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Abstract

Rationale: Alveolar and endothelial injury may be differentially
associated with coronavirus disease (COVID-19) severity over
time.

Obijectives: To describe alveolar and endothelial
injury dynamics and associations with COVID-19
severity, cardiorenovascular injury, and
outcomes.

Methods: This single-center observational study enrolled
patients with COVID-19 requiring respiratory support

at emergency department presentation. More than 40 markers
of alveolar (including receptor for advanced glycation
endproducts [RAGE]), endothelial (including angiopoietin-2),
and cardiorenovascular injury (including renin, kidney injury
molecule-1, and troponin-I) were serially compared between
invasively and spontaneously ventilated patients using mixed-
effects repeated-measures models. Ventilatory ratios were
calculated for intubated patients. Associations of biomarkers
with modified World Health Organization scale at Day 28
were determined with multivariable proportional-odds
regression.

Measurements and Main Results: Of 225 patients, 74 (33%)
received invasive ventilation at Day 0. RAGE was 1.80-fold higher in
invasive ventilation patients at Day 0 (95% confidence interval [CI],
1.50-2.17) versus spontaneous ventilation, but decreased over time in
all patients. Changes in alveolar markers did not correlate with changes
in endothelial, cardiac, or renal injury markers. In contrast, endothelial
markers were similar to lower at Day 0 for invasive ventilation versus
spontaneous ventilation, but then increased over time only among
intubated patients. In intubated patients, angiopoietin-2 was similar
(fold difference, 1.02; 95% CI, 0.89-1.17) to nonintubated patients at
Day 0 but 1.80-fold higher (95% CI, 1.56-2.06) at Day 3;
cardiorenovascular injury markers showed similar patterns.
Endothelial markers were not consistently associated with ventilatory
ratios. Endothelial markers were more often significantly associated
with 28-day outcomes than alveolar markers.

Conclusions: Alveolar injury markers increase early.
Endothelial injury markers increase later and are associated

with cardiorenovascular injury and 28-day outcome. Alveolar and
endothelial injury likely contribute at different times to disease
progression in severe COVID-19.
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At a Glance Commentary

Scientific Knowledge on the
Subject: Alveolar and endothelial
injury have both been implicated in
severe coronavirus disease
(COVID-19) pneumonia and acute
respiratory distress syndrome
(ARDS). How these disease processes
evolve over time is not well described.

What This Study Adds to the
Field: This observational study of
hypoxemic patients with COVID-19
found that alveolar injury markers
peaked early, whereas endothelial
injury markers increased later and
were associated with renin-angiotensin
system dysfunction, cardiorenovascular
injury, and 28-day outcome. These
results suggest alveolar and endothelial
injury contribute at different times

to disease progression in severe
COVID-19.

Severe coronavirus disease (COVID-19)
pneumonia frequently involves progression
to hypoxemic respiratory failure and acute
respiratory distress syndrome (ARDS).
ARDS is a heterogenous syndrome (1, 2). In
patients with a direct insult etiology (e.g.,
pneumonia, aspiration), ARDS is associated
with higher plasma levels of pulmonary
epithelial injury markers (3), whereas with
indirect insults (e.g., sepsis, trauma, etc.),
ARDS displays higher endothelial injury
markers (3). Given that severe acute
respiratory syndrome coronavirus 2 (SARS-
CoV-2) causes pneumonia, an alveolar
injury—predominant phenotype might be
expected, yet the high prevalence of venous
thromboembolism and shunt physiology

(4-7) and reported postmortem pulmonary
endothelialitis (8) suggest significant
endothelial dysfunction.

Whether epithelial and endothelial
markers are indicative of clinical progression,
extrapulmonary organ dysfunction, and/or
patient outcomes in SARS-CoV-2 infection
is unknown. Direct comparisons of epithelial
and endothelial injury patterns are limited,
and longitudinal analyses are lacking.
Understanding their dynamics over time
would facilitate biological interpretation of
clinical trial results. We investigated the
evolution of SARS-CoV-2 illness using
serially measured pulmonary epithelial,
endothelial, and organ injury markers in a
cohort of prospectively enrolled patients with
COVID-19 presenting with respiratory
distress. We hypothesized these markers
would display distinct associations with
clinical variables and would vary over time in
ways that reflect the dynamics of underlying
disease biology.

Some of the results have been previously
reported in the form of an abstract (9).

