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Thoughts on evolution and adaptation

| have always been intrigued by how different species use different epitopes for survival,
and how mammals can operate in a span of more than 11000 meters, adapting to high and
low partial pressures of oxygen. Even though we look so different, the basic mechanisms
in cells are conserved through evolution. Mankind has evolved immensely from where it
started but, in our genome, we have traces from the beginning of life that give us the ability
to adapt. To understand how our cells work we need to understand how we have evolved
from one cell to an astonishing 30-trillion cell organism by adding new smarter features
and shutting down others over the past 3.5 billion years.

| started my working career as a submarine officer, fascinated by diving and residing under
water and subsequently became an intensive care physician, specialising in hyperbaric
medicine. | was initially not very interested in hyperbaric oxygen treatment (HBOT) but,
since | was interested in diving, | embraced it and adapted my interests. | was captivated
by the effects | saw on patients receiving HBOT and at the same time astonished by the
“quasi-religious” divergence in beliefs pro and con. So | decided to find out for myself,
scientifically.. Many years later, | realize that I'm not far from where | started, still intrigued,
with more questions than answers, simply puzzled on a higher level. | started this thesis
just before the Coronavirus disease 2019 (COVID-19) pandemic that has so negatively
affected the whole world for years, possibly decades to come, but here again, we will
adapt. COVID-19 strongly affected my thesis with a change of course. The severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) has given me and other researchers,
a unique opportunity to study the mechanisms of hypoxic adaptation and dysregulation
of the immune system that will help us understand many disease mechanisms way
beyond viral infections.

To my Family and Friends

“Was mich nicht umbringt, macht mich stérker” -Friedrich Nietzsche (1888)

("What does not kill us, makes us stronger” -English translation)






POPULAR SCIENCE SUMMARY OF THE THESIS

The flow from DNA in genes through RNA, which translates into finished proteins, is a
common foundation for all life. We constantly need to adapt to various types of stress,
such as UV light, radiation, infections, physical and mental stress. Numerous protective
systems against oxidative stress exist, allowing our cells to adapt, themselves and the
organ or organ system they work for.

Hormesis involves adaptation to stress that does not kill but instead strengthens the cell
and the organism. If the stress becomes overwhelming, the cell can choose either to die
for the benefit of the organ or to enter senescence, i.e, "ageing." The ability of cells to enter
senescence is vital for our development and immune system. However, if too many cells
enter senescence simultaneously and the timing is wrong, this manifests itself as
symptoms of disease. If the cells cannot restart, or die in a timely manner, the entire
organism ages, ultimately leading to death.

Most people can relate to physical training; if we regularly use our muscles, we become
stronger, improve breathing capacity, and do not experience as high a pulse during
exercise—this is hormesis. In the long run, exercise has many positive effects, with a clear
correlation between exercise and general health, including a lower risk of cancer and of
several acute and chronic inflammatory diseases. This is because exercise simultaneously
stimulates the immune system and those systems overseeing quality control in our
protein factories. However, for hormesis dosage matters, and the dosage is individually
different. Without effort, no change occurs; with moderate effort, we experience positive
effects; overexertion triggers injuries that may take a long time to heal, and premature
ageing occurs if our system cannot heal the damage.

The same principles apply to hyperbaric oxygen therapy (HBOT), administered in a
pressure chamber by intermittently breathing 100% oxygen several times a week at an
ambient pressure equivalent to 10-20 meters under water. The aim of this thesis was to
evaluate potential harms of HBOT for novel indications and to explore biomarkers
accounting for dosage in experimental and clinical trials in order to enable future precision
medicine. In our initial study, involving ten healthy volunteers we aimed to investigate if
similar effects could be observed in high intensity interval training (HIIT) and the equal
amount of time with hyperbaric oxygen, by measuring oxygen radicals in the blood and
assessing the expression of crucial genes affected by oxygen deficiency and
inflammation in the blood's immune cells. In both interventions, we observed changes in

genes regulating the quality control of the protein factory.

Then, in spring 2020, COVID-19 emerged, imposing a terrible burden on healthcare
professionals and on patients suffering from severe COVID-19 pneumonia and oxygen

deficiency. Based on the hypothesis of the first study, we initiated a study across three



hospitals where patients were randomly assigned to receive either HBOT and standard
care or only standard care. We investigated whether we could reduce the risk of needing
a ventilator and expedite patients’ discharge from the hospital. Additionally, at Karolinska,
we explored how patients’ immune systems responded to HBOT. Although we could not
definitively conclude whether it was beneficial to avoid intensive care, as only 34 of the
planned 200 patients were included in the study, it did not appear harmful. Importantly,
patients at Karolinska who received HBOT began to recover after just a few days (on
average) and could leave the hospital in almost half the time compared to those in the
other group who stayed nearly a month until the study ended. Interestingly, after a week
of treatment, we observed significant differences in gene expression in blood immune
cells in those who received HBOT, including genes regulating the protein factory's quality
control.

In the summer of 2020, many cases of chronic fatigue syndrome emerged after COVID-
19 in previously healthy individuals, especially in women who had a mild disease and did
not require hospitalisation. They experienced significant physical and mental disability,
with poor quality of life, seemingly aging prematurely. At that point, we commenced a
study where we randomly assigned 80 previously healthy patients with physical disability
after COVID-19 to receive either HBOT or placebo (sham treatment). We investigated
whether we could improve patients’ quality of life and physical function. We were also
exploring if we could identify an explanation for the symptoms and any potential positive
effects on protein factory quality control. We followed the first 20 patients for three
months and demonstrated that HBOT did not appear to be dangerous, even though we
observed many more side effects than typically expected; we can only speculate whether
it was a matter of dosage or the disease severity. The answer to whether HBOT has a
relevant clinical effect lies beyond this dissertation.

In summary, we have shown that HBOT stresses immune cells similarly to physical training,
affecting the quality control of protein factories. The treatment does not seem harmful to
severely ill COVID-19 patients, opening up possibilities to investigate its effects on
severely ill patients with other inflammatory conditions in the future. We speculate that
HBOT reduces senescence or exhaustion, allowing dysregulated cells to undergo
programmed cell death, thereby interrupting inflammation in COVID-19 and stimulating
faster recovery. The appropriate dosage for different medical conditions and how to tailor

the treatment to individual patient profiles are topics for future research.



POPULARVETENSKAPLIG SAMMANFATTING

Floédet fran DNA i gener via RNA som utgor dversattningen till fardigtillverkade proteiner ar
en gemensam bas for allt liv. Vi behdver stéandigt anpassa oss till olika typer av stress som
UV-ljus, radioaktiv stralning, infektioner, fysisk och mental stress. Vi har mangder av
skyddssystem mot oxidativ stress som gor att vara celler kan anpassa sig sjélva, och det

organ eller organsystem som dom arbetar for.

Hormesis innebér anpassning till en stress som inte dédar men i stéllet starker cellen och
organismen. Blir stressen for svar kan cellen vélja att do for organets béasta eller att gain i
senescens dvs "aldrande”. Cellers forméaga att gé in i senescens ér livsviktigt for var
utveckling och immunsystem men om fér manga celler samtidigt gar in i senescens vid fel
tidpunkt méarker vi det som symtom pa sjukdom. Om cellerna inte kan starta i gang igen,
eller d6 kontrollerat, &ldras hela organismen och det ar darfér via alla till slut dér.

De flesta kan relatera till fysik tréaning. Anvander vi vara muskler regelbundet sa blir vi
starkare, mindre andfadda och far inte lika hog puls nar vi trénar—det ar hormesis. Pa lang
sikt har traning manga positiva effekter och det finns ett tydligt samband mellan traning
och allmén halsa, inklusive mindre risk fér cancer och flera akuta och kroniska
inflammatoriska sjukdomar, bland annat fér att vi samtidigt motionerar immunsystemet
och de system som skoter kvalitetskontrollen i vara proteinfabriker. Hormesis ar dock en
frdga om dos och dosen &r individuell. Utan anstrangning sker ingen férandring, lagom
anstrangning ger positiva effekter, 6veranstrangning ger skador som kan ta lang tid att

ldka och vi aldras i fortid om inte skadan kan lakas.

Samma principer géller fér hyperbar syrgasbehandling (HBOT) som ges i tryckkammare
genom att andas 100% syrgas intermittent, flera ganger i veckan i ett omgivningstryck
som motsvarar 10-20 meter under vattnet. Det dvergripande malet i denna avhandling
var att utvardera negativa effekter med HBOT fér nya indikationer och utforska
biomarkérer i experimentella och kliniska studier fér att mdjliggéra individanpassad
behandling i framtiden. | var forsta studie med tio friska frivilliga férsdkspersoner som fick
trana hogintensiva intervaller (HIIT) och lika lang tid hyperbar syrgas ville vi se om vi kunde
se liknande effekter genom att mata syreradikaler i blod och hur viktiga gener som
paverkas av syrebrist och inflammation uttrycktes i blodets immunceller. Vi sag bland
annat att gener som styr proteinfabrikens kvalitetskontroll férandrades pa liknande satt.

Véaren 2020 kom COVID-19, det var en fruktansvard belastning for oss inom sjukvarden
och patienterna som led av svar COVID-19 lunginflammation och syrebrist. Vi startade da
en studie pa tre sjukhus déar patienter lottades till HBOT och standardvard eller bara
standardvard. Vi undersékte om vi kunde minska risken att hamna i respirator och fa
patienterna frén sjukhuset fortare. Dessutom undersokte vi pa Karolinska hur patienternas

immunférsvar reagerade pa att fa HBOT. Vi kunde inte sékert sdga om det var bra for att



slippa intensivvard da vi bara fick in 34 av planerade 200 patienter i studien men det
verkade inte vara farligt och patienter pa Karolinska som fatt HBOT boérjade dterhamta sig
redan efter ndgra dagar (medelvarde) och kunde l&mna sjukhuset efter nastan halva tiden
jamfort med de i andra gruppen som blev kvar nastan en ménad dé studien avslutades.
Intressant nog kunde vi efter en veckas behandling se en stor skillnad p& hur gener
uttrycktes i immunceller i blodet hos de som fatt HBOT, bland annat i gener som styr
proteinfabrikens kvalitetskontroll.

Sommaren 2020 bérjade det dyka upp manga fall av kroniskt trotthetssyndrom efter
COVID-19 hos tidigare helt friska, ffa kvinnor som haft en lindrig sjukdom och inte legat pa
sjukhus. Dom hade stor funktionsnedsattning fysiskt och psykiskt med mycket dalig
livskvalitet, det verkade som om dom aldrats i fértid. Da startade vi en studie dér vi lottade
80 tidigare friska patienter med fysisk funktionsnedsattning efter COVID-19 till HBOT eller
placebo (fejkbehandling). Vi undersékte om vi kunde éka patienternas livskvalitet och
fysiska funktion och underséker dven har om vi kan hitta en férklaring till symtomen och
en eventuell positiv effekt i proteinfabrikernas kvalitetskontroll. Vi féljde de férsta 20
patienterna i tre manader och visade att det inte verkar farligt trots att vi s&g manga fler
biverkningar an vi normalt ser vid anvandning av HBOT; vi kan bara spekulera i om det &r
det en dosfraga eller sjukdomsgrad. Svaret pé frdgan om det har en relevant klinisk effekt
ligger utanfér den har avhandlingen.

Sammanfattningsvis har vi visat att HBOT stressar immunceller pa ett liknande satt som
vid fysisk traning och det paverkar proteinfabrikernas kvalitetskontroll. Behandlingen
verkar inte skadlig for svart sjuka patienter med COVID-19 vilket 6ppnar for maojligheter
att undersoka effekten pa svart sjuka patienter med andra inflammatoriska tillstand i
framtiden. Vi spekulerar i att HBOT minskar cellernas aldrande och later trotta celler ga i
programmerad sjalvdéd och pa sa satt avbryter vi inflammationen vid COVID-19 vilket
leder till snabbare dterhamtning. Vilken dos vi ska anvanda vid olika sjukdomstillstdnd och
hur vi ska kunna skréddarsy den individuellt &r fragestaliningar for framtida forskning.



ABSTRACT

The flow from transcription of genes through translation and processing of proteins is a
common basis for all life. Redox homeostasis is crucial for the defence against oxidative
stress. We adapt through hormesis; non-lethal stress regulates redox-sensitive systems
to maintain homeostasis. If the stress is chronic or acutely overwhelming, the cells can
either go into apoptosis or into senescence to maintain homeostasis. Similar effects have
been seen with HBOT as with intermittent oxygen deprivation. Hyperbaric oxygen therapy
(HBOT) is delivered in a pressure chamber by breathing 100% oxygen intermittently,
several times a week, in an ambient pressure equivalent to 10-20 meters of seawater.

The aim of this thesis was to evaluate potential harms of HBOT for novel indications and
to explore biomarkers in experimental and clinical trials in order to enable future precision
medicine. We used methods evaluated on healthy volunteers in randomised clinical trials
(RCTs) conducted in compliance with good clinical practice (ICH-GCP).

In Paper |, we evaluated Electron paramagnetic resonance (EPR) spectroscopy for
measuring reactive oxygen species (ROS) in blood and RNA sequencing (RNAseq) of
monocytes in peripheral blood (PBMC), and compared HBOT and HIIT in ten healthy
volunteers. We could measure ROS in blood in the same physiological range in both
interventions. We also discovered pathways involved in adaption to hypoxia and
inflammation that were similar in both interventions. In Papers Il and lll, we evaluated harms
and explored RNAseq in PBMC in an open label RCT where 31 patients with severe COVID-
19 were randomised to HBOT or best practice. We observed similar frequencies of
adverse events (AEs) in the two groups and could not see any negative effect on vital
signs or oxygenation. We discovered a unique transcriptomic signature in the subjects
that had received HBOT. The differentially expressed genes were associated with the
unfolded protein response, apoptosis, and immune response. In Paper |V, we evaluated
harms and described health related quality of life (HRQoL)in an interim analysis of the first
20 subjects froma placebo controlled RCT where 80 patients with Long COIVD were
randomised to HBOT or sham treatment. We reported more AEs than expected and
severe physical and mental disabilities with a very poor HRQoL. Most AEs were mild, and
all were transient.

We have shown that HBOT shares similarities in immune response with HIIT in healthy
volunteers. HBOT has a favourable profile of harms and has a potent immunomodulatory
effect that is associated with fast recovery for critical COVID-19 patients. HBOT has a
favourable profile of harms for patients with post COVID-19 condition. The results provide
a base for future clinical trials with HBOT.
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1 INTRODUCTION

Hypoxic adaptation in COVID-19, can we find some clues in the early evolution?

