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Abstract

Background

The discovery of angiotensin-converting enzyme 2 (ACE2) introduced an alternative protective
arm of the renin-angiotensin system (RAS), the ACE2/Angiotensin 1-7 (Ang 1-7)/Mas receptor
axis, to counterbalance the more renowned pathogenic angiotensin-converting enzyme
(ACE)/Angiotensin II (Ang II)/AT; receptor axis that predominates in disease states due to RAS
hyperactivation. As a crucial endogenous regulator of the RAS, ACE2 possesses a catalytically
active ectodomain exposed to the circulation that hydrolyzes various vasoactive peptides
including, Ang II and angiotensin I (Ang I), generating Ang 1-7 and angiotensin 1-9 (Ang 1-9),
respectively. Notably, ACE2 has garnered international attention as the cellular receptor for severe
acute respiratory syndrome coronavirus (SARS-CoV) and SARS-CoV-2, becoming one of the
most researched and well-known human proteins. A soluble form of ACE2 is shed from the
membrane through proteolytic cleavage by a disintegrin and metalloprotease 17 (ADAM17),
resulting in diminished ACE2-mediated tissue protection under pathological conditions. We
propose that the dysregulation of plasma angiotensin peptides and ACE2 is a molecular signature
of cardiovascular and inflammatory diseases and can further serve as prognostic markers for

adverse clinical outcomes in heart failure (Chapter 2) and coronavirus disease-2019 (Chapter 3).

Methods and Results

In Chapter 2, we prospectively enrolled 110 patients with heart failure from outpatient clinics and
the emergency department to perform comprehensive profiling of circulating and equilibrium
levels of plasma angiotensin peptides using liquid chromatography-tandem mass spectrometry
(LC-MS/MS) techniques. We found that an elevation in the ratio between Ang 1-7 to Ang I,

effector peptides of the protective and harmful axis of the RAS, respectively, served as an



independent and incremental predictor of beneficial outcomes, better survival rate, and reduced
hospitalization duration. Although multiple peptidases participate in the proteolytic processing of
Ang 1-7 and Ang II, ACE2 is a direct regulator of the Ang 1-7/Ang Il ratio, and its dysregulation

contributes to RAS imbalance resulting in adverse clinical outcomes.

In Chapter 3, we prospectively enrolled 242 consecutive patients admitted to hospital wards
designated for COVID-19 or intensive care units to measure plasma soluble ACE2 and other
established disease markers using enzyme-linked immunosorbent assay and angiotensin peptides
through LC-MS/MS at admission and repeated sampling on day seven. We found that an upward
trajectory in soluble ACE2 was independently associated with an increased risk of mortality and
incidence of acute myocardial injury and circulatory shock. In contrast, patients who survived the
COVID-19 hospitalization were characterized by a substantial reduction in soluble ACE2.
Additionally, we found a prominent elevation in plasma Ang I and Ang 1-7 levels in patients with
COVID-19 accompanied by downregulated plasma ACE activity at hospital admission, likely due

to the extensive pulmonary vascular endothelial injuries during SARS-CoV-2 infections.

Conclusions

Heart failure and COVID-19 shares mutual disease pathophysiology in forms of dysregulation in
ACE2 and the RAS. Importantly, plasma angiotensin peptide and soluble ACE2 levels can be
effectively monitored through disease progression to facilitate a personalized biomarker-guided
approach for risk stratification and the implementation of medical therapies against these
conditions. Moreover, our data suggest a potential role of ADAMI17 inhibition and the
development of novel strategies to enhance the beneficial ACE2/Ang 1-7/Mas axis to improve

patient outcomes in cardiovascular and inflammatory diseases.
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Chapter 1. Introduction

1.1. Background

Heart failure 1s a complex medical syndrome accompanied by repeated hospitalization and high
mortality rates. At least 600,000 Canadians are currently suffering from heart failure, with 50,000
new diagnoses each year, causing an enormous burden on patients and our healthcare system.!
More recently, the COVID-19 pandemic has taken center stage leading to over 500 million
individuals infected with SARS-CoV-2 and 6 million death worldwide. SARS-CoV-2 infections
damages multiple organs beyond the respiratory system, including the cardiovascular system.>”’
SARS-CoV-2 enters human cells by binding to the transmembrane enzyme, ACE2, internalizing
into the cells with a higher binding affinity for ACE2 compared to the initial SARS-CoV.3-!!
However, ACE2 is also a crucial enzyme required for optimal cardiovascular function; it converts
Ang 11, a pathogenic peptide, into Ang 1-7, a peptide with cardiovascular protective effects.!?
Hence, loss of ACE2 causes accumulation of Ang II and diminished Ang 1-7, an imbalance in the
RAS leading to cardiovascular pathologies, such as heart failure.!*'® However, the dynamic state

of plasma ACE2 and angiotensin peptides under these disease conditions and their relationship to

clinical outcomes in patients is not well understood.

1.2. Discovery of ACE2

Following the initial and seminal discovery of renin in 1898 by Tigerstedt and Bergman, the RAS
now encompasses a complex network of enzymes, peptides, and receptors.'®!62> While many
metallopeptidases cluster in small inter-related gene families (e.g., the neprilysin family),

unusually, no human homolog of the vasoactive zinc-peptidase angiotensin converting enzyme
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(ACE) had been identified at the turn of the century. Almost simultaneously, in 2000, two
independent approaches searching for such ACE homologs revealed the existence of a close
relative of the ACE gene designated ACEH?’ or ACE2?!. ACEH was cloned from a human
lymphoma cDNA library and the identical ACE2 from a human HF ventricular cDNA library, the
latter emphasizing a potential role for ACE2 in CV pathologies. Expression of the ACE2 gene was
initially established in the heart, kidney and, testis, but subsequent studies have shown a much
broader distribution, including the upper airways, lungs, gut, and liver (Figure 1.1.A). Sequence
comparison of ACE and ACE2 strongly suggested that ACE2, like ACE, was an integral
transmembrane protein (and ectoenzyme) with a transmembrane anchor close to the C-terminus
(type I membrane protein). A close evolutionary relationship existed between the ACE and ACE?2,
genes and it was presumed that the two proteins would have similar substrate specificities and

involvement in the RAS.

’ ACE2 Expression ‘ ACE2 ACE2 Bound With
SARS-CoV-2
Central Nervous System Eyes N-terminus
+  Circumventricular Organs + Pigmented Epithelial Cells
* Rod & Cone Photoreceptor Cells =
«  Miiller Glial Cells

Upper Airway
+ Ciliated Epithelial Cells

RBD-PD

*  GobletCells Heart :
+ Cardiofibroblasts Protease Complex
+ Cardiomyocytes Domain

+ Endothelial Cells
* Pericytes
* Epicardial Adipose Cells

Vasculature
+ Endothelial Cells
* Migratory Angiogenic Cells
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“—— Catalytic Sites ——>

Kidneys —
Lungs * Glomerular Endothelial Cells l!l’l"'

* Alveolar (Type ll) Epithelial Cells
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Figure 1.1. ACE2 expression throughout the body and schematic of ACE2 primary domains.
(A) ACE2 is expressed in the vascular system (endothelial cells, migratory angiogenic cells, and
vascular smooth muscle cells), heart (cardiofibroblasts, cardiomyocytes, endothelial cells,

pericytes, and epicardial adipose cells) and kidneys (glomerular endothelial cells, podocytes and




proximal tubule epithelial cells). ACE2 is also expressed and functions in the local RAS of the
liver (cholangiocytes and hepatocytes), retina (pigmented epithelial cells, rod and cone
photoreceptor cells and Miiller glial cells), enterocytes of the intestines, circumventricular organs
of the central nervous system, upper airway (goblet and ciliated epithelial cells), and alveolar (Type
IT) epithelial cells of the lungs and pulmonary vasculature. (B) ACE2 has an extracellular facing
N-terminal domain and a C-terminal transmembrane domain with a cytosolic tail. The N-terminal
portion of the protein contains the claw-like protease domain (PD), while the C-terminal domain
is referred to as the Collectrin-like domain (CLD). The receptor-binding domain (RBD) of SARS-
CoV-2 binds with the PD of ACE2, forming the RBD-PD complex distinct from the ACE2

catalytic site.

As it turned out, important differences occur, particularly in the active site regions of the
enzymes, such that the two enzymes counterbalance rather than reinforce each other’s actions.
Many subsequent studies over the next twenty years have revealed their inter-relationship,
respective roles in the RAS, and multiple physiological and pathological actions from vasoactive
peptide metabolism, importantly including not only Ang II but also apelin, to intestinal amino acid
transport affecting innate immunity, to lung function and brain amyloid metabolism (converting
AB43 to AB42, a substrate for ACE).”!1>?* Another unexpected twist in ACE2 biology was its
identification in 2003 as the cell-surface receptor for the then newly identified SARS-CoV that led
to more than 8000 cases of SARS and almost 800 deaths,” and as the receptor for SARS-CoV-2

that is currently devastating many countries worldwide.”

1.3. ACE2 Gene and Biochemistry

Unlike the ACE gene, which is located on human chromosome 17, the 40kb ACE?2 gene is located
on chromosome Xp22 and contains 18 exons, most of which resemble exons in the ACE gene.
Whereas somatic ACE contains two active sites, ACE2 possesses only a single catalytic domain.

Both ACE and ACE2 act as zinc metallopeptidases but of differing substrate specificities defining
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their distinct and counterbalancing roles in the RAS. Whereas ACE cleaves C-terminal dipeptide
residues from susceptible substrates (a peptidyl dipeptidase), ACE2 acts as a simple
carboxypeptidase able to hydrolyze Ang I, forming Ang 1-9 and Ang Il to Ang 1-7 (Figure 1.1.B).
ACE2 does not cleave bradykinin, further distinguishing its specificity from that of ACE while it
is also insensitive to conventional ACE inhibitors.?*?* The C-terminal domain of ACE2 which has
no similarity with ACE, is a homolog of a renal protein, collectrin, which regulates the trafficking
of amino acid transporters to the cell surface, endowing ACE2 with multiple and distinctive
physiological functions. It is the multiplicity of physiological roles that ACE2 plays that has
allowed it to be hijacked by SARS-CoV-2 as a receptor, resulting in the COVID-19 pandemic.!%!
Structural studies have revealed the structures of both the SARS-CoV and much more recently,
the SARS-CoV-2 in complex with ACE2 (Figure 1.1.B).?”-?® In the case of SARS-CoV-2, the
major spike glycoprotein (S1) binds to the N-terminal region of ACE2. The knowledge of the
biology and physiology of ACE2 accumulated over the last 20 years since its discovery should
provide a major stimulus to understanding some of the key steps in SARS-CoV-2 infection and its

ultimate prevention.

1.4. Regulation of ACE2

Given the canonical role of ACE2 as a negative regulator of the RAS and receptor for SARS-
coronaviruses, the cellular control of ACE2 is an active area of investigation. As an X-linked gene
capable of escaping X chromosome inactivation, the dimorphic expression of ACE?2 is implicated
in sex-based differences in health and diseases.?®*° Interestingly, the anticipated female bias in

ACE? expression appears to be negated by the effects of transcriptional control, such as that of sex



hormones.*® Precisely, delineating the complex physiological regulation of ACE2 requires
assessment at the transcriptional, post-transcriptional, and post-translational levels.

Transcriptional control encompasses many facets with agonist activation of the androgen
receptor (AR) capable of initiating nuclear translocation and binding to enhancer elements distal
to the ACE2 gene to upregulate gene expression.’! Therefore, male mice had increased ACE2
activity compared to females in the heart and kidney, which was reversed when female animals
were ovariectomized and restored upon exogenous treatment with 17B-estradiol.>>3* Aside from
the sex hormones, transcriptional control is also mediated by the apelin pathway, for example.
Although the mechanism is not elucidated entirely, apelin upregulates ACE2 expression
presumably through downstream signaling of the apelin receptor, initiating nuclear translocation
of GATA transcription factors.>**> In accordance, exogenous administration of apelin restores
ACE? expression in the failing hearts of APLN knockout animals subjected to transthoracic aortic
constriction.>*

Epigenetic control of the ACE2 locus is mediated by DNA methylation and histone
modifications. Aberrant DNA hypermethylation, presumably promoting transcriptional
repression, at CpG4 and CpG5 within the promoter of ACE2 has been described in essential
hypertension.’®*7 Histone post-translational modification, such as lysine-specific histone
demethylase 5B (KDMJ5B) that demethylates lysine 4 of histone 3 (H3K4), was positively
associated with ACE2 expression in the lungs.*® In contrast, enhancer of zeste homolog 2 (EZH2)
catalyzes H3K27 trimethylation (H3K27me3) to suppress ACE2 expression in human embryonic
stem cells.*® Finally, miRNAs represent a nidus of post-transcriptional control through
translational repression of ACE2. Based on a predicted miRNA binding domains on the 3’

untranslated region (UTR), in silico modeling identified miR-125a-5p, miR-200c, and miR-200b



and miR-429 as putative regulators of ACE2.** miR-421 reduces ACE2 protein levels and activity
in cell lines, and miRNA-143 is inversely correlated to ACE2 activity in a study following aerobic
exercise training in humans.*!#?

The ACE2 protein is controlled post-translationally by targeted degradation and proteolytic
shedding. In pulmonary arterial hypertension (PAH), murine double minute 2 (MDM?2), an E3
ubiquitin ligase, targets ACE2 for proteasomal degradation by ubiquitination.** Interestingly,
AMP-activated protein kinase (AMPK) phosphorylates the intracellular domain of ACE2 and
thereby stabilizes its membrane expression.*»** ADAMI17 (A Disintegrin and Metalloproteinase-
17) mediates ectodomain shedding of membrane-bound ACE2, detectable as plasma soluble
ACE?2. Similarly, ADAMI17 activation is central to SARS-CoV-2 pathogenesis and upregulated
by Ang II through its actions on the ATR creating a deleterious positive feedback loop, which
we will parallel in latter sections.* Thus, multiple transcriptional, post-transcriptional, and post-
translational regulators control ACE2 expression in different cell types and in a sex-specific and
plausibly age-dependent manner. Moreover, ACE2 expression changes, as predicted from its
central role in cardiovascular and fluid homeostasis, in multiple diseases from heart failure,

hypertension, diabetes, or obesity.*6-4

1.5. Physiological Roles of ACE2

A. Negative Regulator of the RAS

Discovery of ACE2 resulted in a paradigm-changing concept in all aspects of the RAS. ACE2 is
a monocarboxypeptidase that converts Ang I into a nonapeptide, Ang 1-9, and Ang II into a
heptapeptide, Ang 1-7 (Figure 1.2.A). This distinct enzymatic pathway for degradation of Ang I
and Ang Il negatively regulates RAS activation and mitigates the deleterious actions mediated by

Ang IT and AT R.'"? This is of particular significance in pathological conditions where the RAS is
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overstimulated. Ang 1-7 is a biologically active peptide whose vast array of effects are opposite
to those attributed to Ang I1.°%°¢ Furthermore, ACE2 can antagonize ACE independent formation

of Ang II, such as from mast cell chymase.’’-3®

In 2003, an endogenous orphan receptor, Mas
(MasR), was identified as the Ang 1-7 receptor. A779, a MasR antagonist, blocks the majority of
Ang 1-7 effects.”*>*%2 Ang 1-9 has also shown beneficial biological effects via the AT2R that
result in cardioprotection.®*%¢ Thus, the ACE2/Ang 1-7/MasR axis has emerged as a physiological
counter regulator of the activated RAS.>"67-7! The cardioprotective effects of ACE2 taken together
can be attributed to i) degradation of Ang [ to Ang 1-9, whereby limiting action of ACE on its
substrate, ii) reducing Ang II detrimental effects through degradation of the peptide, and iii)
formation of Ang 1-7 which exercises cardioprotective effects. Formation of Ang 1-7 is an
important mechanism of ACE2 mediated protection, as antagonism of Ang 1-7 using A779
prevented beneficial effects of thACE2 in murine model of systolic dysfunction.”” Diminished
ACE2 activity results in activation of the Ang II/ATIR axis, contributing to the increased

progression of CVD. Elevated ACE2 level and activity result in the formation of Ang 1-9 and Ang

1-7, leading to protection against CVD. (Figure 1.2.A).

B. Interaction with Apelin Peptides

The apelin family of peptides act through the apelin receptors mediating protection against
CVD.”>7 The X-linked APLN gene encodes a 77 amino acids pre-pro-apelin that is subsequently
cleaved by endopeptidases to various bioactive peptides from 13 to 36 amino acids in length. CVD,
including HF and hypertension, is characterized by an apelin deficient state in both human
myocardium and plasma.”””’ Apelin KO mice exhibit increased infarct size and systolic

dysfunction following coronary ligation and reduced myocardial contractility concomitant with



increased susceptibility to HF in pressure-overload models.”®”® Reduced myocardial Ace2 mRNA
and ACE2 protein levels in apelin KO mice, which were rescued by infusion of apelin-13, suggest
a crucial regulatory role of apelin in Ace2 gene expression.’* Apelin signaling through the apelin
receptors specifically increased Ace2 promoter activity leading to an increase in Ace2 mRNA and
protein. #3981 These effects are consistent with the ability of the pyr-apelin-13 peptide to
negatively regulate Ang II-mediated superoxide production, myocardial hypertrophy, dysfunction,
and fibrosis®! and analogs of apelin-17 preventing abdominal aortic rupture in low-density
lipoprotein receptor KO models induced by Ang II infusion.®? However, ACE2 through its
monocarboxypeptidase activity cleaves and inactivates bioactive apelin peptides apelin-13 and
apelin-36 through a negative feedback mechanism in the heart and vasculature (Figure 1.2.B).2483
Due to the short half-life of endogenous apelin peptides in the plasma, synthetic apelin peptide
analogs resistant to ACE2 degradation and retaining their binding capability to endogenous apelin

receptors elicit protection in the CV system are being explored as potential new therapies.”8?

C. Chaperone for B’AT1 (SLC6A19) Amino Acid Transporter

BYATI1 is highly expressed in the intestines and kidneys with function in the absorption of neutral
amino acids.®* The ACE2-B(0)ATI complex is assembled as a dimer of heterodimers, with the
collectrin-like domain of ACE2 mediating homo-dimerization.!® ACE2 has a RAS-independent
function, regulating intestinal amino acid homeostasis, expression of antimicrobial peptides, and
the gut microbiome.® ACE2 is necessary for the expression of the Hartnup transporter in the
intestine, and the differential functional association of mutant B(0)AT1 transporters with ACE2 in

the intestine regulates the phenotypic heterogeneity of human Hartnup disorder.?*
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Figure 1.2. ACE2 role in the RAS peptide cascade and its interaction with the apelinergic
peptide system. (A) Angiotensinogen is processed by renin into angiotensin I (Ang I) which is
further cleaved by angiotensin-converting enzyme (ACE) or mast cell chymase into angiotensin II
(Ang II). Ang II can go on to affect the cardiovascular system predominantly through the
angiotensin type 1 receptor (ATiR) or via the angiotensin type 2 receptor (AT2R). Alternatively,
Ang II can be degraded by the carboxypeptidase angiotensin-converting enzyme 2 (ACE2) or the
prolyl carboxypeptidase (PCP) into angiotensin 1-7 (Ang 1-7). Ang 1-7 mediates protective
effects throughout tissues which host the Mas receptor (MasR). Ang 1-7 can be further formed
through the activity of ACE2 on Ang I forming Ang 1-9 which is then cleaved by either ACE or
neprilysin (NEP). (B) Stimulation of the apelin receptor by apelin peptides leads to cardiovascular
protective effects while disrupting Ang II signaling by sequestration of the AT R through receptor
heterodimerization. Apelin is inactivated by ACE2 cleavage of its C-terminal phenylalanine while
stimulation of the apelin receptor promotes ACE2 mRNA transcription presenting apelin’s role as

a positive regulator of ACE2.

1.6. ACE2 as the Receptor for SARS-CoV-2

In 2003, ACE2 was recognized as a candidate cell-surface receptor for the then newly identified
SARS-CoV that eventually led, as far as is known, to around 8000 cases of confirmed infections
and almost 800 deaths.?> Since multiple other receptors were proposed, the role of ACE2 as the
critical in vivo SARS-CoV receptor was definitively shown in genetic mouse experiments.
Subsequently, ACE2 was rapidly identified as the receptor for SARS-CoV-2 that devastated
countries worldwide during the COVID-19 pandemic.’ Once again, mutant mouse experiments, as
well as knock-out studies in human organoids have confirmed that ACE2 is the essential entry
receptor for SARS-CoV-2, not excluding that other candidate receptors might modulate SARS-
CoV-2 entry into the cells.®® Thus, all carefully performed genetic experiments came to the same

conclusion: ACE2 is the essential receptor for SARS-CoV?2 infections in vitro and in vivo.
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SARS-CoV and SARS-CoV-2 belong to the betacoronavrius genera originating in bats.?’
Recombination in the bat coronavirus genome permits spillover to animals, with palm civets
identified as a likely intermediate host before human adaptation for SARS-CoV .88 The § gene
that encodes the spike protein is the most frequent site for recombination to enhance receptor
binding affinities for ACE2, suggesting the evolution of the receptor-binding domain (RBD) as a

key event for cross-species transmission.”%!