Methods

Overall Design and Aims

We performed a secondary analysis of a
prospectively enrolled observational cohort
of patients with severe COVID-19, with three
objectives: 1) describe epithelial versus
endothelial markers over time by level of
respiratory support; 2) determine whether
these markers correlate with markers of
systemic inflammation, renin-angiotensin
system (RAS) activation, and nonpulmonary
organ dysfunction; and 3) determine
whether epithelial and endothelial markers
associate with 28-day patient outcomes. The
study was designed after enrollment had
completed but without consideration of the
results of the primary cohort analysis.

Patients

Patients were enrolled in the emergency
department of an urban academic hospital in
Boston, Massachusetts during the peak of the
initial COVID-19 surge (March 24 to April
30, 2020) as described (10). The institutional
review board waived informed consent.
Inclusion criteria were age = 18 years,
clinical concern for COVID-19, and one or
more of the following: I) respirations = 22
breaths/min; 2) oxygen saturation as
measured by pulse oximetry (Spo)) < 92%
on room air; 3) supplemental oxygen
requirement; or 4) positive-pressure
ventilation. For this study, we excluded
enrolled patients without COVID-19
subsequently confirmed by PCR or not
requiring respiratory support, defined as
supplemental oxygen or invasive mechanical
ventilation. Per hospital policy during the
study period, no patients received
noninvasive mechanical ventilation because
of aerosolization concerns.

Timeline and Clinical Data

Subjects contributed dedicated research
blood samples with their initial clinical blood
draw on Day 0 and, if still hospitalized, at
Day 3 and Day 7. Clinical course was
followed for 28 days after enrollment or until
discharge, whichever occurred later.
Recorded clinical data included
demographics, comorbidities, home
medications, presenting symptoms, serial
vital signs, laboratory values, Sequential
Organ Failure Assessment (SOFA) score, and
World Health Organization (WHO) scale.
Organ dysfunction criteria are described in
the online supplement.

Patients were categorized by respiratory
support level based on WHO scale. Among
intubated patients, dead space ventilation
was estimated by ventilatory ratio (11),
calculated using the formula: ventilatory
ratio=(VEX Paco )/(predicted body
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weight X 100 X 37.5). Ventilatory ratios =2.0  labeled antibody assay for high-specificity = This assay allows within-analyte

were considered high (11). high-dimensional multiplex that allows comparisons between different samples
measurement of low-abundance proteins.  but not between-analyte comparisons. For
Biomarker Assay Because the signal is amplified by PCR, example, angiopoietin-2 levels between
Specimen processing, banking, and assay measurements are expressed in two different patients can be compared,
were as described (10). Plasma biomarkers  normalized protein expression units, but angiopoietin-2 level cannot be directly
were measured using the Olink proximity  reflecting relative abundance on alog2 compared with IL-8 level in the same
extension assay, an oligonucleotide- scale, rather than absolute concentration. patient. Analytical performance validation