Let us go back to where evolution began; how changes in levels of oxygen formed the
adaptation to life with oxygen (O,), adaptation of metabolism and the evolution of viruses
and immune system. Even if we do not yet fully understand the complexity of the cellular
redox pathways, how cells regulate the production and quality control of proteins and
how they communicate abnormalities; if we follow the path of evolution it makes sense
and follows the same patterns as we can see in nature. We have evolved by adding or
deleting functions on a cellular level and many traces from the past can be found in the
genome. Some functions from early evolution are merely silenced on behalf of more
advanced functions, and many pathways share the same mechanisms. We have evolved
through many parallel systems of adapting to oxygen and stress, and when the redox
homeostasis is disturbed, this will induce changes to correct homeostasis in health and
disease(l, 2).

Many doctors that managed cases of severe COVID-19 during the early pandemic were
puzzled by how well adapted to hypoxemia patients were when they came to the hospital
about a week after they were infected with SARS-CoV-2. They observed extremely low
oxygen levels in blood (hypoxemia) but initially lacking signs of hypoxia in the tissue,
normal respiratory rate (“happy hypoxemia”), normal or only moderately elevated lactate
levels, normal or high carbon dioxide (3), and upregulated carbonic anhydrases that
caused a metabolic alkalosis (4). The syndrome contradicted everything we learnt from
J.S. Haldane and Niels Bohr about optimal oxygen delivery (5). It was as if patients evolved
back in evolution, back to when the atmosphere was high on carbon dioxide and low on
oxygen(6).

The syndrome resembled the way of fermentation, normally occurring in microorganisms
like yeast, for energy production, creating a massive amount of carbon dioxide (CO,)
without the need for oxygen(7). There is very little evidence for ethanol fermentation in
human cells. Instead, we have the ability to utilize lactate that does not create any CO,
through a metabolic reprogramming towards glycolysis(8). Instead, we have the ability to
utilize lactate that does not create any CO, through a metabolic reprogramming towards
glycolysis(9). We see this phenomenon in cancer tumours, called the Warburg effect(10,
11). Humans can obviously survive in a hypoxemic state for quite some time when adapted,
especially in intensive care, but some patients do not seem to be able to resolve

inflammation.

Some people with a mild to moderate disease, without a documented hypoxemia, instead
seem to adapt by going into a dormant or quiescent state to resolve inflammation and

cannot switch back for unknown reasons. The dormant state may be an adaptation for



cell and organ survival, but it is not compatible with the expected lifestyle of a previously
healthy and active person working or studying. The central question remains; what are the
underlying mechanisms and what is the trigger for switching back? Can we use hyperbaric
oxygen to trigger a switch back to a normal function in acute and post COVID-19
condition; and most importantly for this thesis: can we find evidence in clinical trials?

“Nothing in biology makes sense except in the light of evolution.” —Theodosius
Dobzhansky (1972)



11 Hyperbaric oxygen

111 Brief history

Hyperbaric medicine has evolved from diving medicine more than 300 years ago. In the
1930’s, when compressed oxygen became readily available, hyperbaric oxygen therapy
(HBOT) became a treatment modality (12). Initially compressed air was used due to the
fear of oxygen toxicity that was discovered more than a century ago (13). To overcome
oxygen toxicity, air-breaks were introduced (14). It was realized empirically, from
observation, that hyperbaric oxygen had a number of anti-bacterial and anti-
inflammatory effects which caused a "“boom” during the 1950°s and 1960’s led by surgeon
Ite Boerema, attributed “the father of modern HBOT” (15). It should be noted that all
modern protocols in hyperbaric medicine originate from the 1960’s and 1970’s, based on
old dogmas that still prevail despite new insights in molecular mechanisms (16). The
rationale behind the protocols is empirically established, limited by oxygen toxicity (17).
Doctors prescribing HBOT reported a number of beneficial effects, but the underlying
mechanisms were not understood and there was an almost complete absence of well-
designed clinical trials. Medical adventurism and economical exploitation resulted in a
somewhat ironical take on HBOT when evidence based medicine was introduced in the
1980°s (18). The article “A therapy in search of diseases”, published in 1987 by Gabb and
Robin lists 132 indications for the use of HBOT, present and in the past and highlights many

conceptions and misconceptions that still apply today to HBOT.

11.2  General principles, protocols, and basic mechanisms

U.S. Navy (USN) Table 6 is the empirically based treatment for decompression sickness
(DCS). For repeated treatments, Royal Navy (RN) Table 66 or its variants are normally used
(19). The basic principle is breathing 100% oxygen at an increased pressure, Table 6
prescribes 280 kilo Pascals (kPa), and Table 66 prescribes 240 kPa which corresponds to
2.4-2.8 times absolute atmospheric pressure (ATA), equivalent to 14-18 meters of
seawater (msw) (Fig. 1). The HBOT protocols are normally 60-90 minutes with two air-
breaks of 5 minutes (12).

Royal Navy Table 66
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Figure 1. Shows RN Table 66 which is a typical treatment protocol for chronic inflammatory

conditions such as diabetic foot ulcers (DFU) and late radiation tissue injury (LRTI).



The basic mechanisms according to current dogma are related to pressure, solubility of
gases and diffusion of gases according to Boyle’s, Dalton’s and Henry’s laws (12). HBOT
started as a treatment for DCS and gas embolism, but it was soon discovered that it was
also beneficial in severe infections (20). It was first suggested to have bactericidal effects,
but experimental discoveries during the 80’s suggest that the anti-bacterial properties
are mostly related to innate immune cell function and potentiation of antimicrobial drugs
(21,22). Advances in our understanding of HBOT during the last two decades indicate that
oxidative stress and/or changes in redox homeostasis are the central mechanism of
action (23). Initially, most focus was on angiogenesis since Hypoxia inducible factor-1(HIF-
1) was one of the first transcription factors found to be involved and it was obvious that
wounds healed faster when treated with HBO,(23, 24). With further insights into molecular
mechanisms and redox-sensitive pathways, the anti-oxidative properties of HBOT were
discovered, mediated by nuclear factor erythroid 2-related factor 2 (Nrf2) signalling
pathway (25, 26). Immunomodulating properties through nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-«xB) have been suggested in both acute and
chronic inflammatory diseases (27, 28). HIF-1 and NF-«B are intricately connected since
hypoxia drives inflammation and vice versa (29, 30); together they transcribe more than
a thousand genes that regulate key cellular processes including adaptation to oxidative
stress, metabolic reprograming, inflammatory response, proliferation, differentiation,
apoptosis and autophagy (29, 31). In order to treat acute inflammation, infections, and
ischemia/reperfusion injury, 1-5 treatments with HBOT seem to be enough (32, 33), but
for chronic inflammation and infections the empirical and/or evidence-based
recommended dosage is 30-40 treatments (34, 35), and sometimes as many as 60
treatments(36).

11.3  Accepted indications

The Undersea Medical Society (UMS) was formed in 1967 and added Hyperbaric to its
name in 1986 to become UHMS. A Committee on Hyperbaric Oxygen Therapy within
UHMS systematically reviews scientific evidence for HBOT and suggests indications for
HBOT (37). Most of the 14 indications recognised by UHMS are accepted by healthcare
and insurance providers worldwide with some modifications. A similar committee in
Europe, The European Committee of Hyperbaric Medicine (ECHM) recently updated their
recommendations (38). Some indications have strong recommendations despite low
GRADE evidence, such as decompression sickness and gas embolism where the evidence
for its benefits is empirical, possibly even based on the wrong hypothesis (39). The GRADE
system rates quality of evidence in four levels, from high to very low and the binary
recommendations strong or weak (40). The use of “sham treatment” as control groups
with associated logistics, costs and patient away time to produce high level of evidence

and the use of strong recommendation despite low GRADE evidence highlights a problem



with clinical equipoise in clinical trials with HBOT (41). Below are the currently accepted
indications for HBOT according to UHMS.

e Acute traumatic ischemia
e Air or gas embolism
e Arterial insufficiencies
0 Central retinal artery occlusion* (CRAO)
o Selected problem wounds including diabetic ulcers (DFU)
e Carbon monoxide (CO) poisoning
e Clostridial myonecrosis (gas gangrene)
e Compromised grafts and flaps
e Decompression sickness (DCS)
e Delayed radiation injuries (Soft tissue and bony necrosis)
e Intracranial abscesses
e Necrotising soft tissue infections (NSTI)
e Refractory osteomyelitis
e Sudden sensorineural hearing loss* (SSHL)
e Severe anaemias*
e Thermal burns*

*Not an approved indication in Sweden

1.1.4 Risks and harms

Some of the criticism raised regarding HBOT during the last century concerned the lack
of evidence, but also the lack of properly reported risks and harms (18, 42). Since the 90’s,
UHMS regularly reports adverse reactions (ARs); but since the reporting is neither
mandatory, nor structured according to international regulations for medical products,
the reported ARs are likely underestimated (43).

On the other hand, HBOT has been widely used for half a century and it is generally
regarded as safe when used for recognised indications (44, 45). HBOT has very few
contraindications, and most of them are relative. These include pneumothorax,
claustrophobia, and severe obstructive lung disease (46). Despite being regulated as a
pharmaceutical intervention, very few clinical trials with HBOT are conducted in
compliance with the International Council for Harmonization of technical requirements for
registration of pharmaceuticals for human use, Good Clinical Practice (ICH-GCP) (47).

Most commonly reported ARs and frequencies:

e Transient myopia (10%), more common with more than 40 treatments
e Ear pain or sinus pain (2%)

e Confinement anxiety (8%)

e Hypoglycaemic event (0.05%)



e Seizures (0.02%)
e Pneumothorax (<0.01%)

e Transient pulmonary oxygen toxicity (0.02%)

In Sweden and most European countries, O, when used to treat an illness is classified as
a pharmaceutical intervention and then sold as “Medical oxygen 100%". Regulation is
overseen by the Swedish medical products agency (Lakemedelsverket) and the European
Medicines Agency (EMA). One of the issues regarding regulatory bodies is that adverse
reactions (AR) may arise both from the effects of pressure and of the drug (Medical
oxygen 100%). Many regulatory bodies only regulate the drug. The Food and Drug
Administration (FDA) in the U.S. is an exception, it also regulates the specific hyperbaric
chambers for use of hyperbaric oxygen (HBO,) (44).

It is well established that there is an inter-individual susceptibility to oxygen toxicity that
also varies with different diseases (48). HBOT is delivered according to standardized
protocols for a certain indication with minor variances between different centres
depending on local routines, but the concept of dose is rarely discussed and there is no
established surrogate marker except in the toxic range where central nervous toxicity
with seizures indicates the maximum tolerated dose (49, 50). This highlights the
importance of conducting clinical trials with HBOT in compliance with ICH-GCP and

reporting all adverse events (AEs) when investigating HBOT for new indications.

11.5 Randomised clinical trials with HBOT

A few well-designed trials have been performed with HBOT, and yielded conflicting results
(51-53). One example is diabetic ulcers, where a well-designed placebo-controlled trial
shows better wound healing in selected patients (n= 94) (34) whereas the largest RCT to
date (n=120) did not show a significant difference in limb salvage or wound healing in
patients with diabetes and lower-limb ischemia (54). The latter was terminated early due
to slow inclusion rate and poor subject compliance. Another example is late soft tissue
radiation injury; two open label RCTs with crossover design suggested benefit in self-
reported symptoms in proctitis and cystitis (35, 55), but a parallel-arm RCT could not
show any evidence for benefit in proctitis (56). A well designed RCT that has gained
surprisingly low attention has shown that pre-conditioning with only one HBO; session
prior to on pump coronary artery bypass surgery improves left ventricular stroke volume,
improves patient outcome, and shortens hospital length of stay (HLoS) with a positive
health economic evaluation (32). However, most clinical trials with HBOT are small and
neither designed nor conducted and/or reported in compliance with good clinical
practice (GCP). Possible reasons for this are limited recourses, lack of adequate
knowledge in trial design and conduct, but also likely a publication bias: 90% of all
hyperbaric chambers in the world are private and there is little incentive for research as

long as there are paying customers. There is thus no incentive to publish negative trials or



ways to profitably invest into large scale RCTs. The issue with clinical equipoise is also a
problem as mentioned previously, and it will be discussed further in ethical
considerations. In summary, HBOT is based on old dogmas and possibly wrong
hypotheses, and has not adapted well enough into modern requirements of high-grade
evidence for benefits and harms. Some major obstacles are lack of incentive and
resources for unbiased clinical research, complex mechanisms, and the still poor
understanding of the dose-response relationship and individual variance. This highlights
the need of a paradigm shift in HBOT, adapting to next generation precision medicine (57).

1.2 Exercise

The benefit of exercise for general health is widely accepted, but the optimal dose is
largely unknown (58, 59). There is a positive linear correlation between dose of exercise
and health (60, 61). Vigorous exercise seems to be more beneficial for men than women,
suggesting a gender difference (62). The sex differences may have developed during
evolution with a more severe selection pressure that together with female sex hormones
results in higher quality mitochondria and metabolism optimized for periods of starvation
and low intensity stress, but not as suitable for glucose metabolism and high intensity
stress (63). Since sex hormones seem important for redox homeostasis, the sex
differences may vary depending on age and may partly explain why observed differences

are larger during the reproductive part of life.

1.2.1  High intensity interval training

High intensity interval training (HIIT) has become popular over the last decade because it
is time efficient and may be equally or more beneficial for health than moderate intensity
training (64, 65). Its underlying principle is intermittent hypoxia (IH) induced by repeated
intervals with >90% of maximal oxygen consumption (VO.max) or >75% of maximal power
followed by an active or passive recovery period, sessions normally lasting 30-60 min
depending on intensity (66) (Fig. 2). It is known that HIIT has a greater effect on hypoxia
and inflammatory pathways and induction of reactive oxygen species (ROS), which is not
undisputedly beneficial (67). HIT synergistically stimulates the immunosurveillance by
regulating the function of various cells in both the innate and the adaptive immune system
(68). One of the problems when comparing studies with HIIT is heterogeneity due to the
use of different protocols and the lack of a clear definition of dose (69). Exercise, HIIT in
particular, is very interesting as a comparator to HBOT since many of the shown
mechanisms and proposed health benefits related to the immune system seem to be
similar. Exercise also shares many of the shortcomings of HBOT in terms of generating
scientific evidence: The effect on the body is holistic, hence very difficult to precisely
attribute benefits and scientifically explain mechanisms or establish an effective dose
(70). However, both methods are used as adjunctive therapies in conventional medicine

and have shown comparable effects on pressure pain threshold, endurance, and



functional capacity, as well as physical performance in fibromyalgia, a syndrome that
shares many common features with chronic fatigue syndrome and post COVID-19
condition (71).

Figure 2. A typical protocol for HIIT with four intervals and a total duration of 28 min, used
in Paper I.

