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Abstract

SARS-CoV-2 targets angiotensin-converting enzyme-2 (ACE2), a key peptidase of the renin-
angiotensin system (RAS), which regulates the balance of the vasoconstrictor/inflammatory
peptide Ang Il and the vasodilator/anti-inflammatory peptide Ang-(1-7). Few studies have
quantified the circulating elements of the RAS longitudinally in SARS-CoV-2 infection and

their association with COVID-19 outcomes. Thus, we evaluated the association of circulating
RAS enzymes and peptides with mortality among patients with COVID-19. Blood samples were
collected from 111 patients with COVID-19 and new-onset hypoxemia during the delta and
omicron waves at 19 hospitals in the United States. Circulating RAS components were quantified
via radioimmunoassay or ELISA at 0 (baseline), 1, 3, and 5 days after randomization. We

used multivariable Cox regression to estimate the association of baseline and longitudinal RAS
concentrations with 90-day mortality. Participants were aged 18-90 (means [SD]: 55 [14]) yr and
62% were male. There were 22 (20%) deaths over 90 days of follow-up. ACE2 levels above the
sample median (=4.9 pM; adjusted HR [95% CI]: 0.10 [0.02, 0.43]) and ACE2/ACE ratio (=6.0 x
1073; adjusted HR: 0.08 [0.02, 0.39]) were associated with significantly lower mortality. Similarly,
when analyzed as continuous, logp-normalized, time-varying predictors from day 0to day 5,
twofold increments of ACE2 and ACE2/ACE ratio over this period were associated with lower
mortality (adjusted HR: 0.79 [0.65, 0.97] and 0.78 [0.63, 0.97], respectively). Circulating Ang

I, Ang-(1-7), and ACE levels were not associated with mortality. These results suggest higher
circulating ACE2 protein in hospitalized patients with COVID-19 is associated with reduced
mortality.

NEW & NOTEWORTHY We measured circulating components of the renin-angiotensin system
(RAS) longitudinally over 5 days among patients hospitalized with COVID-19 and new-onset
hypoxemia. We found that higher serum angiotensin-converting enzyme (ACE)-2 protein and
ACEZ2/ACE ratio, both at baseline and when analyzed as time-varying, repeated measures, were
associated with lower 90-day mortality. Results suggest a role for circulating ACE2 as a biomarker
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of adverse outcomes and could inform treatment strategies targeting the RAS in severe COVID-19

illness.
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INTRODUCTION

Two major discoveries over the past 20 years have garnered heightened interest in the role of
the renin-angiotensin system (RAS) in mediating clinical outcomes from SARS coronavirus
infections. First, both SARS-CoV-1 and SARS-CoV-2 were found to gain cellular entry by
binding to and promoting internalization of the membrane-bound form of the angiotensin-
converting enzyme (ACE)-2 viral complex (1, 2). Second, ACE2 constitutes an important
nexus between the classical ACE-Ang ll-angiotensin type 1 receptor (AT1R) axis of the
RAS and the alternative ACE2-Ang-(1-7)-Mas receptor arm that generally antagonizes the
proinflammatory and profibrotic actions of the classical axis (3). Thus, the pathological
actions of acute SARS-CoV-2 infection may encompass a significant alteration in the overall
balance of the RAS favoring the ACE-Ang I1-ATR axis, which may exacerbate disease
severity in patients with COVID-19 (4).

Despite the view of an activated ACE-Ang 11-AT{R pathway in patients with COVID-19

and subsequent clinical trials to block the AT, receptor or augment Ang-(1-7) levels during
the COVID-19 pandemic (5-7), many questions remain about the influence of the RAS on
outcomes from COVID-19. Since relatively few studies have robustly quantified circulating
elements of the RAS, either at single time points or longitudinally, and their association with
clinical outcomes among hospitalized patients with COVID-19, we evaluated the association
of key circulating RAS components with mortality in adults hospitalized with COVID-19
and new hypoxemia.

MATERIALS AND METHODS

Study Design

This study was nested within the fourth Accelerating COVID-19 Therapeutic Interventions
and Vaccines (ACTIV-4) (8) Host Tissue trials (NCT04924660) (9), a randomized, shared-
placebo platform evaluating multiple therapies in patients hospitalized for COVID-19 with
new-onset hypoxemia. The first RAS-targeting agents studied were TXA-127 (synthetic
human Ang-[1-7] [Asp-Arg-Val-Tyr-lle-His-Pro]) and TRV-027 (AT1R biased agonist, [Sar-
Arg-Val-Tyr-1le-His-Pro-Ala or [Sary,Ala8]-Ang 11) (8). Interventions were administered
intravenously over the first 5 days of the study post-randomization (TXA-127: 0.5-mg/kg
infusion once daily or placebo; TRV-027: 12-mg/h continuous infusion or placebo). Both
trials met prespecified early stopping criteria for low probability of efficacy (8).
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Patient Sample

This study included all participants randomized to the shared placebo arm of the parent trials
with at least one circulating RAS peptide or peptidase measurement over the first 5 study
days since randomization: baseline (day 0); day 1+ 1 day and day 3+ 1 day (on study
treatment); and 2-16 h after final inpatient study treatment on day 5. These participants
were enrolled between July 22, 2021, and April 20, 2022, when the SARS-CoV-2 delta
strain was predominant. Participants were recruited from 19 hospitals across the United
States. Briefly, inclusion criteria (8) included: age =18 yr; hospitalized for COVID-19 with
positive SARS-CoV-2 molecular or antigen test; and diagnosed with new-onset hypoxemia
defined as oxygen saturation measured by pulse oximetry (Spo,) <92% on room air, use

of supplemental oxygen to maintain an Sp,, >92%, or an increase in oxygen support

for patients who were receiving supplemental oxygen before COVID-19. All participants
provided written informed consent. The study was approved by the institutional review
board of Vanderbilt University Medical Center.

A total of 111 participants from the parent study placebo arm with at least one RAS

peptide or peptidase measurement were included in this study, including 87 with day 0
measurements, 95 with day 7 measurements, 70 with day 3 measurements, and 65 with day
5measurements. Participants self-reported their age, sex, race, and ethnicity. The baseline
level of oxygen support was determined according to the 8-level World Health Organization
(WHO) COVID-19 clinical progression ordinal scale; patients meeting criteria for /evels
4through 7were eligible for the parent trials (10). Medical history and comorbidity

status including obesity, hypertension, diabetes, chronic kidney disease, and RAS inhibitor
medication use before COVID-19 (i.e., ACE inhibitors or angiotensin receptor blockers)
were obtained from the medical record of each participant. Participants who received any
RAS modulators during hospitalization (e.g., Ang Il as a vasopressor) were excluded from
the analysis.

