atlantic health system. J Intensive Care Med 
38, 472–478. 

Read DJ (1967). A clinical method for assessing the ventilatory response to carbon 
dioxide. Australas Ann Med 16, 20–32. 

Rebuck AS& EJM Campbell (1974). A clinical method for assessing the ventilatory 
response to hypoxia. Am Rev Respir Dis, 109: 345-350. 

REDLINE S, LEITNER J, ARNOLD J, TISHLER PV & ALTOSE MD (1997). Ventilatory-
control Abnormalities in Familial Sleep Apnea. Am J Respir Crit Care Med 156, 155–
160. 

Reeves JT, McCullough RE, Moore LG, Cymerman A & Weil J V (1993). Sea-level 
PCO2 relates to ventilatory acclimatization at 4,300 m. J Appl Physiol 75, 1117–
1122. 

Reeves JT, Moore LG, McCullough RE, Harrison G, Tranmer BI, Micco AJ, Tucker A & 
Weil J V. (1985). Headache at high altitude is not related to internal carotid arterial 
blood velocity. J Appl Physiol 59, 909–915. 

Regensteiner JG, McCullough RG, McCullough RE, Pickett CK & Grindlay Moore L 
(1990). Combined effects of female hormones and exercise on hypoxic ventilatory 
response. Respir Physiol 82, 107–114. 

Regensteiner JG, Pickett CK, McCullough RE, Weil J V & Moore LG (1988). Possible 
Gender Differences in the Effect of Exercise on Hypoxic Ventilatory Response. 
Respiration 53, 158–165. 

Regensteiner JG, Woodard WD, Hagerman DD, Weil J V, Pickett CK, Bender PR & 
Moore LG (1989). Combined effects of female hormones and metabolic rate on 
ventilatory drives in women. J Appl Physiol 66, 808–813. 

Rice CM, Lewis P, Ponce-Garcia FM, Gibbs W, Groves S, Cela D, Hamilton F, Arnold D, 
Hyams C, Oliver E, Barr R, Goenka A, Davidson A, Wooldridge L, Finn A, Rivino L & 
Amulic B (2023). Hyperactive immature state and differential CXCR2 expression of 
neutrophils in severe COVID-19. Life Sci Alliance 6, 2. 

Richalet JP, Larmignat P, Poitrine E, Letournel M & Canouï-Poitrine F (2012). 
Physiological Risk Factors for Severe High-Altitude Illness. Am J Respir Crit Care 
Med 185, 192–198. 



 

 

296 

Riley DJ, Legawiec BA, Santiago T V & Edelman NH (1977). Ventilatory responses to 
hypercapnia and hypoxia during continuous aspirin ingestion. J Appl Physiol 43, 
971–976. 

Ri-Li G, Chase PJ, Witkowski S, Wyrick BL, Stone JA, Levine BD & Babb TG (2003). 
Obesity: Associations with Acute Mountain Sickness. Ann Intern Med; DOI: 
10.7326/0003-4819-139-4-200308190-00007. 

Riverside University Health System (2020). Epidemiology & Program Evaluation. 
Riverside University Health System - Public Health. Available at: 
https://www.ruhealth.org/public-health/epidemiology-program-evaluation [Accessed 
June 14, 2023]. 

Roach RC et al. (2018). The 2018 lake louise acute mountain sickness score. High Alt 
Med Biol 19, 4–6. 

Rock PB, Johnson TS, Larsen RF, Fulco CS, Trad LA & Cymerman A (1989). 
Dexamethasone as Prophylaxis for Acute Mountain Sickness: Effect of Dose Level. 
Chest 95, 568–573. 

Röltgen K & Boyd SD (2021). Antibody and B cell responses to SARS-CoV-2 infection 
and vaccination. Cell Host Microbe 29, 1063–1075. 

Roncati L, Nasillo V, Lusenti B & Riva G (2020). Signals of Th2 immune response from 
COVID-19 patients requiring intensive care. Ann Hematol 99, 1419. 

Root-Bernstein R (2023). From Co-Infections to Autoimmune Disease via 
Hyperactivated Innate Immunity: COVID-19 Autoimmune Coagulopathies, 
Autoimmune Myocarditis and Multisystem Inflammatory Syndrome in Children. 
International Journal of Molecular Sciences 2023, Vol 24, Page 3001 24, 3001. 

Roukens AHE, Pothast CR, König M, Huisman W, Dalebout T, Tak T, Azimi S, Kruize Y, 
Hagedoorn RS & Zlei M (2022). Prolonged activation of nasal immune cell 
populations and development of tissue-resident SARS-CoV-2-specific CD8+ T cell 
responses following COVID-19. Nat Immunol 23, 23–32. 

Ruan Q, Yang K, Wang W, Jiang L & Song J (2020). Clinical predictors of mortality due 
to COVID-19 based on an analysis of data of 150 patients from Wuhan, China. 
Intensive Care Med 46, 846–848. 

Rugtveit J, Brandtzaeg P, Halstensen TS, Fausa O & Scott H (1994). Increased 
macrophage subset in inflammatory bowel disease: apparent recruitment from 
peripheral blood monocytes. Gut 35, 669. 

Ryan FJ et al. (2022). Long-term perturbation of the peripheral immune system months 
after SARS-CoV-2 infection. BMC Med 20, 1–23. 



 

 

297 

Ryter SW & Choi AMK (2016). Targeting heme oxygenase-1 and carbon monoxide for 
therapeutic modulation of inflammation. Translational Research 167, 7–34. 