By contrast, ACE2 orthologs are highly conserved
across vertebrate species and can even be found in insects and certain bacterial species, reflective
of its cardinal physiological activities.”>* Consequently, this results in broad host susceptibility,
thereby driving zoonotic transmission and viral evolution of SARS-CoV-2. Both in silico and in
vivo analyses have confirmed the susceptibility of many domestic animals, livestock, and wildlife,
including cats, dogs, ferrets, hamsters, sheep, and deer to wildtype SARS-CoV-2 but not in rodents

or pigs, which carries significant implications for agriculture, animal conservation, and scientific

research.?>9¢

Multiple betacoronaviruses have been identified, sharing an ancestral origin in ACE2 binding
and substantial evolutionary plasticity carrying the potential to spill over into human and other
mammalian species in the future.”” As a natural reservoir for SARS coronaviruses, bat species
demonstrate extensive ACE2 polymorphisms at an accelerated evolutionary pace compared to
other mammalian lineages due to the ongoing selection pressures between the viral S-protein and
ACE2 during long periods of coexistence. In contrast, 4CE?2 variations are present but exceedingly
rare in humans at the population level.”>% Although structural and functional evaluations suggest
specific human ACE2 variants may enhance or disrupt S-protein binding.”® Furthermore, single
mutations in the human ACE?2 receptor-binding interface can profoundly diminish its catalytic

activity, thus explaining the scarcity of human ACE2 polymorphisms that prevents an evolutionary
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escape from SARS-CoV-2 infection.!?%!%" Importantly, SNPs in ACE? that apparently alter its
expression are associated with the clinical severity of COVID-19, providing that ACE2 expression
levels are associated with disease pathogenesis.'%19 Nevertheless, ACE2 expression is modified
by sex, age, and a multitude of physiological and pathophysiological conditions, representing a
possible explanation of how pre-existing co-morbidities could affect susceptibility and severity of

COVID-19, and possibly, though there are not enough case numbers, SARS.

The diverse viral tropism and extra-pulmonary manifestations of SARS-CoV-2 have
prompted interest in the tissue expression and regulation of ACE2. Specific to the infective
process, the overall ACE2 expression is relatively low in the respiratory tract and shows a
progressive reduction from the nasal epithelium towards the lower respiratory tract, which
correlates with patterns of viral infectivity.'%* The mRNA expression of ACE? is high in the nasal
goblet and ciliated cells but remains detectable in the basal, ciliated, club, and alveolar cells of the
lower airway.*’ Notably, while the lower respiratory tract and pneumocytes served as primary
replication sites for SARS-CoV, SARS-CoV-2 can efficiently replicate in tissues of the upper
respiratory tract and retains replication capabilities in the lower airway, which contributes to a
more efficient transmission and infection dynamics compared to SARS-CoV.!95:1% Additionally,
entry of SARS-CoV-2 into host cells requires the presence of ACE2 co-expressed with accessory
proteases for spike protein priming and activation.® SARS-CoV-2 has evolved to utilize many host
proteases, including cathepsin L, cathepsin B, furin, and TMPRSS2 (transmembrane protease
serine 2) for S-protein priming and potentiating cellular infection.**!97 Of note, the omicron variant
appears to be largely independent of TMPRSS2 cleavage, which allows a different endosomal
dominated viral entry making therapeutic inhibition of this protease largely ineffective against this

variant.'*® Besides the respiratory epithelium, immunohistochemistry of animals and humans, as
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well as genes expression studies, including a meta-analysis of single-cell RNA-sequencing
datasets from The Human Cell Atlas revealed that ACE2™ cells are highly present in enterocytes
of the intestine, proximal tubules of the kidney, cardiomyocytes and associated fibroblasts and
vascular smooth muscle cells, defined endothelial cells and pericytes, including cells of the choroid

plexus constitution part of the blood-brain barrier, as well as lymphocytes and macrophages.'?”

At the intersection between SARS-CoV-2 infections and consequent organ injury lies the
ACE2 protein. Although in organ damage, multiple pathways are ultimately involved, such as
immune activation, autoimmunity, and changes in the coagulation, which explains why nearly all
clinical trials have failed in treating severe COVID-19 and making it paramount to advance
treatments that target multiple pathways. Despite being the critical receptor of SARS
coronaviruses, a plethora of studies have shown that ACE2 protects multiple tissues from damage
in response to a deregulated local RAS and possibly other deregulated peptide systems such as
apelin, bradykinin, or neuroactive peptides. In particular, ACE2 confers protection in the
pulmonary system, and downregulation of ACE2 contributes to increased severity and

pathogenesis of acute and chronic lung injury.''%1!!

Importantly, treatment of multiple cell types,
organoids, or even mice with recombinant spike and even RBD protein of SARS-CoV and SARS-
CoV-2 led to ACE2 downregulation from the cell surface, concomitant with worsened pulmonary

function and exacerbation of lung pathology.!'!-!!3

However, ACE2 downregulation is also
observed independent of direct viral interaction in pathogenic avian influenza A H5N1 and H7N9
virus infections or non-infectious acid injury, leading to greater disease severity and elevation in
plasma Angll levels.''"*!5 In comparison, less pathogenic human influenza viruses and

coronaviruses causing limited non-severe upper-respiratory-tract infections, including HIN1 and

HCoV-NL63, apparently do not alter ACE2 expression.!'!3114.116
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ACE2 exists in two forms — a full-length form that is membrane-bound and a shorter
soluble form that is shed into body fluids and circulates typically in the blood in very small
amounts.'!” Both forms contain the same sequence used by the RBD of the SARS-CoV-2 S-
protein, but soluble ACE2 lacks the transmembrane domain necessary for anchoring to the cell
membrane.?’!!8 Pathological induction of the ADAMI17 cascade during SARS-CoV-2 infection
through direct viral mechanisms or the ensuing inflammatory response triggers aberrant proteolytic
cleavage of ACE2 into the circulation, thereby reducing its tissue expression and blocking its local
counter-regulatory effects on the RAS (Figure 1.3.).!'6117.119 Additionally, activation of the AngII
pathway through AT;R and TNFa signaling through the TNF receptor (TNFR) upregulates
ADAMI17 activity, leading to a detrimental positive feedback loop in infected tissues.>120
Furthermore, stimulation of p38 MAPK by inflammation and cellular stress directly promotes
ADAMI17 mediated ACE2 ectodomain shedding.!?! Thus, inflammation, cellular stress, or AnglI
induction appear to trigger ADAM]17, thereby increasing soluble ACE2 in the plasma. Persistent
elevation in soluble ACE2, reflective of putative sustained pathological ADAMI17 activation, was
associated with increased severity, mortality, and incidence of acute myocardial injury.'?>123
Collectively, these findings provide a molecular bridge between inflammation, cellular stress, and
ACE2 downregulation from the cell membrane via shedding and internalization observed during

SARS-CoV-2 infection as a contributor to multi-organ pathologies and elevated risk of mortality.
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Figure 1.3. Role of ACE2 in the pathogenesis of COVID-19 and the inflammatory response.
ACE2-mediated cardiovascular protection is lost following endocytosis of the enzyme along with
SARS-CoV-2 viral particles. Ang II levels elevate with increased activity of angiotensin 1
receptors (ATiR) at the cost of ACE2/Ang 1-7 driven pathways leading to adverse fibrosis,
hypertrophy, increased reactive oxygen species (ROS), vasoconstriction, and gut dysbiosis.
ADAMI17 mediated proteolytic cleavage of ACE2 is upregulated by endocytosed SARS-CoV-2
spike proteins. Activation of the AT|R by elevated Ang II levels also further increases ADAM17
activity. ADAMI17 correspondingly also cleaves its primary substrate releasing soluble TNF-a into
the extracellular region where it has auto- and paracrine functionality. TNF-a activation of its
Tumor Necrosis Factor Receptor (TNFR) represents a third pathway elevating ADAM17 activity.
TNF-a along with systemic cytokines released due to SARS-CoV-2 infection and in conjunction

with comorbidities such as diabetes and hypertension can lead to a cytokine storm.
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1.7. ACE2 in Cardiovascular and Lung Disease
A. ACE2 and Heart Disease
Cardiovascular disease is the leading cause of death worldwide and a major public health concern.
Heart disease is characterized by the activation of several signaling pathways associated with
pathological hypertrophy and maladaptive ventricular remodeling. In the heart, ACE2 is localized
to cardiomyocytes, cardiac fibroblasts, epicardial adipose tissue, and the coronary vascular
endothelium*>124125; Ang 1-7/MasR is also present on cardiomyocytes, cardiac fibroblasts, and
endothelial and vascular smooth muscle cells.>!2¢128 Genetic Ace2 deletion resulted in
exacerbation of Ang II-mediated cardiorenal fibrosis and oxidative stress in the heart and kidney
of hypertensive mice while administration of recombinant human ACE2 (rhACE2) remarkably
rescued the Ang II-induced hypertension, pathological hypertrophy, oxidant injury and cardiac
dysfunction.!314

Various ACE2 polymorphisms are linked to CVD.!?° Post-MI remodeling, and coronary
artery disease are common causes of HF.!2!13% Notably, MI increases ACE2 mRNA expression in
human patients, mice and rat models'> 3!, whereas genetic ACE2 deletion results in worsening of
MlI-induced cardiac dysfunction, infarct size, matrix metalloproteinase (MMP)2/MMP?9 activation
and extracellular matrix disruption.'>!3! Loss of ACE2 leads to increased neutrophilic infiltration
in the infarct and peri-infarct regions, resulting in upregulation of inflammatory cytokines,
interferon-y, interleukin (IL)-6, and the chemokine, monocyte chemoattractant protein-1 (MCP-
1), as well as increased phosphorylation of ERK1/2 and JNK1/2 signaling pathways, changes that
were blocked with an ARB ultimately resulting in improvement in myocardial function.'> In

contrast, overexpression of ACE2 and the action of Ang 1-7 ameliorates Ml-induced cardiac
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remodeling.'3?!33 Importantly, heterozygote loss of ACE2, as seen in explanted human hearts from
patients with dilated cardiomyopathy, was sufficient to increase susceptibility to heart disease.'**

HF with preserved ejection fraction (HFpEF) is a proinflammatory state closely linked to
obesity-related cardiac and microvascular dysfunction for which there are no approved
therapies.!?>133136 Epicardial adipose tissue (EAT) is a primary source of inflammatory cytokines
that could have detrimental effects on the heart.!’> Loss of ACE2 increases macrophage
polarization to proinflammatory M1-phenotype (alternatively activated, CD11c") in EAT from
patients with HFpEF, with decreases in polarization to anti-inflammatory, M2-phenotype
macrophages and worsening of HFpEF in response to diet-induced obesity.!3> Importantly, Ang
1-7, decreased macrophage polarization in EAT and preserved the cardiac function of obese Ace2
KO mice.!?>!137 Ang 1-7 has potent anti-inflammatory effects in adipose tissue of obese type 2
diabetic mice and protects against diabetic cardiomyopathy and nephropathy.'3”13° The
ACE2/Ang 1-7 axis also promotes browning of adipose tissue leading to improved metabolic

effects and weight loss, which can confer further benefits to the CV system.!4%-141

B. ACE?2 and Vascular Disease

Blockade of the deleterious arm of the RAS has been the mainstay of the therapeutic management
of hypertensive individuals. An increase in ACE2 and the vasoprotective axis of the RAS by
angiotensin-converting enzyme inhibitors (ACE1) and angiotensin receptor blockers (ARBs)
clearly reinforces this view. Furthermore, increased ACE2 expression protects against
hypertension, while ACE2 deficiency exacerbates hypertension. Renal Ace? expression is
inversely related to blood pressure in experimental models of hypertension.'¢ In the spontaneously
hypertensive rat (SHR) and stroke-prone SHR, renal 4ce2 mRNA levels are reduced compared to

normotensive Wistar-Kyoto rats.!'® These studies support the essential role of ACE2 in maintaining
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healthy blood pressure. Lentiviral overexpression of ACE2 results in increased expression of anti-

142,143 pPretreatment

hypertensive components of the RAS and attenuates elevated blood pressure.
with thACE2 prevented hypertension induced by Ang II and decreased plasma Ang II while
increasing plasma Ang 1-7 levels.'** ACE2 and ADAMI17 were selectively knocked down from
all neurons (AC-N), which revealed a reduction of inhibitory inputs to AC-N presympathetic
neurons relevant for blood pressure regulation. Mice with ACE2 selectively knocked down from
Sim1 neurons in mice exhibited a blunted blood pressure elevation and preserved ACE2 activity
during the development of salt-sensitive hypertension.!*> The metalloproteinase ADAMI17 is
responsible for mediating ACE2 shedding from the cell membrane-bound domain, which can be
promoted by Ang II, and release of ACE2 as a soluble form in plasma*:''7:143 impairing brain
ACE2 compensatory activity and thus contributing to the development of neurogenic
hypertension.'#® Genetic Ace2 deficiency is associated with the upregulation of putative mediators
of atherogenesis and enhances responsiveness to proinflammatory stimuli suggestive of a key role
of ACE2 in suppressing vascular inflammation and atherosclerotic disease.'#’ In addition, ACE2

inhibition blocks neuropeptide catestatin-mediated protective effects in the development of

atherosclerosis in ApoE~~ mice fed a high-fat diet.!*8

C. ACE?2 and Diabetic Cardiovascular Complications
The counter-regulatory role of the ACE2/Ang 1-7/MasR axis of the RAS has been well-

characterized in the progression of diabetic complications, including CV and kidney
disease.'?!4%159 Support for the importance of ACE2 in diabetes comes from its impact on diabetic
complications wherein diabetes-induced vascular dysfunction is strongly associated with a shift in
the RAS Axis towards the profibrotic, proinflammatory arm of RAS with a reduction in the
protective arm (Figure 1.4.). Loss of the protective effects of the RAS is related to the regulation

18



of tissue and circulating levels of Ang II and their sequelae in the context of diabetes.!3!!52

Alterations within the RAS are considered pivotal for the development of both diabetic micro and

macrovascular complications.!?!53
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Figure 1.4. Loss of ACE2 exacerbates diabetic cardiovascular complications via a multitude
of disease mechanisms. The loss of ACE2 action in diabetic states elevates Ang II and lowers
Ang 1-7 levels in tissues and systemically. Increased Ang II/ATiR signaling drives multiple
pathologies in various end-organs elevating reactive oxygen species (ROS) and promoting fibrosis,
hypertrophy, and inflammation aggravated by the loss of the protective effects of Ang 1-7. Ang II

stimulation also systemically alters metabolic profiles and modulates insulin sensitivity in affected

tissues.
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The blockade of the proinflammatory and profibrotic arms of the RAS provides significant
renoprotection in both experimental models of diabetes and in patients. While the loss of ACE2
worsens diabetic kidney injury!'>*, thACE2 is therapeutic in an animal model of diabetic
nephropathy'#® and experimental Alport syndrome.'>> ACEi in T1D and angiotensin receptor
blockade with losartan and irbesartan in T2D retard the progression of nephropathy.!'>° In diabetic
renal tubules, ACE2 gene expression is decreased by ~50%, which would reduce Ang 1-7
formation and allow Ang Il accumulation hence directly increasing the expression of TGF-3 and
connective tissue growth factor (CTGF), leading to tubulointerstitial fibrosis.!>” RAS blockade
retards renal damage and ACE inhibitor therapy, as mentioned above, resulting in a compensatory
increase in ACE2, leading to renoprotection.'? Therefore support for the loss of ACE2 contributing
to vascular complications in diabetes comes from strong clinical and experimental evidence.'?

Retinopathy, the most common complication of diabetes and one of the leading causes of
blindness in working-age adults, is linked to activation of oxidative stress, profibrotic, and
proinflammatory arm of the RAS which can be effectively curtailed by the ACE2/Ang 1-7 axis in
experimental models.'>®!%° Increased secretion of proinflammatory cytokines by bone marrow
mesenchymal stem cells (MSCs) skews hematopoiesis towards the generation of an increased
number of myelo-monocytic cells.!®” Target tissues of diabetic complications secrete CCL2 in
response to high glucose-induced stress'®! facilitating the homing of CCR2"cells to these regions

162-167 Tn addition to an increase in

and promoting the development of vascular complications.
myeloidosis, diabetics with complications have reduced bone marrow-derived vascular reparative
cells and circulating angiogenic cells (CD34cells).'®® Levels of 4Ace2 mRNA were also a

significant predictor of the presence of microvascular disease.!® Diabetic individuals that

remained free of retinopathy despite >40 years of poor glycemic control had higher mRNA levels
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for genes of the vasoprotective axis (ACE2/Mas) compared to age, sex, and glycemia-matched
diabetics with retinopathy.'® In dysfunctional CD34" cells from diabetic individuals, activation of
the protective arm of RAS, by exposing the cells to Angl—7 corrected their dysfunction by
restoring bioavailable NO and reducing ROS. Angl-7 gene modification of CD34" cells restored
the in vivo vasoreparative function of these cells in a mouse retinal ischemia-reperfusion injury
model.'®® Moreover, intraocular administration of AAV-ACE2 or Angl-7 reduced diabetes-

induced retinal vascular leakage and inflammation, thus preventing retinopathy.!>

D. ACE?2 and Lung Disease

Lung epithelial cells express high levels of ACE2, which positively correlates with airway
epithelial differentiation.!'%!7%17! [nvolvement of ACE2 in acute respiratory distress syndrome
(ARDS), which is triggered by multiple diseases including SARS-CoV and SARS-CoV-2, has
been established in multiple animal models.!'"!'7? 4ce2 KO mice exhibit severe pathology of
ARDS.'"017 Additional Ace deficiency, or treatment with ARIR blockers of Ace2 KO mice
rescues them from ARDS implicating the benefit of ACE2 and the critical balance of the protective
vs. proinflammatory and fibrotic axes of the RAS.!'! These findings are consistent with evidence
of a beneficial effect of thACE2 on pulmonary blood flow and oxygenation in a pig model of LPS
induced ARDS.!”? Age-related loss of ACE2 in the lungs correlates with the increased mortality
and worsened phenotype in elderly patients with COVID-19.!70

ACE2 has been implicated in acute lung injury (ALI) by inducing an imbalance in the RAS.
Evidence includes that in ALI (i) a decrease in pulmonary ACE2 and an increase in Ang II levels
occurs; (i1) supplementation with ACE2 or inhibition of Ang Il improves outcomes; and (iii) a lack
or decrease of pulsmonary ACE2 aggravates viral-induced ALI. ACE2 is also involved in

pulmonary hypertension (PH) and fibrosis.!”! Increasing ACE2 activity using rhACE2 reduced
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bleomycin-induced inflammation and fibrosis, resulting in improved lung function and exercise
capacity'”!, and the ACE2 activator, DIZE, protects animals from PH and fibrosis.'”* Moreover,
oral feeding of a bioencapsulated form of ACE2 protects and arrests the progression of PH.!”
Validation of this protective effect comes from a small human study that showed that PH is
characterized by reduced ACE2 activity and supplementation of these individuals with rhACE2
improved pulmonary hemodynamics and reduced oxidative and inflammatory markers.!”®
Collectively, these studies unequivocally establish the conceptual framework that ACE2 is a

central player in normal pulmonary function, and its imbalance leads to pulmonary diseases.

1.8. Soluble ACE2 as a Disease Biomarker

Studies found that male sex, advanced age, smoking, higher blood pressure and body mass index
lead to elevated soluble ACE2 concentrations and also correspond to risk for severe COVID-19.'77-
179 In a study including 10,753 participants, higher soluble ACE2 concentration was independently
associated with a greater risk of all-cause mortality and incidences of myocardial infarction,
diabetes, and heart failure beyond traditional cardiac risk factors.!”® Moreover, in prospective
studies of patients with heart failure, atrial fibrillation, coronary artery disease, and aortic stenosis,
elevated soluble ACE2 activity reflected impaired functional status and was associated with
adverse clinical outcomes.’®180-182 Together, these observations suggest that elevated soluble
ACE2 signifies pathology reflecting the loss of the protective arm of the RAS in local tissues and
membrane-bound ACE2. However, whether soluble ACE2 retains regulation over the systemic

RAS and exhibits functions beyond serving a disease biomarker remains to be determined.
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1.9. Research Hypothesis and Objectives

Although the ACE2/Ang 1-7/Mas axis has been demonstrated in various preclinical heart failure
models to elicit vasodilatory, anti-fibrotic, anti-hypertrophic, antioxidant, and anti-inflammatory
effects, the dynamic state of this organ protective pathway in the clinical setting remains unclear.
In accordance, a significant barrier to translating our findings from preclinical models into
efficacious therapies for heart failure patients is our current lack of RAS biomarkers to enable a
personalized precision medicine-based initiation of novel therapies such as recombinant human
ACE2 (rhACE2), Ang 1-7 analogs, Mas activators aimed at enhancing the protective function of
this pathway. Therefore, identifying plasma RAS-based biomarkers from patients with heart
failure is warranted to help with risk-stratification and prognostication. Furthermore, we were
affected by the COVID-19 pandemic during my studies. Despite posing significant challenges to
ongoing projects, this also presented a once-in-a-lifetime opportunity to contribute to the global
cause of identifying pathways underlying SARS-CoV-2 pathophysiology through biomarker
research. Since SARS-CoV-2 targets ACE2 as its cellular receptor, and previous studies have
demonstrated the downregulation of membrane ACE2 expression with the initial SARS-CoV
infection, we hypothesize that, like heart failure, elevated levels of plasma soluble ACE2 can serve
as a novel biomarker for prognostication of adverse clinical outcomes and organ injuries in
COVID-19. Conversely, an elevated Ang 1-7/Ang Il ratio as a signature of enhanced or preserved
ACE2 functionality may lead to more favorable patient outcomes in heart failure. The specific

objectives of this thesis are as below:

1. To establish clinical significance and prognostic value of plasma circulating and

equilibrium levels of angiotensin peptides in heart failure
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2. To determine the prognostic value of plasma soluble ACE2 and other substrates of
ADAMI17 activity (STNFRI and sTNFRII) at baseline and repeated sampling for COVID-
19-related mortality and multi-organ injuries.