Table 1. Cohort Characteristics at Day 0

Variable All Patients Supplemental O, Invasive Ventilation
No. 225 151 74
Age, yr 61 (18) 60 (19) 64 (16)
Female, n (%) 103 (46) 74 (49) 29 (39)
Body mass index 31.0 (7.6) 31.3 (7.5) 30.4 (8.0)
Comorbidities, n (%)
Heart failure 27 (12) 20 (13) 7(9)
Coronary disease 21 (9) 17 (11) 4 (5)
Hypertension 112 (50) 74 (49) 38 (51)
COPD without home O, 16 (7) 14 (9) 2 (3)
COPD with home O, 6 (3) 4 (3) 2 (3)
Current smoker 63 (28) 43 (19) 20 (27)
Prehospital baseline creatinine, mg/di 1.2 (1.1) 1.1 (0.5) 1.6 (1.8)
Chronic kidney disease without hemodialysis 31 (14) 19 (13) 12 (16)
End-stage renal disease 3(1) 0 (0) 3 (4)
Non—-insulin-dependent diabetes 56 (25) 29 (19) 27 (36)
Insulin-dependent diabetes 16 (7) 12 (8) 4 (5)
Immunosuppression 20 (9) 10 (7) 10 (14)
Active malignancy 12 (5) 7 (5) 5(7)
Home ACE inhibitor 20 (9) 11 (7) 9 (12)
Presenting characteristics
Symptom duration, days 7 (4-11) 7 (4-11) 7 (3-10)
Bilateral radiographic opacities, n (%) 188 (84) 122 (81) 66 (89)
S/F 210 (105) 264 (87) 101 (24)
P/F — (n=0) 194 (52) (n=59)
Hypoxemia severity*
P:F>300 or S:F>315 54 (24) 54 (36) 0 (0)
P:F 200-300 or S:F 235-315 46 (20) 46 (30) 0 (0)
P:F <200 or S:F <235 125 (56) 51 (34) 74 (100)
ARDS on Day 0F 145 (64) 79 (52) 66 (89)
Initial SOFA score 4.4 (3.8) 2.4 (2.6) 8.5 (2.5)
Mean arterial pressure, mm Hg 72 (13) 77 (11) 63 (11)
Lactate, mmol/L 2.0 (1.3) 1.7 (0.8) 2.3 (1.6)
High-sensitivity troponin-T, ng/L 11 (6-31) 8 (6—24) 17 (7-47)
Creatinine, mg/dl 1.3 (1.3) 1.1 (0.9) 1.6 (1.8)
Fold-change in creatinine from prehospital baseline 1.11 (0.7) 1.06 (1.06) 1.21 (0.87)
Bicarbonate 23.1 (3.7) 23.5 (3.7) 22.2 (3.5)
C-reactive protein, mg/dl 137.8 (69.1-189.3) 104.2 (58.4-168.3 149.5 (124.7-225.0)
D-dimer, ng/ml 1,201 (760-1,985) 1,082 (710-1,784) 1,533 (951-2,301)
Absolute lymphocyte count 0.94 (0.62—1.27) 1.01 (0.71-1.36) 0.78 (0.49-1.06)
Absolute neutrophil count 5.70 (4.22-7.96) 5.27 (3.92-7.54) 6.57 (4.93-8.23)
Platelet count 209 (160-281) 208 (160-280) 209 (158-287)
In-hospital treatments
Steroids 23 (10) 14 (9) 9 (12)
Remdesivir 6 (3) 4 (3) 2 (3)
Tocilizumab 16 (7) 15 (10) 1(1)
Inhaled nitric oxide 12 (5) 4 (3) 8 (11)

Definition of abbreviations: ACE = angiotensin-converting enzyme; ARDS = acute respiratory distress syndrome; COPD = chronic obstructive
pulmonary disease; S:F =Spo /Fio, ratio; SOFA = Sequential Organ Failure Assessment; Spo, = Oxygen saturation as measured by pulse
oximetry; P:F = Pag /Fio, ratio.

Continuous variables presented as mean (SD) or as median (interquartile range).

*Hypoxemia severity based hierarchically on P:F or, when P:F unavailable, the S:F.

TIndicates ARDS by modified Berlin criteria (i.e., both bilateral radiographic opacities and either P:F <300 or S:F <315 believed unlikely to be in
the setting of cardiac failure or volume overload). Hypoxemia despite >5 cm H,O of positive end-expiratory pressure could not be assessed
among patients who received only supplemental oxygen.
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for each protein assay is available at
https://www.olink.com/.

Biomarker Selection

We a priori selected markers from the Olink
protein library based on prior literature (12)
and hypothesized importance. Markers were
selected without consideration of the results
of subsequently published analyses of this
cohort. To facilitate interrogation of alveolar,
club cell, and endothelial injury; systemic
inflammation; RAS activation; and
nonpulmonary organ injury, the selected
analytes included cell-type-specific markers
(see Table E1 in the online supplement). To
confirm specificity, biomarkers were cross-
referenced against the Human Protein Atlas:
Tissue and Blood Atlases (www.proteinatlas.
org) (13).

Statistical Analysis

Detailed methods are in the online
supplement. Briefly, to study how respiratory
illness severity influenced each marker’s
7-day course, we constructed mixed-effects
repeated measures models, adjusting for age,
sex, and chronic heart, lung, and kidney
disease. To account for within-subject
correlation, models included a random effect
for subject with study day treated
categorically as a repeated measure. Class
variables for respiratory support level and
interaction terms for day and support level
were included.

To ensure results were robust and
consistent, each biomarker was analyzed with
three different approaches to specifying the
respiratory support variable. First, a binary
variable was used for whether the patient was
invasively ventilated or deceased at that time
point versus not invasively ventilated and
alive (strategy-1). Second, respiratory support
was treated as a categorical variable with
three levels: invasively ventilated or deceased,
alive and requiring supplemental oxygen, or
alive without respiratory support (strategy-2).
Third, the respiratory status variable was kept
fixed based on Day 0 status: invasively
ventilated or requiring supplemental oxygen
(strategy-3). As additional sensitivity
analyses, we evaluated representative markers
under complete-case analysis and when
excluding patients who received steroids or
tocilizumab.