Sahaf B, Atkuri K, Heydari K, Malipatlolla M, Rappaport J, Regulier E, Herzenberg LA & 
Herzenberg LA (2008). Culturing of human peripheral blood cells reveals 
unsuspected lymphocyte responses relevant to HIV disease. Proc Natl Acad Sci U S 
A 105, 5111. 

Santantonio M, Chapplain J-M, Tattevin P, Ne Leroy H, Mener E, Gangneux J-P, 
Michelet C & Revest M (2014). Prevalence of and risk factors for acute mountain 
sickness among a cohort of high-altitude travellers who received pre-travel 
counselling *. Travel Med Infect Dis 12, 534–540. 

Santos-Sierra S (2021). Targeting Toll-like Receptor (TLR) Pathways in Inflammatory 
Arthritis: Two Better Than One? Biomolecules 2021, Vol 11, Page 1291 11, 1291. 

Sarada S, Himadri P, Mishra C, Geetali P, Ram MS & Ilavazhagan G (2008). Role of 
oxidative stress and NFkB in hypoxia-induced pulmonary edema. Exp Biol Med 233, 
1088–1098. 

Sarada SKS, Titto M, Himadri P, Saumya S & Vijayalakshmi V (2015). Curcumin 
prophylaxis mitigates the incidence of hypobaric hypoxia-induced altered ion 
channels expression and impaired tight junction proteins integrity in rat brain. J 
Neuroinflammation; DOI: 10.1186/S12974-015-0326-4. 

Sato M, Severinghaus JW & Bickler P (1994). Time course of augmentation and 
depression of hypoxic ventilatory responses at altitude. J Appl Physiol 77, 313–316. 

Satta S, Meng Z, Hernandez R, Cavallero S, Zhou T, Hsiai TK & Zhou C (2022). An 
engineered nano-liposome-human ACE2 decoy neutralizes SARS-CoV-2 Spike 
protein-induced inflammation in both murine and human macrophages. Theranostics 
12, 2639–2657. 

Sato F, Nishimura M, Igarashi T, Yamamoto M, Miyamoto K & Kawakami Y (1996). 
Effects of exercise and CO2 inhalation on intersubject variability in ventilatory and 
heart rate responses to progressive hypoxia. Eur Respir J 9, 960. 

Savourey G, Launay JC, Besnard Y, Guinet A, Bourrilhon C, Cabane D, Martin S, 
Caravel JP, Péquignot JM & Cottet-Emard JM (2004). Control of erythropoiesis after 
high altitude acclimatization. Eur J Appl Physiol 93, 47–56. 

Schaefer L (2014). Complexity of Danger: The Diverse Nature of Damage-associated 
Molecular Patterns. J Biol Chem 289, 35237. 

Scheinfeldt LB, Soi S, Thompson S, Ranciaro A, Woldemeskel D, Beggs W, Lambert C, 
Jarvis JP, Abate D, Belay G & Tishkoff SA (2012). Genetic adaptation to high altitude 
in the Ethiopian highlands. Genome Biol 13, R1. 



 

 

298 

Schoene RB, Lahiri S, Hackett PH, Peters RM, Milledge JS, Pizzo CJ, Sarnquist FH, 
Boyer SJ, Graber DJ & Maret KH (1984). Relationship of hypoxic ventilatory 
response to exercise performance on Mount Everest. J Appl Physiol Respir Environ 
Exerc Physiol 56, 1478–1483. 

Schoenhals M, Jourdan M, Bruyer A, Kassambara A, Klein B & Moreaux J (2017). 
Hypoxia favors the generation of human plasma cells. Cell Cycle 16, 1104–1117. 

Scholz CC, Cavadas MASS, Tambuwala MM, Hams E, Rodríguez J, Von Kriegsheim A, 
Cotter P, Bruning U, Fallon PG, Cheong A, Cummins EP & Taylor CT (2013). 
Regulation of IL-1β-induced NF-κB by hydroxylases links key hypoxic and 
inflammatory signaling pathways. Proc Natl Acad Sci U S A 110, 18490–18495. 

Scholz CC & Taylor CT (2013). Targeting the HIF pathway in inflammation and 
immunity. Curr Opin Pharmacol 13, 646–653. 

Schulte-Schrepping J, Reusch N, Paclik D, Baßler K, Schlickeiser S, Zhang B, Krämer 
B, Krammer T, Brumhard S & Bonaguro L (2020). Severe COVID-19 Is marked by a 
dysregulated myeloid cell compartment. Cell 182, 1419-1440.e1423. 

Scoggin CH, Doekel RD, Kryger MH, Zwillich CW & Weil J V (1978). Familial aspects of 
decreased hypoxic drive in endurance athletes. J Appl Physiol 44, 464–468. 

Selland MA, Stelzner TJ, Stevens T, Mazzeo RS, McCullough RE & Reeves JT (1993). 
Pulmonary Function and Hypoxic Ventilatory Response in Subjects Susceptible to 
High-Altitude Pulmonary Edema. Chest 103, 111–116. 

Semenza GL (1998). Hypoxia-inducible factor 1: master regulator of O2 homeostasis. 
Curr Opin Genet Dev 8, 588–594. 

Semenza GL (2009). Regulation of oxygen homeostasis by hypoxia-Inducible factor 1. 
Physiology 24, 97–106. 

Senn O, Clarenbach CF, Fischler M, Thalmann R, Brunner-La Rocca H, Egger P, 
Maggiorini M & Bloch KE (2006). Do changes in lung function predict high-altitude 
pulmonary edema at an early stage? Med Sci Sports Exerc 38, 1565–1570. 