3. To investigate the perturbations in the systemic angiotensin peptide profile during SARS-

CoV-2 infection.
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2.1. Abstract

Background: ACE2 and Ang 1-7 are endogenous negative regulators of the renin-angiotensin
system (RAS) exerting cardioprotective effects in models of heart failure (HF). Recombinant
human ACE2 markedly increased plasma Ang 1-7 and lowered Ang II levels in phase II clinical
trials. We hypothesize that the dynamic state of this RAS protective arm could influence long-term

outcomes in patients with HF.

Methods: 110 HF patients were prospectively enrolled from our outpatient clinic and the
emergency department. Comprehensive circulating and equilibrium levels of plasma angiotensin
peptide profiles were assessed using novel liquid chromatography-mass spectrometry/mass
spectroscopy techniques. Plasma aldosterone, BNP, active renin concentration and clinical profiles
were captured at baseline. During a median follow-up of 5.1 years (IQR: 4.7 to 5.7 years),
composite clinical outcomes were assessed using all-cause in-patient hospitalizations and

mortality.

Results: Circulating and equilibrium angiotensin peptide levels strongly correlated in our patient
cohort. Adjusting for covariates, elevated equilibrium (HR: 0.38; 95% CI: 0.18 to 0.81; p=0.012)
and circulating (HR: 0.38; 95% CI: 0.18 to 0.80; p=0.011) Ang 1-7/Ang II ratios were associated
with improved survival. Lower hospitalization duration was also associated with elevated
equilibrium (p<0.001) and circulating (p=0.023) Ang 1-7/Ang II ratios. Importantly, individual
Ang 1-7 and Ang II peptide levels failed to predict all-cause mortality or hospitalization duration

in our patient cohort.

Conclusions: We extensively profiled plasma angiotensin peptides in patients with HF and
identified elevated Ang 1-7/Ang Il ratio, as an independent and incremental predictor of beneficial

outcomes, higher survival rate, and decreased hospitalization duration. These findings provide
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important clinical evidence supporting strategies aiming to promote the beneficial Ang 1-7/Mas
axis concurrent with RAS blockade therapies inhibiting the detrimental Ang II/AT; receptor axis.
Brief Title: Prognostic value of Ang 1-7/Ang Il ratios in HF

Subject Terms: ACE/Angiotensin Receptors/Renin Angiotensin System, Heart Failure,

Mortality/Survival
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2.2. Novelty and Clinical Implications

WHAT IS NEW?

Beneficial arm of the renin-angiotensin system (RAS) mediated through the Ang 1-
7/Mas receptor axis is well-established in experimental models of heart failure (HF) and
our study provides crucial clinical evidence supporting the importance of this pathway in
patients with HF.

Dynamic state of the RAS reflected through equilibrium and circulating plasma Ang 1-
7/Ang Il ratio serves as an independent and incremental predictor of mortality, but not
the individual angiotensin peptide levels in patients with HF.

Elevated plasma Ang 1-7/Ang Il ratio is associated with lowered hospitalization duration

per year

WHAT ARE THE CLINICAL IMPLICATIONS?

Angiotensin II as the “bad peptide” of the RAS mediates HF progression, while
angiotensin 1-7 as the “good peptide” offers protection in HF.

Plasma Ang 1-7/Ang Il ratio is an important prognostic tool in risk stratification across
the broad spectrum of HF.

Novel HF therapeutics should aim to enhance the Ang 1-7/Mas receptor axis as a
complement to current RAS blockade which are aimed primarily at blocking Ang 11

effects.
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2.3. Introduction

Pathological activation of the renin-angiotensin system (RAS) resulting in chronic elevation of
angiotensin II (Ang IT) and aldosterone levels mediates the development and progression of heart
failure (HF).!83-1%5 Pharmacological blockade of the detrimental RAS pathways yielded several
key classes of medical therapy for HF with reduced ejection fraction (HFrEF) including
angiotensin-converting enzyme (ACE) inhibitors, angiotensin receptor blockers (ARB) and

angiotensin receptor/neprilysin inhibitors (ARNTI).!86.187

However, the prospect of enhancing protective neurohumoral pathways is frequently
overlooked during the development of novel HF therapeutics.'®® Additionally, management of HF
with preserved ejection fraction (HFpEF) and acutely decompensated HF patients remains
clinically challenging. Within the angiotensin peptide family, angiotensin 1-7 (Ang 1-7) acting via
the G protein-coupled receptor, Mas, exerts potent antihypertrophic, antifibrotic, antioxidant and
vasoprotective actions to counter-act the detrimental effects of Ang II signalling with promising
clinical significance in the settings of both HFrEF and HFpEF.!? Being a well-studied mediator of
the beneficial RAS axis, angiotensin converting enzyme 2 (ACE2) is responsible for the
endogenous conversion of Ang I and Ang II into angiotensin peptides Ang 1-9 and Ang 1-7,
respectively.!21618 Qur ability to harness the power of ACE2 to convert systemic and tissue Ang
Il into Ang 1-7 has been validated in preclinical models, explanted human hearts, healthy subjects

and recently in clinical trials using recombinant human ACE2 (rhACE2).!4.68.124,176,189-191

To highlight the importance of targeting the Ang 1-7/Mas axis as novel HF therapies,
clinical significance and prognostic value of this endogenous RAS protective arm needs to be

established in HF. Hence, we generated RAS fingerprints of plasma angiotensin peptides to
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examine the prognostic abilities of individual peptides and the Ang 1-7/Ang II ratio in the RAS

protective arm across a broad spectrum of HF patients.

2.4. Methods

Study Population

Our prospective study followed 110 HF patients visiting the University of Alberta Hospital
emergency department (n=46) and the Mazankowski Alberta Heart Institute outpatient clinics
(n=64) between October 2012 and April 2015. All enrolled patients had documented diagnosis of
HF representing an entire spectrum of NYHA functional class I to class IV, with patients having
either reduced or preserved ejection fraction. HF patients using any investigational drugs within
the last 4 weeks were excluded from the present study. Patient demographics and clinical
characteristics at baseline were collected through review of their electronic medical records
(EMR). Our study was in accordance with the ethical principles of the Declaration of Helsinki,
and the University of Alberta Health Research Ethics Board guidelines (Pro00026480). Written

and informed consent was obtained from all participants.

Plasma Collection and Laboratory Measurements

Neurohormonal assessments have been described by our previous study.!®® Briefly, venous blood
was drawn into pre-labelled vials containing either angiotensin-stabilizing protease inhibitor
cocktail (RAS-Enzyme-Inhibitor-Cocktail, Attoquant Diagnostics, Vienna), lithium heparin or
ethylenediaminetetraacetic acid (EDTA) and stored at -80°C for subsequent analysis of circulating
and equilibrium angiotensin peptides, plasma aldosterone, B-type natriuretic peptide (BNP), and
active renin concentration. Plasma angiotensin peptide levels were measured through liquid
chromatography-mass spectrometry/mass spectroscopy analysis (Acquity UPLC® C18, Waters,
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Massachusetts). Details on assay sensitivities and recovery rates of individual angiotensin peptides
were reported previously.'®® A chemiluminescence based assay (IDS-iSYS #IS-3300) was
performed to measure plasma aldosterone levels from lithium heparin containing samples. Plasma
renin concentration was measured using a quantitative sandwich enzyme-linked
immunoradiometric assay (Cisbio Bioassays, model 18) with EDTA containing samples. A similar
quantitative sandwich enzyme-linked two site chemiluminescent immunoenzymatic assay (Triage

BNP #98200) was performed to measure plasma BNP.
Outcome Assessment

Clinical outcomes including inpatient hospitalizations and all-cause mortality events were
obtained from linked healthcare administrative databases available through the Alberta Health
Services. The primary outcome was long-term all-cause mortality with a median follow-up of 5.1
years (IQR: 4.7 to 5.7 years) since enrollment date. Patients were followed until death or
appropriately censored at the end of the study follow-up duration. All-cause mortality was obtained
through the use of Alberta provincial registry database and verified by follow-up review of
patient’s electronic medical records. Secondary outcomes are duration of all-cause inpatient
hospitalizations obtained through the Discharge Abstract Database that provides detailed acute
inpatient care and hospitalization records anywhere within the province of Alberta, including

admission and discharge dates, dispositions and up to 25 diagnoses and 20 interventions.
Statistical Analysis

Descriptive statistics were presented as medians with interquartile range (IQR) for continuous data
and absolute numbers with percentages for categorical data. Pair-wise comparisons between

groups were carried out using the nonparametric Mann-Whitney U test or Kruskal-Wallis test
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when appropriate for scalar values and the Fisher exact test for nominal values. The correlations
between equilibrium and circulating levels of plasma angiotensin peptides were assessed using

Spearman’s correlation coefficient with natural logarithmically transformed peptide levels.

We stratified our HF population into above and below median cohorts based on either
individual plasma Ang 1-7 and Ang II levels or the Ang 1-7/Ang II ratio. The primary endpoint
(all-cause mortality) among the below and above median patient cohorts was compared using the
Kaplan-Meier curve and the log-rank test. Univariate Cox regression analysis provided unadjusted
hazard ratios (HR) for each individual predictors of all-cause mortality in our patient cohort,
including traditional cardiovascular risk factors. Statistically significant predictors were
subsequently assessed using an all possible subset variable selection to generate the most
optimized multivariate model based on the Akaike Information Criterion (AIC).!? 65535 possible
models were examined, both the equilibrium and circulating ratios appeared in all top 5 variable
models respectively. The best model that included key prognostic parameters in patients with HF
including age, BNP and NYHA functional class was subsequently incorporated into the
multivariate Cox regression analysis to adjust for relevant covariates and evaluation of

independent predictors of all-cause mortality.

The incremental prognostic value of plasma Ang 1-7/Ang II ratio was assessed using
Harrell’s C-statistics and the category free net reclassification improvement (NRI) analysis with
clinical variables from the adjusted model. Secondary endpoints as assessed through all-cause
hospitalization events between the above and below median cohorts were compared using a box
and whisker plot and the Mann-Whitney U test for average yearly hospitalization duration during

follow-up. Statistical significance was considered based on two tailed p<0.05. All statistical
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analyses were performed using SPSS version 26 software (IBM Corporation, Armonk, New York)

and R 3.6.1 (Vienna, Austria).

2.5. Results

Baseline characteristics

Patients were prospectively enrolled in the study from the emergency department or outpatient
cardiology clinics. RAS fingerprints of plasma angiotensin peptides were generated in 110
patients, median age was 71 years (IQR: 58-80 years), with 72 male patients (65.5%). Overall, 51
patients (46.4%) were clinically classified as NYHA functional class I or II, 42 patients (38.2%)
as NYHA functional class III, and 17 patients (15.4%) as NYHA functional class IV (Table 2.1.).
Atrial fibrillation and hypertension were major comorbidities in the overall cohort with 58 (52.7%)
and 60 (54.5%) patients, respectively. RAS blockade therapies with ACE inhibitors (69.2%) or
ARBs (15.4%) were common, while patients taking ARNI were excluded from the study. A total
of 40 patients (36.4%) reached the primary endpoint during a median follow-up of 5.1 years (IQR:
4.7 to 5.7 years). In general, the survivor group with 70 patients (63.6%) was characterized by
having a younger age (65 years [IQR: 55-73 years], p<0.001), higher BMI (31.6 kg/m? [26.7-34.8
kg/m?], p=0.034), hemoglobin (137 g/L [IQR: 122-150 g/L], p=0.008), estimated glomerular
filtration rate (GFR, 60 ml/min/m? [IQR:43-67 ml/min/m?], p=0.005) and lower BNP levels (225
pg/ml [IQR: 80-478 pg/ml], p=0.005) . Additionally, survivors had lower systolic blood pressure
(118 mmHg [IQR: 104-132 mmHg], p=0.004), less usage of loop diuretics (n=45 [64.3%],
p=0.027), less symptom burden as reflected by greater number of patients in the NYHA class I or

IT (n=42 [60.0%], p<0.001) with lower prevalence of atrial fibrillation (n=30 [42.9%], p=0.009),
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chronic kidney disease (CKD) (n=21 [30.0%], p=0.003), hypertension (n=31 [44.3%], p=0.005)

and chronic obstructive pulmonary disease (COPD) (n=16 [22.9%], p=0.006).
Equilibrium and circulating angiotensin peptide levels

A newly developed liquid chromatography-mass spectrometry/mass spectroscopy technique
provided an unique opportunity to profile angiotensin peptide levels in HF patient plasma
samples.'®? Circulating levels represent a snapshot of the dynamic state of angiotensin peptides in
patient’s circulation and were measured from vials containing enzyme inhibitors completely
blocking angiotensin peptide metabolism. In comparison, equilibrium angiotensin peptide levels
were measured from lithium-heparin plasma after resting for 30 minutes under room condition,
thus allowing sufficient time for equilibration and enzyme activation. Median equilibrium peptide
levels were higher than circulating levels across the analyzed angiotensin peptides (Figure 2.1.).
Although Ang I (50.0 to 261.2 pg/ml) and Ang II (4.9 to 37.2 pg/ml) increased markedly during
ex vivo equilibration of plasma samples compared to their circulating state, the increase in Ang 1-
7 (2.6 to 7.6 pg/ml) and Ang 1-9 levels (1.6 to 3.0 pg/ml) from circulating to equilibrium state was
much less pronounced. The suppressed plasma Ang II relative to Ang I levels in both equilibrium
and circulating analysis reflects the prevalence of ACE inhibitor use in our study cohort.
Correlation analysis revealed equilibrium and circulating angiotensin peptide levels correlated
strongest for Ang I (r?=0.90, p<0.001), which remained strong and significant with Ang II (r>=0.75,
p<0.001), Ang 1-7 (r*=0.66, p<0.001) and Ang 1-9 (r>= 0.48, p<0.001) (Supplemental Figure

2.1.).
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Angiotensin peptides and survival

HF patients were stratified into above and below median cohorts based on equilibrium and
circulating levels of Ang II and Ang 1-7 or the associated Ang 1-7/Ang II ratio. Kaplan-Meier
analysis of all-cause mortality for HF patients with equilibrium Ang 1-7/Ang II ratios above the
median showed higher survival rates over the follow-up period than those below the median
(76.4% vs. 50.9%; p=0.004); similar results were observed for the circulating Ang 1-7/Ang II
ratios (72.7% vs. 54.5%; p=0.041) (Figure 2.2.). Importantly, Ang 1-7 and Ang II peptide levels
alone failed to display significant differences in survival rates between the above and below
median cohorts for both circulating and equilibrium levels during the follow-up period

(Supplemental Figures 2.2. and 2.3.).

Unadjusted hazards showed above median equilibrium (HR: 0.39; 95% CI: 0.20 to 0.76;
p=0.005) and circulating (HR: 0.52; 95% CI: 0.27 to 0.99; p=0.045) Ang 1-7/Ang Il ratios strongly
predicted lower all-cause mortality in our HF patient cohort. Plasma BNP, hemoglobin levels,
NYHA functional class, age, body mass index, estimated GFR, systolic blood pressure, use of
ACE inhibitor, beta blocker and loop diuretics, in addition to the presence of atrial fibrillation,
CKD, hypertension, and COPD were additional significant predictors of all-cause mortality; while
HF etiology, gender, plasma aldosterone, active renin levels and LVEF were not significant (Table
2.2. and 2.3.; Supplemental Tables 2.1. and 2.2.). In the adjusted multivariate analysis
incorporating significant covariates from the unadjusted model, which produced the best possible
subset incorporating age, BNP and NYHA functional class, above median equilibrium Ang 1-
7/Ang 11 ratios remained as an independent predictor of lower all-cause mortality (HR: 0.38; 95%
CI: 0.18 t0 0.81; p=0.012) (Table 2.2.). Similar prognostic importance was found with circulating

Ang 1-7/Ang Il ratio through the multivariate analysis (HR: 0.38; 95% CI: 0.18 to 0.80; p=0.011)
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(Table 2.3.). Atrial fibrillation was another independent predictor of all-cause mortality alongside
both equilibrium and circulating ratios in the adjusted model. Once again, the individual plasma
angiotensin peptide levels for Ang 1-7 and Ang II failed to predict all-cause mortality for both

equilibrium and circulating levels in our patient cohorts (Supplemental Table 3.3.).

For estimation of the incremental prognostic value of the plasma Ang 1-7/Ang Il ratio in
predicting all-cause mortality, we compared the adjusted multivariate models, which included all
predictors of all-cause mortality from the univariate analysis with and without the diminished Ang
1-7/Ang Il ratio (below median cohort). In nested models, the Harrell’s C-statistics increased from
0.78 to 0.81 (p=0.039) for all-cause mortality when accounting for equilibrium Ang 1-7/Ang II
ratios and increased from 0.78 to 0.79 (p=0.040) for circulating ratios. Net reclassification analysis
showed considerable improvement in risk prediction for all-cause mortality at 5 years provided by
both the equilibrium (+45.0% [95% CI: 7.3% to 82.7%]) and circulating Ang 1-7/Ang II ratios

(+24.3% [95% CI: 0.4% to 59.6%]) respectively.

Angiotensin peptides and hospitalization duration

The above median cohort of both equilibrium and circulating Ang 1-7/Ang Il ratios was associated
with shorter hospitalization duration on average per year of the 5-year follow-up period (Figure
2.3.). Median yearly hospitalization duration was much higher in the below median cohort at 8.1
days (IQR: 1.9-23.0 days) compared to 1.9 days (IQR: 1.1-2.8 days) for the above median cohort
based on equilibrium Ang 1-7/Ang II ratios (p<0.001). Similarly, with circulating Ang 1-7/Ang 11
ratios, below median cohort had a median yearly hospitalization duration of 7.8 days (IQR:0.7-
22.7 days), compared to 1.8 days (IQR: 0.1-9.4 days) of the above median cohort (p=0.023). The
individual peptide levels mirrored our findings from the primary endpoint assessment and failed

to display associations with hospitalization durations (Supplemental Figures 2.4. and 2.5.).
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2.6. Discussion

A comprehensive assessment of plasma angiotensin peptides in the RAS demonstrates that the
dynamic state of the endogenous RAS protective arm as reflected through the plasma Ang 1-7/Ang
II ratio serves as a predictor of all-cause mortality and hospitalization duration in HF patients
during long-term follow-up. In the multivariate Cox regression analysis, elevated plasma Ang 1-
7/Ang II ratio provided independent prognostic value beyond adjusted covariates including age,
plasma BNP, NYHA functional class and other conventional cardiovascular risk factors, with
significant improvements in risk prediction based on c-statistics and the reclassification analysis
indicative of the incremental prognostic power of the ratios. These findings highlight the
translational potential of exploring the protective Ang 1-7/Mas axis as both a novel therapeutic

target and prognostic marker for HF patients.

The major effector peptide of the beneficial RAS pathway is Ang 1-7, the concentration of
which is affected by a variety of molecular enzymes participating in angiotensin metabolism.
Molecular changes within its formation and degradation pathways through RAS enzyme
expression or pharmacologic treatments directly modulate plasma Ang 1-7 levels. An extensively
characterized enzyme involved in Ang 1-7 formation is ACE2. ACE2 is a monocarboxypeptidase
and homologue of ACE that serves as an endogenous counter-regulator of the RAS, having dual
functions behind its protective effects, (i) degrading Ang I and Ang II to limit activation of the
adverse ACE/Ang II/AT R axis, and (ii) generating Ang 1-7 to stimulate the beneficial ACE2/Ang
1-7/Mas axis.'>!® Preclinical evidence suggest an important role of the ACE2/Ang 1-7/Mas axis
to ameliorate adverse left ventricular remodelling, myocardial fibrosis and dysfunctions.!>'* This

protective axis further mediates additional benefits in settings of prevalent HF risk factors and
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comorbidities including coronary artery disease, diabetes, hypertension and obesity, yet it remains

severely underutilized in clinical translations,!>125138,193,194

Elevated human plasma ACE2 activity is associated with increase in HF severity,
myocardial dysfunction independent of HF etiology, while also serving as an independent
prognostic marker for adverse clinical outcomes in chronic HF patients.!®>!%¢ Furthermore,
elevated levels of plasma ACE2 protein was positively associated with incident HF through

proteomic biomarker analysis.!"’