1.2.2 HIF and the Hyperoxic-Hypoxic Paradox (HHP)

HIF-1was a ground-breaking discovery more than 30 years ago, named from its activation
by hypoxia (72). Since then, many mechanisms have been explored which granted, Kaelin,
Ratcliffe and Semenza the Nobel Prize in 2019. HIF-1 consists of a B-unit that is
constitutively expressed and an a~unit that is hydroxylated by prolyl hydroxylase domain
2 (PHD2) protein on a proline residue. The a-unit can then be recognized by Von Hippel
Lindau (VHL) protein that binds together with its cofactor p300 and recruits E3 Ligase
that poly-ubiquitinates the HIF-1a, which is the tag for the complex to be sent to the 26S
proteasome for recycling (73). Since its discovery, the understanding of complexity
increases every year (74), and it is now known that there are three HIFs (HIF-1, HIF-2 and
HIF-3) with overlapping and separate functions (75). HBOT and IH alter many similar
pathways, including HIF-1/HIF-2, NF-xB and target genes such as Vascular Endothelial
Growth Factor (VEGF), Insulin-like Growth Factor-1 (IGF-1): a phenomenon called “The
normobaric oxygen paradox” since it was first discovered with normobaric oxygen (76)
and later more accurately called the “The Hyperoxic-Hypoxic Paradox” (HHP) (77). The
principle is based on hormesis and the upregulation of various transcription factors that
respond to a change in redox homeostasis, induced by the relative change in reactive
oxygen species (ROS) rather than the absolute oxygen level. However, many questions
remain unanswered before an individualized and effective dosing can be defined (78).
There is an ongoing debate if it is redox balance and ROS rather than oxygen that
hydroxylates HIF-1la. (79, 80) since other factors such as nitric oxide (NO)(81),
hyperglycaemia (82, 83), specific microRNAs (miR) (84, 85), transcriptional and post-
translational modification have been implicated as players in ROS mediated HIF-la

regulation (86, 87). The debate is semantic, and the importance of HIF-1is indisputable,



but if we look at the environment from a cell's perspective and regard oxygen as one of
many stressors that we have evolved to live with, we can better understand adaptive
mechanisms, disease developments, and novel treatment options including HBOT.

1.3 The concept of dose-response

One central question to resolve is how to define and evaluate the right dosage for HBOT.
Traditionally, for any type of stress the dose is defined as the area under the curve of
exposure: Duration, Intensity (including specific protocols such as HIIT) (70). However,
dosage is a much wider term including interval of administration and pharmacokinetics of
a drug (88). There is an almost complete lack of evidence for interindividual dose-
response and very little evidence for an optimal dose or dose-interval for HBOT (89). It is
well understood that there are large interindividual differences related to heritage, sex,
age, and disease for HIIT and IH (70, 90). No individual gene has been identified as a robust
biomarker for dose-response and efforts focus rather on gene sets or pathways (91). For
HIIT, cardio-pulmonary surrogate markers of intensity such as pulse, metabolic
equivalents (METs) and metabolic biomarkers such as lactate, or subjective rating of
perceived exertion (RPE) such as the Borg-scale are often used to individualize the dose
(70, 92). However, there is no available dose-marker for HBOT in clincal practice with
regards to transcriptomic or epigenomic effects, even though many recent attempts have
been made to establish a better understanding of the effects on oxidative stress,
inflammation, and angiogenesis biomarkers (93-95).

1.4 The concept of Hormesis

The ability to adapt to internal and external stressors is fundamental for all living
organisms and any disturbance in the homeostasis (balance) will be counteracted to
achieve a new homeostasis (Fig. 3). The basis of Hormesis is that the sub-lethal dose of a
stressor will have strengthening effects on the exposed system; "that which does not Kkill
us makes us stronger" and repeated exposures will have additive and/or prolonged effects
(96). Hormesis is a reproducible and generalizable biological phenomenon in dose-
response relationships (97), with a dose-response curve that is typically U-shaped (98)
It has gained increasing interest in a wide range of biomedical applications, including drug
discovery, benefits and harms assessment in clinical trials (99). A wide region of
homeostasis enhances the ability to survive and this region will diminish with age, which
also explains why older patients generally have lower ability to survive a severe infection
or severe trauma (100). Hormesis is also referred to as “Arndt-Schulz Law”, “biphasic
dose-response”, “U-shaped dose-response”, “preconditioning/adaptive response”,
“overcompensation responses”, “rebound effect”, “repeat bout effect” and, “steeling
effect” in the scientific literature (101). The molecular mechanisms responsible for
hormesis are not fully understood, but they involve cells’ ability to prevent, detect and

repair molecular damage or induce programmed cell death if the damage is beyond repair



(102). It should be noted that there are three major hierarchical levels of hormetic effects
in the body; 1. Cell, 2. Organ/organ system, and 3. Organism. Depending on timing, the
response seen in the physiology of the patient may be an effect of adaptive responses
that occur inside a cell or organ and the adequate treatment may be counterintuitive,
which may explain contradictory mechanisms in cell cultures that do not translate into
clinical practice (103). Pre-conditioning by exercise or adaptation to high altitude are two
examples of hormesis that are easy to understand from an evolutionary perspective, but
interestingly enough post-conditioning or “post-injury conditioning” has also been shown

in many animal models with different interventions (101).

The concept of homeostasis and hormesis is fundamental for the understanding of
oxidative stress, cellular adaptation and the benefits and harms of HBOT. Insights into the
molecular mechanisms in the context of personalized medicine of HBOT would enable
better design and interpretation of clinical trials.

Dose-Response Curve

(72}
E \ /
(U
=
A A Threshold for Harms
2 -
< '
2 Reductive Stress Region of ' Oxidative Stress
L Hormesis ‘
v Threshold for Hormesis
P T T T PP PR PP PR
g Region of
8 Homeostasis
m \ 7
E v
o
=
Dose (Ros) Created with BioRender.com

Figure 3. Shows a theoretical dose-response curve for reductive and oxidative stress
translated to the possible benefits and harms of HBOT and HIIT. The dose must exceed
the threshold for hormesis to induce an effect. If the dose is too high, it will instead cause
harms. The regions and thresholds in the picture are individual and dynamic. With
hormesis the region of homeostasis increases, and with age and chronic disease the

region of homeostasis decreases, hence the threshold for harms will also likely change.



1.5 Redox homeostasis, reductive and oxidative stress

The body is divided into many different compartments that are actively or passively
separated from each other, and these compartments need a common signalling system
and many different buffering systems for redox homeostasis to prevail (104). To name a
few, superoxide dismutase (SOD) is a critical enzyme that catalyses the dismutation of
superoxide (O,*7) into O, and hydrogen peroxide (H.0,)(105). Glutathione peroxidase
(GPx) uses reduced glutathione (GSH) to reduce H.O,to H,O, while glutathione reductase
(GR) catalyzes the reduction of oxidized glutathione (GSSG) back to GSH(106). Heme
oxygenase (HO) catalyzes the degradation of heme into biliverdin, carbon monoxide, and
free iron, hence it is important for redox signalling(107). Thioredoxin reductase (TrxR) is
another important enzyme that together with Thioredoxin acts like a ROS scavenger,
upholding the reductive state in proteins, including HIF-1a. (108) (Fig.4). Cells and
intracellular structures depend on active pumps to maintain homeostasis within each
organelle, many pumps, receptors, enzymes and other proteins are redox-dependent
(109). Emerging evidence indicates that ROS act as second messengers for a variety of
growth factors and cytokines (110). Since we are adapted to atmospheric oxygen and
mainly use oxidative phosphorylation (OXPHOS) for energy production, in health there is
an overweight of anti-oxidizing systems. But to be able to adapt to infections and periods
of stress, we also need to produce ROS by other means (111). The family of NADPH oxidases
(NOX) whose sole purpose is to produce ROS, that are important for all cells to
uphold/change redox-homeostasis, if the nicotinamide adenine dinucleotide
(NADH/NAD+) and nicotinamide adenine dinucleotide phosphate (NADPH/NADP+) ratios
are altered (112). NOXs are found in many different cells and many cells express different
types of NOX, the vasculature express NOX], 2, 4 and 5 whereas granulocytes mainly
express NOX2 (113). ROS are, as the name suggests, highly reactive oxygen-containing
molecules that have been considered harmful because they are known to react with and
damage important biological molecules such as fatty acids and DNA, and there is a strong
link between oxidative stress and chronic inflammatory diseases such as hypertension
and diabetes (114, 115). However, it is now known that reductive stress is equally harmful if
the redox balance is disrupted in a dose that exceeds the cells buffering capacity, since
ROS are crucial for cell signalling (116). The balance between ROS, Reactive Nitrogen
Species (RNS) and antioxidants, called redox homeostasis or redox balance, must be
highly dynamic to start or shut down cellular processes (117). Some 90% of all oxygen
consumed by humans is used for adenosine triphosphate (ATP) production in the
mitochondria, inducing ROS when oxygen acts like the final electron acceptor in the
electron transport chain. ROS also have important roles in many other cellular processes
(118). A number of transcription factors are involved in maintaining the redox homeostasis
including HIFs, peroxisome proliferator-activated receptor y coactivator la (PGC1-a), Nrf2,
and NF-kB (119, 120). HIF s are major regulators of the redox sensitivity in mitochondria (121),
PGC1-a is a major regulator of energy metabolism and mitochondrial biogenesis (122), NRF



is the master regulator of cellular antioxidant systems and mitochondrial quality control
(123), and NF-kB is a key regulator of inflammation and cell survival (124). Knowing the
importance of redox balance, many attempts have been made to experimentally
suppress inflammation with antioxidants such as vitamins and other antioxidant enzymes
with paradoxical results; indicating that ROS vary with time and location (125). To regulate
and signal redox homeostasis in each individual compartment, a transmitter is needed
that can freely cross barriers. Substances that have that property are light gases. It is
known that nitric oxide (NO), carbon dioxide (CO,), carbon monoxide (CO), and hydrogen
sulphide (H.S) function as so-called gasotransmitters (126). 02+ is extremely short-lived
(~1us) and due to its ionic properties does not readily cross membranes but appears to
be intimately linked to the redox balance and a function of the gasotransmitters CO, NO
and H,S in blood (127-130). NO is an important signalling molecule that is even more short-
lived than O2+" and differs significantly because it readily passes biologic membranes, and
hence may be intimately linked to superoxide in regulating the trans-membranous redox
balance in inflammatory cells (131). NO also plays a central role in cellular respiration by
binding to complexes in the mitochondrial respiratory chain, thereby regulating
mitochondrial function (132). To date, there is no way of measuring NO availability directly.
In fact, much of the published evidence for ROS is actually measuring products of NO and
superoxide, such as peroxynitrite (ONOO-) or nitrotyrosine (133) (Fig. 4). A variety of
methods have been developed for the measurement of ROS, but most of them are not
specific for a particular oxygen radical but rather react with a set of radicals (134).
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Figure 4. ROS and intermediates involved in redox homeostasis. Some of the most
important ROS are O, H,O,, *OH and *NO. The balance between ROS and NO is critical
for maintaining cellular homeostasis, and while they have distinct mechanisms of action,
they can interact and influence each other. Together with various enzymes such as nitric
oxide synthase (NOS) and NOX, and various antioxidants, homeostasis is maintained.

12



Electron paramagnetic resonance (EPR) is the gold standard for direct measurements of
ROS (135). By using different spin probes and inhibitors of various redox enzymes, it is
possible to measure site-specific ROS in various compartments (136). Cyclic hydroxyl
amines such as CM-H rapidly react with ROS, producing stable nitroxide radicals, which
can then be quantitatively measured by EPR (137).

Our understanding of redox homeostasis and signalling has grown significantly over the
past few decades (138). However, due to the compartmentalized, context-sensitive, and
short-lived nature of ROS, studies yield paradoxical results, leaving many questions

unanswered still (116).

1.6.1 Redox sensitive immune response

The immune system has also evolved in a Darwinian way from the innate- to the addition
of adaptive immune system that emerged some 500 million years ago and may have
catalysed evolution as a positive survival factor (139). One of the theories on how viruses
evolved is that single stranded RNA viruses, the ancestors of SARS-CoV-2, emerged even
before the first eukaryotic cell (140). The innate and adaptive immune systems co-exist
and have to be tightly regulated to fine-tune a timely defence upon invasion, not to be
activated by endogenous receptors or non-pathogenic organisms that co-exist in our
bodies (141). The differentiation map of the immune system is slowly being re-drawn since
Waddington developed the concept of “the epigenetic landscape” (142). Advances in
stem cell research have rocked the rigid landscape and suggest that the differentiation
and maturation in the Waddington landscape can not only be partly reversed but also
cross-tracked, called trans-differentiation or polarisation when it comes to immune cells
(143). Innate immune cells such as monocytes respond to external and intrinsic stimuli
and change their phenotype “on demand” (144). The phenotype was traditionally based
on the expression of co-receptors for toll-like receptor 4 (TLR4). The introduction of next
generation sequencing (NGS) and multi-omics has increased our understanding of
monocyte function, and thus increased the awareness of additional complexity, which
leaves many questions unanswered (145, 146). PBMC can choose path to inflammatory or
anti-inflammatory phenotypes depending on redox homeostasis in blood; in a similar
fashion B-cells, T-cells, NK-cells, macrophages and dendritic cells can also revert its
phenotype when in tissue depending on redox balance, a way to locally turn on or off
inflammation depending och supply and demand (147, 148). Chronic hypoxia alters the
functions and fate of the immune cells depending on redox homeostasis, and leads to an
exhaustion of T-cells with an increase in senescent cells that are dysfunctional (148-150).
Imbalance in the different phenotypes of T-helper cells (CD4+) is associated with immune
deficiency and auto-immunity (151, 152). T-killer cells (CD8+) are highly dependent on
OXPHQOS for optimal function, hence hypoxia and dysregulation of redox homeostasis will
impair their killing capacity (153, 154). Viruses can exploit this phenomenon to evade the

immune system; typical examples are chronic viral infections such as Hepatitis B and C,
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Epstein-Barr, and other Herpes viruses (155, 156). Redox homeostasis is crucial for an
adequate immune response. Interestingly, HIF-1a. protein activation during hypoxia is NF-
kB dependent in macrophages, a relationship not seen with HIF-2 that is associated with
chronic hypoxia (29) Many questions remain to be answered regarding the host-
pathogen response and the interplay between HIFs and NF-kB in viral infections, but there
is compelling evidence for the importance of redox regulation of multiple pathways (157).