Serbina N V., Kuziel W, Flavell R, Akira S, Rollins B & Pamer EG (2003). Sequential 
MyD88-Independent and -Dependent Activation of Innate Immune Responses to 
Intracellular Bacterial Infection. Immunity 19, 891–901. 

Severinghaus JW. (1966) Blood gas calculator. J Appl Physiol 21(3):1108-16. 

Severinghaus JW (1979). Simple, accurate equations for human blood O2 dissociation 
computations. J Appl Physiol 46, 599–602. 

Severinghaus JW (1979). Simple, accurate equations for human blood {O}$_2$ 
dissociation computations. J Appl Physiol 46, 599–602. 



 

 

299 

Severinghaus JW, Bainton CR & Carcelen A (1966). Respiratory insensitivity to hypoxia 
in chronically hypoxic man. Respir Physiol 1, 308–334. 

Severinghaus JW, Naifeh KH & Koh SO (1989). Errors in 14 pulse oximeters during 
profound hypoxia. J Clin Monit 5, 72–81. 

Shaaban R, Kony S, Driss F, Leynaert B, Soussan D, Pin I, Neukirch F & Zureik M 
(2006). Change in C-reactive protein levels and FEV1 decline: A longitudinal 
population-based study. Respir Med 100, 2112–2120. 

Shang L, Kang W, Li S & Ge S (2019). Prolyl hydroxylase inhibitor DMOG suppressed 
inflammatory cytokine production in human gingival fibroblasts stimulated with 
Fusobacterium nucleatum. Clin Oral Investig 23, 3123–3132. 

Sharma S, Burns B & Gossman W (2019). Alveolar Gas Equation. In StatPearls. 

Sharma S, Singh Y, Sandhir R, Singh S, Ganju L, Kumar B & Varshney R (2021). 
Mitochondrial DNA mutations contribute to high altitude pulmonary edema via 
increased oxidative stress and metabolic reprogramming during hypobaric hypoxia. 
Biochimica et Biophysica Acta (BBA) - Bioenergetics 1862, 148431. 

Shen Y, Yang YQ, Liu C, Yang J, Zhang JH, Jin J, Tan H, Yuan FZY, Ke J Bin, He CY, 
Zhang LP, Zhang C, Yu J & Huang L (2020). Association between physiological 
responses after exercise at low altitude and acute mountain sickness upon ascent is 
sex-dependent. Mil Med Res; DOI: 10.1186/S40779-020-00283-3. 

Shi Z, Jiang X, Geng Y, Yue X, Gao J, Cheng X, Zhao M & Zhu L (2023). Expression 
profile of cytokines and chemokines in a mouse high-altitude cerebral edema model. 
Int J Immunopathol Pharmacol 37, 1–9. 

Shimazu R, Akashi S, Ogata H, Nagai Y, Fukudome K, Miyake K & Kimoto M (1999). 
MD-2, a Molecule that Confers Lipopolysaccharide Responsiveness on Toll-like 
Receptor 4. Available at: http://www.jem.org. 

Shkurnikov MY, Averinskaya DA, Komarov AG, Karbyshev IA, Speshilov GI, Shtinova 
IA, Doroshenko DA, Vechorko VI & Drapkina OM (2022). Association of HLA class i 
genotype with mortality in patients with diabetes mellitus and COVID-19. Dokl 
Biochem Biophys 507, 289–293. 

Siggaard-Andersen O, Gøthgen IH, Wimberley PD & Fogh-Andersen N (1990). The 
oxygen status of the arterial blood revised: Relevant oxygen parameters for 
monitoring the arterial oxygen availability. Scand J Clin Lab Invest 50, 17–28. 

Da Silva Correia J, Soldau K, Christen U, Tobias PS & Ulevitch RJ (2001). 
Lipopolysaccharide Is in Close Proximity to Each of the Proteins in Its Membrane 
Receptor Complex: TRANSFER FROM CD14 TO TLR4 AND MD-2. Journal of 
Biological Chemistry 276, 21129–21135. 



 

 

300 

Simonson TS (2015). Altitude Adaptation: A Glimpse Through Various Lenses. High Alt 
Med Biol 16, 125–137. 

Simonson TS, Baker TL, Banzett RB, Bishop T, Dempsey JA, Feldman JL, Guyenet PG, 
Hodson EJ, Mitchell GS, Moya EA, Nokes BT, Orr JE, Owens RL, Poulin M, Rawling 
JM, Schmickl CN, Watters JJ, Younes M & Malhotra A (2021). Silent hypoxaemia in 
COVID-19 patients. Journal of Physiology 599, 1057–1065. 

Sivan M, Halpin S, Gees J, Makower S, Parkin A, Ross D, Horton M & O’Connor R 
(2021). The self-report version and digital format of the COVID-19 Yorkshire 
Rehabilitation Scale (C19-YRS) for Long Covid or Post-COVID syndrome 
assessment and monitoring. Advances in Clinical Neuroscience & Rehabilitation 20, 
3. 

Sivan M, Parkin A, Makower S & Greenwood DC (2022). Post-COVID syndrome 
symptoms, functional disability, and clinical severity phenotypes in hospitalized and 
nonhospitalized individuals: a cross-sectional evaluation from a community COVID 
rehabilitation service. J Med Virol 94, 1419–1427. 

Smith ZM, Krizay E, Sá RC, Li ET, Scadeng M, Powell FL & Dubowitz DJ (2017). 
Evidence from high-altitude acclimatization for an integrated cerebrovascular and 
ventilatory hypercapnic response but different responses to hypoxia. J Appl Physiol 
123, 1477–1486. 