Indeed, the proteolytic cleavage and release of tissue ACE2 by
Ang II induced TACE/ADAM-17 protease activity into the circulation represents a positive
feedback loop leading to loss of ACE2 mediated counter-regulatory protection within the tissue
RAS.#>134 Clinical trials with intravenous infusion of thACE2 in patients with pulmonary arterial
hypertension and acute lung injury lead to prompt increase in Ang 1-7/Ang Il ratio reflecting ACE2

therapeutic actions.!6:11

In experimental murine models, increased Ace?2 tissue mRNA expression
and activity is associated with an increase in plasma Ang 1-7, while changes in plasma Ang II
levels depends on the mode of RAS inhibition.!”®!° Moreover, during SARS-CoV-1 and SARS-
CoV-2 infections, ACE2 as the viral cellular receptor is downregulated through endocytosis
alongside viral particles and increased TACE/ADAM-17 mediated proteolytic cleavage from the
membrane, representing loss of ACE2 from the tissue RAS with a corresponding increase in

plasma Ang II levels observed in COVID-19 patients which linearly correlated with the SARS-

CoV-2 viral load.”:116:200.201

Importantly, increases in the Ang 1-7/Ang II ratio are not exclusively mediated by ACE2.
Beside other enzymes involved in Ang 1-7 formation, including neutral endopeptidases (NEP),
prolyl endopeptidases (PEP) and prolyl carboxypeptidases (PCP), pharmacologic inhibition of

ACE interferers with angiotensin metabolism at multiple stages.?’>2%3 Firstly, ACE inhibitors
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block formation of Ang II from Ang I, thereby inhibiting the Ang II/ATR axis and lead to an
increase in Ang I levels. Moreover, ACE inhibitors block the conversion of Ang 1-7 to Ang 1-5,
which is mainly driven by the N-domain of ACE.?*?2 Together with an increased Ang 1-7
formation rate via NEP, which is driven by increased availability of Ang I as a substrate, Ang 1-7
levels significantly increase in the presence of ACE inhibitors, resulting in an elevated of Ang 1-
7/Ang II ratio and upregulation of the Ang 1-7/Mas axis. In comparison, ARNI
(sacubitril/valsartan) serves as a dual inhibitor of both NEP and AT)R resulting in circulating and
equilibrium angiotensin profiles resembling ARB therapy.?%42> NEP inhibition further prevents
generation of the beneficial Ang 1-7, in combination with the elevated Ang II levels from ATR
blockade depresses the Ang 1-7/Ang Il ratio in the absence of an effective ACE2 mediated counter-

regulation of the RAS peptides.

The findings of individual angiotensin peptide levels failed to display prognostic
significance provides valuable insights into the RAS protective arm, as it showed that
pathophysiological RAS activation is especially detrimental if the increase in Ang II is not counter-
balanced by an associated increase in the beneficial Ang 1-7. Which has great clinical implications
in the settings of incomplete RAS blockade due to alternative tissue production of Ang II through

ACE independent pathways such as chymase-mediated Ang II production.'#-206

The prognostic abilities of the plasma Ang 1-7/Ang II ratio generated using equilibrium
peptides appear greater in comparison to circulating peptides in the univariate analysis. As such,
the equilibrium angiotensin peptide levels may account for the functional reserve of the RAS in
HF patients available under pathophysiological stress, and thus provides additional information
beyond the circulating angiotensin peptide profiles. Moreover, a special protease inhibitor cocktail

is required to determine circulating angiotensin peptide levels, as such sampling is more pragmatic
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for the equilibrium analysis, because it is compatible with standard serum or lithium-heparin
sampling, underlining its potential utility for comprehensive biochemical evaluation of the RAS
in clinical settings. Interestingly, equilibrium and circulating angiotensin peptide levels displayed

strong correlations supporting the interconnected nature for both assays. 89205

In addition to providing accurate prognostic information and the ability to inform clinical
decision-making, biomarkers may further serve an essential role in guiding the development of
novel HF therapeutics and improving HF clinical trial efficacy.!8%2°7 The remarkable success from
targeted inhibition of NEP using ARNI for treating HFTEF patients is inseparable from the initial
discovery of the tremendous prognostic ability held by the natriuretic peptides, notably, BNP and
NT-proBNP in HF patients.?®2® Currently, blockade of the detrimental Ang II/AT|R axis with
ACE inhibitors, ARBs and ARNI represents class I recommendation for the treatment of HFrEF
patients.'®” In our patient cohort, plasma Ang 1-7/Ang II ratio remained as an independent and
incremental predictor of all-cause mortality after adjusting for relevant clinical covariates, which
solidifies the significance of the beneficial Ang 1-7/Mas axis in survival of patients with HF.

0 and is

Moreover, Ang 1-7 treatment improved endothelial dysfunction in obese humans,?!
currently in clinical trial for management of cognitive impairment in HF patients
(NCT03159988).2!! As such, the important prognostic value of the plasma Ang 1-7/Ang II ratio
from our findings support the concurrent effort to examine plasma Ang 1-7 together with Ang II
levels for HF prognosis and risk stratification, while introducing novel therapeutic interventions
such as thACE2, Ang 1-7 supplementation and Mas agonists to promote the Ang 1-7/Mas axis
together with present RAS blockade therapies in clinical management of HF and the associated

comorbidities.’!-212-214
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HF is a constantly evolving disease spanning across a broad spectrum of phenotypes which
cannot be fully represented by conventional categorizations such as those based on LVEF, rather
the dynamic changes in functional and structural components are better reflected through the use
of appropriate biomarkers to guide personalized therapies.?'> An additional strength of the present
study is the inclusive nature of our HF cohort, by incorporating acute decompensated HF and
patients with reduced or preserved ejection fraction, we successfully demonstrated clinical utility
of the plasma Ang 1-7/Ang Il ratio in HF patients regardless of their etiology or clinical severity.
We recognize the current analysis is limited by the sample size of our patient pool, thus hindering
our ability to perform further subgroup analysis. This is especially relevant for patients using ACE
inhibitors versus ARB that have differential implications on the Ang 1-7/Ang II ratio based on
their divergent approach for achieving RAS blockade. In all 17 patients treated with ARBs, Ang
IT was the major angiotensin metabolite detected in equilibrium analysis, with markedly lower
levels of Ang I detected. In our total cohort, this picture shifted with Ang I levels being 7-fold
higher than Ang II levels, indicating efficient ACE inhibition in the majority of our patients. As
expected, patients treated with ACE inhibitors tended to accumulate above the median for Ang 1-
7/Ang 1l ratio, suggesting that ACE inhibition contributes to activation of the beneficial RAS axis
in HF. Future studies should examine the relative activities and contributions of endogenous
peptidases including ACE, ACE2, PEP, PCP and NEP in angiotensin peptide metabolism and their

effects on the equilibrium Ang 1-7/Ang II ratio.

2.7. Conclusion
Our study utilized the novel mass spectrometry technique in examining the prognostic abilities of
the RAS endogenous protective arm and observed elevated Ang 1-7/Ang II ratio serves as an

independent predictor of all-cause mortality after accounting for conventional cardiovascular risk
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factors, and was associated with shorter hospitalization durations per year during a 5 year follow-
up period. In comparison, the observation that individual plasma Ang 1-7 and Ang II levels alone
failed to display prognostic value provides exciting opportunities to apply precision medicine
through the concurrent assessment of both peptides for prognosis and risk stratification in HF
patients. As equilibrium angiotensin peptide levels can be measured in standard lithium-heparin
plasma or serum without the need of the special protease inhibitor cocktail required for circulating
measurements, while holding similar prognostic power as circulating Ang 1-7/Ang II ratios in the
multivariate analysis, equilibrium Ang 1-7/Ang II ratio may be preferentially assessed in routine

clinical practices.
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Figures and Tables

Figures
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Figure 2.1. Global representation of median equilibrium and circulating angiotensin peptide
levels from our heart failure cohort. Circulating levels reflect the snapshot of the dynamic
angiotensin profiles within the circulation collected in presence of protease inhibitors completely
blocking angiotensin peptide metabolism (n=110). Equilibrium levels reflect the resultant
angiotensin peptide levels from ex vivo equilibration. Median circulating and equilibrium levels of
indicated angiotensin peptides are given in pg/ml and are reflected by the size of spheres. Blue
arrows connecting the spheres indicate enzymes catalyzing the conversion between connected

peptides as indicated.
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Figure 2.2. Kaplan-Meier analysis of primary outcomes (all-cause mortality) with Ang 1-
7/Ang II ratios. (A) Heart failure (HF) patients stratified based on below and above median
cohorts of Ang 1-7/Ang II ratios based on equilibrium peptide levels. Above median cohort had a
S5-year survival rate of 76.4%, compared to below median cohort with a survival rate of 50.9%
(p=0.004) (n=110). (B) HF patients stratified based on below and above median cohorts of Ang 1-
7/Ang Il ratios based on circulating peptide levels. Above median cohort had a 5-year survival rate

of 72.7%, compared to below median cohort with a survival rate of 54.5% (p=0.041).
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Figure 2.3. Side by side comparison of secondary outcomes (yearly hospitalization duration)
with Ang 1-7/Ang II ratios. (A) Heart failure (HF) patients stratified based on below and above
median cohorts of Ang 1-7/Ang II ratios based on equilibrium peptide levels (n=110). Above
median cohort was associated with shorter hospitalization duration per year over the 5-year follow-
up (p<0.001). (B) HF patients stratified based on below and above median cohorts of Ang 1-7/Ang
IT ratios based on circulating peptide levels. Above median cohort was associated with shorter

hospitalization duration per year over the 5-year follow-up (p=0.023).
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Tables

Table 2.1. Patient baseline clinical characteristics (n=110)

Entire Cohort All-cause Survivors p Value
(n=110) Mortality (n=70)
(n=40)
Demographics
Age (years) 71 (58-80) 78 (72-83) 65 (55-73) <0.001
BMI (kg/m?) 30.3 (25.0-34.2) 27.1 (24.0-31.7) 31.6(26.7-34.8) 0.034
Male 72 (65.5) 25 (62.5) 47 (67.1) 0.68
Laboratory Tests
Equilibrium 7.6 (2.6-47.9) 4.9 (2.6-42.7) 12.7 (2.7-47.9) 0.40
Ang 1-7 (pg/ml)
Equilibrium 37.2(7.5-126.9) 554 (4.8-254.6) 35.4(9.5-93.1) 0.30
Ang II (pg/ml)
Circulating 2.6 (2.0-8.7) 24(1.94.4) 3.5(2.1-11.6) 0.09
Ang 1-7 (pg/ml)
Circulating 4.9 (2.0-14.5) 6.5 (2.0-19.3) 4.4 (2.0-11.0) 0.29
Ang II (pg/ml)
Equilibrium 0.5 (<0.1-1.9) 0.2 (<0.1-1.4) 0.8 (0.1-1.9) 0.028
Ang 1-7/Ang 11
Circulating 1.0 (0.3-1.8) 0.6 (0.2-1.4) 1.1 (0.4-2.0) 0.010
Ang 1-7/Ang 11
Hemoglobin (g/L) 131 (117-145) 124 (112-135) 137 (122-150) 0.008
eGFR (ml/min/m?) 53 (35-67) 43 (34-57) 60 (43-67) 0.005
Aldosterone 359 (190-559) 359 (213-665) 356 (160-528) 0.73
(pmol/L)
BNP (pg/ml) 280 (94-653) 456 (198-1135) 225 (80-478) 0.005
Active renin 40 (10-149) 30 (8-73) 58 (11-156) 0.17
(pg/ml)
Echocardiography
LVEF (%) 40 (28-55) 41 (30-58) 39 (27-53) 0.30
Medications
ACEI 75 (69.2) 22 (55.0) 53 (75.7) 0.033
%MRDD 100 (50-100) 50 (25-94) 100 (75-100) 0.005
ARB 17 (15.4) 8 (20.0) 9(12.9) 0.41
%MRDD 50 (25-50) 50 (25-50) 50 (25-75) 0.42
Beta Blocker 99 (90.0) 32 (80.0) 67 (95.7) 0.017
%MRDD 50 (25-100) 31 (25-100) 63 (28-100) 0.023
Loop Diuretics 79 (71.8) 34 (85.0) 45 (64.3) 0.027
%MRDD 10 (7-13) 12 (7-13) 7(7-13) 0.48
MRA 43 (39.1) 11 (27.5) 32 (45.7) 0.07
%MRDD 50 (50-50) 50 (50-75) 50 (50-50) 0.28
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Heart Failure
Etiology
Ischemic 51 (46.4) 18 (45.0) 33 (47.1) 0.85
Non-Ischemic 59 (53.6) 22 (55.0) 37 (52.9) 0.85
Functional Class
NYHA Class I/11 51 (46.4) 9 (22.5) 42 (60.0) <0.001
NYHA Class III 42 (38.2) 20 (50.0) 22 (31.4) 0.067
NYHA Class IV 17 (15.4) 11 (27.5) 6 (8.6) 0.013
Comorbidities
AF 58 (52.7) 28 (70.0) 30 (42.9) 0.009
DM 37 (33.6) 15(37.5) 22 (31.4) 0.54
CKD 45 (40.9) 24 (60.0) 21 (30.0) 0.003
HTN 60 (54.5) 29 (72.5) 31 (44.3) 0.005
COPD 36 (32.7) 20 (50.0) 16 (22.9) 0.006
Vitals
Heart Rate 70 (60-85) 77 (63-92) 66 (60-80) 0.016
Systolic BP 121 (107-136) 128 (114-142) 118 (104-132) 0.004
Diastolic BP 72 (65-80) 75 (69-83) 70 (63-80) 0.15

BMI=body mass index; AF=atrial fibrillation; DM=diabetes mellitus; CKD=chronic kidney
disease; HTN=hypertension; COPD=chronic obstructive pulmonary disease; ACEI=ACE
inhibitor; ARB=angiotensin receptor blocker; MRA=mineralocorticoid receptor antagonist;
MRDD= maximum required daily dose, eGFR=estimated glomerular filtration rate based on the

MDRD equation, BP = blood pressure. Doses as % of MRDD shown in parentheses.
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Table 2.2. Cox Regression Analysis for All-Cause Mortality of Plasma Ang 1-7/Ang 11

Ratio using Equilibrium Peptide Levels (n=110)

Univariate Analysis

Multivariate Analysis

Clinical Variables HR (95% CI) p-Value HR (95% CI) p-Value
Ang 1-7/Ang 11 0.39 (0.20-0.76) 0.005 0.38 (0.18-0.81) 0.012
Ratio
(Above Median)
Age (per 5 years) 1.33 (1.15-1.54) <0.001 1.09 (0.92-1.29) 0.32
BMI (per 5 kg/m?) | 0.72 (0.54-0.95) 0.022 0.84 (0.59-1.19) 0.32
Gender (Male) 0.83 (0.44-1.58) 0.57
Hemoglobin (per 10 | 0.85 (0.74-0.97) 0.016
g/L)
eGFR (per 10 0.79 (0.67-0.93) 0.005
ml/min/m?)
Ln (Aldosterone) 1.10 (0.72-1.67) 0.67
Ln (BNP) 1.55(1.19-2.02) 0.001 1.19 (0.84-1.69) 0.32
Ln (Active Renin) | 0.88 (0.72-1.06) 0.17
LVEEF (per 5 %) 1.06 (0.95-1.17) 0.31
ACEI 0.48 (0.26-0.90) 0.023
ARB 1.44 (0.66-3.13) 0.36
Beta Blocker 0.34 (0.16-0.75) 0.007
Loop Diuretics 2.61 (1.09-6.21) 0.031
MRA 0.52 (0.26-1.04) 0.07
HF Etiology 0.89 (0.48-1.66) 0.71
(Ischemic)
NYHA Functional | 2.29 (1.52-3.45) <0.001 1.52 (0.87-2.65) 0.14
Class
AF 2.57 (1.30-5.05) 0.006 2.31(1.06-5.02) 0.035
DM 1.16 (0.61-2.19) 0.66
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CKD 2.75(1.46-5.19) 0.002
HTN 2.61(1.30-5.24) 0.007
COPD 2.40 (1.29-4.46) 0.006 1.83 (0.80-4.20) 0.15
Heart Rate (per 10 | 1.15 (1.01-1.30) 0.030
beats/minute)
Systolic BP (per 10 | 1.24 (1.09-1.42) 0.002 1.10 (0.90-1.33) 0.36
mmHg)
Diastolic BP (per 10 | 1.17 (0.92-1.50) 0.21
mmHg)

CI = confidence interval; HR = hazard ratio. Additional abbreviations are defined in Table 2.1.



Table 2.3. Cox Regression Analysis for All-Cause Mortality of Plasma Ang 1-7/Ang 11

Ratio using Circulating Peptide Levels (n=110)

Univariate Analysis

Multivariate Analysis

Clinical Variables HR (95% CI) p-Value HR (95% CI) p-Value
Ang 1-7/Ang 11 0.52 (0.27-0.99) 0.045 0.38 (0.18-0.80) 0.011
Ratio
(Above Median)
Age (per 5 years) 1.33 (1.15-1.54) <0.001 1.09 (0.92-1.28) 0.33
BMI (per 5 kg/m?) | 0.72 (0.54-0.95) 0.022 0.80 (0.57-1.14) 0.22
Gender (Male) 0.83 (0.44-1.58) 0.57
Hemoglobin (per 10 | 0.85 (0.74-0.97) 0.016
g/L)
eGFR (per 10 0.79 (0.67-0.93) 0.005
ml/min/m?)
Ln (Aldosterone) 1.10 (0.72-1.67) 0.67
Ln (BNP) 1.55(1.19-2.02) 0.001 1.19 (0.85-1.65) 0.31
Ln (Active Renin) | 0.88 (0.72-1.06) 0.17
LVEEF (per 5 %) 1.06 (0.95-1.17) 0.31
ACEI 0.48 (0.26-0.90) 0.023
ARB 1.44 (0.66-3.13) 0.36
Beta Blocker 0.34 (0.16-0.75) 0.007
Loop Diuretics 2.61 (1.09-6.21) 0.031
MRA 0.52 (0.26-1.04) 0.07
HF Etiology 0.89 (0.48-1.66) 0.71
(Ischemic)
NYHA Functional | 2.29 (1.52-3.45) <0.001 1.45(0.83-2.51) 0.19
Class
AF 2.57 (1.30-5.05) 0.006 242 (1.11-5.27) 0.026
DM 1.16 (0.61-2.19) 0.66
CKD 2.75(1.46-5.19) 0.002
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mmHg)

HTN 2.61 (1.30-5.24) 0.007
COPD 2.40 (1.29-4.46) 0.006 1.69 (0.74-3.90) 0.22
Heart Rate (per 10 | 1.15(1.01-1.30) 0.030
beats/minute)
Systolic BP (per 10 | 1.24 (1.09-1.42) 0.002 1.01 (0.99-1.03) 0.14
mmHg)
Diastolic BP (per 10 | 1.17 (0.92-1.50) 0.21

CI = confidence interval; HR = hazard ratio. Additional abbreviations are defined in Table 2.1.
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Supplemental Figures
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Supplemental Figure 2.1. Scatterplot of correlation between circulating and equilibrium

angiotensin peptide levels for (A) Ang I (B) Ang II (C) Ang 1-7 (D) Ang 1-9.
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Supplemental Figure 2.2. Kaplan-Meier analysis of primary outcomes with plasma Ang II
levels. When HF patients were stratified based on below and above median cohorts, both
equilibrium (A) and Circulating (B) levels failed to display a statically significant difference in

survival probability.
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Supplemental Figure 2.3. Kaplan-Meier analysis of primary outcomes with plasma Ang 1-7
levels. HF patients were stratified based on below and above median cohorts, both equilibrium (A)

and Circulating (B) levels failed to display a statically significant difference in survival probability.
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Supplemental Figure 2.4. Comparison of secondary outcomes (yearly hospitalization
duration) with plasma Ang II levels. HF patients were stratified based on below and above
median cohorts, both equilibrium (A) and Circulating (B) levels failed to display a statically

significant difference in hospitalization duration per year over the 5-year follow-up.
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Supplemental Figure 2.5. Comparison of secondary outcomes (yearly hospitalization
duration) with plasma Ang 1-7 levels. HF patients were stratified based on below and above
median cohorts, both equilibrium (A) and Circulating (B) levels failed to display a statically

significant difference in hospitalization duration per year over the 5-year follow-up.
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Supplemental Tables

Supplemental Table 2.1. Patient Characteristics for Patient Cohorts Stratified by Median

Equilibrium Ang 1-7/Ang II ratios (n=110)