Biospecimen Collection

Whole blood was collected into 10 mL EDTA-containing tubes pretreated with protease
inhibitors for peptide measurements (11) and separate untreated 6 mL tubes for serum
peptidases at the four time points described earlier. EDTA-inhibitor tubes were inverted five
times and centrifuged at 2,000 g at 4°C for 15 min within 3 h of collection. Serum tubes
were clotted upright at room temperature for ~60 min before centrifugation at 2,000 g for
15 min at 4°C. Plasma was then aliquoted into 15 mL polypropylene tubes, serum aliquoted
into cryovials, and samples were stored at —80°C then shipped to the ACTIV-4 Biospecimen
Central Laboratory at the University of Vermont (Burlington, VVT) for storage. Blinded,
deidentified patient samples were sent to Wake Forest University School of Medicine
(Winston-Salem, NC) for processing in the Biomarker Core laboratory.

RAS Quantification

Plasma samples for peptide levels were thawed on ice, extracted on Sep-Pak C18 mini-
columns (Waters Corp., Milford, MA), and quantified by radioimmunoassays (RIAs) for
Ang Il and Ang-(1-7). Values were corrected for overall recovery by the addition of
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125_Ang 11 to each sample prior to extraction and expressed as pg/mL of plasma. Serum
peptidase levels were measured by separate human ACE and ACE2 ELISAs (RayBiotech,
Peachtree Corners, GA) with detection limits of 84 pg/mL and 25 pg/mL, respectively, and
expressed as ng/mL of serum.

Statistical Analysis

RESULTS

Analyses were completed in R 4.2.3 (2023) with a two-sided a of 0.05. The association of
baseline RAS values with 90-day all-cause mortality was estimated using Cox proportional
hazards regression with adjustment for age, sex, race/ethnicity, and baseline level of oxygen
support. Baseline RAS components were assessed as binary variables by sample median
split due to skewed distributions and as log,-normalized continuous variables. To evaluate
the longitudinal association of the RAS with mortality, RAS components were modeled
via time-varying Cox regression as continuous, log,-normalized repeated measures with
robust variance and inverse probability of censoring (IPC) weighting to account for missing
time points or death prior to day 5 (12, 13). Stabilized IPC weights were generated by
logistic regression conditioned on the aforementioned covariates. In exploratory analyses,
we examined the consistency of associations across age groups (18-30, 31-64, and =65

yr) and baseline level of oxygen support (WHO ordinal scale /evel 4vs. levels 5-7) using
interaction terms and a two-sided a of 0.10. Finally, we investigated the curvilinearity of
associations between baseline RAS measures and mortality using restricted cubic splines
and compared the goodness of fit for nested models with first-order, quadratic, and cubic
terms via likelihood ratio test.

The 111 placebo-treated participants included in this study were aged 18-90 (mean [SD]:
54.6 [13.9]) yr; were 62% male, 58% non-Hispanic White, and had 58% and 48%
prevalence of obesity and hypertension, respectively (Table 1). Only 33% of enrolled
participants had been vaccinated for SARS-CoV-2. At study entry, 66% of participants were
receiving supplemental oxygen by nasal cannula or mask (/eve/ 4 on the WHO COVID-19
ordinal scale), 31% high-flow nasal oxygen or non-invasive positive pressure ventilation
(fevel 5), and 4% were mechanically ventilated (/eve/ 6 or 7, Table 1). There were 22 (20%)
deaths over 90 days of follow-up (median [IQR] time-to-event: 16 [9-29] days), and 18
(21%) deaths among 87 participants with a baseline (day 0) RAS measurement.

There were no associations of baseline Ang Il, Ang-(1-7), or ACE levels with mortality,
either as continuous measures or compared with those below their respective medians (Table
2). However, those with higher circulating levels of ACE2 relative to the median (=0.56
ng/mL [4.9 pM]) had lower mortality, even after adjustments for covariates (adjusted HR
[95% CI]: 0.10 [0.02, 0.43]; Table 2). Accordingly, a higher ACE2/ACE ratio relative to the
median (6.0 x 1073) was also associated with lower mortality (adjusted HR [95% CI]: 0.08
[0.02, 0.39]; Table 2). Likewise, both higher baseline log,-transformed ACE2 (adjusted HR
[95% CI]: 0.81 [0.67, 0.98] per twofold increment) and ACE2/ACE ratio (adjusted HR [95%
ClI]: 0.77 [0.63, 0.94] per twofold increment) were associated with lower mortality (Table 2).
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Restricted cubic splines (Fig. 1, A and B) and comparisons of nested models including
first-order, quadratic, and cubic baseline ACE2 terms by likelihood ratio tests supported
cubic curvilinearity of the association with mortality (cubic vs. first-order models: P=
0.041; vs. quadratic models: 2= 0.034). Nested models for the ACE2/ACE ratio were
similar (cubic vs. first-order: £=0.036; vs. quadratic: £=0.017).

Associations of the longitudinal RAS over the first 5 study days with 90-day mortality
were consistent with those of baseline RAS measures (Table 3). For example, the weighted
adjusted HR (95% CI) for longitudinal ACE2 and ACE2/ACE ratio were 0.79 (0.65, 0.97)
and 0.78 (0.63, 0.97), respectively, whereas longitudinal Ang Il or Ang-(1-7) were not
associated with mortality (Table 3). Associations did not differ by age group or baseline
level of oxygen support (all interactions 2> 0.10).

DISCUSSION

In this multicenter study of hospitalized patients with COVID-19 and new-onset hypoxemia
requiring supplemental oxygen, we report that higher baseline and longitudinal circulating
levels of ACE2 protein, and a higher ACE2/ACE ratio, were associated with lower 90-

day mortality independent of baseline level of oxygen support. These associations were
moderately curvilinear, with risk of death appearing to plateau in the highest and lowest
quartiles of ACE2 and ACE/ACE?2 ratio, respectively. In contrast, circulating ACE and the
RAS peptides Ang Il and Ang-(1-7) were not associated with mortality, and associations
did not differ by age group or oxygen support level. Collectively, these results suggest

a potential role for ACE2 as a biomarker to identify patients at higher risk for adverse
outcomes in severe COVID-19 illness.