Solin P, Roebuck T, Johns DP, Walters EH & Naughton MT (2000). Peripheral and 
central ventilatory responses in central sleep apnea with and without congestive 
heart failure. Am J Respir Crit Care Med 162, 2194–2200. 

Song TT, Bi YH, Gao YQ, Huang R, Hao K, Xu G, Tang JW, Ma ZQ, Kong FP, Coote 
JH, Chen XQ & Du JZ (2016). Systemic pro-inflammatory response facilitates the 
development of cerebral edema during short hypoxia. J Neuroinflammation 13, 63. 

Spicuzza L, Casiraghi N, Gamboa A, Keyl C, Schneider A, Mori A, Leon-Velarde F, Di 
Maria GU & Bernardi L (2004). Sleep-related hypoxaemia and excessive 
erythrocytosis in Andean high-altitude natives. European Respiratory Journal 23, 41–
46. 

 

Spicuzza L, Porta C, Bramanti A, Maffeis M, Casucci G, Casiraghi N & Bernardi L 
(2005). Interaction between central-peripheral chemoreflexes and cerebro-
cardiovascular control. Clin Auton Res 15, 373–381. 

Spinelli E, Mauri T, Beitler JR, Pesenti A & Brodie D (2020). Respiratory drive in the 
acute respiratory distress syndrome: pathophysiology, monitoring, and therapeutic 
interventions. Intensive Care Med 46, 606–618. 



 

 

301 

Stanley NN, Galloway JM, Gordon B & Pauly N (1983). Increased respiratory 
chemosensitivity induced by infusing almitrine intravenously in healthy man. Thorax 
38, 200–204. 

Di Stefano A, Coccini T, Roda E, Signorini C, Balbi B, Brunetti G & Ceriana P (2018). 
Blood MCP-1 levels are increased in chronic obstructive pulmonary disease patients 
with prevalent emphysema. Int J Chron Obstruct Pulmon Dis 13, 1691–1700. 

Steinback CD & Poulin MJ (2007). Ventilatory responses to isocapnic and poikilocapnic 
hypoxia in humans. Respir Physiol Neurobiol 155, 104–113. 

Stenmark KR, Yeager ME, El Kasmi KC, Nozik-Grayck E, Gerasimovskaya E V., Li M, 
Riddle SR & Frid MG (2013). The adventitia: Essential regulator of vascular wall 
structure and function. Annu Rev Physiol 75, 23–47. 

Strasser A, Jost PJ & Nagata S (2009). The many roles of FAS receptor signaling in the 
immune system. Immunity 30, 180. 

Straudi S, Manfredini F, Baroni A, Milani G, Fregna G, Schincaglia N, Androni R, Occhi 
A, Sivan M & Lamberti N (2022). Construct Validity and Responsiveness of the 
COVID-19 Yorkshire Rehabilitation Scale (C19-YRS) in a Cohort of Italian 
Hospitalized COVID-19 Patients. International Journal of Environmental Research 
and Public Health 2022, Vol 19, Page 6696 19, 6696. 

Strehl C, Fangradt M, Fearon U, Gaber T, Buttgereit F & Veale DJ (2014). Hypoxia: how 
does the monocyte-macrophage system respond to changes in oxygen availability? J 
Leukoc Biol 95, 233–241. 

Supek F, Bošnjak M, Škunca N & Šmuc T (2011). REVIGO Summarizes and Visualizes 
Long Lists of Gene Ontology Terms. PLoS One 6, e21800. 

Swenson ER (2013). Hypoxic Pulmonary Vasoconstriction. High Alt Med Biol 14, 101–
110. 

Swenson ER (2020). Early hours in the development of high-altitude pulmonary edema: 
time course and mechanisms. J Appl Physiol 128, 1539–1546. 

Swenson ER, Duncan TB, Goldberg S V, Ramirez G, Ahmad S & Schoene RB (1995). 
Diuretic effect of acute hypoxia in humans: relationship to hypoxic ventilatory 
responsiveness and renal hormones. J Appl Physiol 78, 377–383. 

Swenson ER, MacDonald A, Vatheuer M, Maks C, Treadwell A, Allen R & Schoene RB 
(1997). Acute mountain sickness is not altered by a high carbohydrate diet nor 
associated with elevated circulating cytokines. Aviat Space Environ Med 68, 499–
503. 

Swenson KE, Ruoss SJ & Swenson ER (2021). The pathophysiology and dangers of 
silent hypoxemia in COVID-19 lung injury. Ann Am Thorac Soc 18, 1098–1105. 



 

 

302 

Sydykov A, Mamazhakypov A, Maripov A, Kosanovic D, Weissmann N, Ghofrani HA, 
Sarybaev AS & Schermuly RT (2021). Pulmonary hypertension in acute and chronic 
high altitude maladaptation disorders. Int J Environ Res Public Health 18, 1–33. 

Takebayashi K, Matsumoto S, Aso Y & Inukai T (2006). Aldosterone Blockade 
Attenuates Urinary Monocyte Chemoattractant Protein-1 and Oxidative Stress in 
Patients with Type 2 Diabetes Complicated by Diabetic Nephropathy. J Clin 
Endocrinol Metab 91, 2214–2217. 

Takeda K & Akira S (2015). Toll-Like receptors. Curr Protoc Immunol 2015, 14.12.1-
14.12.10. 