Below Median (n=55) | Above Median (n=55) p-value
Demographics
Age (years) 73 (62-79) 66 (57-80) 0.25
BMI (kg/m?) 27.8 (24.0-33.2) 31.0 (27.8-35.0) 0.08
Gender (Male) 34 (61.8) 38 (69.1) 0.55
Labs
Hemoglobin (g/L) 126 (112-141) 137 (122-150) 0.016
eGFR (ml/min) 44 (31-68) 60 (46-67) 0.08
Sodium (mmol/L) 138 (137-140) 139 (138-141) 0.031
Potassium (mmol/L) 4.0 (3.7-4.3) 4.3 (4.1-4.7) 0.001
Plasma biomarkers
Aldosterone (pmol/L) 361 (166-634) 346 (198-527) 0.54
BNP (pg/ml) 369 (133-909) 215 (85-485) 0.05
Active renin (pg/ml) 30 (10-124) 59 (8-167) 0.33
Echocardiography
LVEF (%) 43 (33-55) 38 (26-55) 0.040
Medications, % of MRDD
ACE Inhibitor 21 (38.2) 54 (98.2) <0.001
% MRDD 50 (25-100) 100 (75-100) 0.033
ARB 17 (30.9) 0(0) <0.001
% MRDD 50 (25-50) - -
Beta Blocker 49 (89.1) 50 (90.9) 1.00
% MRDD 50 (25-100) 75 (41-100) 0.59
Loop Diuretics 46 (83.6) 33 (60) 0.010
% MRDD 13 (7-13) 7(7-13) 0.81
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MRA 17 (30.9) 26 (47.3) 0.12
% MRDD 50 (50-100) 50 (50-50) 0.11
Heart Failure Etiology
Ischemic 30 (54.5) 21 (38.2) 0.13
Non-Ischemic 25 (45.5) 34 (61.8) 0.13
Functional Class
NYHA Class I/I1 18 (32.7) 33 (60.0) 0.007
NYHA Class III 28 (50.9) 14 (25.5) 0.010
NYHA Class IV 9(16.4) 8 (14.5) 1.00
Comorbidities
Atrial Fibrillation 30 (54.5) 28 (50.9) 0.85
DM 20 (36.4) 17 (30.9) 0.69
CKD 30 (54.5) 15 (27.3) 0.006
HTN 34 (61.8) 26 (47.3) 0.18
COPD 16 (29.1) 20 (36.4) 0.54

BMI=body mass index; AF=atrial fibrillation; DM=diabetes mellitus; CKD=chronic kidney
disease; HTN=hypertension, COPD=chronic obstructive pulmonary disease; ACEI=ACE
inhibitor; ARB=angiotensin receptor blocker; MRA=Mineralocorticoid Receptor Antagonist;

MRDD= Maximum required daily dose, eGFR=estimated glomerular filtration rate based on the

MDRD equation. Doses as % of MRDD shown in parentheses. Kruskal-Wallis test was used for

comparing statistical viability of continuous parameters between study cohorts, and Chi-squared

test was used for categorical data. P-value less than 0.05 was considered statistically significant.
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Supplemental Table 2.2. Patient Characteristics for Patient Cohorts Stratified by Median

Circulating Ang 1-7/Ang II ratios (n=110)

Below Median (n=55) | Above Median (n=55) p-value
Demographics
Age (years) 72 (61-79) 70 (57-81) 0.69
BMI (kg/m?) 28.6 (24.2-33.8) 30.9 (26.9-34.2) 0.36
Gender (Male) 33 (60.0) 39(70.9) 0.32
Labs
Hemoglobin (g/L) 130 (116-143) 131 (119-148) 0.64
eGFR (ml/min) 49 (34-60) 60 (43-67) 0.09
Sodium (mmol/L) 138 (137-141) 139 (138-141) 0.09
Potassium (mmol/L) 4.1 (3.8-4.3) 4.3 (3.94.7) 0.034
Plasma biomarkers
Aldosterone (pmol/L) 390 (276-656) 286 (156-515) 0.09
BNP (pg/ml) 388 (79-850) 225 (112-485) 0.23
Active renin (pg/ml) 41 (13-124) 39 (8-167) 0.91
Echocardiography
LVEF (%) 41 (33-55) 39 (25-55) 0.40
Medications, % of MRDD
ACE Inhibitor 27 (49.1) 48 (87.3) <0.001
% MRDD 50 (25-100) 100 (75-100) 0.26
ARB 15(27.3) 2(3.6) 0.001
% MRDD 50 (25-50) 119 (84-153) -
Beta Blocker 49 (89.1) 50(90.9) 1.00
% MRDD 50 (25-100) 63 (25-100) 0.94
Loop Diuretics 46 (83.6) 33 (60) 0.010
% MRDD 10 (7-13) 7(7-13) 0.66
MRA 17 (30.9) 26 (47.3) 0.12
% MRDD 50 (50-50) 50 (50-50) 0.72
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Heart Failure Etiology

Ischemic 27 (49.1) 24 (43.6) 0.70
Non-Ischemic 28 (50.9) 31(56.4) 0.70
Functional Class
NYHA Class I/I1 20 (36.4) 31(56.4) 0.06
NYHA Class III 26 (47.3) 16 (29.1) 0.08
NYHA Class IV 9(16.4) 8 (14.5) 1.00
Comorbidities
Atrial Fibrillation 29 (52.7) 29 (52.7) 1.00
DM 24 (43.6) 13 (23.6) 0.043
CKD 30 (54.5) 15(27.3) 0.006
HTN 31(56.4) 29 (52.7) 0.85
COPD 16 (29.1) 20 (36.4) 0.54

BMI=body mass index; AF=atrial fibrillation; DM=diabetes mellitus; CKD=chronic kidney

disease; HTN=hypertension; COPD=chronic obstructive pulmonary disease; ACEI=ACE
inhibitor; ARB=angiotensin receptor blocker; MRA=Mineralocorticoid Receptor Antagonist;

MRDD= Maximum required daily dose, eGFR=estimated glomerular filtration rate based on the

MDRD equation. Doses as % of MRDD shown in parentheses. Kruskal-Wallis test was used for

comparing statistical viability of continuous parameters between study cohorts, and Chi-squared

test was used for categorical data. P-value less than 0.05 was considered statistically significant.
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Supplemental Table 2.3. Univariate Cox Regression Analysis for All-Cause Mortality with

Individual Peptide Levels (n=110)

Univariate Analysis

Clinical Variables HR (95% CI) p-Value
Equilibrium Ang-(1-7) 0.79 (0.42-1.47) 0.45
Circulating Ang-(1-7) 0.53 (0.28-1.00) 0.01

Equilibrium Ang II 1.16 (0.62-2.16) 0.64

Circulating Ang II 1.12 (0.60-2.08) 0.72

CI = confidence interval; HR = hazard ratio. Additional abbreviations are defined in

Supplemental Table 2.1.
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3.1. Abstract
Angiotensin-converting enzyme 2 (ACE2) as the target for SARS-CoV-2 also negatively regulates

the renin-angiotensin system (RAS). Pathological activation of a disintegrin and
metalloproteinase-17 (ADAMI17) may potentiate inflammation and diminish ACE2 mediated
tissue protection through proteolytic shedding, contributing to SARS-CoV-2 pathogenesis. We
aim to examine plasma soluble ACE2 (sACE2) and angiotensin profiles in relation to outcomes
by enrolling consecutive patients admitted for COVID-19 with baseline blood collection at
admission and repeated sampling at seven days. The primary outcome was 90-day mortality, and
secondary outcomes were the incidence of end-organ injuries. Overall, 242 patients were included,
the median age was 63 (52-74) years, 155 (64.0%) were males, and 57 (23.6%) patients reached
the primary endpoint. Baseline SACE2 was elevated in COVID-19 but was not associated with
disease severity or mortality. In contrast, an upward trajectory of SACE2 at repeat sampling was
independently associated with an elevated risk of mortality and incidence of acute myocardial
injury and circulatory shock. Similarly, an increase in soluble tumor necrosis factor receptor levels
was also associated with adverse outcomes. Plasma Ang I, Ang 1-7 levels, and the Ang 1-7/Ang
II ratio were elevated during SARS-CoV-2 infection related to downregulation of ACE activity at
baseline. Moreover, patients having an upward trajectory of sACE2 were characterized by an
imbalance in the Ang 1-7/Ang II ratio. The observed dysregulation of ACE2 and angiotensin
peptides with disease progression suggest a potential role of ADAM17 inhibition and enhancing
the beneficial Ang 1-7/Mas axis to improve outcomes against SARS-CoV-2 infection.

Brief Title: ACE2 and angiotensin peptide profiles in COVID-19

Subject Terms: SARS-CoV-2, COVID-19, ACE2, Renin-angiotensin system, Mortality,

Angiotensin peptide, ADAM17
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3.2. Novelty and Relevance

WHAT IS NEW?

e Anincrease in soluble angiotensin-converting enzyme 2 (SACE2) at repeat sampling seven
days from admission is linked to an imbalance between angiotensin peptides of the
beneficial Ang 1-7/Mas axis and detrimental Ang II/ATR axis.

e Elevated plasma Ang I and Ang 1-7 levels in patients with COVID-19 is reflective of

diminished pulmonary ACE activity during SARS-CoV-2 infections.

WHAT IS RELEVANT?

e Proteolytic release of soluble ACE2 (sACE2) by ADAMI7 into the circulation diminishes
ACE2 mediated protection against the tissue RAS, contributing to multiorgan injuries and
severe extrapulmonary manifestations of SARS-CoV-2 mediated pathology.

e The dynamic state of SACE2 may provide important prognostic insight for both COVID-

19 and cardiovascular diseases based on shared disease pathophysiology.
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3.3. Introduction

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), the causative virus behind the
coronavirus disease 2019 (COVID-19) pandemic, targets angiotensin-converting enzyme 2
(ACE2) as its cellular receptor.” We proposed that ACE2 serves as a double-edged sword during
SARS-CoV-2 infections by facilitating viral entry while simultaneously mediating crucial
protective effects through generating angiotensin 1-7 (Ang 1-7) from angiotensin II (Ang II) to
counter-regulate the renin-angiotensin system (RAS).4%21¢ A disintegrin and metalloproteinase 17
(ADAM17) is a ubiquitously expressed metalloproteinase that mediates ectodomain shedding of a
wide array of surface proteins, including ACE2, thereby releasing it into the circulation.!!”
Accumulation of Ang II, inflammatory cytokines, and SARS coronavirus infections upregulates
ADAMI17 activity,¥116120 creating a deleterious positive feedback loop resulting in diminished
ACE2 mediated organ protection.*6:!11.217 Moreover, ADAMI17 plays a crucial role in regulating

immune responses through the proteolytic release of membrane-bound tumor necrosis factor-alpha

(TNFa) and its receptors (TNFRI and TNFRII).2!8219

Cardiovascular complications are prevalent in patients with COVID-19. In a pooled
analysis of 11,685 hospitalized patients, acute myocardial injury (AMI) was present in 20% of all
cases and is associated with greater risks of mortality.??* SARS-CoV-2 infection is associated with
ventricular dysfunction, arrhythmias, acute coronary syndromes, accompanied by elevated cardiac
troponin and N-terminal pro-brain natriuretic peptide levels.®??! Furthermore, cardiac infections
by SARS-CoV-2 occurred in 62% of autopsy cases from patients succumbing to COVID-19,%?
which aligns with our previous report of myocardial infiltration by SARS-CoV during the SARS

168

epidemic.'*® However, the implications of ACE2 and RAS dysregulation in the pathogenesis of

SARS-CoV-2 and its effects on clinical outcomes remain unclear.

65



In this study, we investigated the prognostic value of SACE2 at baseline and during repeat
sampling, alongside STNFRI and sTNFRII levels as surrogate markers of ADAM17 activity for
COVID-19 related mortality and end-organ injuries. Additionally, we provided evidence for an
imbalance in systemic angiotensin peptide profiles related to impairment in angiotensin-converting
enzyme (ACE) and ACE2 functionality by generating RAS fingerprints in prospectively recruited

patients hospitalized with COVID-19.

3.4. Methods

Study Participants

The COVID-19 Surveillance Collaboration (CoCollab) Study prospectively enrolled 242
consecutive patients newly admitted to hospital wards designated for COVID-19 (n=137) and
intensive care units (ICU, n=105) between September 30", 2020 and April 30" 2021
(Supplemental Figure 3.1.). Our centers included the University of Alberta Hospital and
Misericordia Community Hospital in Edmonton, Canada encompassing a catchment of
approximately 2 million adults. All enrolled patients were >18 years of age with a laboratory-
confirmed COVID-19 diagnosis based on a positive SARS-CoV-2 real-time polymerase chain
reaction assay from nasopharyngeal swabs or lower respiratory samples. Patients under any
investigational therapy or who had received vaccinations for SARS-CoV-2 were excluded from
the present study. Comparisons were made with previously obtained age and sex-matched healthy
controls (n=38). Our study was conducted in accordance with the ethical principles for the
Declaration of Helsinki with approval from the University of Alberta Health Research Ethics

Board (Pro00100319 and Pro00100207). Written informed consent was obtained from all
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participants enrolled from hospital wards. A waiver of consent was granted for participants from

ICUs, followed by a regained capacity consent signed whenever possible.

Plasma Collection and Laboratory Measurements

Venous blood sampling was done in the morning by trained phlebotomists and transported to the
Canadian Biosample Repository located at the University of Alberta within one hour for immediate
processing. Samples were collected in tubes containing ethylenediaminetetraacetic acid (EDTA)
or lithium heparin and centrifuged at 1500G for 10 minutes at room temperature, and plasma was
subsequently aliquoted for storage at -80 °C. Baseline sampling was performed immediately after
hospital admission, while repeat sampling occurred at seven days, either in the hospital or from
their location of residence by the study team if patients were discharged. Plasma samples were
available from all 242 participants at baseline and 187 participants at follow-up. ACE2, TNFa,
interleukin-6 (IL-6), neprilysin, TNFRI, and TNFRII levels were assessed in EDTA plasma using
commercially available human ELISA kits from R&D Systems, Minneapolis, MN, USA (DY 933-
05, HSTAOOE, HS600C, DY 1182, DRT100, DRT200, respectively) according to manufacturer’s
instructions. Samples above the dynamic range of the R&D Systems ACE2 assay were diluted by
a factor of 10, and the limit of detection for ACE2 was 300 pg/mL. High sensitivity troponin I (hs-
Tnl) levels were measured directly by the Alberta Precision Laboratories using the Beckman

Access hs-Tnl immunoassay with a detection limit of 3 ng/L.

Angiotensin peptides and angiotensin-converting enzyme activity measurement

Equilibrium concentrations of the peptides Ang I, Ang II, Ang 1-9, Ang 1-7, and Ang 1-5, as well
as the level of the steroid aldosterone were measured in lithium-heparin plasma by liquid

chromatography with tandem mass spectrometry analysis (LC-MS/MS, Attoquant Diagnostics,
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Vienna). Samples were spiked with stable isotope labelled (peptides) or deuterated (aldosterone)
internal standards after equilibration, and analytes were extracted using C18-based solid-phase
extraction. Extracted samples were analyzed using mass spectrometry analysis using a reversed
analytical column (Acquity UPLC C18, Waters) operating in line with a XEVO TQ-S triple
quadrupole mass spectrometer (Waters Xevo TQ/S, Milford, MA) in multiple reaction monitoring
mode. Internal standards were used to correct for analyte recovery across the sample preparation
procedure in each individual sample. Analytic concentrations were calculated from integrated
chromatograms considering the corresponding response factors determined in appropriate
calibration curves in plasma matrix, when integrated signals exceeded a signal-to-noise ratio of
10. The lower limits of quantification were 3 pmol/L (Ang I), 2 pmol/L (Ang II), 2 pmol/L (Ang
1-9), 2 pmol/L (Ang 1-7), 2 pmol/L (Ang 1-5), and 13.9 pmol/L (aldosterone), respectively. In
addition, a previously validated surrogate measure of plasma renin was derived from the total
concentration of all five angiotensin metabolites, Ang I, Ang II, Ang 1-9, Ang 1-7, Ang 1-5.2%3
Circulating angiotensin-converting enzyme (ACE) activity were determined using mass
spectrometry by first spiking Ang I to lithium-heparin plasma samples diluted in an ACE activity
assay buffer (phosphate-buffered saline (pH 7.4) with specific inhibitors to stabilize Ang I
(substrate) and Ang II (product), followed by incubation at 37 °C for 1 hour in the presence or
absence of the ACE inhibitor, Lisinopril. The incubation is stopped by acidification and Ang II

concentration was determined by LC-MS/MS and calculated the ACE dependent Ang II formation.

Outcome Assessment
Detailed clinical characteristics, including demographics, laboratory measurements, vital signs,
presenting symptoms, comorbidities, medications, and outcomes were collected through review of

electronic medical records. The primary outcome of interest was all-cause mortality at 90 days.
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Secondary outcomes of interest included new onset of acute respiratory distress syndrome
(ARDS), acute kidney injury (AKI), AMI, and circulatory shock following initial hospitalization.
ARDS was defined based on the Berlin Definition,??* AKI was defined based on the KDIGO
clinical practice guidelines,?>> and AMI was defined as hs-Tnl levels above the upper reference
limit of the assay (>20ng/L). Patients were followed until death or appropriately censored at the

end of study follow-up.

Statistical Analysis
Descriptive statistics were presented as n (%) for categorical data, compared using the y? test, and
medians with interquartile range (IQR) for continuous data, compared using the Mann-Whitney U
or Kruskal-Wallis test with pairwise comparisons when appropriate. Correlations between
biomarkers were assessed using the Spearman correlation coefficient. Logistic regression models
were used to determine the association of baseline and changes in SACE2 levels during repeat
sampling with clinical characteristics. Biomarkers were classified as a dichotomous variable:
above or below median for baseline and increased or decreased for divergent trajectories during
repeat sampling. Statistically significant variables through univariable logistic regression analyses
were subsequently examined in the adjusted model, which included age, sex, body mass index
(BMI), history of diabetes, hypertension, chronic kidney disease (CKD), cardiovascular disease
(CVD), and the use of angiotensin-converting enzyme inhibitors (ACEI) or Ang II receptor
blockers (ARB). CVD included a history of myocardial infarction, coronary artery disease, heart
failure (HF), and arrhythmias. Adjusted variables were selected apriori based on their clinical
significance and potential confounding on ACE2 expression.

The association between sACE2, sTNFRI, and sTNFRII with the primary outcome was

assessed using Cox proportional hazards regression and Kaplan-Meier survival analyses.
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Univariable analyses were conducted to generate the crude hazard ratios (HR) followed by
multivariable adjustments in Model 1 for age, sex, BMI, history of diabetes, hypertension, CKD,
CVD, and the use of ACEI or ARB. Model 2 was subsequently adjusted for all variables in Model
1, along with hs-Tnl, TNFa., IL-6, platelets, neutrophils, C-reactive protein, and lymphocytes as
markers of cardiac injury, inflammation, and viremia. The changes in disease markers during
repeat sampling were excluded from Model 2 due to strong multicollinearity with their
corresponding baseline values. Secondary outcomes were assessed using multivariable logistic
regression to evaluate associations between the incidence of end-organ injuries with measured
biomarkers through the same progressive models as survival analyses.

The impact of ACE2 dysregulation on angiotensin peptides was examined using a nearest-
neighbor matching strategy to generate 1:1 propensity-score matched cohorts of patients having
either increased or decreased SACE2 during repeat sampling without replacement. Forty-three
matched pairs were identified from 55 patients having increased sACE2 and 132 patients with
decreased sACE?2 at follow-up. Standardized differences were used to assess for a suitable balance
between propensity-matched cohorts. In addition, covariates described in Model 1 of the survival
analyses were adjusted as potential confounders on ACE2 expression. Statistical significance was

considered based on 2-tailed p<0.05. All statistical analyses were performed using SPSS version

26 (IBM Corporation, Armonk, New York) and R 3.6.2 (Vienna, Austria).

3.5. Results

Patient Characteristics

A total of 242 consecutive patients were prospectively enrolled in our study from September 2020

to April 2021. Of which, 136 remained non-ventilated survivors, while 106 patients either required
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mechanical ventilation and/or have died (Table 3.1.). The median age was 63 years (IQR, 52-74
years), with 155 males (64.0%), and time from COVID-19 diagnosis to baseline collection of 7
days (IQR, 3-10 days). The most common comorbidities were hypertension (134 patients, 55.4%),
diabetes (111 patients, 45.9%), and CVD (55 patients, 22.7%). Management for COVID-19 during
hospital stay included the use of dexamethasone (211 patients, 87.2%), antibiotics (200 patients,
82.6%), and supplemental oxygen (201 patients, 83.1%). Patients with greater disease severity
reflected by the need for mechanical ventilation and/or death were more likely males with an
abnormal chest x-ray and having a higher prevalence of CVD. Laboratory abnormalities associated
with greater disease severity included lower glomerular filtration rate, hemoglobin, platelet, and
lymphocyte counts, along with higher white blood cell counts, neutrophil counts, C-reactive
protein, and lactate dehydrogenase levels (Table 3.1.). Importantly, the use of ACEI and ARB

were not different between the cohorts.

Temporal Profile of sSACE2, sTNFRI, and sTNFRII

Baseline sACE2 was elevated in COVID-19 compared to age and sex-matched healthy controls
(2578 [720-15529] versus 1649 [300-7157] pg/mL, p=0.004, Figure 3.1.A). However, patients in
the mechanical ventilation/death cohort had comparable sACE2 levels as non-ventilated survivors
(2393 [763-14294] versus 3013 [703-16253] pg/mL, p=0.64). Presence of CVD (aOR, 2.50 [95%
CI, 1.10-5.68], p=0.03) and reduced white blood cell counts (aOR, 0.76 [95% CI, 0.59-0.98],
p=0.04) were independently associated with patients having above-median sACE2 levels in the
multivariable logistic regression model (Supplemental Tables 3.1. and 3.2.). Other cardiac and

inflammatory biomarkers measured, including hs-Tnl, sTNFRI, sTNFRII, IL-6, and TNFa
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showed a notable stepwise increase from healthy controls to non-ventilated survivors and

subsequently those in the mechanical ventilation/death cohort (Figure 3.1.B-F).