C-statistics were calculated to measure
marker discrimination for intubation or
death at Days 0 and 3.

To determine the association of each
marker at Days 0 and 3 with Day 28 clinical

510

status, we used multivariable proportional-
odds regression, with clinical status a three-
level categorical variable: 1) died; 2) invasive
ventilation; and 3) off invasive respiratory
support. Covariates were age, sex, Day 0
SOFA, and chronic heart, lung, and kidney
disease. Models assessing Day 3 biomarker
levels’ association with clinical status
included an adjustment for the Day 0
biomarker level. The proportional-odds
assumption was assessed graphically in each
case and found to be reasonable. We report
models in ascending format, such that a
higher odds ratio (OR) indicates higher
probability of worse outcome at Day 28.

Analyses were done in SAS (SAS
Institute). Figures were produced in SAS or
Prism (GraphPad Inc.).

Results

Study Population and Clinical Course
Among 384 enrolled patients, 274 required
respiratory support at Day 0. Forty-nine of
these proved to not have COVID-19,
yielding 225 for the current longitudinal
analysis (Figure E1). At Day 0, 151 (67%)
subjects received supplemental oxygen only,
and 74 (33%) received invasive ventilation
(Table 1). Attrition at Day 3 was minimal: 10
(4%) patients died and 10 (4%) were
discharged (Figure 1A). By Day 28, 37 (16%)
patients had died, 37 (16%) continued
receiving invasive ventilation, and 148 (68%)
had been discharged (Figure 1A). Severe
hypoxemia was most prevalent on Day 0,
whereas severe abnormalities of renal,
coagulation, and circulatory function
became more prevalent over time

(Figure 1B-1F; missing data prevalence in
Tables E2 and E3).

Among patients intubated on Day 0,
hypoxemia generally improved over time.
Although ventilatory ratios also increased
over time (Figure 2), suggesting increasing
dead space ventilation, a minority of patients
reached a high ventilatory ratio (=2.0),
increasing from 7 (9%) on Day 0 to 23 (31%)
by Day 7.

Alveolar Injury Markers Peak Early
and Decrease over Time

Day 0 alveolar injury markers were generally
higher in patients requiring invasive
ventilation than those requiring only
supplemental oxygen (Figures 3, 4, E2, and
E3). Although remaining higher among
invasively ventilated patients, these markers

decreased over time in both groups (Figure 4;
modeling strategy-2), and the differences
between the two became less pronounced
(Figure 3; modeling strategy-1). This pattern
was consistent across the alveolar injury
markers receptor for advanced glycation
endproducts (RAGE) and surfactant proteins
Al and A2, but not surfactant protein D or
lysosome-associated membrane protein-3
(LAMP3). Alveolar markers had moderate to
poor discrimination for invasive ventilation
at Day 0 (Table E4). C-statistics ranged
between a maximum of 0.76 (95% confidence
interval [CI], 0.69-0.83) for RAGE to a
minimum of 0.60 (95% CI, 0.51-0.68) for
LAMP3. At Day 3, the C-statistic was <0.72
for all alveolar injury markers.

Results were similar across all three
modeling strategies (Figures 3, 4, and E4;
strategies 1, 2, and 3, respectively.).

Endothelial Marker Dynamics

Are Distinct from Alveolar

Marker Dynamics

The dynamics of endothelial injury markers
differed from those of alveolar markers
(Figures 3, 4C, 4D, E3, and E4). At Day 0,
endothelial injury markers were comparable
for all respiratory support levels

(Figures 3, 4, and E4). Unlike alveolar
markers, after Day 0, endothelial markers
increased (Figure 4), and by Day 3, most
were significantly higher in invasively
ventilated patients than nonintubated
patients (Figures 3, 4, and E3). The
endothelial markers tPA (tissue-type
plasminogen activator), PAI-1 (plasminogen
activator inhibitor 1), tissue factor, and
protein C were exceptions, demonstrating
significantly more anomalous levels in
intubated patients at all times. ADAMTS13
(a disintegrin and metalloproteinase with
thrombospondin motifs 13), which is
consumed during endothelial activation,
showed an inverse pattern, where levels were
significantly lower in invasively ventilated
patients (Piteraction < 0.0001). All three
methods of specifying respiratory severity,
complete-case analysis, and analysis
excluding patients who received steroids or
tocilizumab yielded similar results

(Figures 3, 4, and E4-E7).