1.6 Micro RNA

Micro-RNA (miR) is a group of small RNA, 19-25 nucleotides long, that do not encode for
proteins but have other functions including regulation of post-transcriptional gene
expression (158). More than 1800 miRs have been identified in the human genome (159).
Some miRs have been identified as important regulators of specific biological processes,
such as ER stress and the UPR (160, 161). Many of the miRs with known functions seem to
be involved in negative feedback mechanisms and act as adaptive switches (162-164),
MiR-210 is “the master hypoxamiR”, a direct regulator of HIF-1(165) and miR-34a is
intricately involved in NFkB signalling (166). Due to their involvement in adaptive
mechanisms, miRs are interesting as biomarkers in many settings, including exercise, due
to their stability and biological diversity (167). Circulating miR have been evaluated as
biomarkers for different types of exercise in humans (168) and a recent attempt to
evaluate some miR as dose markers for HBO, has been made (94). One of the biggest
hurdles of translating miR to become reliable and reproducible biomarkers in clinical
practice is the problem to find suitable internal reference genes, especially for circulating
miR (c-miR) in plasma or serum. The search for suitable reference miRs is time consuming
and expensive, therefore U6 is commonly used in tissue and cells, but this is not suitable
for c-miR(169).

1.7 The endoplasmic reticulum

The Endoplasmic reticulum (ER) is a large dynamic organelle that is situated adjacent to
the nucleus, lodges ribosomes for protein synthesis on the cytosolic side but also
functions as calcium storage and is involved in lipid metabolism (170). The ER is the major
protein factory in the cell, responsible for processes of translation of mRNA and
posttranslational modification with chaperones and folding factors that implement an
extensive quality control (QC), endorsing perfect products before they are transported
to their intended destination (171). The logistics of protein production is complex. A
number of different pathways and transcription factors are involved, including HIF-1, NF-
kB, and Nrf2, to fine-tune the speed and optimize the quality of finished proteins. The
importance of the system is evident since many developmental, acute, and chronic
diseases are associated with, if not caused by a dysregulation of protein quality control
(172).



1.71  ER stress and the Unfolded protein response

ER stress is basically an overload of the protein production that can be caused by a
plethora of stressors that change the redox balance within the cell; this can be toxins,
infections with virus, bacteria or other pathogens that trigger an inflammatory response,
but also environmental stress such as heat (173). ER stress, loss of homeostasis, leads to
an accumulation of misfolded or unfolded proteins and vice versa, and evidently causes
various diseases in humans if not adequately controlled (174).

The unfolded protein response (UPR) is a central part of the DNA-RNA-protein flow. One
of the primary responses is a global inhibition of protein synthesis to reduce the load on
the ER (175). The UPR is mediated by one master control protein, the ER chaperone
immunoglobulin heavy-chain-binding protein (BiP) also known as Glucose-Regulated
Protein 78 (GRP78), and the three sensors: PKR-like ER kinase (PERK), activating
transcription  factor 6 (ATF6), and the ER transmembrane protein
kinase/endoribonuclease (IRE1) (176) (Fig. 5). The UPR is triggered when the cell cannot
maintain homeostasis, which leads to a build-up of inadequately processed or unfolded
proteins, hence the name UPR. The UPR will activate adaptive programs across the protein
assembly line to restore the homeostasis; through feedback mechanisms, it senses the
result and triggers autophagy or apoptosis if homeostasis cannot be restored despite
actions taken (177). An important part of the regulation involves energy production,
therefore the UPR is intimately connected to mitochondria that are the main producer of
ATP and ROS in most cells (178). Mitochondria have their own UPR (UPR:) that is induced
in a very similar fashion by unfolded proteins in the mitochondrial matrix (179). ER and
mitochondria are connected in a synapse-like way where the signalling substances are
Calcium and ROS (180). There is no doubt that the mitochondria and the ER are
intertwined and crucial parts of the cells adaption to stress, but to fully understand the
complex mechanisms involved in the integrated stress response (ISR) we may need to
trace it back to the beginning of evolution (181). Mitochondria are far from being only the
power plants of the cells; they are highly dynamic and mobile organelles that regulate the
internal environment in the cells by redirecting metabolism to maintain redox
homeostasis (182). Interestingly, the same adaptive mechanism of UPR and mitochondria
maintaining cellular redox homeostasis has been shown over the whole kingdom of life,
from yeast (Saccharomyces cerevisiae), and animals (Caenorhabditis elegans) to plants
(Arabidopsis thaliana) (178). Most of the current mechanistic insights into mitochondrial
regulation in health and disease are derived from studies on yeast, and many acute and
chronic inflammatory diseases in humans suggest a direct or indirect involvement of
mitochondrial dysfunction (183).
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Figure 5. Basic mechanisms and signalling involved in the UPR. In homeostasis, the ER
chaperone BiP (GRP78) associates with three UPR sensors: IRE], PERK, and ATF6, inhibiting
their activity. Upon ER stress or misfolded protein sensing, BiP dissociates from the UPR
transducers, allowing the activation of downstream signalling. Each UPR pathway is
activated by a distinct signal transduction system. IRE], undergoes homodimerization and
autophosphorylation which activates its RNase domain that splices XBP1 mRNA to its
active form. XBPls translocate to the nucleus, promoting the expression of UPR target
genes, including chaperones and ERAD. IRE1 also participates in the RIDD pathway, where
it degrades mRNAs, reducing the protein load in the ER lumen. IRE1 also enhances the c-
Jun N-terminal kinase (UNK) pathway, leading to apoptosis. PERK increases elF2 alpha
subunit phosphorylation, dampening protein translation to alleviate ER protein overload.
Paradoxically, this process upregulates ATF4 mRNA, triggering the activation of
proapoptotic C/EBP homologous protein (CHOP) and other UPR target genes. ATF6
translocate to the Golgi apparatus and undergoes cleavage by proteases. The cleaved
fragments then move to the nucleus, activating ATF6's target genes, including chaperones
and XBP1. If the adaptive response fails to resolve ER stress, UPR signalling may be
upregulated, ultimately leading to apoptosis. (Created with BioRender.com)



1.7.2 Molecular Chaperones

Molecular chaperones are proteins that are essential as facilitators in protein folding by
preventing misfolding and aggregation, assisting in the transport of proteins across
cellular compartments, and aiding in the degradation of misfolded or damaged proteins
(184). These functions are vital for maintaining cellular homeostasis and preventing the
accumulation of non-functional or harmful protein aggregates (185). Molecular
chaperones were first identified to be induced by heat, hence the name heat-shock
proteins (hsp), but this is now known to be a universal defence mechanism against ER
stress, conserved among species, from procaryotes, yeast, plants to mammals (184, 186,
187). The production of proteins is “core business” for all cells except erythrocytes. Many
of the proteins need to be folded by chaperones before they are finished, hence it's not
surprising that cells have an intricate network of more than 200 chaperones and co-
chaperones (188). The 70-kDa heat shock proteins (hsp70) seem to be one of the most
important families of chaperones, since they are involved in maintaining homeostasis at
all levels of protein production from transcription to degradation (189). The hsp70 family
member GRP78/BIiP is of specific interest, since not only is it a key player in the UPR but
is also known to translocate to the plasma cell membrane where it acts like a receptor for
many important ligands, including major histocompatibility complex 1(MHC-1) involved in
T-cell immediate response (190) (Fig. 6).

1.7.3 UPR and viral infections

Viruses cannot replicate on their own and therefore they need to exploit their hosts
protein factories. SARS CoV is known to induce ER stress and activate the UPR because
of high translational turnover and accumulation of unfolded or small post-translational
polypeptides in the cytoplasm as virus assembles (191). If the UPR is activated but the cell
despite this cannot restore redox homeostasis, the cell is triggered to go into apoptosis
(177). Many viruses have adapted to UPR and use this to their advantage (192). By halting
the cell cycle in G2/M, the cells will not go into apoptosis and instead go into senescence
which gives the virus time to continue to replicate even though the cells reduce the
production rate of proteins (193). SARS-CoV-2 S protein induces all three key pathways
in the UPR (194) (Fig. 6).
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Figure 6. Summary of alterations involving the UPR when SARS-CoV-2 invades a cell.
SARS-CoV strategically manipulates the UPR to create an environment supporting its
replication and survival. After entry, SARS-CoV-2 releases its RNA and by overwhelming
the ER with the synthesis of viral proteins the accumulation of unfolded or misfolded
proteins, induces ER stress and is activated by BiP (A). IRE], when activated, can promote
cell survival or apoptosis. The virus may modulate this pathway to favour its replication
and survival (B). The spliced XBP1 regulates the expression of UPR target genes. SARS-
CoV-2 may exploit this to enhance the expression of factors that benefit viral replication
(C). ATF6 is activated, translocates to the Golgi apparatus, and is cleaved to an active
transcription factor that regulates the expression of UPR-related genes. PERK activation
and phosphorylation of elF2a attenuates global protein synthesis but SARS-CoV-2 may
downregulate host cell translation, redirecting cellular resources to favour viral protein
synthesis (D). SARS-CoV may interfere with ERAD, contributing to the virus ability to
evade host cell defence mechanisms (E). During prolonged ER stress, BiP translocate to
the plasma surface, acting like a receptor that may be used by SARS-CoV-2 to entry and
evade the immune response (F). (Created with BioRender.com).

1.8 COVID-19 and dysregulated immune response

The SARS-CoV-2 pandemic has put an unprecedented burden on society and healthcare
with 771,820,937 confirmed cases, including 6,978,175 deaths reported on the WHO
dashboard per November 20th 2023 (195). Despite 400 000 articles including >40 000

review articles and >4000 clinical trials with published results, no silver bullet is available



for treatment of severe and critical COVID-19 and quite ironically, some of the oldest tools
in the box seem to be the most effective; Low molecular weight heparin (LMWH) and
corticosteroids, as learnt from the adaptive pragmatic REMAP-CAP and RECOVERY
trials0(192, 193). In COVID-19 some patients, for unknown reasons, the innate immune
system seems to over-react and cause an uncontrolled inflammation, popularly called a
cytokine storm (194). Recent evidence suggests that the activation of innate immune cells
in severe COVID-19 causes a disseminated vascular inflammation that leads to a cascade
of vascular damage and coagulopathy (196). Endothelial cells seem to be key players in
the disease, and emerging evidence suggests that the endothelitis and pathways involved
in the disseminated inflammation are potential treatment targets (197, 198). Obesity,
diabetes, cardiovascular disease, and male gender are associated with more severe
COVID-19; interestingly, these risk factors are also associated with inflammatory profile or
classically activated (M1) macrophages (199). In the broncho alveolar fluid of patients with
mild COVID-19, the M infiltration was minimal and clones of CD8+ T cells with a tissue-
resident memory T-cell gene signature were observed (200). The homeostasis between
M1 and the anti-inflammatory type or alterative activated macrophages (M2) is context
sensitive and complex and during chronic ER stress the resolution is rather associated
with M1 phenotype (201). Different immunological signatures are associated with disease
severity of COVID-19 and development of post COVID condition (202, 203). We have
deepened our understanding of immunological mechanisms known from the SARS-CoV
and MERS epidemics, suggesting to target the innate immune system, but it has become
evident that precision medicine is required to tailor individual treatment (204). There are
interesting similarities in how cancer-cells interact with healthy cells and their respective
impact on the immune response that can help us understand adaptation to hypoxia in
COVID-19 (205). The communication between monocytes/macrophages and T-cells is
complex and dependent on the intra- and extra cellular environment. It seems that we
should look beyond infection in severe COVID-19 to better understand the immune
response.

1.8.1 HBOT for severe COVID-19

Endothelitis with impaired redox-balance of endothelial cells may explain many of the
complications seen in COVID-19 (206, 207). Inflammation drives hypoxia and vice versa,
hence it is not surprising that major risk factors for severity of COVID-19 are associated
with chronic inflammation and a dysregulation of HIF-1(208). HIF-1 stabilization is one well
described mechanism of HBOT (209). HBOT has also been shown to polarize M1
macrophages to M2 in animal models (210) and shifted macrophages from M1to M2 in an
experimental model of acute lung injury (211). The known anti-inflammatory and immune-
modulating effects of HBOT with evidence from the SARS-CoV-1 and MERS epidemics
formed our hypothesis in the dawn of the pandemic (212). This hypothesis is yet to be

proven or rejected, but clinical data from four randomised controlled trials including 227



patients support that HBOT improves oxygenation and reduces the inflammatory
response(213-217).

1.9 Post COVID-19 condition (Long COVID)
The WHO definition of the post COVID-19 condition, also called Long COVID is: the

continuation or development of new symptoms three months after the initial SARS-CoV-
2 infection, with these symptoms lasting for at least two months with no other
explanation(218) But there is still not a universal consensus on the definition of the
syndrome (219, 220). COVID-19 causes lingering physical and mental symptoms in 45%
of infected patients regardless of disease severity (221). In a recent longitudinal follow up
after COVID-19 in unvaccinated patients, 23% had not recovered after six months. The
disease put a big burden on society, healthcare, and individuals since most of the patients
with symptoms after 12 months showed little or no improvement and up to 18% had
ongoing symptoms at two years after infection (222). Most patients with low HRQoL in
Long COVID have not been hospitalized, and female sex is consistently reported as a risk
factor for Long COVID (223, 224). More than 200 symptoms are described, with the most
common symptoms being fatigue, post exertional-malaise and brain fog (225). The initial
hypoxia may have triggered cellular adaptations, but for unknown reasons the immune
response becomes dysregulated (226). Long COVID patients with brain fog have elevated
IFN-y responses to internal SARS-CoV-2 proteins, enhanced activation of Th-cells, but
impaired CD8" T cell memory compared with patients that recovered from COVID-19
(227). Endothelial dysfunction is associated with chronic inflammatory disease and a risk
factor for cardio-vascular events (228). Endothelial dysfunction is associated with
COVID-19 (229, 230). Endothelial dysfunction seems to be equally associated with Long
COVID that share many similar features with Myalgic Encephalomyelitis/Chronic Fatigue
Syndrome (ME/CFS) (231, 232). The chance of improvement is particularly low for patients
that fulfil the Canadian consensus criteria for ME/CFS (233).

Long COVID with its many different diffuse symptoms appears as a heterogeneous
disease but almost all symptoms could be explained by a dysregulated redox
homeostasis with secondary mitochondrial dysfunction and cell senescence (207).
Metformin started within three days of COVID-19 onset in an outpatient population
reduced the risk for Long COVID by 41.3%, absolute risk reduction with 4% (224).
Interestingly, Metformin is known to activate the UPR by downregulation of GRP78 and
inhibition of MTOR (234) and switch cancer cells from senescence to apoptosis in
experimental settings(235, 236).

1.9.1 HBOT for post COVID condition

HBOT has previously been shown to increase cell proliferation and oxidative stress
resistance in endothelial cells (237). HBOT is widely used as an “off label” treatment

despite lack of evidence, due to a plausible pathophysiological mechanism (238, 239).
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Recently, the first randomised controlled, double blinded placebo-controlled trial with
HBOT for Long COVID showed that 40 sessions of HBOT improve cognitive function and
symptoms, also associated with changes in MRI of the brain, in patients with
neurocognitive symptoms (240). Two major shortcomings with the otherwise well
designed RCT with HBOT for Long-COVID are that it is not conducted in compliance with
ICH-GCP and that it lacks a long-term follow-up. There are still many unanswered
questions regarding mechanisms in Long COVID, the potential long-term benefits and
cost-efficiency of HBOT (241).