At repeat sampling, the temporal profile of SACE2, sTNFRI, and sTNFRII showed a
substantial increase in biomarkers related to ADAMI17 activity in deceased patients (Figure 3.2.A-
C). In total, 55 patients experienced an increase in SACE2 during follow-up (Supplemental Table
3.3.), which was independently associated with a reduction in platelet counts (aOR, 0.96 [95% CI,
0.92-0.99], p=0.02) in the multivariable model (Supplemental Table 3.4.). SACE2 decreased by
a median of 1149 pg/mL (IQR, 80-5230 pg/mL) during follow-up in survivors, but increased by
745 pg/mL (IQR, 108-7731 pg/mL) in deceased patients (p<0.001, Figure 3.2.A). Similarly,
sTNFRI and sTNFRII levels rose in deceased patients by 558 pg/mL (IQR, 142-2841 pg/mL;
p<0.001) and 1076 pg/mL (IQR, 98-2200 pg/mL; p<0.001), respectively (Figure 3.2.B-C).
Importantly, changes in sSTNFRI were positively correlated with changes in SACE2 (r?>=0.20,
p=0.006) and sTNFRII (r*=0.61, p<0.001), tracking closely with the trajectories of sACE2
(Supplemental Figure 3.2.). Moreover, sACE2, sSTNFRI, and sTNFRII levels remained elevated
in the mechanical ventilation/death cohort, reflective of pathological ADAMI17 activation and
ectodomain shedding (Supplemental Figure 3.3.). These results demonstrate that severe COVID-

19 results in persistently elevated plasma sACE2 levels, which correlates with markers of

ADAM17 activation.

Plasma levels of SACE2, sTNFRI and sTNFRII and Outcomes

Over a median duration of 90 (IQR, 88-90) days, 57 deaths (23.6%) occurred in the overall cohort
at baseline, and 34 deaths (18.2%) occurred in patients available for repeat sampling. An increase

in SACE2 at repeat sampling was associated with >7-fold greater hazard for mortality in the
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unadjusted model (HR, 7.47 [95% CI, 3.56-15.66]), with a 43.6% mortality rate in these patients
(Figure 3.2.D and Table 3.2.). Compared with patients having a reduction in biomarker levels,
an increase in STNFRI and sTNFRII was also associated with a higher risk of mortality (Figure
3.2.E-F). After adjustment for established biomarkers (Model 2) in addition to relevant clinical
characteristics in Model 1, upward trajectories of sACE2 (aHR, 3.94 [95% CI, 1.51-10.30]),
sTNFRI (aHR, 8.70 [95% CI, 3.01-25.13]) and sTNFRII (aHR, 7.92 [95% CI, 2.50-25.12])
remained significant predictors of 90-day mortality (Table 3.2.). In the analysis of secondary
outcomes, an increase in SACE2 was further associated with the incidence of AMI (aHR, 3.91
[95% CI, 1.39-10.97]), and circulatory shock (aHR, 6.11 [95% CI, 1.26-19.57]) following

multivariable adjustments (Table 3.2.).

Association between baseline biomarkers and outcomes were analyzed according to the
below and above median cohorts (Supplemental Figure 3.4.). Baseline sACE2 levels were not
associated with the primary outcome of interest (Table 3.2.). In comparison, above median
sTNFRI and sTNFRII levels were associated with more than double the risk of mortality in
unadjusted models, but the association was attenuated and no longer significant with the
incorporation of clinical characteristics and disease biomarkers in Model 2 (Table 3.2.). Elevated
sTNFRI and sTNFRII levels were also associated with the incidence of ARDS, AKI, and
circulatory shock following adjustment with clinical characteristics in Model 1. However, only
circulatory shock remained independently associated with sSTNFRI and sTNFRII levels in Model
2. Moreover, baseline sSTNFRI and sTNFRII levels showed a positive correlation with the length
of hospital stay while the biomarkers examined did not correlate with the P/F ratio, consistent with
the lack of association with ARDS in fully adjusted models (Supplemental Table 3.5.).

Collectively, our results demonstrate that in patients with severe COVID-19, the early stage of
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aberrant ACE2 shedding reflects the infectious stage of the illness, while persistent elevation in
SACE2 results in progressive end-organ injury due to loss of tissue ACE2 and correlates with

mortality.

Renin-angiotensin System Dysregulation During SARS-CoV-2 Infection

Equilibrium levels of angiotensin peptides were profiled in 38 healthy controls, 45 non-ventilated
survivors, and 43 patients requiring mechanical ventilation and/or had died due to COVID-19
(Figure 3.3.A and Supplemental Table 3.6.). Median levels of Ang I, Ang 1-7, and the Ang 1-
7/Ang Il ratio were elevated in patients with COVID-19 but did not differ based on disease severity
(Figure 3.3.B, 3D-E). In comparison, plasma Ang II levels were lower in non-ventilated survivors
than healthy controls (47.7 [IQR, 16.9-106.9] versus 101.8 [IQR, 68.4-140.4] pmol/L, p=0.004,
Figure 3.3.C). Moreover, plasma aldosterone levels were also suppressed in patients with COVID-
19 (Supplemental Figure 3.5.A). We found that the observed dysregulation in baseline RAS
profile is related to decreased plasma ACE activity during SARS-CoV-2 infection (Figure 3.3.F).
In contrast, plasma neprilysin levels, an alternative enzyme capable of elevating Ang 1-7/Ang 11
ratio through the direct conversion of Ang I to Ang 1-7 were similar across all cohorts
(Supplemental Figure 3.6.). Additionally, patients with COVID-19 had comparable plasma renin

as healthy controls irrespective of disease severity (Supplemental Figure 3.5.B).

To determine the effects of aberrant ACE2 shedding on systemic angiotensin peptides, we
characterized baseline and follow-up peptide profiles between 43 propensity score-matched pairs
of patients having either increased or decreased trajectory of sACE2 at repeat sampling
(Supplemental Table 3.7.). There were no differences in angiotensin peptide levels or RAS

enzyme activity between the two cohorts at baseline (Figure 3.4. and Supplemental Figure 3.7.).
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Overall, changes in angiotensin peptide levels were dynamic during the follow-up period. Plasma
Ang II levels decreased by a median of 4.2%, while Ang 1-7, Ang 1-7/Ang II ratio, and Ang I
increased by 63.9%, 52.4%, and 62.6%, respectively, during repeat sampling (Figure 3.4.).
Notably, despite having comparable changes in individual Ang II and Ang 1-7 levels, patients with
increased SACE2 had suppressed Ang 1-7/Ang II ratio compared to those with decreased sACE2
during follow-up (Figure 3.4.E). These results demonstrate that the derangement in baseline
angiotensin profile is driven by reduced ACE activity, likely reflects the initial dominant
pulmonary involvement in patients with COVID-19. In contrast, during disease progression with
greater loss of tissue ACE2 and a corresponding rise in SACE2, Ang 1-7/Ang Il ratio was reduced,

indicative of diminished tissue ACE2 mediated protection.

3.6. Discussion

Elucidating potential therapeutic targets to protect from organ injury and reduce mortality remains
an important focus of current COVID-19 research. In this prospective cohort of patients
hospitalized with COVID-19, elevated sACE2 at baseline served as a disease signature but was
not associated with severity or mortality. Instead, we found sACE2 levels decreased drastically in
survivors but increased in patients who died due to COVID-19. An increase in SACE2 at repeat
sampling was independently associated with 90-day mortality after adjustment for clinical
characteristics and established markers of cardiac injury, inflammation, and viremia. Multivariable
analysis of secondary outcomes revealed a further association of AMI and circulatory shock with
increased sACE2. Moreover, a similar rise in STNFRI and sTNFRII was also associated with
adverse clinical outcomes. Together these findings suggest a crucial role of pathological ADAM17
activation and ACE2 shedding in SARS-CoV-2 pathogenesis, contributing to organ injuries and

mortality (Figure 3.5.).
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An important distinction between SARS coronaviruses and another human coronavirus,
HCoV-NL63, which also hijacks ACE2 as the receptor but causes only mild respiratory symptoms
is the induction of ADAM17.116226 Our data shows augmented release of SACE2 by ADAMI17
begins early on during SARS-CoV-2 infection based on elevated sACE2 levels at admission in
patients with COVID-19. In addition, sustained rise in sSACE2 was associated with an elevated risk
of mortality and incidence of AMI. Whereas survivors demonstrated a substantial reduction in
sACE?2 levels, suggesting competent regulation over aberrant ACE2 shedding and inflammation.
Furthermore, upregulation of ADAMI17 is linked to CVD progression by releasing various
cytokines, growth factors, and adhesion molecules, leading to fibrosis, inflammation, and adverse
cardiac remodeling.??’??® Inhibiting ADAMI7 activity using pharmacological inhibitors or
through knockdown by siRNA successfully suppressed cellular infections by SARS-CoV-2 in
vitro.??% As such, ADAM17 inhibition early on in SARS-CoV-2 infection possesses the therapeutic
potential to attenuate SACE2 release and prevent further loss of ACE2 mediated cardiovascular

protection.

Changes in cellular expression of the examined biomarkers may also contribute towards
the observed elevations at baseline and differential trajectories during follow-up. As the immune
response is cardinal to SARS-CoV-2 pathogenesis, the expression and release of TNFa, along with
its receptors, must be tightly regulated to protect against the pathological sequelae of excessive
inflammation and tissue damage. Evidently, IFNy is the dominant cytokine produced by CD4'T
cells during SARS-CoV-2 infection and a central mediator of the host antiviral response,??® which
has been shown to upregulate the synthesis and expression of TNF receptors.??%23! In the fully
adjusted model, increased sSTNFRI and sTNFRII retained prognostic significance beyond

established markers of inflammation and viremia, possibly attributed to its reflection of both the
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shedding and concomitant cellular responses to various cytokines during infections. In
comparison, ACE2 expression patterns demonstrated tissue specificity in response to SARS-CoV-
2 infections. In the pulmonary endothelial and alveolar epithelial cells, ACE2 was upregulated in
COVID-19 and influenza-related ARDS, which may represent an increase in susceptibility through
viral-induced pathways or a compensatory mechanism for tissue protection.?3>?*3 However,
prominent downregulation of ACE2 expression from SARS-CoV-2 infection was observed in the
vascular endothelium accompanied by immune infiltration and myocardial fibrosis in autopsy
heart tissues of patients succumbing to COVID-19.234235 Loss of ACE2 impairs vascular tone,
increased monocyte-endothelial adhesion, macrophage activation, vascular permeability and
oxidative stress, which exacerbates endothelial dysfunctions caused by SARS-CoV-2.13%236 Severe
presentations of COVID-19 include coagulopathy, thrombosis, and endotheliitis in the
microvasculature,””?%° where ACE2 exerts potent anti-thrombotic, anti-inflammatory, and
antioxidant effects through degradation of Ang Il and concurrent activation of the beneficial Ang
1-7/Mas axis.* Our findings of persistent SACE2 elevation as an independent predictor of AMI
and circulatory shock supports the histological findings related to a reduction in ACE2 mediated
myocardial and vascular protection as a driver of adverse outcomes beyond ARDS and initial

pulmonary injuries.

Our study also revealed the associations between elevated baseline sACE2 levels with a
history of CVD and the presence of leukopenia, while changes in sACE2 at repeat sampling were
associated with reduced platelet counts in the multivariable regression models. Earlier studies
reported thrombocytopenia was associated with a worse prognosis in COVID-19.240241 Although
platelets are hyperactivated to secrete proinflammatory cytokines and promote hypercoagulation

in this setting,?** the putative link to ACE2 downregulation has yet to be established. In the PURE
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epidemiology study of 10,753 participants, increased sACE2 was positively associated with
mortality, incidents of HF, myocardial infarction, stroke, and diabetes beyond traditional
cardiovascular risk factors.!”® Studies on smaller cohorts also highlighted the independent
prognostic value of SACE2 in coronary artery disease, atrial fibrillation, and HF.!7%-180,182,19
Therefore, SACE2 has emerged as a novel biomarker in both CVD and COVID-19. Prospective
and serial measurements of SACE2 can serve as a tool for risk stratification of patients to enable a

biomarker-guided approach for the development of personalized therapies against SARS-CoV-2.

Whether upregulation of the RAS is implicated in SARS-CoV-2 pathogenesis has been
debated ever since the emergence of the COVID-19 pandemic. Our comprehensive profiling of
angiotensin peptides revealed a lack of overt RAS activation in COVID-19 regardless of disease
severity. However, an imbalance in angiotensin peptides was observed, characterized by an
elevation in plasma Ang I, Ang 1-7 levels, and the Ang 1-7/Ang II ratio. Furthermore, reduction
in Ang II levels was seen in non-ventilated survivors, concomitant with suppressed aldosterone
levels, suggesting an absence of pathological Ang II/Aldosterone crosstalk in SARS-CoV-2
infection. In agreement with recent studies, we found a reduction in ACE activity as a dominant
driver of systemic RAS imbalance in COVID-19 at admission, as other RAS enzymes examined
thus far, including prolyloligopeptidase, renin, and neprilysin, were not substantially altered.?3?->43
Indeed, the angiotensin peptide profiles in COVID-19 closely resembled HF patients receiving
chronic treatment with ACE inhibition.’® ACE catalytically cleaves Ang I into Ang IT and Ang 1-
7 into Ang 1-5. Therefore, impaired ACE activity leads to a corresponding increase in Ang I and
Ang 1-7 levels through reduced degradation.?’? Since pulmonary ACE represents the primary site
of systemic Ang II formation,?**?*> downregulation of ACE activity in the lungs is exceedingly

plausible in settings of extensive pulmonary vascular endothelial injury induced by SARS-CoV-2
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infections.?3*24 Accordingly, based on the impaired ACE activity and an absence of systemic Ang
II/aldosterone stimulation in COVID-19, benefits from de novo initiation of ACEI and ARB
remains questionable, and awaiting results from ongoing clinical trials (NCT04335786 and

NCT04366050).24

The prominent role of tissue RAS in influencing systemic angiotensin peptide profiles is
evident in the imbalance of Ang 1-7/Ang II ratio in patients with increased sACE2 at repeat
sampling. Ang 1-7 is a potent regulator of endothelial function through activating nitric oxide
synthase and can directly counter-regulate Ang II/AT;R signalling to protect against SARS-CoV-
2 mediated endothelial inflammation, fibrosis, and apoptosis.*>?*® Moreover, the underlying
importance behind balancing the detrimental Ang II/ATR axis and the beneficial Ang 1-7/Mas
axis is demonstrated through the independent prognostic value of the Ang 1-7/Ang II ratio in
patients with HF, as individual levels of Ang 1-7 and Ang II lacked clinical significance.?*® ACE2
predominantly functions in the tissues since the physiological activity of SACE2 is extremely low
and may be masked by endogenous inhibitors in the human plasma.?*>?° Accordingly, elevation
in sSACE2 naturally reflects increased shedding of tissue ACE2 and diminished protection against
the tissue RAS,''2!7 which increases susceptibility to myocardial infarction, HF, hypertension,
and Ang II-mediated microvascular complications, inflammation, fibrosis, cardiac dysfunction,

and oxidative stress.!*16
Limitations

Our study prospectively enrolled patients from designated COVID-19 wards and ICUs,
resulting in a relatively severe cohort of hospitalized patients. Therefore, our findings need to be
extended to asymptomatic individuals and those not requiring hospitalization. Furthermore,

although repeat collections occurred in a relatively short timeframe from admission, 16 patients
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still died before serial sampling could occur, which results in survival bias in the follow-up cohort.
Regarding the quantification of angiotensin peptides and enzymes, utilization of selective inhibitor
cocktails blocking further angiotensin metabolism could have facilitated a more direct assessment
of circulating RAS peptides and enzymatic activities, providing additional information beyond the
present equilibrium measurements. Additionally, biomarkers and angiotensin peptide profiles in
hospitalized patients may be influenced by COVID-19 treatment regiment, such as dexamethasone
and antibiotics, multiple comorbidities, blood pressure, or fluid volume status, which is not fully
captured by age and sex-matched healthy controls. The multivariable regression models did not
account for the trajectories in clinical disease markers or validated disease progression indexes
such as the National Early Warning Score 2, which may lead to overestimation in the effects of
temporal changes in the examined biomarkers. As ADAMI17 is a membrane-bound
metalloproteinase, a direct assessment of its cellular activity was not possible in the present clinical
setting as it would require the procurement of myocardial specimens. Demonstration of increased
ADAM17 activity in the myocardial tissue and experimental animal models would further validate
the approach of ADAMI17 inhibition as a novel therapeutic strategy in limiting the adverse

outcomes of SARS-CoV-2 infections.

3.7. Conclusion

In patients hospitalized with COVID-19, we demonstrate an association between the temporal
profile of SACE2 following admission with mortality beyond established markers of cardiac injury,
inflammation, and viremia. Furthermore, we found a dysregulation in angiotensin peptide profiles
linked to downregulated ACE and ACE2 activity in patients with COVID-19. Findings from this
study provide a rationale for the potential utility of ADAMI17 inhibitors, genetic overexpression

of ACE2, ACE2 activators, recombinant human ACE2, Ang 1-7 analog, and Mas-receptor agonists
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aimed at preventing ACE2 shedding, restoring ACE2 expression and enhancing the Ang 1-7/Mas

axis functionality to improve outcomes against SARS-CoV-2 infections.
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Figure 3.1. Concentration of plasma biomarkers at baseline in patients with COVD-19
(n=242) compared with age and sex-matched healthy controls (n=38). Box and whisker plots
of plasma soluble angiotensin-converting enzyme 2 (sACE2, A), high sensitivity cardiac troponin
I (Hs-Tnl, B), soluble tumor necrosis factor receptor I (sTNFRI, C) and II (sTNFRII, D),
interleukin-6 (IL-6, E) and tumor necrosis factor alpha (TNFa, F) concentration stratified by
disease severity (n=136 for non-ventilated survivors and n=106 for mechanical ventilation and/or
death) in comparison to age and sex-matched healthy controls. p<0.001 across the cohorts and in

pair-wise comparisons.
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Figure 3.2. Temporal changes in soluble ACE2, TNFRI and TNFRII between baseline and
repeat sampling in association with the primary outcome. Soluble angiotensin-converting
enzyme 2 (SACE2, A), soluble tumor necrosis factor receptor I (STNFRI, B) and soluble tumor
necrosis factor receptor II (sSTNFRII, C) increased significantly during follow-up in deceased
patients compared to survivors, p<0.001. Association of divergent trajectories in sACE2 (D),
sTNFRI (E) and sTNFRII (F) at repeat sampling with 90-day mortality related to the role of
ectodomain shedding by ADAM17 in COVID-19 pathophysiology. Log-rank p<0.001.
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Figure 3.3. Profile of angiotensin peptides and angiotensin-converting enzyme activity at
baseline in patients with COVD-19 compared with age and sex-matched healthy controls. A.
Global representation of median angiotensin peptide levels in 38 healthy controls, 45 non-
ventilated survivors, and 43 patients requiring mechanical ventilation and/or had died due to
COVID-19 at baseline. Box and whisker plots for plasma levels of (B) Ang I, (C)Ang II, (D) Ang
1-7, (E) Ang 1-7/Ang Il Ratio, and (F) Angiotensin-converting enzyme activity.
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Figure 3.4. Profile of angiotensin peptides and angiotensin-converting enzyme activity in
propensity score-matched cohorts of patients having either increased or decreased soluble
ACE22 levels at baseline and during repeat sampling. A. Global representation of median
angiotensin peptide levels in 43 propensity score-matched pairs based on soluble angiotensin-
converting enzyme 2 (sSACE2) trajectories at baseline and during follow-up. Box and whisker plots
showing baseline (blue) and percentage changes (yellow) in plasma levels of (B) Ang I, (C) Ang
II, (D) Ang 1-7, (E) Ang 1-7/Ang II Ratio, and (F) Angiotensin-converting enzyme activity.
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Figure 3.5. The potential role of ADAM17 dysregulation for aberrant ACE2 shedding in
COVID-19 mediated pathophysiology. Elevation in soluble ACE2 (sACE2) through ADAM17

mediated proteolytic cleavage and reduction in ACE activity through pulmonary endothelial injury
serves as signatures of the initial SARS-CoV-2 infection. However, persistent pathological
upregulation of ADAM17 from systemic cytokines, Ang Il and SARS-CoV-2 infections leads to
further increase in soluble ACE2 (sACE2) levels reflective of reduced tissue ACE2 expression,
which is associated with elevated risk of myocardial injury and mortality. ADAM17 inhibitor may
have therapeutic potential in this setting through attenuating sACE2 release and preventing further

loss of ACE2 mediated cardiovascular protection.
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Tables

Table 3.1. Patient baseline clinical characteristics by disease severity (n=242)

