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Vascular injury is a well-established, disease-modifying factor in acute respiratory distress syndrome
(ARDS) pathogenesis. Recently, coronavirus disease 2019 (COVID-19)einduced injury to the vascular
compartment has been linked to complement activation, microvascular thrombosis, and dysregulated
immune responses. This study sought to assess whether aberrant vascular activation in this prothrombotic
context was associated with the induction of necroptotic vascular cell death. To achieve this, proteomic
analysis was performed on blood samples from COVID-19 subjects at distinct time points during ARDS
pathogenesis (hospitalized at risk, N Z 59; ARDS, N Z 31; and recovery, N Z 12). Assessment of
circulating vascular markers in the at-risk cohort revealed a signature of low vascular protein abundance
that tracked with low platelet levels and increased mortality. This signature was replicated in the ARDS
cohort and correlated with increased plasma angiopoietin 2 levels. COVID-19 ARDS lung autopsy immu-
nostaining confirmed a link between vascular injury (angiopoietin 2) and platelet-rich microthrombi
(CD61) and induction of necrotic cell death [phosphorylated mixed lineage kinase domain-like (pMLKL)].
Among recovery subjects, the vascular signature identified patients with poor functional outcomes. Taken
together, this vascular injury signature was associated with low platelet levels and increased mortality and
can be used to identify ARDS patients most likely to benefit from vascular targeted therapies. (Am J Pathol
2022, 192: 1001e1015; https://doi.org/10.1016/j.ajpath.2022.04.002)
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For decades, vascular injury has been recognized as a key
element in the pathogenesis of acute respiratory distress
syndrome (ARDS).1 However, this has not translated into
vascular targeted therapies for ARDS. This may, in part, be
related to heterogeneity in the vascular response to injury
among ARDS subjects, as well as to difficulty in selecting
patients most at risk for ARDS vascular injury. Blood
proteomics has been proposed as a novel translational
approach to better match patients to precision therapies for
ARDS.2 A better understanding of the blood proteomic
changes associated with ARDS vascular injury could
therefore help identify patients likely to benefit from
vascular therapies.

Previous targeted studies of circulating vascular proteins
have greatly enhanced the understanding of ARDS vascular
injury. For example, measurement of the plasma angiocrine
factor angiopoietin 2 (ANGPT2) in patients at the early
stages of ARDS demonstrates that vascular injury likely
precedes mechanical ventilation3 and is associated with
ARDS disease mortality.4 However, these ANGPT2-
mediated vascular disruptions can be countered. In mice,
systemic administration of platelet-derived pericyte chemo-
kines, such as angiopoietin 1 (ANGPT1) and platelet-derived
growth factor B (PDGFB), counter ANGPT2-mediated
vascular disruption, demonstrating the homeostatic potential
of the blood vascular proteome.5 Improved understanding of
the blood proteomic changes in subjects with ARDS with
high or low vascular injury can build on these prior obser-
vations, shed further light onto disease pathogenesis, and
identify protein targets for further investigation.

More recently, vascular injury has been associated with
coronavirus disease 2019 (COVID-19) ARDS,6,7 including
the vascular complications of inflammation and thrombosis.
In this context, COVID-19einduced injury to the vascular
compartment has been associated with complement activa-
tion and microvascular thrombosis,8e10 systemic throm-
bosis,9,11 and dysregulated immune responses.12,13

However, this focus on inflammation and thrombosis
limits our insights into other disruptions associated with
aberrant vascular activation, including angiogenesis, junc-
tional barrier integrity, the role of activated platelets in
vascular injury, and induction of vascular cell death,
including specialized receptor-interacting protein kinase 3
(RIPK3)emediated necrotic cell death. Specifically,
although ANGPT2-mediated vascular disruption has been
documented in COVID-19,14 the association between
ANGPT2 and induction of vascular cell death remains
largely unexplored in ARDS investigations.

The purpose of this study was to assess whether aberrant
vascular activation in COVID-19 was associated with the
induction of necroptotic vascular cell death. To this aim,
blood proteomics was performed in three independent
COVID-19 cohorts, which enrolled patients at distinct time
points in disease pathogenesis and included noneCOVID-
19 ARDS samples as control. Protein expression was linked
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to relevant clinical outcomes, vascular injury, and cell death
markers in COVID-19 autopsy lung tissue.