The cellular entry of SARS-CoV-2 to pulmonary, vascular, myocardial, and renal tissues
via membrane-bound ACE?2 is a critical step in COVID-19 pathology (2). This process,
resulting in the internalization of the ACE2-viral complex, may inhibit the conversion

of Ang Il to Ang-(1-7) and promote Ang ll-mediated acute lung injury, as preclinical
models strongly suggest (3, 14, 15). Furthermore, during hypoxemia, Ang I1-mediated
pulmonary vasoconstriction potentially enhances fibrosis and inflammation, both of which
are ameliorated by concomitant upregulation of ACE2 (4, 14, 16). Bourgonje et al. (14)
propose that under similar hypoxemic conditions, SARS-CoV-2-induced ACE2 suppression
impairs the clearance of Ang Il and further aggravates tissue damage. Indeed, our findings
suggest higher serum levels of ACE2 reflect greater tissue expression of the peptidase

that is constitutively shed into the circulation. Thus, coupled with potential mitigation

of COVID-19-related microvascular dysfunction (17), higher ACE2 may be a plausible
protective mechanism among patients with SARS-CoV-2-induced hypoxemia, though
additional studies are needed to determine if it may modify the disease course.

There remains a considerable degree of contradictory results on the status of the RAS

in patients with COVID-19, as well as the contribution of this system to disease

severity (18). These issues may reflect the use of various approaches to quantify RAS
components, particularly the measurement of Ang Il and Ang-(1-7) using non-specific
assays; heterogenous patient populations regarding co-morbidities and prior treatment with
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RAS blockers; differing collection times and sample handling procedures, presence of
endogenous ACE2 inhibitors and ACE2 isoforms, or autoantibodies that may modify
activity; as well as emerging new strains of the virus over the past 5 yr (19-21). However,
the current results are consistent with those of Diaz-Troyano et al. (22), who found lower
ACE?2 content to be associated with increased mortality and hospitalization of patients with
COVID-19 using an ACE?2 ELISA identical to the present study. Moreover, Robertson et
al. (23) report lower circulating ACE2 was associated with disease severity and higher
inflammatory markers in male patients with COVID-19.

In contrast, other studies suggest that higher ACEZ2 is predictive of disease severity in
patients with COVID-19 and other pathologies including acute respiratory distress syndrome
(ARDS), heart failure, and other respiratory distress (24, 25). Wang et al. (26) found

that soluble ACE2 content was elevated among hospitalized patients with COVID-19
compared with healthy controls and that a raw increase in ACE2 from admission to 7

days was associated with increased mortality. Importantly, our longitudinal analysis assessed
overall levels rather than raw increases in ACE2, which could be a compensatory response
to worsening progression of the disease. Moreover, pre-existing comorbidities, including
cardiovascular disease, have a considerable influence on ACE2 expression and disease
severity in patients with COVID-19 (27). We did not previously observe effect modification
by hypertension status (28), or obesity or diabetes status (unpublished observations), but
future studies of the RAS in COVID-19 should assess the impact of prevalent cardiovascular
diseases in more detail.

Although we found that higher circulating ACE2 values were associated with lower
mortality in patients with COVID-19, there was no relationship between soluble ACE2 and
circulating levels of Ang Il or Ang-(1-7). In an earlier study that assessed the circulating
RAS in patients with ARDS and COVID-19, we also reported no association of ACE2
with plasma levels of Ang Il or Ang-(1-7) (11). This may reflect the dissociation between
tissue-bound and soluble levels of ACE2 in the regulation of Ang Il and Ang-(1-7) (11, 21).
Preclinical studies have questioned the extent that ACE2 contributes to the balance of Ang
Il and Ang-(1-7) in the circulation and that other peptidases such as prolyloligopeptidase
or neprilysin may have a more relevant role in Ang Il metabolism or Ang-(1-7) formation
(29, 30). In this regard, the benefit of higher circulating levels of ACE2 in patients with
COVID-19 may entail the sequestration of the virus and prevent the cellular internalization
of the viral-ACE2 complex. Although Yeung et al. (31) reported the interaction of soluble
ACEZ2, vasopressin, and the vasopressin B1 receptor to promote viral infection in HK2
proximal tubule cells, this unusual pathway for viral entry was not confirmed by other
investigators in the same cells (32). Moreover, a clinical study that administered vasopressin
in patients with COVID-19 failed to show any effect on circulating levels of the virus or
soluble ACE2 (33). Alternatively, alterations in circulating ACE2 may reflect higher tissue
levels of the peptidase locally influencing the balance of Ang Il and Ang-(1-7). Apart
from the circulating system, it is well recognized that multiple organs express a local or
tissue RAS with autocrine or paracrine actions (29, 34). Although these tissue or local
systems present considerable challenges to fully characterize in humans, the ultimate tissue
source of circulating ACE2 in patients with COVID-19 remains unclear. The presence

of ACE2 autoantibodies detected in patients with COVID-19 (35-37) represents another

Am J Physiol Lung Cell Mol Physiol. Author manuscript; available in PMC 2025 May 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Schaich et al. Page 8

potential confounding source, as whether they inhibit, stimulate, or have a null effect on
overall ACE2 activity is unknown. Indeed, Arthur et al. (35) report that the serum of all
patients with COVID-19 in their cohort enhanced human ACE2 activity despite differences
in autoantibody function. Thus, the impact of circulating factors that influence ACE2 in
patients with COVID-19 should be further explored in future studies.

Major strengths of this study include its prospective, multicenter design; detailed assessment
of the circulating RAS over four time points; the use of inhibitors to prevent ex vivo
degradation of RAS peptides; and robust repeated-measures survival analysis. Some
limitations should also be considered. Foremost, this study was designed to characterize

the longitudinal circulating RAS in COVID-19 by collecting blood samples from an ongoing
clinical trial. Thus, it represents a subset of the overall trial population and was not designed
to detect all potentially meaningful associations. Furthermore, the parent trials were not
designed to evaluate the influence of comorbidity burden, including prevalent cardiovascular
disease, on COVID-19-related outcomes. Second, blood collection over multiple time

points occurred only in hospitalized patients, so the ability to explore the circulating RAS
longitudinally during recovery is limited. Moreover, some study participants may have
presented to the hospital earlier in the disease course than others, which cannot be directly
accounted for. Patients with lung injury progress and resolve at different rates, making

this an inherent study challenge. Third, clinically meaningful thresholds for RAS markers

in COVID-19 have not yet been established, though the sample median of ACE2 in our
study was similar to the optimal value shown to predict hospital admission in a previous
study (22). This approach may be useful for comparing distributions across different studies
and settings. However, we note the use of the median RAS value as a reference point

in statistical analysis, although common among recent RAS biomarker studies in critical
illness settings including COVID-19 (26, 38, 39), is arbitrary and should be interpreted with
caution and in specific contexts. For this reason, we additionally examined baseline RAS
levels as continuous variables to complement analyses using the sample median to define
groups (Table 2). Nevertheless, we strongly encourage more studies to propose and validate
clinically meaningful cut-points for RAS biomarkers in the setting of severe COVID-19

and to better standardize methods for measuring the RAS. Lastly, our study involves the
evaluation of only a subset of RAS enzymes and peptides.