Entire Cohort Non-ventilated Mechanical p Value
Characteristic (n=242) Survivors Ventilation
(n=136) and/or Death
(n=106)
Demographics
Age (years) 63 (52-74) 62 (53-75) 63 (50-73) 0.39
Male sex 155 (64.0) 79 (58.1) 76 (71.7) 0.03
BMI (kg/m?) 28.9 (25.7-35.0) 28.6(24.7-35.3) 29.1 (26.0-34.0) 0.38
Days from 7 (3-10) 8 (3-11) 7 (3-10) 0.13
diagnosis
Current or previous 105 (43.4) 54 (39.7) 51 (48.1) 0.28
smoker
Symptoms
Fever 95 (39.3) 49 (36.0) 46 (43.4) 0.29
Myalgia 56 (23.1) 37 (27.2) 19 (17.9) 0.09
Cough 150 (62.0) 80 (58.8) 70 (66.0) 0.29
Dyspnea 167 (69.0) 89 (65.4) 78 (73.6) 0.21
Diarrhea/Nausea 87 (36.0) 47 (34.6) 40 (37.7) 0.69
Abnormal CXR 185 (76.4) 96 (70.6) 89 (84.0) 0.02
Vitals
HR (beats/min) 76 (65-87) 76 (65-85) 77 (64-93) 0.55
SBP (mmHg) 123 (111-139) 125 (115-138) 122 (107-140) 0.20
Temperature (°C) 36.5(36.2-36.9) 36.4(36.1-36.9) 36.6(36.3-37.1) 0.02
RR (breaths/min) 20 (18-24) 20 (18-21) 22 (18-28) 0.002
Laboratory tests
BNP (ng/L) 78 (42-219) 63 (40-161) 103 (51-298) 0.05
Hemoglobin (g/L) 124 (113-137) 129 (115-141) 120 (107-131) 0.001
RBC (10'?/L) 4.3 (3.8-4.7) 4.4 (3.94.8) 4.1 (3.6-4.6) <0.001
Platelet (10°/L) 243 (181-310) 257 (194-339) 228 (159-293) 0.004
WBC (10°/L) 9.8 (6.9-12.3) 9.0(6.7-11.4) 10.9 (7.6-14.0) 0.002
Neutrophil (10%L) 7.5 (5.5-10.5) 7.1(5.0-9.2) 9.1(5.8-11.9) 0.001
Lymphocytes 0.9 (0.5-1.4) 1.0 (0.6-1.4) 0.7 (0.5-1.0) 0.002
(10°/L)
CRP (mg/L) 71 (30-143) 60 (28-120) 78 (49-174) 0.008
LDH (U/L) 328 (254-446) 296 (230-353) 391 (291-555) <0.001
GFR 75 (51-98) 79 (58-99) 66 (35-97) 0.04
(mL/min/1.73m?)
ALT (U/L) 38 (24-73) 37 (24-64) 41 (26-79) 0.25
AST (U/L) 45 (30-67) 42 (28-61) 50 (34-72) 0.04
ALP (U/L) 73 (54-105) 67 (52-95) 78 (56-108) 0.09
D-dimer (mg/L) 1.3 (0.8-2.8) 1.2 (0.8-2.3) 1.3 (0.9-3.7) 0.16
Medical History
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Diabetes 111 (45.9) 60 (44.1) 51 (48.1) 0.60
Hypertension 134 (55.4) 69 (50.7) 65 (61.3) 0.12
COPD 42 (17.4) 26 (19.1) 16 (15.1) 0.50
CKD 43 (17.8) 20 (14.7) 23 (21.7) 0.18
CVD 55 (22.7) 23 (16.9) 32 (30.2) 0.02
Cancer 37 (15.3) 21 (15.4) 16 (15.1) 0.99
Anxiety/Depression 48 (19.8) 27 (19.9) 21 (19.8) 0.99
Medications
ACEIs or ARBs 98 (40.5) 51 (37.5) 47 (44.3) 0.29
Beta-blockers 47 (19.4) 20 (14.7) 27 (25.5) 0.05
Statins 98 (40.5) 57 (41.9) 41 (38.7) 0.69
Management
Dexamethasone 211 (87.2) 116 (85.3) 95 (89.6) 0.34
Antibiotic 200 (82.6) 103 (75.7) 97 (91.5) 0.001
Supplemental O 201 (83.1) 108 (79.4) 93 (87.7) 0.12

Abbreviations: BMI, body mass index; CXR, chest X-ray; HR, heart rate; SBP, systolic blood

pressure; RR, respiratory rate; BNP, B-type natriuretic peptide; WBC, white blood cell; CRP, C-

reactive protein; LDH, lactate dehydrogenase; GFR, glomerular filtration rate; ALT, alanine

aminotransferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase; COPD, chronic

obstructive pulmonary disease; CKD, chronic kidney disease; CVD, cardiovascular disease

(includes previous history of myocardial infarction, coronary artery disease, heart failure, atrial

and ventricular arrhythmia); ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin II

receptor blocker.
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Table 3.2. Crude and multivariable adjusted odds ratio for incidences of primary and
secondary outcomes according to soluble ACE2, TNFRI and TNFRII at baseline (n=242)

and trajectories during repeat sampling (n=187)

Primary Crude HR Model 1 aHR Model 2 aHR
Outcome 95% CI) 95% CI) 95% CI)
sACE2 0.81 (0.48-1.36) 0.73 (0.41-1.30) 1.65 (0.79-3.45)
AsACE2 7.47 (3.56-15.66)" 5.74 (2.62-12.58)" 3.94 (1.51-10.30)"
sTNFRI 2.58 (1.46-4.56)" 2.09 (1.02-4.26)" 1.22 (0.53-2.81)
AsTNFRI 5.02 (2.34-10.76)" 6.04 (2.49-14.66)" 8.70 (3.01-25.13)"
sTNFRII 2.68 (1.52-4.73)" 2.35(1.17-4.69)" 1.38 (0.61-3.13)
AsTNFRII 5.32 (2.40-11.76)" 7.32 (2.90-18.48)" 7.92 (2.50-25.12)"
Secondary Crude OR Model 1 aOR Model 2 aOR
Outcomes 95% CI) 95% CI) 95% CI)

Acute Respiratory Distress Syndrome

sACE2 0.69 (0.41-1.16) 0.48 (0.26-0.88)" 0.74 (0.35-1.57)
AsACE2 2.49 (1.32-4.67)" 2.72 (1.29-5.74)" 1.62 (0.64-4.11)
sTNFRI 1.41 (0.84-2.36) 2.27 (1.11-4.62)" 1.05 (0.42-2.63)
ASTNFRI 1.68 (0.92-3.06) 1.44 (0.72-2.89) 1.66 (0.67-4.11)
sTNFRII 2.41 (1.42-4.09)" 3.43 (1.69-6.96)" 2.05(0.82-5.17)
AsTNFRII 1.50 (0.82-2.72) 1.27 (0.64-2.55) 1.34 (0.54-3.29)
Acute Kidney Injury
sACE2 0.82 (0.48-1.40) 0.63 (0.33-1.19) 0.66 (0.30-1.45)
AsACE2 1.30 (0.69-2.44) 1.28 (0.60-2.75) 1.06 (0.40-2.79)
sTNFRI 5.22(2.94-9.29)" 3.44 (1.65-7.15)" 4.66 (1.80-12.10)"
AsTNFRI 1.82 (0.99-3.33) 1.62 (0.76-3.44) 1.26 (0.47-3.41)
sTNFRII 3.17 (1.81-5.56)" 1.74 (0.87-3.46) 2.11 (0.85-5.22)
AsTNFRII 1.02 (0.56-1.86) 0.94 (0.44-2.00) 0.61 (0.23-1.65)

Acute Myocardial Injury
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sACE2

1.07 (0.63-1.82)

0.77 (0.41-1.46)

0.72 (0.33-1.58)

AsACE2 2.49 (1.31-4.75)" 2.61 (1.21-5.60)" 3.91 (1.39-10.97)"
sTNFRI 2.09 (1.22-3.57)" 1.43 (0.69-2.98) 0.86 (0.33-2.23)
AsTNFRI 1.48 (0.79-2.75) 1.67 (0.78-3.55) 3.11 (1.12-8.65)"
sTNFRII 2.79 (1.60-4.85)" 2.23 (1.10-4.50)" 2.41 (0.96-6.07)
AsTNFRII 1.33 (0.72-2.47) 1.41 (0.66-3.01) 1.80 (0.65-4.99)
Circulatory Shock

sACE2 0.96 (0.44-2.08) 0.99 (0.43-2.25) 1.18 (0.37-3.77)
AsACE2 4.53 (1.78-11.51)" 5.02 (1.80-14.01)" 6.11 (1.26-19.57)"
sTNFRI 2.58 (1.17-5.70)" 3.61(1.37-9.55)" 6.24 (1.45-26.87)"
AsTNFRI 1.62 (0.66-3.95) 1.49 (0.57-3.91) 1.56 (0.38-6.40)
sTNFRII 3.75 (1.54-9.12)" 4.24(1.51-11.85)" 7.25 (1.50-37.10)"
AsTNFRII 2.28 (0.92-5.64) 2.33 (0.88-6.19) 3.65(0.91-13.73)

Abbreviations: CI, confidence interval; HR, hazard ratio; aHR, adjusted hazard ratio; OR, odds
ratio; aOR; adjusted odds ratio; SACE2, soluble angiotensin-converting enzyme 2; sTNFRI,
soluble tumor necrosis factor-alpha receptor I; STNFRII, soluble tumor necrosis factor-alpha II.
Biomarkers at baseline were classified according to above or below median cohorts, while changes
in biomarkers at repeat sampling were classified based on increasing or decreasing trajectories.
Median values for baseline sACE2, sTNFRI, and sTNFRII are 2.6 ng/mL, 2169 pg/mL, and 3396
pg/mL, respectively. SACE2, sTNFRI, and sTNFRII increased in 55, 74, and 78 patients,
respectively at repeat sampling. Model 1 was adjusted for age, sex, body mass index, diabetes,
hypertension, chronic kidney disease, cardiovascular disease and the use of either angiotensin-
converting enzyme inhibitor or angiotensin II receptor blocker. Model 2 was adjusted for all
variables in Model 1 with the addition of high sensitivity cardiac troponin I, interleukin 6, tumor

necrosis factor-alpha, C-reactive protein, platelet, neutrophil, and lymphocyte counts. “p<0.05
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Supplementary Material

Supplemental Figures
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Supplemental Figure 3.1. Flow diagram of patients included for the COVID-19 CoCollab
study.



sTNFRI (pg/mL)

Group

4000
Increased sACE2
----Decreased sACE2
2000 4 p=0.002
> -
2000 - S Sie e o
T = -e
1000
0 T T
Baseline Follow-up

sTNFRII (pg/mL)

7000

6000

5000

4000

3000

2000

1000

p=0.01

Baseline

Follow-up
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Supplemental Figure 3.4. Kaplan-Meier plots of all-cause mortality according to above and

below median soluble ACE2, TNFRI, and TNFRII levels at baseline.
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Supplemental Figure 3.5. Profile of aldosterone and plasma renin at baseline in patients with

COVD-19 compared with age and sex-matched healthy controls. Box and whisker plot for

concentration of aldosterone and plasma renin surrogate in 38 age and sex-matched healthy

controls, 45 non-ventilated survivors and 43 patients requiring mechanical ventilation and/or have

died due to COVID-19 at baseline.
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Supplemental Tables

Supplemental Table 3.1. Patient clinical characteristics by baseline soluble ACE2 (n=242)

Characteristic Below Median Above Median p Value
sACE2 sACE2
(<2.6 ng/mL, n=121) | (>2.6 ng/mL, n=121)
Demographics
Age (years) 62 (51-74) 64 (53-73) 0.41
Male sex 75 (62.0) 80 (66.1) 0.59
BMI (kg/m?) 28.1 (25.1-33.7) 29.9 (26.6-35.2) 0.08
Days from diagnosis 7 (3-13) 7 (3-10) 0.60
Current or previous 53 (43.8) 52 (43.0) 0.79
smoker
Vitals
HR (beats/min) 76 (65-89) 77 (64-87) 0.75
SBP (mmHg) 122 (111-136) 125 (112-140) 0.15
Temperature (°C) 36.6 (36.2-36.9) 36.5 (36.1-36.9) 0.23
RR (breaths/min) 20 (18-24) 20 (18-24) 0.75
Laboratory tests
BNP (ng/L) 70 (41-161) 109 (45-275) 0.15
Hemoglobin (g/L) 123 (112-139) 127 (114-137) 0.93
RBC (10'?/L) 4.3 (3.8-4.8) 4.2 (3.8-4.6) 0.39
Platelet (10°/L) 236 (175-307) 246 (183-321) 0.31
WBC (10°/L) 10.3 (8.0-12.7) 8.8 (6.1-12.0) 0.01
Neutrophil (10%/L) 8.4 (5.9-10.9) 7.1 (4.8-10.1) 0.02
Lymphocytes (10°/L) 0.8 (0.5-1.3) 0.9 (0.5-1.4) 0.75
CRP (mg/L) 73 (32-153) 70 (29-122) 0.34
LDH (U/L) 311 (259-371) 353 (246-469) 0.50
GFR
(mL/min/1.73m?) 75 (51-100) 75 (51-97) 0.97
ALT (U/L) 42 (26-64) 36 (24-80) 0.62
AST (U/L) 45 (30-64) 46 (29-70) 0.91
ALP (U/L) 78 (56-106) 69 (50-98) 0.25
D-dimer (mg/L) 1.2 (0.8-3.1) 1.3 (0.9-2.5) 0.89
Medical History
Diabetes 50 (41.3) 61 (50.4) 0.20
Hypertension 64 (52.9) 70 (57.9) 0.52
COPD 18 (14.9) 24 (19.8) 0.40
CKD 17 (14.0) 26 (21.5) 0.18
CVD 20 (16.5) 35(28.9) 0.03
Cancer 19 (15.7) 18 (14.9) 0.86
Anxiety/Depression 26 (21.5) 22 (18.2) 0.63
Medications
ACEIs or ARBs 49 (40.5) 49 (40.5) 0.99
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Beta-blockers 21(17.4) 26 (21.5) 0.52
Statins 50 (41.3) 48 (39.7) 0.90
Management
Dexamethasone 105 (86.8) 106 (87.6) 0.85
Antibiotic 101 (83.5) 99 (81.8) 0.87
Supplemental O» 102 (84.3) 99 (81.8) 0.73

Abbreviations: SACE2, soluble angiotensin-converting enzyme 2; BMI, body mass index; CXR,

chest X-ray; HR, heart rate; SBP, systolic blood pressure; RR, respiratory rate; BNP, B-type

natriuretic peptide; WBC, white blood cell; CRP, C-reactive protein; LDH, lactate dehydrogenase;

GFR, glomerular filtration rate; ALT, alanine aminotransferase; AST, aspartate aminotransferase;

ALP, alkaline phosphatase; COPD, chronic obstructive pulmonary disease; CKD, chronic kidney

disease; CVD, cardiovascular disease (includes previous history of myocardial infarction,

coronary artery disease, heart failure, atrial and ventricular arrhythmia); ACEI, angiotensin-

converting enzyme inhibitor; ARB, angiotensin II receptor blocker.
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Supplemental Table 3.2. Association of clinical characteristics with above median baseline

soluble ACE2 (n=242)

Univariable Analysis Multivariable Analysis

Characteristic OR (95% CI) P Value aOR (95% CI) P Value
Age (per 10 Yrs) 1.03 (0.87-1.22) 0.73 0.94 (0.76-1.16) 0.56
Male Sex 1.14 (0.68-1.93) 0.62 1.02 (0.53-1.95) 0.96
BMI (per 5 kg/m?) 1.19 (0.98-1.46) 0.08 1.25(0.99-1.57) 0.06
Diabetes 1.40 (0.84-2.33) 0.19 1.22 (0.63-2.38) 0.55
Hypertension 1.26 (0.76-2.09) 0.37 1.24 (0.53-2.91) 0.62
CKD 1.64 (0.84-3.21) 0.15 0.89 (0.37-2.16) 0.79
CVD 2.23(1.19-4.16) 0.01 2.50 (1.10-5.68) 0.03
ACEIs or ARBs 1.04 (0.62-1.74) 0.88 0.72 (0.31-1.63) 0.43
WBC (per 10°/L) 0.93 (0.88-0.98) 0.01 0.76 (0.59-0.98) 0.04
Neutrophil (per 10°/L) | 0.93 (0.88-0.99) 0.02 1.21 (0.92-1.58) 0.17

Abbreviations: OR, odds ratio; CI, confidence interval, BMI, body mass index; CKD, chronic

kidney disease; CVD, cardiovascular disease (includes previous history of myocardial infarction,

coronary artery disease, heart failure, atrial and ventricular arrhythmia); ACEI, angiotensin-

converting enzyme inhibitor; ARB, angiotensin II receptor blocker; WBC, white blood cells.
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Supplemental Table 3.3. Patient clinical characteristics by the trajectory of change in soluble

ACE2 (n=187)

Increased sACE2 Decreased sACE2 p Value
Characteristic (n=55) (n=132)
Demographics
Age (years) 66 (58-77) 61 (51-72) 0.08
Male sex 39 (70.9) 82 (62.1) 0.31
BMI (kg/m?) 27.8 (25.5-33.5) 29.3 (25.7-35.3) 0.51
Days from diagnosis 6 (2-10) 7 (3-10) 0.50
Current or previous 31 (56.4) 54 (40.9) 0.13
smoker
Vitals
HR (beats/min) 77 (64-86) 75 (64-86) 0.68
SBP (mmHg) 122 (108-140) 124 (111-139) 0.78
Temperature (°C) 36.7 (36.2-37.0) 36.5 (36.2-36.9) 0.37
RR (breaths/min) 20 (18-28) 20 (18-24) 0.05
Laboratory tests
BNP (ng/L) 74 (49-207) 78 (40-197) 0.76
Hemoglobin (g/L) 124 (114-138) 125 (113-137) 0.67
RBC (10'?/L) 4.3 (3.8-4.8) 4.2 (3.8-4.6) 0.54
Platelet (10°/L) 203 (139-248) 247 (193-329) <0.001
WBC (10°/L) 9.8(6.4-11.6) 9.1 (7.2-12.1) 0.74
Neutrophil (10%/L) 7.4 (5.7-10.1) 7.2 (5.0-9.9) 0.57
Lymphocytes (10°/L) 0.7 (0.5-1.0) 0.9 (0.5-1.4) 0.04
CRP (mg/L) 75 (40-172) 63 (29-104) 0.14
LDH (U/L) 366 (256-492) 307 (258-395) 0.21
GFR
(mL/min/1.73m?) 66 (38-85) 84 (56-101) 0.003
ALT (U/L) 51 (31-86) 36 (22-67) 0.008
AST (U/L) 54 (40-74) 44 (26-67) 0.05
ALP (U/L) 80 (56-115) 69 (52-96) 0.38
D-dimer (mg/L) 1.3 (0.9-3.1) 1.4 (0.9-2.5) 0.66
Medical History
Diabetes 24 (43.6) 63 (47.7) 0.63
Hypertension 31 (564) 63 (47.7) 0.34
COPD 7 (12.7) 22 (16.7) 0.66
CKD 11 (20.0) 20 (15.2) 0.52
CVD 15 (27.3) 29 (22.0) 0.45
Cancer 10 (18.2) 19 (14.4) 0.51
Anxiety/Depression 8 (14.5) 31 (23.5) 0.24
Medications
ACEIs or ARBs 24 (43.6) 48 (36.4) 0.41
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Beta-blockers 11 (20.0) 23 (17.4) 0.68
Statins 24 (43.6) 50(37.9) 0.51
Management
Dexamethasone 46 (83.6) 116 (87.9) 0.48
Antibiotic 47 (85.5) 109 (82.6) 0.83
Supplemental O» 43 (78.2) 111 (84.1) 0.40

Abbreviations: SACE2, soluble angiotensin-converting enzyme 2; BMI, body mass index; CXR,

chest X-ray; HR, heart rate; SBP, systolic blood pressure; RR, respiratory rate; BNP, B-type

natriuretic peptide; WBC, white blood cell; CRP, C-reactive protein; LDH, lactate dehydrogenase;

GFR, glomerular filtration rate; ALT, alanine aminotransferase; AST, aspartate aminotransferase;

ALP, alkaline phosphatase; COPD, chronic obstructive pulmonary disease; CKD, chronic kidney

disease; CVD, cardiovascular disease (includes previous history of myocardial infarction,

coronary artery disease, heart failure, atrial and ventricular arrhythmia); ACEI, angiotensin-

converting enzyme inhibitor; ARB, angiotensin II receptor blocker.
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Supplemental Table 3.4. Association of clinical characteristics with increased soluble ACE2

(n=187)
Univariable Analysis Multivariable Analysis

Characteristic OR (95% CI) | P Value aOR (95% CI) P Value
Age (per 10 Yrs) 1.19 (0.96-1.47) 0.12 1.05 (0.81-1.38) 0.70
Male Sex 1.49 (0.75-2.93) 0.25 1.18 (0.52-2.70) 0.69
BMI (per 5 kg/m?) 0.91 (0.72-1.17) 0.47 1.03 (0.78-1.37) 0.82
Diabetes 0.85 (0.45-1.60) 0.61 0.58 (0.25-1.33) 0.20
Hypertension 1.42 (0.75-2.66) 0.28 1.61 (0.57-4.60) 0.37
CKD 1.40 (0.62-3.16) 0.42 0.82 (0.25-2.69) 0.74
CVD 1.33 (0.65-2.74) 0.44 1.05 (0.41-2.67) 0.92
ACEIs or ARBs 1.36 (0.71-2.57) 0.35 0.99 (0.36-2.71) 0.99
GFR 0.87 (0.79-0.96) | 0.006 0.89 (0.77-1.03) 0.11

(per 10 mL/min/1.73m?)