For nearly all endothelial injury
markers, discrimination for invasive
ventilation was initially poor but markedly
increased over time (Table E4). Day 0
C-statistics were less than 0.60 for
angiopoitein-2 (0.58; 95% CI, 0.50-0.66),
endocan (0.59; 95% CI, 0.51-0.67), and
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Figure 1. Longitudinal clinical status and organ dysfunctions. (A) Longitudinal distribution of patients by modified World Health Organization
(WHO) scale. Lines reflect the temporal redistribution or maintenance of patients between WHO scale levels. (B) Oxygen saturation as
measured by pulse oximetry (Spo,)/Fio, ratio for each patient at Day O, 3, and 7 by level of respiratory support. Box, 25th to 75th percentiles;
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Figure 2. Oxygen saturation as measured by pulse oximetry (Spo,)/Fio, and ventilatory ratios over time among patients who were invasively
ventilated at Day 0. Gray dotted lines show individual patients’ trajectories. Red dots are individual patient data points. A95% indicates the 95%
confidence interval (Cl) for average slope between the two corresponding time points (Day O, Day 3, or Day 7). Blue line and shaded area
indicate mean slope between time points and 95% ClI for the mean, respectively. The dotted horizontal line on the ventilatory ratio graph
demarcates ventilatory ratios > 2.0, which are considered high.

ICAM-1 (intercellular adhesion molecule 1) (Figures 3, 4, E2, and E3). Club cell secretory RAS Activation and Cardiac and

(0.55; 95% CI, 0.47-0.63), whereas Day 3 protein (CC16) poorly discriminated Renal Injury Markers Mirror the
C-statistics were 0.82 for angiopoietin-2 respiratory severity at Day 0 (C-statistic, 0.59)  Endothelial Pattern
(95% CI, 0.76-0.88; A, 0.25), 0.78 for but improved by Day 3 (C-statistic, 0.72; A, To explore whether endothelial abnormalities
endocan (95% CI, 0.72-0.84; A, 0.19), 0.78 0.13) (Table E4). Moreover, changes in club reflect transitions from predominantly
for ICAM-1 (95% CI, 0.71-0.84; A, 0.23) cell markers showed greater correlation with pulmonary injury to dysregulated systemic
and greater than 0.70 for all others. endothelial markers (Table E5). responses, we examined markers of cardiac,
Among intubated patients, higher renal, and vascular disturbances. Among
endothelial injury marker levels were not COVID-19 versus Non-COVID-19 these, markers of RAS activation, cardiac
reliably associated with higher ventilatory In multivariable regression, in invasively injury, and kidney injury showed dynamics
ratios (Figure E8). ventilated subjects, Day 0 alveolar injury similar to the endothelial pattern (Figures 3
markers were consistently higher in patients and 5), Vf'lth S‘m’laml?S between intubated
Club Cell Proteins Displayed with COVID-19 than control subjects and nomntubat'ed patients at Day 0, yetat
Dynamics Similar to Those of without COVID, while most endothelial Days 3 and 7, significant and progressively
Endothelial Markers injury markers were not (Figure E9). hlgher levels in 1ntubateq versus n.omntu.bated
Club cell proteins followed the pattern of COVID-19-negative patients were not patients. Further suggestive of an increasingly
endothelial rather than alveolar markers followed past Day 0. systemic response, changes in

Figure 1. (Continued). whiskers, 5th to 95th percentiles; dots, individual patients. (C-F) Severity of hypoxemia, presence of circulatory
dysfunction, degree of D-dimer elevation, and presence of stage 2 or higher acute kidney injury, respectively. Odds ratios (ORs) display the
change in odds of most severe dysfunction per day in a simple mixed effects logistic model with subject as a random effect and day as a fixed
effect. Plotted as in A. Cl =confidence interval; IMV =invasive mechanical ventilation; KDIGO = Kidney Disease: Improving Global Outcomes;
MAP =mean arterial pressure. Panel A adapted by permission from Reference 9.
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Figure 3. Differences in alveolar, endothelial, club cell, and cardiovascular injury markers among intubated versus nonintubated patients with
coronavirus disease (COVID-19) at Day 0, 3, and 7. Multivariable estimates expressed as fold difference in biomarker levels between patients
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cardiorenovascular injury markers were
closely correlated with changes in endothelial,
RAS activation, and club cell markers but not
alveolar markers (Table E5 and E6).