Conclusions

Higher circulating levels of ACE2 and a higher ACE2/ACE ratio were associated with
markedly lower mortality among patients hospitalized for COVID-19 with new-onset
hypoxemia requiring supplemental oxygen support. A better understanding of the temporal
course of the RAS response in severe COVID-19 illness may facilitate identifying patients at
greater risk for adverse outcomes and inform treatment strategies targeting the RAS.

GRANTS

This work was supported by Vanderbilt University Medical Center (contract VUMC92086 to D.C.F and M.C.C.).
The ACTIV-4 Host Tissue trials were funded by the National Heart, Lung, and Blood Institute (NHLBI) Grant
10T2HL 156812 through the Collaborating Network of Networks for Evaluating COVID-19 and Therapeutic
Strategies program. Additional support for the present study was provided by the National Institute on Aging (Grant
K01AG073581 to C.L.S.) and NHLBI (Grant R0O1HL146818 to M.C.C.).

Am J Physiol Lung Cell Mol Physiol. Author manuscript; available in PMC 2025 May 23.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Schaich et al.

DISCLOSURES

Page 9

Dr. Rice reports receiving grant support from NHLBI, NCATS, CDC, Department of Defense, and PCORI, and
consulting fees from Cumberland Pharmaceuticals, Inc. and Cytovale, Inc. Dr. Rice also serves as a DSMB member
for Sanofi, Inc.

Dr. Collins reports receiving grant support from NCATS to his institution outside of the present work and
consulting fees from Encanta Pharmaceuticals outside of the present work.

Dr. Gibbs reports receiving grant support from Department of Defense, support for attending Critical Care Reviews
2024, and serving as a DSMB member for the Vanderbilt DSMB.

Dr. Puskarich reports grant support from NIAID for participation in the STRIVE network, grant support for the
Enhancing U.S. Surveillance of Laboratory Confirmed SARS-CoV-2, Influenza, and other Respiratory Viruses
through a Network of Emergency Departments (RECOVER) initiative, and received consulting fees from Opticyte
and Cytovale for serving on Scientific Advisory Boards.

Dr. Collins, Dr. Douglas, Dr. Gibbs, Dr. Ginde, Dr. Harkins, Dr. Hudock, Dr. Lanspa, Dr. Levitt, Dr. Puskarich, Dr.
Self, and Dr. Shotwell report receiving grant support from the NHLBI to their institutions for the parent ACTIV-4
Host Tissue study.

DATA AVAILABILITY

Datasets analyzed in this study are available from the BioData Catalyst repository (https://
biodatacatalyst.nhlbi.nih.gov) under study identifier phs003708.

APPENDIX: COLLABORATORS

Investigators and collaborators by institution are not included as masthead authors.

ACTIV-4 Host Tissue Trials Enrolling Sites

Vanderbilt University Medical Center

Jakea Johnson; Ryan Walsh, MD; Brian Bales, MD; Karen Miller, RN; Donna Torr, PharmD
Wake Forest University

Harsh Barot, MD; Leigha Landreth, RN; Mary LaRose, RN; Lisa Parks, RN

University of New Mexico Health Sciences Center

J. Pedro Teixeira; Sandra Cardenas; Juan A. Ceniceros; Amy G Cunningham; Susan Kunkel,
Debbie M. Lovato; Krystle D. Apodaca

University of Nebraska Medical Center

Brooklin Zimmerman MSN; Thanh Nguyen PhD; Wesley Zeger MD; Noah Wiedel MD
Washington University

Stephanie Stilinovic; Caroline Foster; Jeanne Flannigan

Yale University

Carolyn Brokowski; Jing Lu; Muriel Solberg; Dana Lee

Am J Physiol Lung Cell Mol Physiol. Author manuscript; available in PMC 2025 May 23.


https://biodatacatalyst.nhlbi.nih.gov/
https://biodatacatalyst.nhlbi.nih.gov/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Schaich et al.

Page 10

Dignity Health Research Institute

Charlotte Tanner; Annette Taylor; Jennine Zumbahl
Virginia Commonwealth University

Aamer Syed, MD; Jessica Mason, MPH

University of Virginia

Patrick E. H. Jackson MD; Heather M. Haughey, PhD
University of Florida, Gainesville

Kartik Cherabuddi; Nastasia James; Rebecca; Wakeman Murray; Christopher Duncan;
Cynthia Montero

Stanford University

Angela J. Rogers, MD; Jennifer G. Wilson, MD; Rosemary Vojnik; Cynthia Perez
Denver Health Medical Center

David L. Wyles; Terra D. Hiller; Judy L. Oakes; Ana Z. Garcia

Montefiore Medical Center

Michelle Gong; Amira Mohamed; Luke Andrea; Rahul Nair; William Nkemdirim; Brenda
Lopez; Sabah, Boujid; Martha Torres; Ofelia Garcia

University of Colorado

Flora Martinez; Amiran Baduashvili; Jill Bastman; Lakshmi Chauhan; David J. Douin; Lani
Finck; Ashley Licursi; Henry Kramer; Jennifer Fickes-Siler; Amanda Martinez; Jennifer
Peers; Kristine Schauer

Emory Johns Creek Hospital/Emory St. Joseph’s Hospital
Caitlin ten Lohuis; Sophia Zhang; William Bender, MD; Santiago Tovar
Beth Israel Deaconess Medical Center

Sharon Hayes R.N., Nicholas Kurtzman, M.D., Elinita Rosseto, Douglas Scaffidi, Nathan
Shapiro, M.D. M.P.H.

Oregon Health and Science University

Jonathan Pak; Gopal Allada; Genesis Briceno; Jose Pefia; Minn Oh, Raju Reddy, Kinsley
Hubel, Bishoy Zakhary, Bart Moulton

Johns Hopkins University

Am J Physiol Lung Cell Mol Physiol. Author manuscript; available in PMC 2025 May 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Schaich et al.