Takeda K, Ichiki T, Narabayashi E, Inanaga K, Miyazaki R, Hashimoto T, Matsuura H, 
Ikeda J, Miyata T & Sunagawa K (2009). Inhibition of prolyl hydroxylase domain-
containing protein suppressed lipopolysaccharide-induced TNF-α expression. 
Arterioscler Thromb Vasc Biol 29, 2132–2137. 

Talbot NP, Balanos GM, Dorrington KL & Robbins PA (2005). Two temporal components 
within the human pulmonary vascular response to ∼2 h of isocapnic hypoxia. J Appl 
Physiol 98, 1125–1139. 

TANAKA Y, MORIKAWA T & HONDA Y (1986). Effect of Airway Anaesthesia on the 
Ventilatory and Heart Rate Responses to Isocapnic Progressive Hypoxia. Jpn J 
Physiol 36, 1193–1202. 

Tang D, Kang R, Livesey KM, Zeh HJ & Lotze MT (2011). High mobility group box 1 
(HMGB1) activates an autophagic response to oxidative stress. Antioxid Redox 
Signal 15, 2185–2195. Available at: /pmc/articles/PMC3166205/ [Accessed March 8, 
2021]. 

Tang E, Chen Y & Luo Y (2014). Dexamethasone for the prevention of acute mountain 
sickness: Systematic review and meta-analysis. Int J Cardiol 173, 133–138. 

Tao JH, Barbi J & Pan F (2015). Hypoxia-inducible factors in T lymphocyte differentiation 
and function. A Review in the Theme: Cellular Responses to Hypoxia. Am J Physiol 
Cell Physiol 309, C580. 

Tao X, Yip T & Fisher CB (2022). Psychological Well-Being and Substance Use During 
the COVID-19 Pandemic: Ethnic/Racial Identity, Discrimination, and Vigilance. J 
Racial Ethn Health Disparities1. 

Tasali E & Ip MSM (2008). Obstructive sleep apnea and metabolic syndrome: Alterations 
in glucose metabolism and inflammation. Proc Am Thorac Soc 5, 207–217. 

Taylor CT (2008). Interdependent roles for hypoxia inducible factor and nuclear factor-κB 
in hypoxic inflammation. Journal of Physiology 586, 4055–4059. 



 

 

303 

Taylor CT & Colgan SP (2017). Regulation of immunity and inflammation by hypoxia in 
immunological niches. Nat Rev Immunol 17, 774–785. 

Teichtahl H, Wang D, Cunnington D, Quinnell T, Tran H, Kronborg I & Drummer OH 
(2005). Ventilatory Responses to Hypoxia and Hypercapnia in Stable Methadone 
Maintenance Treatment Patients. Chest 128, 1339–1347. 

Tengerdy RP & Kramer T (1968). Immune Response of Rabbits during Short Term 
Exposure to High Altitude. Nature 217, 367–369. 

Teppema LJ, Bijl H, Romberg RR & Dahan A (2006). Antioxidants reverse depression of 
the hypoxic ventilatory response by acetazolamide in man. J Physiol 572, 849–856. 

Teppema LJ, Nieuwenhuijs D, Sarton E, Romberg R, Olievier CN, Ward DS & Dahan A 
(2002). Antioxidants prevent depression of the acute hypoxic ventilatory response by 
subanaesthetic halothane in men. J Physiol 544, 931–938. 

Teppema LJ, Romberg RR & Dahan A (2005). Antioxidants Reverse Reduction of the 
Human Hypoxic Ventilatory Response by Subanesthetic Isoflurane. Anesthesiology 
102, 747–753. 

Terblanche JS, Tolley KA, Fahlman A, Myburgh KH & Jackson S (2005). The acute 
hypoxic ventilatory response: Testing the adaptive significance in human 
populations. Comp Biochem Physiol Part A Mol Integr Physiol 140, 349–362. 

Tift MS, Alves de Souza RW, Weber J, Heinrich EC, Villafuerte FC, Malhotra A, 
Otterbein LE & Simonson TS (2020). Adaptive Potential of the Heme 
Oxygenase/Carbon Monoxide Pathway During Hypoxia. Front Physiol 11, 886. 

Tingate TR, Lugg DJ, Muller HK, Stowe RP & Pierson DL (1997). Antarctic isolation: 
Immune and viral studies. Immunol Cell Biol 75, 275–283. 

Tiwari V, Agarwal J, Pathak AK & Singh S (2023). Dynamic Changes in Circulatory 
Cytokines and Chemokines Levels in Mild to Severe COVID-19 Patients. Indian 
Journal of Clinical Biochemistry 38, 212–219. 

Tobin MJ (2020). Basing respiratory management of COVID-19 on physiological 
principles. Am J Respir Crit Care Med 201, 1319–1320. 

Tobin MJ, Jubran A & Laghi F (2020a). Misconceptions of pathophysiology of happy 
hypoxemia and implications for management of COVID-19. Respir Res; DOI: 
10.1186/S12931-020-01520-Y. 

Tobin MJ, Laghi F & Jubran A (2020b). Why COVID-19 silent hypoxemia is baffling to 
physicians. Am J Respir Crit Care Med 202, 356–360. 

Trinchieri G (2009). Proinflammatory and Immunoregulatory Functions of Interleukin-12. 
Int Rev Immunol 16, 365–396. 



 

 

304 

Tsai AG, Cabrales P & Intaglietta M (2010). The Physics of Oxygen Delivery: Facts and 
Controversies. Antioxid Redox Signal 12, 683. 

Tupin E, Kinjo Y & Kronenberg M (2007). The unique role of natural killer T cells in the 
response to microorganisms. Nature Reviews Microbiology 2007 5:6 5, 405–417. 