1.10 Rationale for the thesis

Hyperbaric therapy has been used in alternative medicine for more than 300 years as an
alternative therapy and in conventional medicine for more than half a century. With the
inclusion of HBOT into conventional medicine, the requirements for evidence and cost-
benefit analyses have increased. Extensive research has been conducted in the field over
the past 40 years, yet many questions are unanswered, some of the mechanisms are
over-simplified, and some are based on old dogmas, possibly based on the wrong
hypotheses. Most importantly, there is a huge knowledge gap regarding dose and timing
and how to individualize the treatment to maximize benefits and reduce harms. The initial
plan for this thesis was to try to find a biomarker for dose-response with preclinical
research and healthy volunteers, but COVID-19 came in the way during early 2020 so we
changed course into clinical trials. With modern technology such as transcriptomics it
would be possible to gain a deeper understanding of the complex mechanisms induced
by HBOT. Understanding the mechanisms involved in virus-host response has important
clinical implications for the management of severe COVID-19 patients, and it may also add
knowledge to the conundrum of inflammatory diseases in the ICU such as sepsis and
ARDS, as well as chronic inflammatory diseases and complex syndromes such as post
COVID-19 condition. Cumpstey et al. have summarized their holistic perspective on
COVID-19 as a "redox disease” that aligns well with our understanding and overall
hypothesis (242). Conducting RCTs in compliance with ICH-GCP guidelines ensures
scientific rigor, patient safety, and data integrity. These strengths contribute to the
credibility of the trial results, promote ethical conduct, safeguard participant welfare, and

provide reliable evidence to support medical and regulatory decisions.
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1.11 ER stress explained from a lean management perspective

The human body has used lean management some million years before Toyota made it
famous in our generation. Every part of each cell practices the philosophy to reduce
waste. The lean assembly line (ER and Golgi apparatus) with the workstations (ribosomes)
assembles proteins on demand according to the blueprint (mRNA), printed from the
template type (DNA). The assembly line is overseen by the QC manager (BiP/GRP78) from
the QC department, division of protein assembly (UPR) that regulate the production
speed on demand to minimize waste and do constant quality checks at all parts of the
production line. If manufactured proteins do not pass QC, they cannot continue through
packing and logistics (Golgi) to leave the factory, but are instead discarded in a recycling
container (proteasome). The QC managers are key positions for lean production and just
in time delivery to optimize cost efficiency. The QC managers (BiP/GRP78) seem to be
very important for lean training since they are also involved in logistics and
communication (plasma membrane receptors) and in power source allocation (ER-
mitochondria interface) in times of stress and crisis. The board of directors (transcription
factors such as NF-xB, HIF-1, NRF2 and MYC) oversees the daily business operations,
changing blueprints, setting production goals, while also providing strategic oversight with
decision-making involving sustainability (redox regulation), expanding or closing down
assembly lines (membrane expansion, mitophagy, autophagy), whole factories (cell
apoptosis) or sometimes the whole company (organ or organ system shutdown). The
latter with inevitable consequences in terms of human disease. (Fig. 6).

The working environment is an integrated part of lean production. All protein factories in
the cells (with the exception of red blood cells) are mainly powered by powerplants
(mitochondria) that run on fossil fuel (glucose) which consumes plenty of oxygen and
leaves a significant environmental footprint in terms of CO, and other intermediates for
greenhouse gases (ROS). During lean production, we have enough catalysators and filters
(antioxidant enzymes and ROS scavengers) to cope with this, but if these systems break
down, we are faced with an environmental crisis. In conditions of crisis or stress we can
use less economical, but more environmentally friendly power sources (glycolysis and
lactate fermentation). We use alternative sources of energy all the time, but the fraction
depends on the type of factory, sustainability goals and environmental awareness of the
board of directors’ and more than anything depends on supply and demand for protein
production and energy (lifestyle factors, acute and chronic diseases).

It's generally known that support functions are needed in larger companies, and this is
where it becomes complicated! There are many different departments such as IT, human

resources, legal, economy, communication, marketing, maintenance, and repair etc.
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In my view, this is where conventional and integrative medicine have different approaches
with their respective pros and cons. Conventional medicine focuses on fixing the supply
and demand problem by changing the company’'s marketing or sales strategies
(cytokines and other substances that can be measured in plasma) by receptor blockers.
This is effective for symptoms since cutting down marketing and sales will result in a lower
production rate, but is not sustainable for lean production and environmental health. A
toxic workplace culture is rarely fixed by changing external communication or replacing a
manager; the workers need to be involved in major changes. Integrative medicine tries to
analyse the structural problems and to change the company culture which may be
effective for chronic disease but probably most beneficial for preventing disease.
Unfortunately, the complexity of the problems is not fully understood and trying different
managing consultant strategies (alternative and holistic treatments, including HBOT) are
often expensive, time consuming, rarely evidence based and only effective if it changes
the working climate in the factory, and not sustainable unless the company culture is
actually changed.

"Research is to see what everybody else has seen, and to think what nobody else has
thought.”-Albert Szent-Gyorgyi
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2 RESEARCH AIMS

The overall aim of this thesis was to evaluate harms of hyperbaric oxygen therapy (HBOT)
for novel indications and explore biomarkers in experimental and clinical trials to enable
future precision medicine. Specific aims are listed for each study.

e To evaluate methods and protocols for oxidative stress and transcriptomic

changes in response to HBO, for future studies of dose-response. (Study I)

e To evaluate harms of HBOT for patients with severe COVID-19 with moderate to
severe ARDS and explore oxygen toxicity in a randomised clinical trial in
compliance with ICH-GCP. (Study II)

e To explore transcriptomic changes related to hypoxic adaptation and
inflammation in a randomised clinical trial in compliance with ICH-GCP. (Study IIl)

e To evaluate harms of HBOT for post COVID condition and describe self-reported

quality of life, symptoms, and objective findings in a randomised clinical trial in
compliance with ICH-GCP (Study IV)

““The aim of science is not to open the door to infinite wisdom, but to set a limit to infinite

error.” -Bertolt Brecht
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3 MATERIALS AND METHODS

The following section provides a brief description and discussion of materials and
methods used in this thesis. Detailed information on all materials and methods is

presented in the respective papers |-IV and in the protocols previously published.

3.1 ETHICAL CONSIDERATIONS AND APPROVALS

3.11 Paper I: Ethical approval
EPM dnr: 2019-01864.

HIITO,, the experimental study with ten healthy volunteers, was conducted according to
the principles of the Declaration of Helsinki (2013). There were very small risks involved for
healthy individuals, but a thorough risk-benefit-assessment was conducted and
presented in the ethical application. We used a dose of HBO,, much lower than that used
for medical treatment, that is the dose used by many diving special forces to predict the
risk of seizures when diving with oxygen. The main ethical consideration was regarding
blood samples and biobanking; we analysed gene-expression and there was detailed
information in the subject information that was also approved by the responsible biobank
(KI biobank). Since we detected a significant effect on gene expression, it could be argued
that we induced a pharmacological effect of oxygen despite a much lower dose than that
used in clinical practice. If repeated, the study should be conducted in compliance with
ICH-GCP, including approval from Lakemedelsverket since even a lower dose may have
pharmacological effects.

3.1.2 Papers Il and lil: Ethical approval

EPM dnr: 2020-01705, and amendments 2020-06279 and 2021-01215.
Lakemedelsverket approval: Dnr 5.1-2020-36673.

The trial was registered in the European Medicines Agency (EMA) database, EudraCT
number: 2020-001349-37 and on ClinicalTrials.gov, Identifier: NCTO4327505.

COVID-19-HBO was conducted in compliance with ICH-GCP. There was a thorough risk-
benefit evaluation in the protocol that was approved by EPM and Lakemedelsverket in
May 2020. There is an ongoing debate in the medical community regarding clinical
equipoise, some still argue that HBOT may be harmful for these patients. The trial was
stopped due to futility, with only 34 of the planned 200 subjects included. The trial could
not start at Karolinska University Hospital until December 2020 and not until November
2021 in Germany, because the management at Karolinska and the ethical committee in
Regensburg did not agree with the clinical equipoise and suspected harms, despite the
approval of EPM and Lakemedelsverket in Sweden. Hence it was also important to publish

the protocol early to help other researchers to plan trials elsewhere. The potential benefit
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would have been the greatest early during the pandemic when resources were limited. In
retrospect it could be argued if it was the right thing to do to initiate the trial with such a
long delay, but at that time we did not know how the pandemic and the virus would evolve.
The interim analysis was reviewed by an independent DSMB. The data provided to the
DSMB-members raised no safety or ethical issues, and the recommendation was to
continue the trial as planned based on safety and ethical concerns. This highlights the
importance of conducting future trials in compliance with ICH-GCP, but also informing
local ethical committees and the medical community in general about the principles of
ICH-GCP.

3.1.3 Paper |IV: Ethical approval

EPM dnr: 2021-02634, amendment 2021-04572.
Lakemedelsverket approval: Dnr: 5.1-2021-43347.

The trial was registered in the European Medicines Agency (EMA) database, EudraCT
number: 2021-000764-30 and on ClinicalTrials.gov, Identifier: NCTO4842448.

HOT-LoCO was conducted in compliance with ICH-GCP. In the protocol there was a
thorough risk-benefit evaluation, and the protocol was approved by EPM and
Lakemedelsverket in September 2021. In the HOT-LoCO trial there was an ethical
consideration regarding “sham treatment”. Many subjects had severe fatigue and
especially post exertional malaise. Some subjects were not able to complete the ten
treatments. Two interim analyses have been reviewed by an independent DSMB. The data
provided to the DSMB-members raised no safety or ethical issues and the
recommendation was to continue the trial as planned based on safety and ethical
concerns. There are still many unanswered questions related to Long COVID and no
convincingly effective treatment exists, hence it is important to adhere to the protocol.

“Ethics is not about the way things are, it is about the way things ought to be.” -Michael
Josephson
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3.2 STUDY DESIGN AND SUBJECTS

3.21 HITO2 (Paperl)

Ten healthy physically active volunteers, aged 20-55, were included in this crossover-
study and performed two interventions: a 28 min HIIT session and 28 min HBO2 in a
crossover design. Blood gases, peripheral venous oxygen saturation (SpvO2), and ROS
levels were measured in peripheral venous blood (Fig. 7). We evaluated bulk RNA
sequencing data from PBMCs, with a separate analysis of mRNA and microRNA.

Study design
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Figure 7. Study design for the HITO2 study

3.2.2 COVID-19-HBO (Paper Il and Ill)

34 patients with severe COVID-19 were included in Sweden and Germany, 31 in Sweden
of which 23 at Karolinska University Hospital in this open-label, parallel-arms randomised
controlled trial comparing HBOT plus best practice (Intervention) with best practice
(Control). The patients were recruited directly on hospital wards. The inclusion criteria
were: aged 18-90 years, moderate-to-severe ARDS induced by COVID-19, a ratio of
arterial oxygen partial pressure to fractional inspired oxygen (PaO2/FiO2) of <26.7 kPa
(200 mmHg), and at least two defined risk factors for ICU admission and/or mortality.
Exclusion criteria were severe COPD, significant pulmonary fibrosis, or other
contraindications for HBOT. HBOT was delivered at 2.4 ATA for 60 min with 10 min
compression/decompression time and one air-break, total time 80 min. The first HBOT
was given within 24 h of randomization to subjects allocated to HBOT. The subjects
received a maximum of five treatments within seven days of randomization. The subjects
were followed up on nine visits, daily for the first seven days, at 14 and 30 days (Fig. 8).
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The national early warning score (NEWS), PaO2/FiO2 (PFI), adverse events and daily
oxygen requirement were recorded, and blood samples were collected. A pre-defined
sub-study of 20 subjects at Karolinska included extended immunological profiling,
including RNAseq to explore mechanisms. The protocol adheres to ICH-GCP(243) and
was written according to SPIRIT guidelines(244) the published summary of the protocol
is available as appendix VI.

COVID-19-HBO Flowchart
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Figure 8. Study design for the COVID-19-HBO trial

3.2.3 HOT-LoCO (Paper V)

80 previously healthy patients aged 18-60, diagnosed with post COVID-19 condition
(U09.9) and substantial self-reported physical disability were included in this parallel-
arms, randomised, placebo-controlled, double blind, clinical trial. Exclusion criteria
included major systemic diseases, diabetes, and hypertension prior to COVID-19. HBOT
was delivered at 2.4 ATA, 90 min with two air-breaks. Placebo was delivered as a ‘sham
treatment’ with air breathing at 1.34 ATA to equate the sensation of HBOT, and air-breaks
were simulated. Both groups received a maximum of 10 treatments within 6 weeks of
randomisation. Subjects were followed up on five visits, and evaluation was done with
questionnaires, physical tests, and objective measurements. Primary endpoint was the
physical domains in RAND-36 at 13 weeks, the subjects will be followed-up for 52 weeks
(Fig. 9).The protocol adhere to ICH-GCP (243) and was written according to SPIRIT-PRO
guidelines (245) the published summary of the protocol is available as appendix VII.
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Figure 9. Study design for the HOT-LoCO trial

3.3 METHODS

3.3.1 HBOT and placebo protocols

The different protocols are described in the respective paper, but in summary we used
2.5 ATA, 28 min 100% oxygen without air break for healthy volunteers, 2.4 ATA, 80
minutes 100% oxygen with one air break for severe COVID-19. For Long COVID we used
2.4 ATA, 87 minutes 100% oxygen with two air breaks as active treatment, and 1.34 ATA-
1.2 ATA, 87 minutes air with two fake air breaks as sham treatment. The placebo has been
previously used in double blinded RCTs (246).

3.3.2 Trial conduct and reporting

ICH-GCP is the international standard since 1997 for design and conduct of clinical trials
evaluating pharmaceutical interventions. Hence trials with HBO, should comply with these
guidelines (47), and today this is a requirement for all clinical research at least in Europe.
ICH-GCP consists of 13 principles including the Declaration of Helsinki. Conducting the
RCTs in compliance with ICH-GCP guidelines ensures a high level of scientific rigor and
credibility. ICH-GCP places a strong emphasis on protecting the rights, safety, and well-
being of trial participants, which is absolutely crucial when dealing which critically ill and
vulnerable groups of patients. The commitment to ethical conduct in accordance with
ICH-GCP enhances the overall safety profile of the trial, promoting the welfare of
participants and maintaining public trust in the research process. ICH-GCP guidelines
provide a framework for the collection, documentation, and verification of clinical trial
data. Strict record-keeping, source data verification, and data management practices are
employed to ensure the accuracy and reliability of the collected data. This commitment

to data quality enhances the overall robustness of the trial results, facilitating the
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interpretation of outcomes and supporting evidence-based decision-making in both

clinical practice and regulatory assessments (47).