Page 11

Harith Ali; Sasha Beselman; Yolanda J. Eby; Arber Shehu; Vitaliy Klimov
University of Cincinnati

R. Duncan Hite; Hammad Tanzeem; Chris Droege; Jessica Winter
Cedars-Sinai Medical Center

Susan Jackman; Antonina Caudill; Emad Bayoumi; Po-En Chen; Ethan Pascual; Yunhee
Choi-Kuaea

Intermountain Healthcare

Michael J. Lanspa; Ithan D. Peltan; Samuel M. Brown; Jason R. Carr; Daniel B. Knox;
Lindsay M. Leither

Cleveland Clinic Foundation/Cleveland Clinic Fairview Hospital
Simon Mucha, MD; Nirosshan Thiruchelvam, MD; Matthew Siuba, MD; Omar Mehkri, MD
Hennepin County Medical Center

Brian E. Driver; Audrey Hendrickson; Olivia Kaus

Ochsner Clinic Foundation

Christina Ontiveros; Amy Riehm; Sylvia Landrum

Cleveland Clinic Akron General

Debra Hudock; Christopher Ensley; Valerie Shaner

Temple University

Nina Gentile, MD; Derek Isenberg, MD; Hannah Reimer; Paul Cincola
University of Utah Health Sciences Center

Estelle S. Harris; Sean J. Callahan; Misty B. Yamane; Macy A. G. Barrios
Alexian Brothers Medical Center

Neeraj Desai; Amit Bharara; Michael Keller; Prat Majumder; Carri Dohe
Columbia University Medical Center

Jeanine D’ Armiento; Monica Goldklang; Gebhard Wagener; Laura Fonseca; Itzel
Valezquez-Sanchez

University of Washington (Harborview)

Nicholas J. Johnson; Emily Petersen; Megan Fuentes; Maranda Newton; Stephanie Gundel

Am J Physiol Lung Cell Mol Physiol. Author manuscript; available in PMC 2025 May 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Schaich et al.

Page 12

REFERENCES

1. Kuba K, Imai Y, Rao S, Gao H, Guo F, Guan B, Huan Y, Yang P, Zhang Y, Deng W, Bao L, Zhang

B, Liu G, Wang Z, Chappell M, Liu Y, Zheng D, Leibbrandt A, Wada T, Slutsky AS, Liu D, Qin
C, Jiang C, Penninger JM. A crucial role of angiotensin converting enzyme 2 (ACE2) in SARS
coronavirus-induced lung injury. Nat Med 11: 875-879, 2005. d0i:10.1038/nm1267. [PubMed:
16007097]

. Hoffmann M, Kleine-Weber H, Schroeder S, Kriiger N, Herrler T, Erichsen S, Schiergens TS,

Herrler G, Wu N-H, Nitsche A, Miiller MA, Drosten C, Péhlmann S. SARS-CoV-2 cell entry
depends on ACE2 and TMPRSS2 and is blocked by a clinically proven protease inhibitor. Cell 181:
271-280.e8, 2020. doi:10.1016/j.cell.2020.02.052. [PubMed: 32142651]

. Kuba K, Yamaguchi T, Penninger JM. Angiotensin-converting enzyme 2 (ACE2) in

the pathogenesis of ARDS in COVID-19. Front Immunol 12: 732690, 2021. doi:10.3389/
fimmu.2021.732690. [PubMed: 35003058]

. Imai Y, Kuba K, Rao S, Huan Y, Guo F, Guan B, Yang P, Sarao R, Wada T, Leong-Poi H,

Crackower MA, Fukamizu A, Hui C-C, Hein L, Uhlig S, Slutsky AS, Jiang C, Penninger JM.
Angiotensin-converting enzyme 2 protects from severe acute lung failure. Nature 436: 112-116,
2005. doi:10.1038/nature03712. [PubMed: 16001071]

. Puskarich MA, Ingraham NE, Merck LH, Driver BE, Wacker DA, Black LP, Jones AE, Fletcher CV,

South AM, Murray TA, Lewandowski C, Farhat J, Benoit JL, Biros MH, Cherabuddi K, Chipman
JG, Schacker TW, Guirgis FW, Voelker HT, Koopmeiners JS, Tignanelli CJ; Angiotensin Receptor
Blocker Based Lung Protective Strategies for Inpatients With COVID-19 (ALPS-IP) Investigators.
Efficacy of losartan in hospitalized patients with COVID-19-induced lung injury: a randomized
clinical trial. JAMA Netw Open 5: 222735, 2022 [Erratum in JAMA Netw Open5: 2215958,
2022]. doi:10.1001/jamanetworkopen.2022.2735. [PubMed: 35294537]

. Lopes RD, Macedo AVS, de Barros E Silva PGM, Moll-Bernardes RJ, Dos Santos TM, Mazza L,

Feldman A, D’ Andréa Saba Arruda G, de Albuquerque DC, Camiletti AS, de Sousa AS, de Paula
TC, Giusti KGD, Domiciano RAM, Noya-Rabelo MM, Hamilton AM, Loures VA, Dionisio RM,
Furquim TAB, De Luca FA, Dos Santos Sousa IB, Bandeira BS, Zukowski CN, de Oliveira RGG,
Ribeiro NB, de Moraes JL, Petriz JLF, Pimentel AM, Miranda, de Jesus Abufaiad BE, Gibson CM,
Granger CB, Alexander JH, de Souza OF; BRACE CORONA Investigators. Effect of discontinuing
Vs continuing angiotensin-converting enzyme inhibitors and angiotensin 11 receptor blockers on
days alive and out of the hospital in patients admitted with COVID-19: a randomized clinical trial.
JAMA 325: 254-264, 2021. doi:10.1001/jama.2020.25864. [PubMed: 33464336]

7. Tornling G, Batta R, Porter JC, Williams B, Bengtsson T, Parmar K, Kashiva R, Hallberg A,

Cohrt AK, Westergaard K, Dalsgaard C-J, Raud J. Seven days treatment with the angiotensin |1
type 2 receptor agonist C21 in hospitalized COVID-19 patients; a placebo-controlled randomised
multi-centre double-blind phase 2 trial. EClinicalMedicine 41: 101152, 2021. doi:10.1016/
j.eclinm.2021.101152. [PubMed: 34723163]

8. Self WH, Shotwell MS, Gibbs KW, de Wit M, Files DC, Harkins M, Hudock KM, Merck LH,

Moskowitz A, Apodaca KD, Barksdale A, Safdar B, Javaheri A, Sturek JM, Schrager H, lovine N,
Tiffany B, Douglas IS, Levitt J, Busse LW, Ginde AA, Brown SM, Hager DN, Boyle K, Duggal A,
Khan A, Lanspa M, Chen P, Puskarich M, Vonderhaar D, Venkateshaiah L, Gentile N, Rosenberg
Y, Troendle J, Bistran-Hall AJ, DeClercq J, Lavieri R, Joly MM, Orr M, Pulley J, Rice TW,
Schildcrout JS, Semler MW, Wang L, Bernard GR, Collins SP; ACTIV-4 Host Tissue Investigators.
Renin-angiotensin system modulation with synthetic angiotensin (1-7) and angiotensin Il type 1
receptor-biased ligand in adults with COVID-19: two randomized clinical trials. JAMA 329: 1170-
1182, 2023. doi:10.1001/jama.2023.3546. [PubMed: 37039791]