Van Uden P, Kenneth NS & Rocha S (2008). Regulation of hypoxia-inducible factor-1α 
by NF-κB. Biochemical Journal 412, 477–484. 

Uguccioni M, Gionchetti P, Robbiani DF, Rizzello F, Peruzzo S, Campieri M & Baggiolini 
M (1999). Increased Expression of IP-10, IL-8, MCP-1, and MCP-3 in Ulcerative 
Colitis. Am J Pathol 155, 331. 

US Census Bureau (2022). U.S. Census Bureau QuickFacts: Riverside County, 
California. United States Census Bureau. Available at: 
https://www.census.gov/quickfacts/riversidecountycalifornia [Accessed February 13, 
2023]. 

U.S. Census Bureau (2023). Riverside County, California. US Census Bureau. Available 
at: https://data.census.gov/profile/Riverside_County,_C...?g=050XX00US06065 
[Accessed June 14, 2023]. 

Valenty LM, Longo CM, Horzempa C, Ambesi A & Mckeown-Longo PJ (2017). TLR4 
Ligands Selectively Synergize to Induce Expression of IL-8. Adv Wound Care (New 
Rochelle) 6, 309. 

Varatharaj A & Galea I (2017). The blood-brain barrier in systemic inflammation. Brain 
Behav Immun 60, 1–12. 

Vassilakopoulos T, Divangahi M, Rallis G, Kishta O, Petrof B, Comtois A & Hussain SNA 
(2004). Differential cytokine gene expression in the diaphragm in response to 
strenuous resistive breathing. Am J Respir Crit Care Med 170, 154–161. 

Vénéreau E, Ceriotti C & Bianchi ME (2015). DAMPs from cell death to new life. Front 
Immunol 6, 422. 

Vij AG, Dutta R & Satija NK (2005). Acclimatization to oxidative stress at high altitude. 
High Alt Med Biol 6, 301–310. 

Villafuerte FC, Cárdenas R & Monge-C C (2004). Optimal hemoglobin concentration and 
high altitude: A theoretical approach for Andean men at rest. J Appl Physiol 96, 
1581–1588. 

Villafuerte FC & Corante N (2016). Chronic Mountain Sickness: Clinical Aspects, 
Etiology, Management, and Treatment. High Alt Med Biol 17, 61–69. 

Villafuerte FC, Macarlupú JL, Anza-Ramírez C, Corrales-Melgar D, Vizcardo-Galindo G, 
Corante N & León-Velarde F (2014). Decreased plasma soluble erythropoietin 



 

 

305 

receptor in high-altitude excessive erythrocytosis and Chronic Mountain Sickness. J 
Appl Physiol 117, 1356–1362. 

Vogl T, Tenbrock K, Ludwig S, Leukert N, Ehrhardt C, Van Zoelen MAD, Nacken W, 
Foell D, Van Der Poll T, Sorg C & Roth J (2007). Mrp8 and Mrp14 are endogenous 
activators of Toll-like receptor 4, promoting lethal, endotoxin-induced shock. Nat Med 
13, 1042–1049. 

Walmsley S, Harris A, Thompson AAR & Whyte MoiraKB (2014). HIF-mediated innate 
immune responses: cell signaling and therapeutic implications. Hypoxia 2, 47–58. 

Walmsley SR, Print C, Farahi N, Peyssonnaux C, Johnson RS, Cramer T, Sobolewski A, 
Condliffe AM, Cowburn AS, Johnson N & Chilvers ER (2005). Hypoxia-induced 
neutrophil survival is mediated by HIF-1α-dependent NF-κB activity. Journal of 
Experimental Medicine 201, 105–115. 

Wang C, Jiang H, Duan J, Chen J, Wang Q, Liu X & Wang C (2018). Exploration of 
Acute Phase Proteins and Inflammatory Cytokines in Early Stage Diagnosis of Acute 
Mountain Sickness. High Alt Med Biol 19, 170–177. 

Wang X, Jiang TX, Road JD, Redenbach DM & Reid WD (2005). Granulocytosis and 
increased adhesion molecules after resistive loading of the diaphragm. European 
Respiratory Journal 26, 786–794. 

Ward DS (1984). Stimulation of Hypoxic Ventilatory Drive by Droperidol. Anesth Analg. 
Available at: https://journals.lww.com/anesthesia-
analgesia/Fulltext/1984/02000/Stimulation_of_Hypoxic_Ventilatory_Drive_by.3.aspx. 

Warren PM, Taylor JH, Nicholson KE, Wraith PK & Drummond GB (2000). Influence of 
tramadol on the ventilatory response to hypoxia in humans. Br J Anaesth 85, 211–
216. 

Watts ER & Walmsley SR (2019). Inflammation and Hypoxia: HIF and PHD Isoform 
Selectivity. Trends Mol Med 25, 33–46. 

Waypa GB & Schumacker PT (2002). O2 sensing in hypoxic pulmonary 
vasoconstriction: The mitochondrial door re-opens. Respir Physiol Neurobiol 132, 
81–91. 

Weber C, Müller C, Podszuweit A, Montino C, Vollmer J & Forsbach A (2012). Toll-like 
receptor (TLR) 3 immune modulation by unformulated small interfering RNA or DNA 
and the role of CD14 (in TLR-mediated effects). Immunology 136, 64–77. 

Weil J V, Byrne-quinn E, Sodal IE, Friesen WO, Underhill B, Filley GF & Grover RF 
(1970). Hypoxic Ventilatory Drive in Normal Man. 49, 1061–1072. 