Some Inflammatory Markers

Show Dynamics Similar to
Endothelial Markers

Changes in soluble tumor necrosis factor
receptor 1 (Pipteraction < 0.0001) and p-dimer
(Pinteraction = 0.0001) levels mirrored the
endothelial pattern and were more strongly
correlated with cardiac and renal injury
markers than IL-6, IL-8, or C-reactive
protein. The latter, as described (14-17),
were persistently higher among ventilated
patients (Figures E10-E12 and Tables E7 and
E8).

Patients with Delayed Respiratory
Failure Had Late Increases in
Endothelial Markers

Among patients on supplemental oxygen at
Day 0, 17 (11%) were intubated or deceased
by Day 7. Their biomarker course more
closely resembled patients intubated on Day
0 than initially hypoxemic patients who were
never intubated (Figure E13).

Leisman, Mehta, Thompson, et al.: Alveolar and Endothelial Injury Markers in COVID-19

28-Day Outcomes Were More Closely
Associated with Endothelial Markers
than Alveolar Markers
In multivariable proportional-odds analysis,
worse 28-day outcome was significantly
associated with Day 0 values of protein C,
but not the other 11 endothelial markers, and
none of the 7 epithelial markers (Figure 6
and Table E9). However, Day 3 values were
significantly associated with 28-day WHO
scale for 11 of 12 (92%) endothelial versus 3
of 7 (43%) epithelial markers. Endothelial
effect sizes at Day 3 were significantly larger
than epithelial effect sizes (median adjusted
OR, 3.49 [interquartile range (IQR),
2.41-5.46] versus 1.57 [IQR, 1.05-2.73];
P=0.0297). Among endothelial markers,
adjusted ORs were uniformly larger for Day
3 than Day 0 values (median adjusted OR,
3.49 vs. 1.26 [IQR, 1.22-1.40]; P=0.0023).
RAS markers (renin, renin receptor, and
angiotensin-converting enzyme-2 [ACE2])
displayed an endothelial-like association with
28-day outcome. Although Day 0 levels were
not associated with 28-day outcome, worse
Day 28 clinical status was significantly
associated with Day 3 renin (OR, 1.76; 95%
CI, 1.08-2.88; P=0.0246), renin receptor
(OR, 5.28;95% CI, 1.64-17.04; P=0.0054),

and ACE2 (OR, 1.85; 95% CI, 1.19-2.88;
P=0.0065) (Table E10).

Discussion

In this cohort of 225 patients with
COVID-19 requiring respiratory support at
presentation, we observed distinct and
consistent patterns in the dynamics of
alveolar and endothelial injury markers:

1) elevations in alveolar injury markers
diminish over time in both mechanically
ventilated patients receiving lung-protective
ventilation and spontaneously breathing
patients; 2) elevations in endothelial markers
are delayed, are limited to invasively
ventilated patients, and correlate with
nonpulmonary organ injury; and 3) among
intubated patients, despite severe hypoxemia,
ventilatory ratios are not prominently
elevated early.

First, the finding that RAGE and
surfactant proteins peak at Day 0 suggests
that alveolar injury represents an early insult
in COVID-induced respiratory failure. This
is consistent with our prior proteomic
analyses showing strong association of Day 0
RAGE levels with disease severity (10). Other
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cohorts also report higher RAGE levels in
COVID-19 versus non-COVID ARDS (18,
19). The similar decrease in alveolar markers
between intubated and nonintubated
patients over time could indicate that lung-
protective ventilation allows for alveolar
recovery to a similar degree as spontaneous
breathing. In the context of the controversy
surrounding early intubation in COVID-19
and the opposing concerns of ventilator
versus self-inflicted lung injuries, we note
institutional practice during the study period
was early intubation; noninvasive mechanical
ventilation was prohibited. However,
decreasing alveolar injury markers clearly do
not equate with clinical recovery, as many
patients required prolonged intubation
despite downward trajectories in alveolar
markers.

Second, the delayed peak in
endothelial markers among intubated
patients suggests that unlike alveolar injury,
endothelial activation and injury are
prominent features of later severe disease.
Consistent with our findings, patients with
COVID-19 display conspicuous pulmonary
vasodilation (5), glycocalyx damage
(20, 21), postmortem endothelialitis (8),
and elevated von Willebrand factor with
low levels of ADAMTSI13 (22, 23).
Comparisons of COVID-19 and non-
COVID-19 ARDS report comparable to
lower initial levels of endothelial injury
markers, such as angiopoietin-2, in
COVID-19 ARDS (18, 19).