Materials and Methods

Study Design

This study is an exploratory analysis of three cohorts that
independently enrolled COVID-19 subjects at New York
Presbyterian Weill Cornell Medical Center (WCM) between
March 15 and August 17, 2020. Additional historic non-
eCOVID-19 ARDS samples from influenza and bacterial
ARDS patients prospectively enrolled into the Weill Cornell
Biobank of Critical Illness from October 20, 2014, until
May 24, 2020, were included as part of the ARDS cohort as
ARDS controls. The three COVID-19 cohorts were identi-
fied according to ARDS status at enrollment, yielding an
early hospitalization at-risk cohort, termed at risk; an
intensive care unit (ICU) cohort with ARDS, termed ARDS;
and a recovery cohort in early convalescence outside the
ICU, termed recovery.

Cohort Descriptions

The at-risk cohort included 59 adult (aged >18 years)
nonpregnant COVID-19 subjects admitted to the general
wards of WCM with serum available and who did not meet
ARDS criteria at study enrollment. The ARDS cohort
included adult (aged >18 years) nonpregnant COVID-19 (N
Z 31) and historic non-COVID ARDS (N Z 29) subjects
admitted to the ICU at WCM. For the ARDS cohort, only
study subjects meeting ARDS criteria and with blood
sampling within 10 days of ICU admission were considered
for analysis. The recovery cohort included 12 adult (aged
>18 years) nonpregnant COVID-19 ARDS subjects with
plasma samples available from both the time of ICU care
and the subsequent recovery period to allow for longitudinal
analyses.

Blood Sampling

In the at-risk cohort, between one and three consecutive
daily samples were obtained from the central laboratory
after routine processing to obtain serum. To obtain serum,
blood collected in serum separator tubes was processed
within 2 hours of venipuncture. Whole blood was centri-
fuged at 1500 � g for 7 minutes. The serum layer was
aliquoted and stored at �80�C. These samples were ob-
tained with a waiver of informed consent. In this cohort,
samples collected after patient intubation were excluded
from the analysis. In the ARDS and recovery cohorts,
plasma was isolated from study subjects according to
existing plasma isolation protocols.15e18 To obtain plasma,
blood collected in EDTA tubes was processed within 6
hours of venipuncture. Whole blood was centrifuged at 490
ajp.amjpathol.org - The American Journal of Pathology
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� g for 10 minutes. The plasma layer was removed in 200-
mL aliquots and stored at �80�C. ARDS samples were
obtained from patients in the intensive care unit, whereas
recovery blood samples were obtained from patients
convalescing in the hospital rehabilitation floors, as well as
from the New York Presbyterian Weill Cornell Medicine
Post-ICU recovery clinic.
Clinical Evaluation

Baseline clinical parameters and outcomes were extracted
from the electronic medical record, as described previ-
ously.19,20 Baseline comorbidities were manually extracted
from the electronic medical record. Baseline clinical data
(laboratory results, severity of illness, and ventilator data)
were measured at time of blood sampling in both the at-risk
cohort and ARDS cohort. In the recovery cohort, baseline
clinical data were measured from the ICU time point to
allow for direct comparison with the ARDS cohort. Severity
of illness was defined by the Sequential Organ Failure
Assessment score.21 ARDS was determined according to the
Berlin definition, with ARDS severity capped at mild for
subjects on noninvasive ventilation.22 Two critical care in-
vestigators independently adjudicated the ARDS diagnosis.
In all study subjects, COVID-19 was diagnosed if a subject
had a syndrome compatible with COVID-19 and a naso-
pharyngeal swab positive for severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) by reverse
transcription PCR.
Recovery Evaluation

The EuroQol five-dimension, three-level (EQ-5D-3L)
assessment was used to assess recovery at 12 months from
ICU admission. The EQ-5D-3L is a self-assessment of the
patient recovery, and considers five distinct domains
(namely, mobility, self-care, usual activities, pain or
discomfort, and anxiety or depression).23 Each domain was
scored as 0, 1, or 2, depending on whether the patient re-
ported no, some, or extensive limitations in each respective
domain. For each patient, a final score was defined as the
sum of the scores across the five domains and treated as an
ordinal variable in the statistical analysis. Maximal func-
tional limitation would have a score of 2 � 5Z 10, whereas
an optimal recovery would be scored 0.
Autopsy Studies

Twenty autopsies, performed between March 19 and June
30, 2020, with premortem nasopharyngeal swabs positive
for SARS-CoV-2 were considered for lung tissue staining.
Hematoxylin and eosin, ANGPT2, CD61, and phosphory-
lated mixed lineage kinase domain-like (pMLKL) staining
were performed in all autopsy subjects. In addition, CD31
and ANGPT2/erythroblast transformation-specific-related
The American Journal of Pathology - ajp.amjpathol.org
gene (ERG) costaining were performed on the four autopsy
subjects highlighted in the article.