Protocols for clinical trials should be written according to the SPIRIT guidelines (244) with
adequate extensions such as SPIRIT-PRO for patient reported outcome measures (PROM)
(245).

Randomised clinical trials should be reported according to the CONSORT guidelines with
the recently recommended Harms extension, which is a prerequisite for publication in
many high impact medical journals (42, 247).

3.3.3 Electron Paramagnetic Resonance (EPR) spectroscopy (Paper I)

In paper |, we used EPR for measuring ROS. To stabilize ROS that are very short-lived in
blood a cyclic hydroxylamine (CMH) spin probe and iron chelators were used (136). The
EPR technique is based on paramagnetic resonance, which utilizes the magnetic
properties of ROS with its unpaired electrons to exhibit a magnetic signal. The energy
required to flip the spin of the unpaired electrons corresponds to a microwave frequency
(135). When the microwave frequency is swept, energy is absorbed and creates a signal
that is recorded (Fig. 10). By comparing the amplitude of the signal made from a known
concentration of the probe, the concertation in the sample can be calculated from a CP
radical standard curve (135).

Figure 10. Shows a typical resonance spectrum from EPR

3.3.4 PBMC isolation, RNA extraction and QC (Paper | and IlI)

PBMCs were isolated by collection in Ficoll-Hypaque tubes, centrifuged and washed. After
isolation of PBMCs, half were cryopreserved and the rest were treated with RNAlater, a
universal preservative suitable for multi-omics that fixes the cells and preserves RNA and
proteins to prevent degradation during storage and thaw-freezing (248, 249). The quality
and integrity of the extracted RNA was evaluated with Nanodrop and TapeStation
respectively, in order to assure pure RNA without degradation.
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3.3.5 RNA sequencing (Paper | and i)

The RNA sequencing was outsourced to the core facility at Novum, Bioinformatics and
Expression Analysis, but in summary the first part of RNAseq was the same as for
polymerase chain reaction (PCR). The isolated RNA is fragmented into smaller pieces, the
fragmented RNA was then reverse-transcribed into complementary DNA (cDNA) by using
reverse transcriptase. This step converts the RNA into double-stranded cDNA. Then adapters,
short DNA sequences necessary for sequencing library preparation, were ligated to the ends
of the cDNA fragments which were then amplified through PCR and the resulting cDNA library
was assessed for quality and quantity (QC) (250). The prepared library was loaded onto a
high-throughput sequencing lllumina platform. During sequencing, the cDNA fragments
generated millions or billions of short DNA sequences that was presented to us as raw
data. The raw data was processed through a series of bioinformatics analyses, including
alignment of the short sequences to a reference genome (Human PBMCs) for
quantification of gene expression levels (251). The human PBMCs contain some 20-25
thousand genes, hence, in order to understand what these genes do, the data is also
referenced against known pathways or functions, such as “hallmarks” or gene otology
(GO) (252). This information provided insights into the functional elements of the
transcriptome and helped identify differentially expressed genes in a pathway of interest
under different conditions, that can be further validated with protein expression for a
more detailed understanding of the functions.

3.3.6 PROM questionnaires (Paper IV)

3.3.6.1 RAND 36-item Health Survey 1.0 (RAND 36)

RAND 36 is a self-reporting questionnaire that contains 36 items that measure eight
concepts of health in general terms, at present and past four weeks: physical functioning
(ten items), role limitations due to physical health (four items), role limitations due to
emotional problems (three items), energy/fatigue (four items), emotional well-being
(five items), social functioning (two items), pain (two items) and general health (five
items). It also includes a single item that provides an indication of perceived change in
health over the last year. Scoring RAND 36 is a two-step process. First, numeric values
from the survey are coded so that all items are scored from O (lowest score) to 100
(highest possible score). Scores then represent the percentage of total possible score
achieved. In step two, items in the same scale are averaged together to create the eight-
scale scores. Items that are left blank (missing data) are not considered when
calculating the scale scores. Hence, scale scores represent the average for all items in
the scale that the respondent answered. RAND 36 is well documented in terms of
reliability and variability also for Swedish translation (253). National gender and age
normative data are available for comparison (253) The questionnaire was sent out

digitally to the subjects on the day of the visit, and when filled out it was uploaded to
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the medical records. The dimensions in RAND-36 are presented separately. The
rationale for choosing RAND-36 was that it is well validated and used in previous studies
with similar methodology to enable power calculations. We chose the physical domains

RP and PF as primary endpoint for two reasons:

The physical domains seem to be severely affected in conditions associated with chronic
fatigue and POTS (254, 255). We expected the physical domains to be least affected by
placebo.

3.3.6.2 EuroQol-5 Dimensions questionnaire (EQ-5D)

EQ-5D is a widely used patient-reported questionnaire aimed at measuring five different
dimensions of present health with three or five levels of severity: no problems,
some/moderate problems, and severe/extreme problems. The five different dimensions
are mobility, self-care, usual activities, pain/discomfort, anxiety/depression. It also uses a
visual analogue scale (VAS) 0-100 for quantifying measures of overall health. EQ-5D is a
well-validated tool and the index that is calculated from the dimensions gives an estimate
of Quality Adjusted Life Years (QALY), with a low index indicating a low HRQoL (256). We
used five levels of severity (EQ-5D-5L) in our trial. One of the strengths of EQ-5D is that
gender and age normative data for the Swedish population is available for use in health
economic evaluation (257), and the index can be used to predict ability to work or study.
The questionnaire was sent out digitally to the subjects on the day of the visit and when
filled out, uploaded to the medical records

EQ-5D was chosen to provide an evaluation of HRQoL in a shorter perspective, as it is
easier to fill in and may therefore be a better option for long term follow-up, to enable a
simple health economic evaluation.

3.3.7 Objective evaluation (Paper IV)

3.3.71 EndoPAT 2000

Endothelial function was evaluated in fasting state using an EndoPAT 2000 device (Itamar
Medical, Caesarea, Israel). The subjects were connected to the pulse amplitude
tonometry (PAT) device for non-invasive determination of digital endothelial function. The
PAT device comprises a pneumatic plethysmograph that allows measurements of pulse
amplitude at baseline and during hyperaemia following a five minutes arterial occlusion
of the forearm (258). The change in the PAT signal was used for calculating the reactive
hyperaemia index (RHI), which has been shown to reflect microvascular endothelial

dysfunction and reduced NO bioavailability, and to predict cardiovascular events (259).

3.3.7.2 Non-invasive cardiac output monitoring with Nexfin technology

The Nexfin monitor was connected to a fasting subject. This was a non-invasive

measurement of cardiovascular indices, with a beat-to-beat pulse wave analyser. The
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Nexfin device (Edwards Lifesciences, Malme, Sweden) was placed on the middle phalanx
of the middle finger on the right hand. The Nexfin device comprises a pneumatic
plethysmograph that provides advanced hemodynamic parameters and continuous non-
invasive blood pressure (BP) from a finger cuff, with a redesigned self-coiling mechanism
that reconstructs the clinical standard brachial arterial waveform from the finger arterial
pressure waveform; it has been validated towards invasive measurements in several
clinical trials (260).

3.3.8 Physical evaluation (Paper IV)

3.3.8.1 6-minute walk test

The 6 minute (min) walk test (American Thoracic Society), The BMWT (American Thoracic
Society) was performed in a corridor with a measured distance of 30 metres (m), with markings
for every metres. The subject carried a pulse oximeter with a probe attached to their forehead.
The test was monitored by an experienced instructor recording parameters every minute, the
total number of metres walked in six minutes, the subject’s graded and subjective feeling of
leg-fatigue and dyspnoea according to the Borg CR-10-scale, as well as the feeling of general

exertion according to the Borg-RPE-scale, both at baseline and at the end of the tests (261).

3.3.8.2 30/60 seconds Chair stand test (CST)

The subject would stand up straight and sit down completely as many times as possible
for 30/60 seconds (s). An instructor recorded the number of times the subject managed
to perform the movement, as well as the subject's graded and subjective feeling of general
exertion according to the Borg-RPE-Scale, and dyspnoea and leg fatigue according to the
Borg CR-10-scale at baseline and the end of the test(262). The rationale for recording
both 30 and 60 s was that some subjects may not be able to perform the full 60 s test.

3.3.9 Randomisation (Paper i, lll and IV)

Two different web-based randomisation tools were used. For COVID-19-HBO we used
(randomize.net) and for HOT-LoCO we used (randomizer.au). The randomisation
sequence with blocks was generated by an independent clinical research associate and
statistician. Randomisation was stratified for sex and centre in the COVID-19-HBO trial
(Paper Il and IIl) and for sex and disease severity in the HOT-LoCO trial (Paper IV).

3.3.10 Blinding (Paper IV)

Subjects as well as all personnel participating in assessments of symptoms and any
objective findings were blinded to the treatment. The placebo ‘Sham treatment’ protocol
is well established, and even experienced divers cannot differ between Sham treatment
and HBOT (246). Designated personnel, experienced in HBOT and trained in GCP and the

specific protocols administered the assigned treatments. All subjects will furthermore be

35



asked during the first week of treatment whether they believe they received the placebo
treatment or HBOT, to validate the blinding process.

3.3.11 Statistical methods

The statistical methods used are summarized in each paper. For the two clinical trials, a
Statistical analysis plan (SAP) was written together with the external statistician, and the
statistical methods are also outlined in the published protocols. Sample size calculation
was done in nQuery version 7. The statistics for primary and main secondary endpoints
were performed using Analysis of Covariance (ANCOVA) with IBM SPSS Statistics version
29 (Paper Il and IV). For exploratory endpoints, the repeated measures two-way Analysis
of Variance (ANOVA) with Fisher's Least Significant Difference (LSD) tests for multiple
comparisons were performed using GraphPad Prism version 10. (Paper | and Ill). For
RNAseq the R/Bioconductor package DESeq2 (263) was used to call differential gene
expression based on the gene counts generated by featureCounts. Correction for
multiple testing was performed using the Benjamini—Hochberg false discovery rate (FDR).
The significance level was set to FDR < 0.05 and a log?2 fold change (Log2FC) of at least
+0.5 (Paper | and Ill).

“There is no shortcut to truth, no way to gain a knowledge of the universe except through
the gateway of scientific method.” -Karl Pearson
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4 SUMMARY OF RESULTS

4.1 PAPERI

In paper |, we evaluated methods and protocols on healthy volunteers for future clinical
trials. We measured ROS in blood with EPR. On group level there were no significant
changes in ROS levels in response to HBO,, whereas in response to HIIT the ROS levels
increased from baseline at 30 min (p = 0.04) and stayed elevated at 60 min (p = 0.02).
We observed a large inter-individual variation in the ROS levels for both interventions (Fig.
).

A ROS HBO B ROS HIIT
30 ns
ns
ns
25 ns
= 20
15 Q
10+ T T T T7 ~ 1
15 30 45 60 360
Minutes from start of intervention Minutes from start of intervention

Figure 1. Panels (A and B) show individual values of ROS levels in venous blood measured
by EPR. The zero, 15 and 30 min timepoints correspond to baseline, mid and end of
intervention. Significance level of the mean at each timepoint compared to baseline is
indicated by * p < 0.05, ** p < 0.01; ns = not significant

The SpvO; increased during the HBO, session (p < 0.05). There was a trend towards lower
SpvO, immediately after HBO, (p = 0.20), and the level returned to baseline at 60 min.
SpvO, decreased during the HIIT session (p = 0.02), but increased immediately after HIIT
(p< 0.001), remained elevated at 60 min (p = 0.03), and returned to baseline at 6 hours

(Fig.12).
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Figure 12. Panels (A and B) show individual values of SpvO, in venous blood. The zero, 15
and 30 min timepoints correspond to baseline, mid and end of intervention. Significance
level of the mean at each timepoint compared to baseline is indicated by * p < 0.05,
*#* p < 0.001; ns = not significant.

There was a significant overlap between the genes altered in response to both HBO, and
HIIT (n=166, Fig. 13C). To further compare the responses between the two interventions,
we correlated the log2 fold changes in the common DEGs between HIIT and HBO,. There
was a highly significant correlation (Spearman’s rho of 0.81,p < 2.2 x 107®) of the PBMC
expression changes 6h after HIT and HBO, (Fig. 13D). The top enriched pathways in
response to both HBO, and HIIT are shown in (Fig. 13E). We observed downregulation of
several immune response pathways and mitochondrial oxidative respiration in response
to HBO,, a positive enrichment of calcium regulation in response to both interventions,
and an upregulation of the adaptive immune response in HIIT. Of particular interest, we
observed downregulation of several NF-kB signalling genes in response to both
interventions (Fig. 13F). The NF-kB inhibitors NFKBIA and TNFAIP3 were two of the most
downregulated genes in response to HBO,. In contrast, several interferon a/y signalling

genes were upregulated in response to both HBO, and HIIT.
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Figure 13. RNA sequencing results. Volcano plot for all expressed genes in response to
HBO, (A) and HIIT (B). The coloured dots indicate significant DEGs, red for upregulated
genes, and blue for downregulated genes (log2FC<-0.5; FDR<0.05) (A,B). Venn diagram of
the overlap of DEGs between HIIT in green and HBO in purple (C). Correlation between the
log2FCs of DEGs in response to HBO, and HIIT (D). Top enriched pathways in the two
interventions from the GSEA (E). Gene expression changes for selected NF-kB-

associated genes (F), and selected interferon a/y-associated genes (G). Bars correspond

to the mean log2FC, and error bars show the standard error. Significance is indicated by
* for FDR < 0.05, ** for FDR < 0.01, and *** for FDR < 0.001 (F,G).
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4.2 PAPERII

Paper I, was an early planned interim analysis to evaluated harms. we showed that it was
feasible to treat critical COVID-19 patients with HBOT in monoplace chambers. The
subjects were critically il most were admitted to intermediate care, which by
international standards was ICU (Table 1). Of the 31 randomised subjects, 29 subjects were
analysed, one subject in the HBOT group withdrew consent before treatment and one
subject in the Control group was negative for SARS-CoV-2.

Baseline variable HBOT, n=14 Control, n=15
Age 67.4 (10.8) 63.3(8.2)
Male Sex 8(57.1%) 8(53.3%)
Caucasian Ethnicity 13 (92.8%) 15 (100%)
BMI 29.4(4.5) 29.2 (5.0)
Number of Risk factors 2.93(0.96) 313 (1.06)
Smoker (Every day) 1(7.1%) 0 (0%)
Former smoker 5(35.7%) 5(33.3%)
Never smoker 8 (57.1%) 10 (66.7%)
Time since initial symptoms 9.93 (3.58) 1.67 (3.62)
NEWS at randomisation 5.3(2.0) 5.4(17)
Pa0,/FiO2 at randomisation 14.0 (3.5) 17.3 (6.4)

Table 1. Baseline variables for subjects in paper I

Adverse events were common. A total of 95 AEs were registered; of the 23 SAEs, 9 (in six
subjects) were in the HBOT group and 14 (in six subjects) in the control group. Hypoxia
was the most commonly reported AE. Two SAE were possbibly related to HBOT. One SAE
(hypoxia) coincided with HBOT and was assessed as a Serious adverse drug reaction
(SADR). Three subjects died in the trial, at day two and 25 in the HBOT group and day 13
in the Control group.