 

 

306 

Weinger MB, Chaplan SR, Girten BE & Powell FL (1998). The respiratory effects of the 
cytokine regulating agent HP 228 alone and in combination with morphine in human 
volunteers. Pharmacol Biochem Behav 59, 759–766. 

Wennerås C, Arondel J, Sansonetti P, Wennerås C, Ave P, Huerre M, Ulevitch R & 
Mathison J (2001). Blockade of CD14 aggravates experimental shigellosis. J 
Endotoxin Res 7, 442–446. 

West JB (2004). The physiologic basis of high-altitude diseases. Ann Intern Med 141, 
789–800. Available at: http://annals.org/article.aspx?doi=10.7326/0003-4819-141-10-
200411160-00010 [Accessed July 16, 2020]. 

Westmeier J et al. (2020). Impaired cytotoxic CD8+ T cell response in elderly COVID-19 
patients. mBio 11, 1–13. 

White DP, Douglas NJ, Pickett CK, Weil J V & Zwillich CW (1983). Sexual influence on 
the control of breathing. J Appl Physiol Respir Environ Exerc Physiol 54, 874–879. 

White DP, Gleeson K, Pickett CK, Rannels AM, Cymerman A & Weil J V. (1987). 
Altitude acclimatization: Influence on periodic breathing and chemoresponsiveness 
during sleep. J Appl Physiol 63, 401–412. 

Wiech M, Chroscicki P, Swatler J, Stepnik D, De Biasi S, Hampel M, Brewinska-
Olchowik M, Maliszewska A, Sklinda K, Durlik M, Wierzba W, Cossarizza A & 
Piwocka K (2022). Remodeling of T Cell Dynamics During Long COVID Is 
Dependent on Severity of SARS-CoV-2 Infection. Front Immunol 13, 886431. 

Wiersinga WJ, De Vos AF, Wieland CW, Leendertse M, Roelofs JJTH & Van Der Poll T 
(2008). CD14 Impairs Host Defense against Gram-Negative Sepsis Caused by 
Burkholderia pseudomallei in Mice. J Infect Dis 198, 1388–1397. 

Wilkerson RG, Adler JD, Shah NG & Brown R (2020). Silent hypoxia: A harbinger of 
clinical deterioration in patients with COVID-19. American Journal of Emergency 
Medicine 38, 2243.e5-2243.e6. 

Wilkins MR, Ghofrani HA, Weissmann N, Aldashev A & Zhao L (2015). Pathophysiology 
and treatment of high-altitude pulmonary vascular disease. Circulation 131, 582–590. 

World Health Organization (2020). WHO Coronavirus (COVID-19) Dashboard. Geneva: 
World Health Organization. Available at: https://covid19.who.int/ [Accessed February 
12, 2023]. 

Wu C et al. (2020). Risk Factors Associated With Acute Respiratory Distress Syndrome 
and Death in Patients With Coronavirus Disease 2019 Pneumonia in Wuhan, China. 
JAMA Intern Med 180, 1. 

Wu L, Jiang Z, Meulendijks ER, Baylan U, Waas ISE, Bugiani M, Tuinman PR, Fronczek 
J, Heunks LMA, de Groot JR, van Rossum AC, Niessen HWM & Krijnen PAJ 



 

 

307 

(2023a). Atrial inflammation and microvascular thrombogenicity are increased in 
deceased COVID-19 patients. Cardiovascular Pathology 64, 107524. 

Wu X-H et al. (2023b). Single-cell analysis of peripheral blood from high-altitude 
pulmonary hypertension patients identifies a distinct monocyte phenotype. Nat 
Commun 14, 1820. 

Xie J, Covassin N, Fan Z, Singh P, Gao W, Li G, Kara T & Somers VK (2020). 
Association Between Hypoxemia and Mortality in Patients With COVID-19. Mayo 
Clin Proc 95, 1138–1147. 

Xie Z, Bailey A, Kuleshov M v., Clarke DJB, Evangelista JE, Jenkins SL, Lachmann A, 
Wojciechowicz ML, Kropiwnicki E, Jagodnik KM, Jeon M & Ma’ayan A (2021). Gene 
Set Knowledge Discovery with Enrichr. Curr Protoc 1, e90. 

Yang B, Sun Z, Zhao H, Li C & Zhang J (2015a). Obesity is a risk factor for acute 
mountain sickness : a prospective study in Tibet railway construction workers on 
Tibetan plateau. Eur Rev Med Pharmacol Sci 19, 119–122. 

Yang H et al. (2015b). MD-2 is required for disulfide HMGB1-dependent TLR4 signaling. 
Journal of Experimental Medicine 212, 5–14. 

Yang H, Wang H & Andersson U (2020). Targeting Inflammation Driven by HMGB1. 
Front Immunol 11, 484. Available at: www.frontiersin.org [Accessed March 7, 2021]. 

Yang J, Zhang L, Yu C, Yang XF & Wang H (2014). Monocyte and macrophage 
differentiation: Circulation inflammatory monocyte as biomarker for inflammatory 
diseases. Biomark Res 2, 1. 

Yang Y, Liu L, Naik I, Braunstein Z, Zhong J & Ren B (2017). Transcription factor C/EBP 
homologous protein in health and diseases. Front Immunol; DOI: 
10.3389/fimmu.2017.01612. 