9. Collins FS, Stoffels P. Accelerating COVID-19 therapeutic interventions and vaccines (ACTIV):

an unprecedented partnership for unprecedented times. JAMA 323: 2455-2457, 2020. doi:10.1001/
jama.2020.8920. [PubMed: 32421150]

10. WHO Working Group on the Clinical Characterisation and Management of COVID-19

infection. A minimal common outcome measure set for COVID-19 clinical research. Lancet
Infect Dis 20: €192-e197, 2020 [Erratum in Lancet Infect Dis 20: €250, 2020]. d0i:10.1016/
S1473-3099(20)30483-7. [PubMed: 32539990]

Am J Physiol Lung Cell Mol Physiol. Author manuscript; available in PMC 2025 May 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Schaich et al.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

Page 13

Files DC, Gibbs KW, Schaich CL, Collins SP, Gwathmey TM, Casey JD, Self WH, Chappell
MC. A pilot study to assess the circulating renin-angiotensin system in COVID-19 acute
respiratory failure. Am J Physiol Lung Cell Mol Physiol 321: L213-1L218, 2021. doi:10.1152/
ajplung.00129.2021. [PubMed: 34009036]

Zhang Z, Reinikainen J, Adeleke KA, Pieterse ME, Groothuis-Oudshoorn CGM. Time-varying
covariates and coefficients in Cox regression models. Ann Transl Med 6: 121-121, 2018.
d0i:10.21037/atm.2018.02.12. [PubMed: 29955581]

Grafféo N, Latouche A, Le Tourneau C, Chevret S. ipcwswitch: an R package for inverse
probability of censoring weighting with an application to switches in clinical trials. Comput Biol
Med 111: 103339, 2019. doi:10.1016/j.compbiomed.2019.103339. [PubMed: 31442762]
Bourgonje AR, Abdulle AE, Timens W, Hillebrands J-L, Navis GJ, Gordijn SJ, Bolling MC,
Dijkstra G, Voors AA, Osterhaus AD, van der Voort PH, Mulder DJ, van Goor H. Angiotensin-
converting enzyme 2 (ACE2), SARS-CoV-2 and the pathophysiology of coronavirus disease 2019
(COVID-19). J Pathol 251: 228-248, 2020. doi:10.1002/path.5471. [PubMed: 32418199]

South AM, Diz DI, Chappell MC. COVID-19, ACE2, and the cardiovascular consequences.
Am J Physiol Heart Circ Physiol 318: H1084-H1090, 2020. doi:10.1152/ajpheart.00217.2020.
[PubMed: 32228252]

Gaur P, Saini S, Vats P, Kumar B. Regulation, signalling and functions of hormonal peptides

in pulmonary vascular remodelling during hypoxia. Endocrine 59: 466—480, 2018. doi:10.1007/
$12020-018-1529-0. [PubMed: 29383676]

Kounis NG, Gogos C, de Gregorio C, Hung M-Y, Kounis SN, Tsounis EP, Assimakopoulos

SF, Pourmasumi S, Mplani V, Servos G, Dousdampanis P, Plotas P, Michalaki MA, Tsigkas

G, Grammatikopoulos G, Velissaris D, Koniar I. “When,” “where,” and “how” of SARS-CoV-2
infection affects the human cardiovascular system: a narrative review. Balkan Med J 41: 7-22,
2024. doi:10.4274/balkanmedj.galenos.2023.2023-10-25. [PubMed: 38173173]

Prato M, Tiberti N, Mazzi C, Gobbi F, Piubelli C, Longoni SS. The renin-angiotensin system
(RAS) in COVID-19 disease: where we are 3 years after the beginning of the pandemic.
Microorganisms 12: 583, 2024. doi:10.3390/microorganisms12030583. [PubMed: 38543635]

Chappell MC, Pirro NT, South AM, Gwathmey TM. Concerns on the specificity of commercial
ELISAs for the measurement of angiotensin (1-7) and angiotensin Il in human plasma.
Hypertension 77: e29—e31, 2021. doi:10.1161/HYPERTENSIONAHA.120.16724. [PubMed:
33399002]

£ ebek-Szatanska A, Papierska L, Glinicki P, Zgliczyniski W. Poor performance of angiotensin

Il enzyme-linked immuno-sorbent assays in mostly hypertensive cohort routinely screened for
primary aldosteronism. Diagnostics (Basel) 12: 1124, 2022. doi:10.3390/diagnostics12051124.
[PubMed: 35626280]

Chappell MC. Renin-angiotensin system and sex differences in COVID-19: a critical assessment.
Circ Res 132: 1320-1337, 2023. doi:10.1161/CIRCRESAHA.123.321883. [PubMed: 37167353]
Diaz-Troyano N, Gabriel-Medina P, Weber S, Klammer M, Barquin-DelPino R, Castillo-Ribelles
L, Esteban A, Hernandez-Gonzalez M, Ferrer-Costa R, Pumarola T, Rodriguez-Frias F. Soluble
angiotensin-converting enzyme 2 as a prognostic biomarker for disease progression in patients
infected with SARS-CoV-2. Diagnostics (Basel) 12: 886, 2022. doi:10.3390/diagnostics12040886.
[PubMed: 35453934]

Robertson J, Nellgard B, Hultén LM, Nilsson S, Dalla K, Bérjesson M, Zetterberg H, Svanvik

J, Gisslén M Sex difference in circulating soluble form of ACE2 protein in moderate and

severe COVID-19 and healthy controls. Front Med (Lausanne) 9: 1058120, 2022. doi:10.3389/
fmed.2022.1058120. [PubMed: 36569121]

Reindl-Schwaighofer R, HodImoser S, Eskandary F, Poglitsch M, Bonderman D, Strass| R, Aberle
JH, Oberbauer R, Zoufaly A, Hecking M. ACE2 elevation in severe COVID-19. Am J Respir Crit
Care Med 203: 1191-1196, 2021. doi:10.1164/rccm.202101-0142LE. [PubMed: 33600742]
Hrenak J, Simko F. Renin-angiotensin system: an important player in the pathogenesis of acute
respiratory distress syndrome. Int J Mol Sci 21: 8038, 2020. doi:10.3390/ijms21218038. [PubMed:
33126657]

Wang K, Gheblawi M, Nikhanj A, Munan M, Macintyre E, O’Neil C, Poglitsch M,

Colombo D, Del Nonno F, Kassiri Z, Sligl W, Oudit GY. Dysregulation of ACE (angiotensin-

Am J Physiol Lung Cell Mol Physiol. Author manuscript; available in PMC 2025 May 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Schaich et al.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Page 14

converting enzyme)-2 and renin-angiotensin peptides in SARS-CoV-2 mediated mortality and end-
organ injuries. Hypertension 79: 365-378, 2022. d0i:10.1161/HYPERTENSIONAHA.121.18295.
[PubMed: 34844421]