The shift from alveolar- to endothelial-
predominant injury may alternatively, or
additionally, indicate that the “natural”
course of COVID-19 respiratory failure
involves a transition from a primarily lung-
localized pathology to a systemic one.
Herein, increased endothelial injury markers
coincided with increased extrapulmonary
organ injury and dysfunction and were more
strongly associated with 28-day outcome
than alveolar markers. In ARDS, trajectories
of endothelial markers vary (24, 25), but
higher levels consistently portend worse
organ dysfunction and outcomes (25-29). In
COVID-19, endothelial injury markers are
associated with sustained elevations in viral
mRNA (30). Therefore, the delayed increase
in endothelial markers we observed might in

part reflect increased systemic viral-induced
injury.

Third, ventilatory ratios increased over
time but were infrequently elevated and not
consistently associated with endothelial
injury. In contrast, Spo /Fio, was lowest at
Day 0 and increased over time. A simple
explanation might be imprecision in the
ventilatory ratio as an estimate of dead space.
However, intubated patients with COVID-19
undergoing right heart catheterization show
increased cardiac output with elevated
pulmonary capillary wedge pressure but
atypically low pulmonary vascular resistance
and comparable intrapulmonary shunt
versus control subjects with non-COVID-19
ARDS (31). These observations suggest
excess pulmonary vasodilation may
contribute to severe COVID-19 hypoxemia,
at least early on. This hypothesis is consistent
with prominent early alveolar injury with
minimal endothelial injury and does not
necessarily invoke increased dead space
ventilation. We note ventilatory ratios were
infrequently elevated in our study but
increased over time. This could simply reflect
aggressive low-tidal-volume ventilation and
permissive hypercapnia. Alternatively, it
could suggest intrapulmonary thrombosis
accrues over time.

Together, these results may explain the
seemingly contradictory findings of the
Accelerating COVID-19 Therapeutic
Interventions and Vaccines 4 ACUTE
(ACTIV-4A) trial. In ACTIV4A, full-dose
heparin improved mortality in hospitalized
nonintubated patients (32), but for intubated
patients it was not beneficial and suggested
harm (33). Heparin-treated critically ill
patients showed no mortality benefit despite
a nearly twofold reduction in major
thrombotic events (5.7% vs. 10.3%) and
similar frequency of (clinically detected)
major bleeding (3.1% vs. 2.4%). Alveolar
hemorrhage is common at autopsy in
COVID-19 (7). Therapeutic anticoagulation
likely exacerbates risk of alveolar hemorrhage
in patients with severe alveolar injury. We
found alveolar injury markers were highest
on Day 0 and among intubated patients. The
delayed endothelial injury occurring among
intubated patients could reflect alveolar
bleeding and vessel injury, rather than

thrombosis alone, an interpretation
supported by the lack of association between
endothelial markers and ventilatory ratios.
Both intubated and nonintubated patients in
ACTIV4A were enrolled at presentation (our
study’s Day 0). Therefore, our results suggest
anticoagulation of intubated patients in
ACTIV4A was initiated when alveolar
bleeding risk was high, and thrombosis was
not a significant contributor to hypoxemia.
In contrast, at Day 0, nonintubated patients
display less severe alveolar injury and similar
levels of endothelial injury, such that these
patients would be expected to have lower risk
of alveolar bleeding and therefore be more
likely to benefit from anticoagulation.

We included patients requiring both
invasive and noninvasive respiratory
support, reasoning their common insult (i.e.,
COVID-19 pneumonia) made them an ideal
biological comparator. Extending validity to
this approach, “inflammatory” ARDS
phenotypes are validated in patients at risk of
ARDS who do not yet meet Berlin criteria
(25). Some patients on supplemental oxygen
might have met Berlin ARDS criteria had
they received positive end-expiratory
pressure (PEEP); institutional policy
prohibited noninvasive positive-pressure
ventilation during the study period. In
addition, not all patients had an arterial
blood-gas on Day 0. For this reason, we used
modified Berlin criteria (34) that did not
consider PEEP and that used Spo /Fio, when
Pag, data were missing to designate ARDS.

The implications of the late increase in
club cell markers are unclear. Injury of distal
airways, the site of club cells, occurring after
alveolar damage seems unlikely given that
SARS-CoV-2 reaches alveoli via the airways.
In vitro, club cells are particularly susceptible
to SARS-CoV-2 infection, which induces
inflammatory cytokine secretion (35).
Although higher club cell markers were
associated herein with greater disease
severity, lower levels of club cell secretory
protein have been previously associated with
non-COVID-19 ARDS, albeit not with
outcome (36, 37).