Other safety endpoints were NEWS and PaO-/FiO.. There was no significant difference in
the safety endpoints. In the HBOT group the PaO,/FiO, was significantly higher at Day 14,
but this was not a pre-defined endpoint (Fig. 14).
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Figure 14. Changes from baseline in NEWS (A) and PaO,/FiO, (B) Day 7, Day 14, and Day 30
(Mean and SD).

4.3 PAPERII

This was a pre-defined sub study of the parental trial to explore mechanisms, 23 patients
were randomised, and the 17 subjects that had RNAseq data for baseline and Day 7 were
analysed (Fig. 15). The groups were balanced at baseline (Fig. 15A). 791 DEGs in the HBOT
group compared to only 46 in the control group were discovered in the RNAseq analysis
at Day 7 vs. baseline (Fig. 15B, C and D). GSEA revealed a unique transcriptomic signature
in response to HBOT that included downregulation of key genes in the UPR, other
pathways regulating the UPR and inflammatory response (Fig. E).
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Figure 15. RNA sequencing results. Volcano plots for all expressed genes. Unpaired-t test
comparing baseline for HBOT and Control (A), in response to HBOT (B) and Control (C).
The coloured dots indicate significant DEGs (FDR<0.05, to the left for upregulated genes
log2FC>1, and to the right for downregulated genes log2FC<-1) (A-C).
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Since we were specifically interested in the UPR, we performed a non-hierarchical
clustering. We could see a clear pattern where baseline and D7 clustered together in the

HBOT group but not in the Control group (Fig. 17).
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Figure 17. Unsupervised hierarchical clustering of genes in Hallmark UPR. HBOT cluster with
upregulated genes at baseline and downregulated genes day 7 (F), but no distinct

clustering in the control group (G)

Gene abbreviations: HSP9OBI- heat shock protein 90kDa beta member 1; XBPI- X-box
binding protein 1; UBE2J1- Ubiquitin Conjugating Enzyme E2 J1; HSPA5- Heat Shock Protein
Family A (Hsp70) Member 5 (GRP78/BiP); PERP- P53 Apoptosis Effector Related To
PMP22; ATF3- Activating Transcription Factor 3

HLoS was statistically significant only for survivors, but was clinically significant with
almost 40% shorter time in hospital. Only one of eight surviving patients in the HBOT group
stayed more than 17 days, compared to five out of seven patients in the Control group.
One patient in each group died; in the HBOT group the patient died on Day 25 (withdrawal
of care), while in the BP group the patient died on Day 13 (septic shock) (Fig. 18).
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Figure 18. Kaplan-Meier plot describing day of discharge for the two groups, deaths and
patients censored at 30 days are marked with a square on respective line, Log rank HR
2.98 [95% CI 0.9-10.4], p= 0.07 (A). Mean (SD) days in hospital for survivors in the two
groups, HBOT =16 days vs Control =26 days, Mann-Whitney U= 11,[95.99% CI -16.0 to 0.0],
p= 0.045. * Indicates p<0.05 (B).

NEWS and PaO,/FiO, were safety endpoints in the original trial. There was no indication of
harms in these endpoints, on the contrary the HBOT group recovered faster. NEWS was
lower in the HBOT group (ANOVA, F(8,120) = 3.817, p < 0.001), and after post hoc analysis
with Fisher's LSD test for individual timepoints, NEWS was lower in the HBOT group at Day
7 (mean difference -2,7 [95% Cl -4.8 to -0.5], p = 0.02) and at Day 14, (mean difference -
4,[95% Cl -7.4 to -0.8], p = 0.02. Pa0,/FiO, was higher in the HBOT group (Mixed effects
model (time-by-treatment interaction), F(8, 94) = 2900, p < 0.01), and at individual
timepoints lower in the HBOT group at Day 14 (mean difference 20,1 [6.0 to 34.2], p = 0,01
(Fig.19).
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Figure 19. Mean (SD) NEWS score over the course of the trial for the two groups; a reduced
NEWS score indicates that vital signs were less affected (A). Mean (SD) PaO,/FiO, over
the course of the trial for the two groups expressed as PaO; in kPa; a higher PaO,/FiO,
indicated better lung function and gas exchange (B). The significant differences in the
ANOVA/mixed effects model (time by treatment interaction) and Fisher’'s LSD test for
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individual timepoints are marked. * Indicates p<0.05, ** indicates p<0.01and *** indicates
p<0.001

4.4 PAPERIV

Paper IV was an early planned interim analysis to evaluate harms. Thirty-one AEs were
recorded, at least one in 60% of subjects. No SAE was reported. Most AEs were mild, six
were moderate. In 20 AEs, there was at least a possible relationship with the study drug.
The most common AE was cough and chest pain/discomfort. All AE were transient (Paper
V).

The HRQoL was very low in our cohort compared to age and sex matched Swedish norm
data(253, 264) (Fig. 20).

HOT-LoCO vs Swedish mean data
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Figure 20. The eight domains of RAND-36 expressed as Mean (SD). A low value represents
low HRQoL in that domain. A) shows mean in our cohort (n=20) and B) our cohort
compared to a Swedish norm population (n=3432). ns indicates not significant, **
indicates p<0.01 and *** indicates p<0.001

The physical performance was very low in the two tests at baseline compared to
international norm data; BMWT 442 (180) [95 % CI; 357,7-525,8] vs 662(18) m and CST
13(5.1) [95 % CI; 10,5-15,3] vs 25 (1.2) [95 % CI; 22,9-27,6] stands in 30s (Fig. 21).
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Figure 21. Measurements of BMWT (A) and 30s CST (B), both compared to age and sex
matched norm data. Expressed as Mean (SD). *** indicates p<0.001
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5 DISCUSSION

In this thesis, we evaluated methods for future studies of dose response, explored
transcriptomic changes and described harms in clinical trials on the novel indications
severe COVID-19 and post COVID-19 condition. This is the first time that HBOT has been
evaluated in compliance with ICH-GCP for these novel indications, which strengthen the
validity and integrity of our results. We registered harms in compliance with ICH-GCP,
which not surprisingly disclosed more adverse events than previously reported in HBOT
trials. With RNAseq we uncovered new and much more complex mechanisms of HBOT
than previously described when we evaluated gene expression in patients with severe
COVID-19. These findings provide a base for a more fundamental understanding of the
limitations and possibilities of HBOT.

5.1 Trial conduct

Protocols and standard operations procedures (SOPs) are only as good as the people
who execute them, while education on GCP guidelines, data collection and follow-up are
particularly challenging when conducting international multi centre trials (265). ICH-GCP
have been criticized for not focusing enough on the ethical aspects of research but rather
focusing on procedures (266). We spent much time on producing manuals and SOPs, and
on educating staff in the principles of ICH-GCP in Paper I, lll and IV). We had the advantage
of being a small group that collected data and had external monitoring organizations that
helped us finding weaknesses and possible points of improvement. Every trial has its
specific challenges related to clinical setting and procedures, but ICH-GCP guidelines are
very helpful as a framework for planning and conducting of any clinical trial.

5.2 Oxidative stress

The human body that consists of trillions of cells with specialized functions is extremely
compartmentalized. However, all organelles and cells have some way of communication
with each other, and there is a basic code and pattern that have evolved from a single-
cell organism even if all divisions have their unique features. A metaphor for the human
body can be an organization or an ecosystem.

If one could directly measure the gasotransmitters or redox balance in human
compartments, we would better understand the specific hormetic mechanisms that
differ for different tissues and find possible therapies in humans (138, 267, 268). Our first
approach was to look for the common signal substance all the way from organelle to organ
system. We therefore wanted to measure ROS in blood with the aim of finding a clinically
available mirror of intracellular ROS. We reviewed the literature and found many different
ways of measuring ROS, but EPR seemed to be the gold standard and available in Pernow
and Catrina’s lab (135, 269-272). In Paper |, we could measure changes in ROS in the same

physiological range as exercise, but the individual variance was greater than expected in
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healthy individuals (273) possible reason for this is that we included both men and
women, and there are most likely cultural and national differences in the definition of
“normally active”. We realize that blood is a mix of cells with individual redox capacity, and
a single type of cells such as erythrocytes or monocytes may be more suitable for a small
sample size. Monocyte iNOS activity and eNOS uncoupling in endothelial cells are
identified as key factors for endothelial dysfunction and vascular inflammation in ATII-
induced arterial hypertension, while depletion of inflammatory monocytes was able to
restore iINOS-derived nitro-oxidative stress and to recouple eNOS (274). Erythrocytes
represent 45-50% of the blood volume and may also be clinically relevant in endothelial
dysfunction and COVID-19 (275). On the other hand, mature erythrocytes are very
different from all other cells in the body because they lack a nucleus and most organelles,
including mitochondria, and instead depend on low molecular chaperones and
scavengers for their redox homeostasis(276). Redox balance in blood may still be
interesting to mirror redox balance and offers an easy and minimally invasive route to
evaluate transient effects of HBOT. A partially unanswered question is whether ROS in
blood purely correlates with oxygen availability in a U-shaped manner, or if the ROS
measured in blood actually reflects intracellular oxidative stress. It is possible that pO, or
SvO; are much easier and cheaper surrogates for oxidative stress. The ROS-results and
inverse relationship between SpvO, in HIIT and HBOT from paper |, even though not
statistically significant, were hypothesis generating and warrant further investigation. The
long treatment periods with associated costs and effort for patients are some of the
major shortcomings of HBOT. A biomarker that could predict outcome and possibly
reduce the number of treatments on an individual basis would make HBOT more cost
efficient and reduce harms. More experimental research, as well as a readily availible
biomarker for dose-response are needed in order to be able to tailor individual treatment
regimens to comply with modern requirements of evidence based and precision
medicine.

5.3 RNA sequencing results

We decided to use PBMCs for RNAseq since they are easily accessible cells including both
innate and adaptive immune cells. One of the limitations of our method is that we do not
include neutrophils that are an important part of the innate immune system; they may
be relevant in the effects of HIIT and HBOT, and may also be relevant for the cytokine
storm that is thought to be the driving mechanism for severe and critical COVID-19 (277).
The aim with paper | was to evaluate methods and protocols, and therefore we used HIIT
as a reference. Interestingly, we observed changes in the same physiological range as HIIT
with a very small dose of HBO,, one session with 17-25% of the dose normally used in
clinical HBOT. We used the protocols tested in Paper | for the subsequent clinical trials.

The results from Paper | should be interpreted with caution due to the small sample size

and exploratory nature of the study design. However, we observed some interesting
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similarities in genes associated with hypoxia and inflammation between the two
interventions that were hypothesis generating for the two clinical trials . ROS
downregulate NF-«B in a mutual and bidirectional fashion, where the UPR seems to be an
integrated pathway (124, 278). Of particular interest in our results was that we observed a
downregulation in GADD45A that is involved in both DDR and UPR (279) and EIF that is
involved in the UPR (280) when we evaluated methods in healthy volunteers with a very
low dose (Paper ). GADD45A is a regulator of transitional switch from survival to apoptosis
during ER stress (281). The top downregulated genes in the NF-xB pathway were NFKBIA
and TNFAIP3 (Paper ). CD69 was also downregulated. CD69 is an early activation marker
on lymphocytes that has been shown to be upregulated in COVID-19, and a higher
expression is associated with more severe disease (282). One to two sessions of HBOT at
2.8 ATA, 90 minutes, have recently been shown to upregulate genes involved in T-helper
cell differentiation and downregulation of the NF-kB pathway. Interestingly, GADD45A and
TNFAIP3 were the top downregulated genes in a prospective cohort of NSTI patients
(283). The observation of large differences in the response between healthy men and
women suggests that sex differences also should be considered, at least in young and
healthy individuals (Paper I). In summary, the results form paper | suggest that even a very
low dose of HBO, may have anti-inflammatory and immunomodulating effects, which

warrants further investigation with a larger sample size.

In Paper lll we observed a distinct change in transcriptomic signature from baseline to day
seven in severe and critical COVID-19 patients treated with HBOT, that was not seen in
the control group. The change was associated with faster recovery and reduced HLoS.
Many pathways related to ER stress, quality control, cell fate and modulation of the
immune response seemed to be involved. One of the most interesting findings was the
transcriptional downregulation of the UPR since it is intricately involved in virus-host
response and progression of COVID-19 (193). One of the central players in the UPR is the
pleiotropic molecular chaperone BiP/GRP78, that is coded by the gene heat shock protein
family. A (Hsp70) member 5, (HSPA5) that has also been suggested as a therapeutic
target for viral disease (191 284-287). BiP/GRP78 has been shown to be more abundantly
expressed on the plasma interface of human airway epithelial cells than the ACE2
receptor in severe COVID-19 patients other than in patients with HIV and Tuberculosis,
consistent with a large publicly available single cell sequencing database FANTOM5, and
as such it may be an important alternative/co-receptor for SARS-CoV-2 (288). In normal
cells BiP/GRP78 is adapted to support protein synthesis, folding and export, but during ER
stress, alterations in the cytoplasmic environment seem to induce changes in its
structural topography, converting GRP78 into a receptor with additional functions not
observed in the original ER chaperone (285). BiP/GRP78 was one of the most significantly
DEG in our analysis, suggesting that this may be an important factor involved in the clinical
outcome. In line with previous findings (288), there were no major sex differences in

expression of the UPR genes in our trial (Paper lll). This is an interesting observations since
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we saw big sex differences in healthy individuals (Paper I). Possible explanations may be
that females in Paper lll were all post-menopausal, the dose was higher, and concomitant
diseases or the critical illness may have relatively reduced the sex-related difference. We
also observed downregulation of mTORCI, which is interesting since activated B-cells
seem to depend on mTORCI to switch on and off the UPR in response to demand of
antibody production (289). There is compelling evidence suggesting that the UPR is
involved in macrophage polarization and acts as a switch for turning on and off
inflammation (290, 291). However, evaluation of RNA is only a part of the puzzle and our
evaluation of differentially expressed genes that make UPR guilty by association, needs to
be validated on protein level (292). Opposite patterns are seen on protein level in non-
HBOT treated subjects, but it is difficult to draw conclusions from the direction of the
change since a downregulation on mRNA level may not directly correspond to an
upregulation on protein level (293, 294). We further observed a downregulation of genes
in metabolic pathways such as MYC, glycolysis and cholesterol homeostasis that
suggests a metabolic reprogramming of mitochondrial OXPHOS, known to be an
integrated part of T-cell exhaustion and macrophage polarisation in hypoxia (153, 290).
There is strong circumstantial evidence that the effects seen are related to the clinical
outcome, but it should be noted that the design of the sub study is exploratory and not
confirmatory, and to fully understand the complex interplay and the potential role of
HBOT more clinical and pre-clinical research are needed. Understanding how viruses
interact with the UPR is not only important for understanding the effects of HBOT; it may
also have an impact for elucidating host-virus interactions, and provide insights for the
development of other antiviral strategies.