Gheblawi M, Wang K, Viveiros A, Nguyen Q, Zhong J-C, Turner AJ, Raizada MK, Grant

MB, Oudit GY. Angiotensin-converting enzyme 2: SARS-CoV-2 receptor and regulator of the
renin-angiotensin system: celebrating the 20th anniversary of the discovery of ACE2. Circ Res
126: 1456-1474, 2020. doi:10.1161/CIRCRESAHA.120.317015. [PubMed: 32264791]

Schaich CL, Files DC, Shotwell MS, Joly MM, Gibbs KW, Self WH, Collins SP, Chappell MC.
Abstract P130: higher circulating angiotensin converting enzyme 2 (ACE2) and ACE2 to ACE
ratio are associated with lower COVID-19 mortality: a mechanistic substudy of the ACTIV-4 host
tissue trials. Circulation 149: AP130-AP130, 2024. doi:10.1161/circ.149.suppl_1.P130.

Chappell MC. Biochemical evaluation of the renin-angiotensin system: the good, bad,

and absolute? Am J Physiol Heart Circ Physiol 310: H137-H152, 2016. doi:10.1152/
ajpheart.00618.2015. [PubMed: 26475588]

Serfozo P, Wysocki J, Gulua G, Schulze A, Ye M, Liu P, Jin J, Bader M, My&hanen T, Garcia-
Horsman JA, Batlle D. Ang Il (angiotensin 1) conversion to angiotensin-(1-7) in the circulation is
POP (Prolyloligopeptidase)-dependent and ACE2 (angiotensin-converting enzyme 2)-independent.
Hypertension 75: 173-182, 2020. doi:10.1161/HYPERTENSIONAHA.119.14071. [PubMed:
31786979]

Yeung ML, Teng JLL, Jia L, Zhang C, Huang C, Cai J-P, Zhou R, Chan K-H, Zhao H, Zhu L,

Siu K-L, Fung S-Y, Yung S, Chan TM, To KK-W, Chan JF-W, Cai Z, Lau SKP, Chen Z, Jin

D-Y, Woo PCY, Yuen K-Y. Soluble ACE2-mediated cell entry of SARS-CoV-2 via interaction with
proteins related to the renin-angiotensin system. Cell 184: 2212-2228.e12, 2021. doi:10.1016/
j.cell.2021.02.053. [PubMed: 33713620]

Batlle D, Monteil V, Garreta E, Hassler L, Wysocki J, Chandar V, Schwartz RE, Mirazimi A,
Montserrat N, Bader M, Penninger JM. Evidence in favor of the essentiality of human cell
membrane-bound ACE2 and against soluble ACE2 for SARS-CoV-2 infectivity. Cell 185: 1837—
1839, 2022. doi:10.1016/j.cell.2022.05.004. [PubMed: 35623327]

Leisman DE, Mehta A, Li Y, Kays KR, Li JZ, Filbin MR, Goldberg MB. Vasopressin infusion
in COVID-19 critical illness is not associated with impaired viral clearance: a pilot study. Br J
Anaesth 127: e146-e148, 2021. doi:10.1016/j.bja.2021.07.005. [PubMed: 34399981]

Chappell MC, Marshall AC, Alzayadneh EM, Shaltout HA, Diz DI. Update on the Angiotensin
converting enzyme 2-Angiotensin (1-7)-MAS receptor axis: fetal programing, sex differences, and
intracellular pathways. Front Endocrinol (Lausanne) 4: 201, 2014. doi:10.3389/fend0.2013.00201.
[PubMed: 24409169]

Arthur JM, Forrest JC, Boehme KW, Kennedy JL, Owens S, Herzog C, Liu J, Harville TO.
Development of ACE2 autoantibodies after SARS-CoV-2 infection. PLoS One 16: 0257016,
2021 [Erratum in PL0S One 19: e0314426, 2024]. doi:10.1371/journal.pone.0257016. [PubMed:
34478478]

Rodriguez-Perez Al, Labandeira CM, Pedrosa MA, Valenzuela R, Suarez-Quintanilla JA, Cortes-
Ayaso M, Mayan-Conesa P, Labandeira-Garcia JL. Autoantibodies against ACE2 and angiotensin
type-1 receptors increase severity of COVID-19. J Autoimmun 122: 102683, 2021. doi:10.1016/
j.jaut.2021.102683. [PubMed: 34144328]

Geanes ES, McLennan R, LeMaster C, Bradley T. Autoantibodies to ACE2 and immune molecules
are associated with COVID-19 disease severity. Commun Med (Lond) 4: 47, 2024. doi:10.1038/
$43856-024-00477-z. [PubMed: 38491326]

Bellomo R, Forni LG, Busse LW, McCurdy MT, Ham KR, Boldt DW, Hastbacka J, Khanna

AK, Albertson TE, Tumlin J, Storey K, Handisides D, Tidmarsh GF, Chawla LS, Ostermann

M. Renin and survival in patients given angiotensin Il for catecholamine-resistant vasodilatory
shock. A clinical trial. Am J Respir Crit Care Med 202: 1253-1261, 2020. doi:10.1164/
rcem.201911-21720C. [PubMed: 32609011]

Busse LW, Teixeira JP, Schaich CL, Ten Lohuis CC, Nielsen ND, Sturek JM, Merck LH, Self
WH, Puskarich MA, Khan A, Semler MW, Moskowitz A, Hager DN, Duggal A, Rice TW, Ginde
AA, Tiffany BR, lovine NM, Chen P, Safdar B, Gibbs KW, Javaheri A, de Wit M, Harkins

MS, Joly MM, Collins SP; ACTIV-4 Host Tissue Investigators. Shock prediction with dipeptidyl

Am J Physiol Lung Cell Mol Physiol. Author manuscript; available in PMC 2025 May 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Schaich et al.

Page 15

peptidase-3 and renin (SPiDeR) in hypoxemic patients with COVID-19. J Crit Care 85: 154950,
2025. doi:10.1016/j.jcrc.2024.154950. [PubMed: 39546997]

Am J Physiol Lung Cell Mol Physiol. Author manuscript; available in PMC 2025 May 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Schaich et al.