Platelet (per 10%/L) 0.95 (0.92-0.98) | 0.001 0.96 (0.92-0.99) 0.02

Abbreviations: OR, odds ratio; CI, confidence interval; BMI, body mass index; CKD, chronic

kidney disease; CVD, cardiovascular disease (includes previous history of myocardial infarction,

coronary artery disease, heart failure, atrial and ventricular arrhythmia); ACEI, angiotensin-

converting enzyme inhibitor; ARB, angiotensin II receptor blocker; GFR, glomerular filtration

rate.
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Supplemental Table 3.5. Correlation analysis between baseline and changes in soluble

ACE2, TNFRI, and TNFRII during repeat sampling with length of hospital stay and P/F

ratio

STNFRI STNFRII sACE2 ASTNFRI ~ AsTNFRII AsACE2
(pg/mL) (pg/mL) (pg/mL) (pg/mL) (pg/mL) (pg/mL)
Length of r’=0.33; r’=0.38; r’=-0.02; r’=-0.03; r’=-0.04; r’=-0.01;
Hospital p<0.001 p<0.001 p=0.81 p=0.68 p=0.61 p=0.88
Stay
P/F Ratio 1=-0.14; r’=-0.17, =-0.15; 2=0.03; r’=-0.14; r’=-0.16;
p=0.11 p=0.06 p=0.08 p=0.77 p=0.17 p=0.11

Abbreviations: SACE2, soluble angiotensin-converting enzyme 2; sSTNFRI, soluble tumor necrosis

factor-alpha receptor I; STNFRII, soluble tumor necrosis factor-alpha II. Spearman’s correlation

coefficients are reported for absolute values of each examined biomarker with the length of

hospital stay (n=190) and P/F ratio (n=133). Patients who died during the same period of

hospitalization were excluded from the analysis for length of hospital say.
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Supplemental Table 3.6. Patient clinical characteristics according to disease status for

renin-angiotensin peptide profiles

Characteristic Healthy Non-ventilated Mechanical p Value
Control Survivors Ventilation
(n=38) (n=45) and/or Death
(n=43)
Demographics
Age (years) 62 (53-72) 67 (59-79) 64 (50-71) 0.19
Male sex 24 (63.2) 28 (62.2) 30 (69.8) 0.37
BMI (kg/m?) 28.6 (24.7-31.7) | 28.5(26.0-33.2) 0.48
Days from diagnosis 6 (3-9) 4 (2-7) 0.07
Current or previous smoker 23 (51.1) 22 (51.2) 0.99
Vitals
HR (beats/min) 77 (64-83) 84 (61-104) 0.18
SBP (mmHg) 122 (113-139) 122 (111-140) 0.79
Temperature (°C) 36.4 (36.1-36.8) | 36.6(36.4-37.4) 0.07
RR (breaths/min) 20 (18-20) 21 (18-24) 0.09
Laboratory tests
BNP (ng/L) 72 (42-164) 114 (50-357) 0.19
Hemoglobin (g/L) 130 (117-139) 118 (107-132) 0.04
RBC (10'?/L) 4.3(3.94.8) 4.0 (3.5-4.6) 0.05
Platelet (10°/L) 261 (201-305) 233 (145-308) 0.12
WBC (10°/L) 8.5 (6.4-10.8) 11.0 (7.5-13.2) 0.02
Neutrophil (10%/L) 7.1 (4.5-8.9) 8.2 (5.7-10.9) 0.05
Lymphocytes (10%/L) 0.9 (0.6-1.3) 0.7 (0.5-1.0) 0.13
CRP (mg/L) 54 (28-137) 70 (39-138) 0.61
LDH (U/L) 296 (222-347) 424 (258-576) 0.01
GFR (mL/min/1.73m?) 76 (62-95) 72 (30-98) 0.20
ALT (U/L) 37 (24-64) 38 (23-80) 0.61

106



AST (U/L) 42 (27-63) 63 (36-81) 0.10
ALP (U/L) 65 (51-90) 98 (73-123) 0.008
D-dimer (mg/L) 1.6 (0.9-2.8) 1.4 (1.0-2.8) 0.85
Medical History
Diabetes 16 (35.6) 24 (55.8) 0.09
Hypertension 17 (37.8) 25 (58.1) 0.09
COPD 10 (22.2) 6 (14.0) 0.41
CKD 6 (13.3) 10 (23.3) 0.28
CVD 11(24.4) 17 (39.5) 0.17
Cancer 6(13.3) 5(11.6) 0.99
Anxiety/Depression 9 (20.0) 8 (18.6) 0.99
Medications
ACEIs or ARBs 8(17.8) 9(20.9) 0.79
Beta-blockers 6(13.3) 10 (23.3) 0.28
Statins 12 (26.7) 16 (37.2) 0.36
Management
Dexamethasone 36 (80.0) 37 (86.0) 0.57
Antibiotic 30 (67.7) 40 (93.0) 0.003
Supplemental O 35(77.8) 36 (83.7) 0.59

Abbreviations: BMI, body mass index; CXR, chest X-ray; HR, heart rate; SBP, systolic blood
pressure; RR, respiratory rate; BNP, B-type natriuretic peptide; WBC, white blood cell; CRP, C-
reactive protein; LDH, lactate dehydrogenase; GFR, glomerular filtration rate; ALT, alanine
aminotransferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase; COPD, chronic
obstructive pulmonary disease; CKD, chronic kidney disease; CVD, cardiovascular disease
(includes previous history of myocardial infarction, coronary artery disease, heart failure, atrial
and ventricular arrhythmia); ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin 11

receptor blocker.
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Supplemental Table 3.7. Comparison of clinical characteristics between patients having

increased and decreased trajectories in soluble ACE2 in propensity score-matched samples

Characteristic | Increased SACE2 | Decreased sACE2 P Value Standardized
(n=43) (n=43) Differences

Age (years) 70 (61-77) 69 (60-77) 0.80 0.02
Male sex 30 (69.8) 31(72.1) 0.81 0.05
BMI (kg/m?) 27.8 (25.5-33.0) 27.8 (25.3-32.3) 0.71 0.05
Diabetes 25 (58.1) 26 (60.5) 0.83 0.05
Hypertension 26 (60.5) 27 (62.8) 0.83 0.05
CKD 7(16.3) 8 (18.6) 0.78 0.06
CVD 18 (41.9) 19 (44.2) 0.83 0.05
ACEIs or ARBs 23 (53.5) 21 (48.8) 0.67 0.09

Abbreviations: SACE2, soluble angiotensin-converting enzyme 2; BMI, body mass index; CKD,

chronic kidney disease; CVD, cardiovascular disease (includes previous history of myocardial

infarction, coronary artery disease, heart failure, atrial and ventricular arrhythmia); ACEI,

angiotensin-converting enzyme inhibitor; ARB, angiotensin II receptor blocker.
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Chapter 4. Summary and Future Perspective

4.1. Overview of Research

Comprehensive examinations of plasma angiotensin peptide profile, sometimes referred to as RAS
fingerprinting, can be reliably conducted through state-of-the-art liquid chromatography tandem
mass spectrometry methods. In this thesis, we measured plasma angiotensin peptide levels
concurrent with related RAS and disease biomarkers in patients with heart failure and COVID-19
(Chapter 2 and Chapter 3, respectively). Importantly, we determined the association between novel
RAS-biomarkers identified through our studies with adverse clinical outcomes, including
mortality, hospitalization, and end-organ injuries to facilitate risk-stratification and delivery of

personalized management for individuals suffering from these conditions.

4.2. Clinical Implications of Novel Findings

The RAS plays a fundamental role in regulating systemic blood pressure and fluid volume
homeostasis.?>! While Ang II is traditionally considered the effector peptide of the RAS based on
its ability to stimulate salt and water reabsorption, promote vasoconstriction, cell migration,
hyperplasia, inflammation, oxidative stress, and tissue remodeling through the ATR, other
angiotensin peptides also exert numerous physiological effects. Notably, Ang 1-7 elicits the
majority of its cardioprotective actions through the Mas receptors and has been shown to directly
antagonize many of the detrimental effects mediated by Ang II signaling.'?5? Systemic infusion
of Ang 1-7 in rats attenuated the progression of heart failure and preserved cardiac function

253

following myocardial infarction.>>> Further, Ang 1-7 infusion protected against the development

of diastolic dysfunction in diabetic db/db mice,'3® and Ang II-mediated adverse cardiac remodeling

254

in rats.~* In patients, Ang 1-7 infusion alleviated obesity-related vascular dysfunction through
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improving endothelium-dependent vasodilatory response to insulin.?'® However, given the
limitations imposed by rapid peptidase processing of Ang 1-7, cyclic analogs, formulation with
inclusion compounds, and bioencapsulation have been explored to increase its
bioavailability.!732332%  Alternatively, multiple Mas activators were also developed, such as
AVE0991, CGEN-856, CGEN-861, and CGEN-856S, capable of eliciting potent vasodilatory,

anti-inflammatory, and anti-hypertrophic cardioprotective effects.?>>2%

Although initially believed to be biologically inactive, Ang 1-9, Ang 1-5, and Ang 3-8 are
other components of the alternative RAS, having demonstrated counter-regulatory effects in
balancing pathophysiological RAS activation through various in vitro and in vivo
experiments.®-2%:25 For example, Ang 1-9 attenuated cardiac hypertrophy and fibrosis via AT2R,
Ang 1-5 is protective against ischemic-perfusion injury through the Mas receptor, and Ang 3-8
exerted vaso-protective effects via signaling through the AT4R. Therefore, the protective axis of
the RAS and its related angiotensin peptides plays a central role in preventing and halting the

development of various cardiovascular diseases, making them attractive therapeutic targets.

As an endogenous regulator of the RAS to maintain the balance between harmful and
protective RAS axes, loss-of-function experiments using ACE2 knockout mice and ACE2
inhibitors have shown increased susceptibility to myocardial infarction, hypertension and Ang II-
mediated myocardial hypertrophy, microvascular complications, inflammation, fibrosis, diastolic
and systolic dysfunction, and oxidative stress.!>!* Importantly, partial loss of ACE2, as seen in
explanted human hearts from patients with heart failure and dilated cardiomyopathy, is sufficient
to enhance the susceptibility to heart disease.!?> Conversely, gain-of-function experiments with
recombinant ACE2 have shown protective roles in various models of cardiovascular disease,

including hypertension, diabetes, and heart failure.!>'* The safety and tolerability of recombinant
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human ACE2 (thACE2) have already been demonstrated in healthy volunteers,'*® and in two pilot
trials in patients with acute respiratory disease syndrome and pulmonary arterial hypertension,

respectively.!76191

Administration of rhACE2 led to prompt systemic conversion of Ang Il to Ang
1-7, associated with a reduction in biomarkers of inflammation and oxidative stress.!’6!%!
Moreover, the therapeutic value of hACE2 was evaluated in explanted human hearts with dilated
cardiomyopathy and in plasma from patients with acute and chronic heart failure, where treatment
resulted in changes in angiotensin peptide metabolism favoring Ang 1-7 and Ang 1-9 while
reducing Ang II levels.’® Following myocardial infarction, rhACE2 prevents cardiomyocyte
apoptosis secondary to hypoxia and inhibits the proliferation of myofibroblasts, thus limiting
fibrosis and improving hemodynamic parameters, including left ventricular ejection fraction.6°

Furthermore, genetic ablation of Ace? exacerbated cardiac fibrosis and oxidative stress in

hypertensive mice, which was rescued by administration of rhACE2.!3:14

Based on current heart failure guidelines, blockade of pathophysiological pathways
including the RAS, aldosterone, and sympathetic nervous system using ACE inhibitors,
angiotensin receptor blockers (ARB), angiotensin receptor-neprilysin inhibitor (ARNI),
mineralocorticoid receptor antagonist (MRA), beta-blockers, and more recently, sodium-glucose
co-transport 2 (SGLT2) inhibitors represent the cornerstone of modern-day therapeutics for the
management of heart failure with reduced ejection.!88:261.262 Nevertheless, the possibility of
enhancing protective neurohumoral pathways using the aforementioned approaches such as Ang
1-7 analogs, Mas activators, and thACE2 as synergistic therapies to current heart failure treatments
is an exciting prospect to explore. However, the clinical significance of these pathways, in this
case, the ACE2/Ang 1-7/Mas axis, must be first established through prospectively conducted

biomarker studies to guide their clinical implementation.
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Accordingly, in Chapter 2, we prospectively enrolled 110 patients with heart failure
presenting to the University of Alberta Hospital emergency department (n=46) and Mazankowski
Alberta Heart Institute outpatient clinics (n=64) for angiotensin peptide profiling. The participants
spanned a wide spectrum of heart failure severity from New York Heart Association (NYHA)
functional class I to class IV and encompassed individuals with reduced or preserved ejection
fraction. For angiotensin peptide analysis, blood was drawn into pre-labeled collection tubes with
either lithium heparin for the equilibrium profile or a protease inhibitor cocktail containing broad-
spectrum inhibitors against metalloproteases, aspartic proteases, cysteine proteases, serine
proteases, and specific inhibitors against renin and aminopeptidases A and N, completely blocking
angiotensin peptide metabolism to derive the circulating profile. Based on the Spearman
correlation coefficient, we found that the equilibrium levels were strongly related to their
circulating counterparts across all four peptides examined, Ang I, Ang II, Ang 1-7, and Ang 1-9.
Indeed, we saw a near-identical prognostic value based on above and below median Ang 1-7/Ang
II ratios for all-cause mortality using either equilibrium (aHR, 0.38 [95% CI, 0.18-0.81], p=0.01)
or circulating (aHR, 0.38 [95% CI, 0.18-0.80], p=0.01) peptide levels after adjusting for
conventional cardiovascular risk factors. Notably, incorporation of either equilibrium (+45.0%
[95% CI, 7.3%-82.7%]) or circulating (+24.3% [95% CI, 0.4%-59.6%]) Ang 1-7/Ang II ratio
provided substantial improvement in risk prediction of the nested multivariable model for all-cause
mortality at five years according to our net reclassification analysis. These findings also translated
to a lowered yearly hospitalization duration associated with an above-median Ang 1-7/Ang II ratio
for both equilibrium and circulating peptide profiles. Therefore, a crucial implication for future
research and clinical translation is the ability to gather accurate and comprehensive information

regarding the dynamic state of the RAS based on standard lithium-heparin sampling commonly
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used in clinical practice, which is much more pragmatic than the special protease inhibitor cocktail
required for circulating analyses. Another important finding from our study is that the individual
levels of Ang II or Ang 1-7 failed to display any prognostic significance while their ratios did.
This finding suggests that patients could still have favorable outcomes if the activated disease-
mediating RAS pathway is adequately counterbalanced by a corresponding upregulation of the
RAS protective arm, which validates our approach to enhance the ACE2/Ang 1-7/Mas axis
concurrent with the existing blockade of the detrimental ACE/Ang II/AT R axis. Additionally, it
also highlights the potential utility of ACE2/Ang 1-7/Mas enhancers such as Ang 1-7 analog, Mas
activators, and thACE2 in patients with incomplete RAS blockade due to alternative tissue Ang II
production through ACE independent mechanisms, such as mast cell chymase, which has been

shown to be upregulated in explanted hearts from patients with chronic heart failure.>®

In Chapter 3, we examined the state of soluble ACE2 and angiotensin peptides through
COVID-19 disease progression by prospectively enrolling patients from COVID-19 wards
(n=137) and intensive care units (n=105) having a positive SARS-CoV-2 real-time polymerase
chain reaction assay with blood collection performed at admission and day seven follow-up.
SARS-CoV-2 infection activates a strong inflammatory response and, in severe cases, can trigger
cytokine release syndrome resulting in myocarditis-like and vasculitis phenotypes.263-268
Cardiovascular diseases characterized by microvascular dysfunction, myocarditis, myocardial
damage, and heart failure are common in patients with COVID-19.233241.269-274 Among the
activated proinflammatory pathways is the induction of ADAMI17, which is a multifunctional
membrane metalloprotease.!'®?7° The pathogenic role of ADAM17 dysregulation has already been
demonstrated in vascular diseases??®?7® and cardiomyopathies.?’”?’8 ADAMI17 mediates the

45,279

proteolytic cleavage of membrane-bound ACE2 into the circulation, which is enhanced by
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Ang II and SARS-CoV-2 cell entry, creating a deteriorating positive feedback loop in the infected
organs.!'%2!7 Importantly, another human coronavirus, HCoV-NL63, which also uses ACE2 as a
receptor, but causes only common cold symptoms, fails to activate ADAM]17.'13116 In comparison,
SARS coronaviruses both induced ADAMI17 proteolytic activity and upregulated ADAM17
mRNA expression, resulting in ACE2 downregulation associated with the loss of protection
against tissue RAS.!13116.280 Tn our study, we found an elevation in plasma soluble ACE2 at
admission served as a signature of COVID-19 but was not associated with mortality or end-organ
injuries. Furthermore, there was a stepwise increase in STNFRI and sTNFRII, both are substrates
of ADAMI17, alongside IL-6, TNFa, and hsTnl levels reflective of the hyperinflammatory
condition and myocardial injuries during SARS-CoV-2 infection. The temporal nature of our study
design allowed for the crucial finding that an upward trajectory in soluble ACE2 levels between
sampling was independently associated with increased risk of mortality and incidence of acute
myocardial injury beyond established clinical risk factors and disease biomarkers of inflammation
(IL-6 and TNFa) and myocardial injury (hsTnl). Moreover, patients who survived the COVID-19
hospitalization had a drastic reduction in soluble ACE2 levels during repeat sampling, concurrent
with decreased sTNFRI and sTNFRII levels. Therefore, competent regulation over ADAM17-
mediated shedding of ACE2 and other inflammatory mediators led to favorable clinical outcomes
in COVID-19. Conversely, sustained pathological ADAMI17 activation potentiates the
dysregulated inflammatory response and leads to loss of ACE2-mediated organ protection leading
to impaired vascular tone, increased vascular permeability, oxidative stress, and endothelial

dysfunction, which are drivers of adverse clinical outcomes in SARS-CoV-2 infection.

Our comprehensive profiling of angiotensin peptides in COVID-19 using LC-MS/MS

techniques revealed an increase in plasma Ang I and Ang 1-7 levels and a surprising reduction in
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Ang I levels, which goes against some previous reports from the early days of the pandemic.20-28!

However, these studies measured Ang II levels using commercial antibody-based assays, which
are generally not isoform-specific and lack the sensitivity required to distinguish differences from
single amino acid changes.?®? Our finding of downregulated Ang II levels is exceeding plausible
based on the extensive pulmonary vascular endothelial injuries observed in patients during acute
COVID-19 and the predominant effects of the pulmonary circulation in systemic Ang II
generation.'?»?* Therefore, in severe COVID-19, RAS inhibition may potentiate worsening
hypotension and renal injury in the setting of circulatory shock, given the already suppressed Ang
IT levels. However, beyond the acute infectious phase, pathological loss of ACE2 contributes to
disease progression, which is reflected through the reduction in Ang 1-7/Ang Il ratio from our
propensity-matched cohorts at repeat sampling, through ADAM17-mediated ectodomain shedding
into the circulation, perpetuated by an Ang II-mediated positive feedback mechanism that is
suppressed with ATR blockers.*4>123 Whereas ACE inhibition disrupts the generation of Ang II
from Ang I and reduces the proteolytic degradation of Ang 1-7 into Ang 1-5 to compensate for
ACE2 dysregulation with disease progression, thus supporting their potential utility to alleviate
the risk of incident cardiovascular diseases in the long-term sequelae of COVID-19.8:248.283
Overall, dysregulation of ACE2 and RAS peptides plays a vital role in COVID-19 disease
progression and is associated with adverse outcomes. As such, novel therapeutics inhibiting
ADAMI17 pathways, restoring tissue ACE2 expression, and enhancing the Ang 1-7/Mas axis could

protect against organ injuries and improve outcomes for patients with COVID-19.
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4.3. Future Direction

The devastating toll of SARS-CoV-2 infections extends beyond the infectious phase and represents
an emerging public health crisis. Notably, recovering patients six months post-infection showed a
stepwise increase in the risk of mortality and development of new pulmonary, nervous system,
metabolic, gastrointestinal, and cardiovascular diseases based on acute COVID-19 severity.?%
Several mechanisms have been proposed for long COVID pathogenesis, including vascular
dysfunction, chronic immune activation, autoantibodies, and sustained downregulation of tissue
ACE2.2% Indeed, advancing age, female sex, elevated body mass index, and pre-existing
conditions such as hypertension and diabetes are established risk factors for developing adverse
clinical sequelae of COVID-19 in recovering patients, potentially related to the differential
expression and regulation of ACE2 under these conditions.?%¢?87 Moreover, the development of
cardiovascular complications is a major source of concern in long-COVID, where ACE2
dysregulation during the acute phase was associated with increased mortality and acute myocardial
injury.!?32%3 In particular, the population burdens of heart failure are drastically increased in
patients recovering from COVID-19, a finding that extends to infected patients who were not
hospitalized during the acute infectious phase. Therefore, it is prudent to consider enhancing organ
protective factors, such as stimulating the ACE2/Ang 1-7/Mas axis, as a sustainable strategy to
improve the health outcomes of existing patients with heart failure or those recovering from

COVID-19 that are suffering from severe cardiovascular sequelae.
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