5.4 HBOT Harms

In paper Il we described AEs and safety endpoints observed from the first 29 subjects (all
Swedish subjects). In the intention to treat population we did not see any statistically
significant difference in the safety endpoints NEWS and PaO2/FiO2 and there was a trend
towards benefit; PaO2/FiO2 was significantly better in the HBOT group at Day 14, but this
was not a predefined endpoint. This trend that is also supported by a previous RCTs on
HBOT for COVID-19 that used our protocol (215), suggests that HBOT does not cause harm
even for critical COVID-19. The AEs or SAEs were similar in the two groups and only two
SAEs were assessed as at least possibly related to the treatment. We reported more AEs
than any other RCT on HBOT for COVID-19 (215) This could be because our cohort was
more critically ill than those in the other studies, but also because we reported in
compliance with ICH-GCP. Since oxygen is generally regarded as harmful, and toxic for
the lungs above FiO, 0,5 (295), we also recorded the daily average inspired oxygen for
each subject throughout the trial. Despite the much higher dose during the HBOT
treatment, there was no difference in CPTDicy and we observed a trend towards lower
need for oxygen in the HBOT group throughout the trial (Paper I, Fig. 3). There were
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numerically more barotrauma events in the Control group, and also more secondary
infections. There were numerically more deaths in the HBOT group; this could be
explained by the fact that these subjects were too sick and beyond salvation, but it can
also be argued that they would have benefitted from continuing the HBOT after
intubation, or that the dose was already too high and caused harm (Paper I, Table 2).
Taken together, the profile of harms seems favourable for HBOT in severe and critical
COVID-19 but the number of patients is too small to draw definite conclusions regarding
harms.

In paper IV we described the observed AEs and baseline characteristics from the first 20
subjects. AEs were more frequent that previously reported. One reason could be that we
reported in compliance with ICH-GCP, but it is also possible that the dose is too high for
this condition. The previous RCT that reported beneficial effects on cognitive function,
HRQoL and objective findings on MRI brain and global longitudinal strain (GLS) on
echocardiography with 40 treatments, used 2.0 ATA, 90 minutes with five minutes air-
breaks every 20 minutes, five days a week (240, 296, 297). The low HRQoL and poor
physical function observed in our cohort are important information for health care
personnel and decision makers, because at first glance you cannot see post COVID-19
condition when only observing the patient for a short time (298, 299). One of the most
interesting findings was the very low score in RAND-36 RP. This finding can be interpreted
as that the cohort has very high expectations that are not met by their function and this
dissonance is an important part of the poor HRQoL (300). The low HRQoL scores may
also suggest that our cohort had a worse disease severity than in previously reported
trials on Long COVID (240). The dose in our trial differed from previously reported RCT;
we designed the dosage 2.4 ATA/87 min, ten sessions over up to six weeks. Really, most
subjects received the treatments two to three times a week over four weeks to
accommodate patient preferences well within the protocol of the trial. Previous trial used
2.0 ATA/90min, 40 sessions, five days a week over eight weeks. It is also possible that the

number of treatments (10 vs 40) is not enough to see a clinically relevant difference.

5.5 Potential benefits with HBOT

Results from Paper | suggest that HIIT and HBOT induce similar transcriptomic effects on
the immune system, despite a trend towards opposite effects on ROS and SpvO; in blood.
The observed similarities in anti-inflammatory and immune modulating effects
correspond well with the somewhat over-simplified HHP hypothesis published by
Hadanny et al. shortly after our study was conducted (77), with the difference that the
HHP only includes HIF-1and the molecular chaperones Sirtuins that are primarily involved
in the DNA damage response (DDR) to explain the mechanisms. Balestra, et al. generated
a similar hypothesis already ten years ago named “the normobaric oxygen paradox”,
where they discovered a dose-response relationship suggesting a negative effect in the

hyperoxic range on inducing Erythropoietin (76, 301), highlighting the need for
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individualized dose in different settings. Many other researchers have similar hypotheses.
Numerous experimental and clinical studies have been published in the past few years,
but there are still more questions than answers regarding how to define and evaluate dose
and response(78, 90, 95, 302-305). Taken together, they all point towards that it is rather
a “relative pO,” or the intermittent difference of partial pressure (ApO,) and not the
absolute pO; that is the main determinant of the effect. Whether ROS and SpvO, after
HBOT can be used as a biomarker for dose-response, warrants further investigation. HIIT
seems like the obvious choice for healthy individuals that can perform heavy exercise
(64). However, the critical difference and advantage of HBOT is that almost all
mechanisms involved in the effect are energy dependent and it would be impossible to
induce these effects in elderly, disabled or hypoxic patients with exercise (306). Further,
the targeted effects are associated with ER-mitochondria dissociation and mitophagy
(307,308), suggesting that a ROS-source other than mitochondria is needed to overcome
the reductive state(302).

The effects of HBOT on immune modulation have been studied in animal models. It has
been suggested that HBOT may suppress atopic dermatitis (AD) by improving ROS levels
in the skin (309). It has also been suggested that HBOT can alleviate psoriasis by
improving T-regulator cell (Treg) function (310). HBOT does not appear to have the same
risk-profile for bacterial superinfections as corticosteroids and other immunomodulating
drugs. On the contrary, HBOT is associated with a number of benefits as an effective
adjuvant intervention for severe infections (311-314), and our results in Paper Ill suggest
that HBOT may be beneficial for viral infections. HBOT has been shown to affect many
different chaperones in cell models suggesting a potential positive effect for endothelitis
(237). Acute and chronic inflammatory diseases are associated with ER stress and an
imbalance in the redox homeostasis that triggers the UPR (315). In most cases, the body
has the ability to reset the redox homeostasis and resolve inflammation, but in severe
COVID-19 endothelitis and damaged lungs causing immune cell infiltration and ARDS
creates a catch-22 with hypoxia (316). The sustained inflammation in COVID-19 induced
ARDS seems to depend on pathological interactions between macrophages and T-cells
that get exhausted (317-319). There has been an ongoing discussion over the past decade
whether senescence and exhaustion of immune cells are two intertwined or distinct
unrelated processes (320, 321). A similar phenomenon is seen in tumours where cancer
cells create a hypoxic micro-environment to evade the immune system (9, 322). | have
chosen to refer to these processes with the general term of senescence since my
understanding is that both processes can be induced by a sustained dysregulation of UPR
and redox homeostasis that are seen in severe COVID-19 but with the features of
autophagy and mitochondrial dysfunction some may argue that it is exhaustion (323,
324), or even anergy (325). Our results suggest that HBOT reduces inflammation, possibly

by resetting the UPR and other pathways by changing the redox homeostasis in immune
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cells, and at a transcriptional level we find features from both senescence and exhaustion
(Paper ).

The interim analysis (Paper II) was reviewed by an independent DSMB, and the interim
report was important to describe the profile on harms. It was also important to submit the
results of the predefined sub-study at Karolinska (Paper lll), since we discovered
important mechanisms in the virus-host stress response that may explain possible
benefits with HBOT that may pave the way for future trials on critically ill patients.

In HOT-LoCO (Paper IV) all subjects have completed follow-up for primary and secondary
endpoints at three months. The DSMB reviewed the data 27 September 2022, they found
no ethical, or safety reasons to discontinue the trial. This suggests that no difference was
seen on the primary endpoint. We will also analyse gene expression in PBMCs for post
COVID-19 condition to further explore the HBOT mechanisms. Regardless of benefits or
harms, this may give us useful clues regarding mechanisms for the syndrome and future
interventions.
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6 CONCLUSIONS

Based on the results in this thesis, we conclude that HBOT acts like a potent
immunomodulatory drug regulating cell fate with a favourable profile of harms. HBOT is
beneficial for selected patients with critical COVID-19, associated with faster recovery
and shorter HLoS compared to best practice. However, the mechanisms of action seem
to be more complex than previously described, and the optimal dose and timing warrant

further investigation. In detail we conclude:

e Oxidative stress can be measured in blood in the same physiological range as HIIT
(Paper 1)

e HBOT shares important transcriptomic mechanisms with HIIT in healthy subjects,
but the required dose is individual and sex differences should be considered
(Paper I).

e HBOT has a favourable profile of harms for both severe COVID-19 and post COVID
condition, but the optimal timing and individual dosing are still unknown (Paper I,
V).

e HBOT improves gas exchange and vital signs and shortens HLoS in selected
patients with severe and critical COVID-19 compared to best practice per 2021.

e The transcriptomic response in severe COVID-19 suggests that HBOT has a far
more complex effect on many pathways involved in cellular quality control and cell
fate than previously described (Paper lI).

e HBOT alters the unfolded protein response and related pathways involved in

senescence/exhaustion in immune cells (Paper |, Ill).

"It is paradoxical, yet true, to say, that the more we know, the more ignorant we become
in the absolute sense, for it is only through enlightenment that we become conscious of
our limitations. Precisely one of the most gratifying results of intellectual evolution is the

continuous opening up of new and greater prospects.”

Nikola Tesla
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7 POINTS OF PERSPECTIVE

In this thesis we have generated many more new questions than answers, but the
immunomodulatory effect seen from different doses of HBOT in healthy volunteers and
in critical COVID-19 patients provides food for thought. The mechanisms of HBOT seem
to be more complex than previously shown. With transcriptomics we have shown a link
between regulation of the UPR, suggesting resolution of ER stress, and clinically relevant
outcomes in critical COVID-19 patients treated with HBOT. We have shown that it is
feasible to treat patients with severely injured lungs, affecting mechanisms involved in cell
senescence that are not specific for COVID-19, which opens up new avenues for trials
with HBOT in the ICU setting.

The common denominator of the somewhat ironically listed potential 132 conditions by
Gabb and Robin in the publication “A therapy in search of diseases” (1987) is that they are
all acute or chronic inflammatory diseases associated with ER stress and an imbalance in
the redox homeostasis (18,184, 188, 326). 37 years later, an extensive effort has been made
to explore mechanisms, but they are still far from fully understood (46). Attempts have
been made to conduct well designed clinical trials with HBOT on a few of these conditions,
but even the accepted indications need more high-grade evidence to adhere to modern
requirements for evidence-based medicine. Despite controversies in clinical trials, HBOT

is a readily availible option with a favourable profile of harms for accepted conditions (44).

HBOT has a huge potential as a unique and short acting regulator of immune cell
senescence/exhaustion. HBO, has the outstanding theoretical advantage over all
conventional pharmacological drugs that it seems to be holistic and naturally selective.
This means that cells that are dysfunctional with acute or chronic ER stress seem to be
affected with the commonly used doses of HBOT, but healthy cells without ER stress will
at most have some temporary ER stress from which they are equipped to quickly recover.
In this aspect, the downregulation of GRP78/BIP is by far the most interesting finding for
the use of HBOT as an adjuvant therapy for overcoming T-cell exhaustion in infection and
cancer (327). The cell surface GRP78 (csGRP78) has been extensively studied and
autoantibodies to GRP78 have been found in various cancers and autoimmune
pathologies (190). Antibodies towards GRP78 have been shown to successfully inhibit
tumour growth and metastases in cell and animal models of malignant melanoma (328),
prostate cancer (329), and colon cancer (330). Anti-GRP78 antibodies also enhanced the
effect of radiotherapy for lung cancer and glioblastoma (331). HBOT has been studied as
an adjuvant therapy for malignancies including glioblastoma since the 1950’s, it may be
time to revise the hypotheses with modern multi-omics methods and conduct clinical
trials in compliance with ICH-GCP (332, 333). HBOT has been used for NSTI since the
1950’s, a recent observational study including transcriptomics showed a downregulation

of genes involved in T-cell signalling and programmed cell death protein-1(PD-1) /pro-
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grammed death ligand-1(PD-L1) immune checkpoint (283). Vinkel et al also found a
downregulation of GADD45A and TNFAIP3 that were top downregulated genes in Paper |I.
We are currently planning an RCT in compliance with ICH-GCP on HBOT for NSTI.

We speculate that HBOT resolves ER stress either by selecting cells for apoptosis, or by
autophagy/mitophagy separating the sheep from the goats, and/or metabolically
reprograms the cells by polarisation (148). The holistic mechanism is the blessing and the
curse; since we currently do not have a reliable plasma biomarker for ER stress or redox
balance (334-336), the only way to really prove that HBOT has a place in conventional
medicine is to prove its clinical benefits and harms in randomised trials. In parallel, we
should include multi-omics in HBOT trials to be able to connect the potential clinical
outcomes with molecular effects. Despite its complexity, the UPR seem to be a great
place to start looking for biomarkers for personalized HBOT dose and effect.

Preclinical research is needed to get a more detailed understanding of how the UPR, and
redox regulation is responsible for the positive effects. Molecular chaperones, in particular
the hsp70 family including GRP78/BiP, have the great advantage of being conserved
among species, and S. cerevisiae (yeast) (337), C. elegans (animal) (338) and Arabidopsis
Thaliana (plants) (339)are potential 3R (Replace, Reduce, Refine) models for this (340).
The ER-mitochondria interface seems to be another important and plausible site of action
since it is the hub for Ca2+ regulation, autophagy including mitophagy (selective
degradation of mitochondria) and inflammation; involved in cancer and many chronic
inflammatory-, metabolic- and neurodegenerative diseases (341, 342). We need to
continue to search for reliable clinical biomarkers for ER stress and individual dose-
response for better patient selection and trial designs.

Our results together with previous research suggest that ApO; or rather the transient
change in redox balance could be the target mechanism (76, 78, 95, 304, 343). It may be
feasible to have a similar effect with much lower dose both regarding time and pressure,
which may reduce harms and make HBOT more time and cost efficient if it is used in a
HIIT fashion (344). It is possible that the hyperoxic periods can be limited to 10-15 minutes
and repeated 3-4 times. It may also be possible to achieve selected effects with
normobaric oxygen 100% (103kPa) and a hypoxic gas mixture with 9% oxygen (10kPa)
during breaks to maximize the ApO; in the normobaric range, but this is something that
first needs to be evaluated in a preclinical setting.

Further understanding of timing, dose and frequency would make HBOT cost-efficient,
potentially minimizing harms and improving outcomes. Precision medicine is the future
for HBOT.
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