Hazard Ratio for Death within 90 Days

0.1+

Page 16

5.0

2.0

N
o

Hazard Ratio for Death within 90 Days

0.1+

o0
'

|

N

-4 2 0 2 4 6 -10 -8 -6 -4
Log2[ACE2 (ng/mL)] Log2(ACE2/ACE ratio)

Figure 1.
Restricted cubic splines of the association of log,-transformed baseline circulating ACE2

levels (A) and ACE2 to ACE ratio (B) with 90-day mortality among 87 patients hospitalized
for COVID-19 with new-onset hypoxemia. Dashed lines represent the 95% confidence
interval; the horizontal line represents the null hazard ratio value (1.0). Y-axis is on the log
scale. Median values serve as the referent. ACE, angiotensin-converting enzyme.
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Baseline characteristics of 111 patients from the shared placebo arm of the ACTIV-4 Host Tissue trials with

measured circulating renin-angiotensin system components.

Age, years, mean (SD) 54.6 (13.9)
Age group, n (%)
18-30 years 6 (5.4)
31-64 years 80 (72.1)
265 years 25 (22.5)
Sex assigned at birth, n (%)
Female 42 (37.8)
Male 69 (62.2)
Race/ethnicity, n (%)
Non-Hispanic White 64 (57.7)
Non-Hispanic Black 17 (15.3)
Hispanic of any race 18 (16.2)
Other or prefer not to answer 12 (10.8)
Obesity (body mass index =30 kg/m?), n (%) 64 (57.7)
Hypertension, n (%) 53 (47.7)
Diabetes, n (%) 33(29.7)
Chronic kidney disease (not undergoing kidney replacement therapy), n (%) 7(6.3)
Medication use prior to COVID-19, n (%)
Angiotensin converting enzyme inhibitor 6(5.4)
Angiotensin receptor blocker 8(7.2)
Vasopressor use within 7 days of hospitalization,? n (%) 14 (12.6)
Time from hospital admission to randomization, days, median [25%, 75%)] 1[1,2]
COVID-19 characteristics, n (%)
Predominant SARS-CoV-2 variant in the US
Delta (enrolled prior to and including Dec 26, 2021) 104 (93.7)
Omicron (enrolled after Dec 26, 2021) 7(6.3)
Receipt of =1 vaccine dose 37 (33.3)
Baseline level of O, support according to World Health Organization COVID-19 clinical progression scale,b
assessed at randomization
Level 4: hospitalized and receiving supplemental O, by nasal prongs or mask 73 (65.8)
Level 5: hospitalized and receiving high-flow nasal O, or non-invasive ventilation 34 (30.6)
Level 6 or 7: hospitalized and receiving invasive mechanical ventilation alone or with other organ support 4 (3.6)
Death within 90 days of randomization, n (%) 22 (19.8)
Days to death, median [25%, 75%] 16 [9, 29]

Circulating renin-angiotensin system concentrations, median [25%, 75%]

Angiotensin (Ang) Il, pg/mL

11.4[7.9,17.2]

Ang-(1-7), pg/mL

17.3[11.8, 31.0]
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Ang Il to Ang-(1-7) ratio 0.57 [0.39, 1.14]
Angiotensin converting enzyme (ACE), ng/mL 239.2 [125.6, 264.7]
ACE2, ng/mL 0.56 [0.08, 6.06]
ACE2 to ACE ratio 0.006 [0.0004, 0.041]

a . . . . . L . . . .
Includes any vasopressors or inotropes (e.g., dobutamine, dopamine, epinephrine, milrinone, norepinephrine, phenylephrine, and vasopressin).

Patients meeting criteria for Levels 4-7 of the 8-level ordinal scale were eligible for this study. Other levels included: Level 1, ambulatory and
not hospitalized with no limitation in activities; Level 2, ambulatory and not hospitalized with some limitation of activities or receiving home 02
therapy; Level 3, hospitalized with mild disease and not receiving supplemental O2; level 8, dead.
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Table 2.
Multivariable associations of baseline (Study Day 0) renin-angiotensin system levels with mortality over 90

days among 87 hospitalized COVID-19 patients with new-onset hypoxemia randomized to the shared placebo
arm of the ACTIV-4 Host Tissue trials.

Hazard Ratio (95% CI)

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Unadjusted

Adjusted?

Study Day 0 RAS Measures

Referent:

<median

Ang Il

1.06 (0.40, 2.82)

1.24 (0.39, 3.99)

Ang-(1-7)

0.91 (0.33, 2.50)

1.32 (0.33, 5.35)

Ang Il to Ang-(1-7) ratio

0.90 (0.32, 2.53)

1.18 (0.37, 3.80)

ACE

1.41 (0.54, 3.70)

1.73 (0.64, 4.67)

ACE2

0.31(0.11, 0.88)

0.10 (0.02, 0.43)

ACE?2 to ACE ratio

0.35 (0.13, 0.94)

0.08 (0.02, 0.39)

Per twofold increment in

Ang Il

1.16 (0.71, 1.89)

1.08 (0.59, 1.96)

Ang-(1-7)

1.17 (0.79, 1.73)

1.35 (0.81, 2.27)

Ang 11 to Ang-(1-7) ratio

0.99 (0.72, 1.35)

0.92 (0.64, 1.32)

ACE

1.16 (0.73, 1.83)

1.25 (0.76, 2.05)

ACE2

0.92 (0.80, 1.05)

0.81 (0.67, 0.98)

ACE?2 to ACE ratio

0.90 (0.79, 1.03)

0.77 (0.63, 0.94)

Ang, angiotensin; ACE, angiotensin converting enzyme.

aAdjusted for age, sex assigned at birth, race/ethnicity, and baseline level of oxygen support according to World Health Organization COVID-19

ordinal severity scale.
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Weighted multivariable associations of time-varying renin-angiotensin system levels over Study Day 0 to Day
5 with 90-day mortality among 111 hospitalized COVID-19 patients with new-onset hypoxemia randomized to
the shared placebo arm of the ACTIV-4 Host Tissue trials.

Hazard ratio® (95% Cl) per twofold increment in time-varying RAS measure (Study Day 0 to Day 5)

Unadjusted Ad justedb
Ang Il 1.15(0.79, 1.68) 1.31 (0.83, 2.06)
Ang-(1-7) 1.15 (0.87, 1.52) 1.01 (0.75, 1.37)

Ang 11 to Ang-(1-7) ratio

1.01 (0.79, 1.30)

1.14 (0.85, 1.53)

ACE

1.14 (0.77, 1.69)

1.08 (0.66, 1.78)

ACE2

0.92 (0.82, 1.04)

0.79 (0.65, 0.97)

ACE?2 to ACE ratio

0.91 (0.81, 1.02)

0.78 (0.63, 0.97)

Ang, angiotensin; ACE, angiotensin converting enzyme; Cl, confidence interval.

aEstimates are inverse probability of censoring-weighted based on death before Study Day 5 or lacking complete RAS timecourse data.

bAdjusted for age, sex assigned at birth, race/ethnicity, and baseline level of O2 support according to World Health Organization COVID-19

ordinal severity scale.
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