Yi H, Yu Q, Zeng D, Shen Z, Li J, Zhu L, Zhang X, Xu Q, Song H & Kong P (2021). 
Serum Inflammatory Factor Profiles in the Pathogenesis of High-Altitude 
Polycythemia and Mechanisms of Acclimation to High Altitudes. Mediators Inflamm 
2021, 8844438. 

Young KJ & Zhang L (2002). The Nature and Mechanisms of DN Regulatory T-Cell 
Mediated Suppression. Hum Immunol 63, 926–934. 

Yu JJ et al. (2022). Time Domains of Hypoxia Responses and -Omics Insights. Front 
Physiol 13, 885295. 

Zanoni I & Granucci F (2013). Role of CD14 in host protection against infections and in 
metabolism regulation. Front Cell Infect Microbiol 4, 32. 



 

 

308 

Zanoni I, Ostuni R, Barresi S, Di Gioia M, Broggi A, Costa B, Marzi R & Granucci F 
(2012). CD14 and NFAT mediate lipopolysaccharide-induced skin edema formation 
in mice. J Clin Invest 122, 1747–1757. 

Zanoni I, Ostuni R, Marek LR, Barresi S, Barbalat R, Barton GM, Granucci F & Kagan 
JC (2011). CD14 controls the LPS-induced endocytosis of toll-like receptor 4. Cell 
147, 868–880. 

Zhang D, Guo R, Lei L, Liu H, Wang Y, Qian H, Dai T, Zhang T, Lai Y & Wang J (2021). 
Frontline science: COVID-19 infection induces readily detectable morphologic and 
inflammation-related phenotypic changes in peripheral blood monocytes. J Leukoc 
Biol 109, 13–22. 

Zhang J, Wu X, Ma J, Long K, Sun J, Li M & Ge L (2022). Hypoxia and hypoxia-
inducible factor signals regulate the development, metabolism, and function of B 
cells. Front Immunol 13, 967576. 

Zhang S & Robbins PA (2000). Methodological and physiological variability within  the 
ventilatory response to hypoxia in humans. J Appl Physiol 88, 1924–1932. 

Zhang ZX, Yang L, Young KJ, DuTemple B & Zhang L (2000). Identification of a 
previously unknown antigen-specific regulatory T cell and its mechanism of 
suppression. Nature Medicine 2000 6:7 6, 782–789. 

Zhao M, Hamadi HY, Haley DR, Xu J, Tafili A & Spaulding AC (2022). COVID-19 deaths 
and the impact of health disparities, hospital characteristics, community, social 
distancing, and health system competition. Popul Health Manag 25, 807–813. 

Zheng CR, Chen GZ, Yu J, Qin J, Song P, Bian SZ, Xu B Da, Tang XG, Huang YT, 
Liang X, Yang J & Huang L (2014). Inhaled budesonide and oral dexamethasone 
prevent acute mountain sickness. American Journal of Medicine 127, 1001-1009.e2. 

Zhou J, Schmid T & Brüne B (2003). Tumor necrosis factor-α causes accumulation of a 
ubiquitinated form of hypoxia inducible factor-1α through a nuclear factor-κB-
dependent pathway. Mol Biol Cell 14, 2216–2225. 

Zhou Y, Huang X, Zhao T, Qiao M, Zhao X, Zhao M, Xu L, Zhao Y, Wu L, Wu K, Chen 
R, Fan M & Zhu L (2017). Hypoxia augments LPS-induced inflammation and triggers 
high altitude cerebral edema in mice. Brain Behav Immun 64, 266–275. 

Zhu H-H, Guo Y, Yang J, Yexie Z, Bai Y & Cao T (2020). Association of high Altitude 
Polycythemia with an Increased Risk of Systemic Inflammatory Response Syndrome 
in Acute Pancreatitis. Japanese Journal of Gastroenterology and Hepatology 3, 1–6. 

Zhu X, Messer JS, Wang Y, Lin F, Cham CM, Chang J, Billiar TR, Lotze MT, Boone DL 
& Chang EB (2015). Cytosolic HMGB1 controls the cellular autophagy/apoptosis 
checkpoint during inflammation. Journal of Clinical Investigation 125, 1098–1110. 



 

 

309 

Zhu Y, Yang W, Wang H, Tang F, Zhu Y, Zhu Q, Ma R, Jian Z & Xiao Y (2022). 
Hypoxia-primed monocytes/macrophages enhance postinfarction myocardial repair. 
Theranostics 2022, 307–323. 

Zhuang J, Droma T, Sun S, Janes C, McCullough RE, McCullough RG, Cymerman A, 
Shao Yung Huang, Reeves JT & Moore LG (1993). Hypoxic ventilatory 
responsiveness in Tibetan compared with Han residents of 3,658 m. J Appl Physiol 
74, 303–311. 

Zwadlo G, Brüggen J, Gerhards G, Schlegel R & Sorg C (1988). Two calcium-binding 
proteins associated with specific stages of myeloid cell differentiation are expressed 
by subsets of macrophages in inflammatory tissues. Clin Exp Immunol 72, 510–515. 

Zwillich CW, Sahn SA & Weil J V (1977). Effects of hypermetabolism on ventilation and 
chemosensitivity. J Clin Invest 60, 900–906. 

Zysman M, Deslee G, Perez T, Burgel PR, Le Rouzic O, Brinchault-Rabin G, Nesme-
Meyer P, Court-Fortune I, Jebrak G, Chanez P, Caillaud D, Paillasseur JL & Roche 
N (2021). Burden and characteristics of severe chronic hypoxemia in a real-world 
cohort of subjects with copd. International Journal of COPD 16, 1275–1284. 

  

 

 

 

 