RAS activation markers displayed
marked elevation, with dynamics similar to
endothelial injury. They correlated closely
with cardiac and renal injury, albeit only in

Figure 4. (Continued). study (day), level of respiratory support (status), and whether respiratory support level is an effect modifier for time
(interaction). Each dot represents an individual patient. Box, 25th to 75th percentiles; whiskers, 5th to 95th percentiles. Dashed lines connect the
means at each time point. Normalized protein expression (NPX) units are on a log2 scale (i.e., a 1-unit increase corresponds to a doubling in
level). ADAMTS13 = a disintegrin and metalloproteinase with thrombospondin motifs 13; ICAM-1 = intercellular adhesion molecule 1;

RAGE =receptor for advanced glycation endproducts.
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VvWF = von Willebrand factor.

intubated patients, consistent with trials
showing RAS antagonism does not modify
disease course in moderate and mild COVID-
19 (38). Because our study did not measure
angiotensin-II or ACE1, we cannot
discriminate primary hyperreninemia (i.e.,
true RAS activation) from a compensatory
response to a relative hypo-RAS state, as
described in distributive shock (39).
Suggesting the latter are high levels of plasma
ACE2, which suppresses RAS and is
catalytically active in COVID-19 (40, 41), and
decreases in angiotensin-II levels over time in
COVID-19 ARDS (42). The close correlations
we observed between renin and markers of
renal and cardiac injury further support
attenuated RAS effects, as described in sepsis

and distributive shock and after cardiac
surgery (43-48). Alternatively, renin
elevations could reflect responses to
prolonged sedation-induced vasodilatation or
hypovolemia following diuresis, representing
the balance in ARDS management between
protecting the lung and protecting the kidney.
Regardless of mechanism, these findings
indicate that renin’s utility as a marker of
hypoperfusion (49) and prognosticator of
cardiovascular and renal injury (39, 48) in
severe COVID-19 and ARDS should be
explored.

This work differs from the
previously published analysis of this
cohort (10) based on 1) prespecified
biomarker selection rather than unbiased

discovery analysis; 2) focus on patients
presenting with hypoxemia rather than
all comers; and 3) specific interrogation
of lung epithelial, endothelial, and
nonpulmonary organ injury markers.
These tissue-specific injury markers may
inform disease biology more than
characterizations of nonspecific
inflammatory markers alone.

Important limitations of this study
include its single-center observational design,
which facilitates thorough description but
precludes causal evaluation of any markers
under investigation. Specifically, we cannot
definitively discern whether chronological
differences between intubated and
nonintubated patients result from

Figure 5. (Continued). mixed-effects repeated measures models for class differences by time in study (day), level of respiratory support
(status), and whether respiratory support level is an effect modifier for time (interaction). Each dot represents an individual patient. Box, 25th to
75th percentiles; whiskers, 5th to 95th percentiles. Dashed lines connect the means at each time point. Normalized protein expression (NPX)
units are on a log2 scale (i.e., a 1-unit increase corresponds to a doubling in level). ACE-2 = angiotensin-converting enzyme-2;

NT-proBNP = N-terminal pro-brain natriuretic peptide.
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COVID-19 severity or mechanical
ventilation itself. In addition, because we
enrolled subjects before the approval of
remdesivir and dexamethasone treatment for
COVID-19, these drugs were not
administered to most subjects. Although this
may limit extrapolation to current practice, it
presents a valuable opportunity to observe
biology unconfounded by the pleiotropic
effects of steroids. Furthermore, although
proximity extension assays increase assay
sensitivity and enable detection of plasma
proteins that cannot be detected by other
methods, normalized protein expression
units cannot be translated to ELISA-based
readouts, which precluded applying validated

models for ARDS phenotype identification
(27). Multiple comparison adjustments were
applied only to biomarker associations with
patient outcomes. Finally, as with all
biomarker studies, protein levels in plasma
variably reflect those in tissue compartments.

Conclusions

Alveolar injury markers peak early in
severe COVID-19 and decrease among
both spontaneously breathing and
invasively ventilated patients. Endothelial
injury markers increase with delayed
kinetics and are significantly associated
with evidence of systemic inflammation,
renin-angiotensin system activation,

extrapulmonary organ injury, and
28-day outcome. In severe COVID-19,
alveolar and endothelial injury likely
contribute at different times to disease
progression.
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