All autopsies were performed in a negative pressure
ventilation room with full personal protective equipment,
including N-95 masks. No bone saw was used to prevent
aerosolized dusts and, as such, brain examination was not
performed. All tissues were immediately fixed in formalin for
a minimum of 24 hours. To minimize exposure, only two
individuals were allowed in the suite during the autopsy, and
the room was disinfected before and after each case. Lung
tissue specimens were fixed in 10% formalin for 48 to 72
hours. Hematoxylin and eosin staining was performed for all
cases. Immunohistochemistry was performed for ANGPT2
(sc-74403; Santa Cruz Biotechnology, Dallas, TX; 1:100),
CD61 (CD61 clone 2F2; Leica Biosystems, Deer Park, IL),
ERG (ab92513; Abcam, Cambridge, UK; 1:100), CD31
(PA0250; Leica Biosystems; ready to use), and pMLKL
(MAB91871; Novus Biologicals, Centennial, CO; 1:750 with
casein for background reduction). Specimens were scanned
by whole-slide image technique using an Aperio slide scan-
ner (Leica Biosystems) with a resolution of 0.24 mm per
pixel. Quantification of ANGPT2 and CD61 was performed
on four random �20 images selected using a random overlay
of points and excluding fields with large vessels or airway.
All 20 autopsies were analyzed using Immunohistochemistry
profiler24 as a plugin for ImageJ software version 1.52a (NIH,
Bethesda, MD; https://imagej.nih.gov, last accessed March
10, 2022). After deconvolution of the �20 images, both
area of expression (eg, number of pixels) and intensity of
expression (eg, intensity of pixel) were measured and
combined into a single score, according to the equation
score Z (number of pixels in a zone � score of the zone)/
total number of pixels in image. High, intermediate, low,
and overall percentage positive were averaged over the four
measurements. The median ANGPT2 quantification was
used to define the high (greater than median) and low (less
than median) ANGPT2 staining. The association between
CD61 and ANGPT2 was then calculated on the basis of
CD61 quantification in the low and high ANGPT2 groups
using U-test.

O-link Plasma Proteomics

To quantify the circulating vascular proteome, plasma and
serum samples from the at-risk, ARDS, and recovery co-
horts were profiled using O-link through the Proteomics
Core of Weill Cornell Medicine-Qatar. The O-link assays
were performed using Inflammation version 3021, Cardio-
vascular II version 5005, and Cardiovascular III version
6113 panels (O-link, Uppsala, Sweden).

EDTA plasma and serum samples were heat inactivated
at 56�C for 15 minutes. The protein measurements were
performed with the Proximity Extension Assay technology,
according to manufacturer’s instructions. In summary, high-
throughput real-time PCR of reporter DNA linked to
protein-specific antibodies was performed on a 96-well
1003
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integrated fluidic circuits chip (Fluidigm, San Francisco,
CA). Signal quantification was performed on a Biomark HD
system (Fluidigm, San Francisco, CA). Each sample was
spiked with quality controls to monitor the incubation,
extension, and detection steps of the assay. In addition,
samples representing external, negative, and interplate
controls were included in each analysis run. From raw data,
real-time PCR CT values were extracted using the Fluidigm
real-time PCR analysis software version 4.5.2 at a quality
threshold of 0.5 and linear baseline correction. CT values
were further processed using the O-link NPX manager
software version 5.0 (O-link). Herein, log2-transformed CT

values from each sample and analyte were normalized on
the basis of spiked-in extension controls and scale inverted
to obtain normalized log2 scaled protein expression values.
Normalized log2 scaled protein expression values were
further adjusted on the basis of the median of interplate
controls for each protein and intensity median scaled be-
tween all samples and plates. As an external validation of
the O-link platform, plasma protein levels of CD40 ligand
(CD40LG) and ANGPT1 were measure by enzyme-linked
immunosorbent assays (ELISAs; see section below) in
high and low expression patient samples and correlation
measured between O-link and ELISA protein values.

The at-risk cohort was profiled in two separate runs. The
second run included a total of 11 samples, among which 5
bridge samples were used to scale this batch toward the first
one, as recommended by O-link. First, for each bridge
sample, the pairwise difference between the first and second
batch was computed. An overall batch adjustment factor
was then derived as the median of these pairwise differences
and subtracted to the values in the second batch.

Subsequently, protein levels were exponentiated,
normalized using probabilistic quotient normalization,25 and
log2 retransformed. Missing values were imputed using a k-
nearest neighbors approach26 (k Z 10). A total of 10 pro-
teins were measured across multiple panels and, therefore,
their duplicated values were averaged, leaving a total of 266
unique proteins. Protein values were standardized before
statistical analysis. The preprocessed O-link and validation
ELISA proteomics data for the three cohorts presented in
this article are available (https://doi.org/10.6084/m9.
figshare.19341536.v1, last accessed March 10, 2022).

ELISA Measurements

Plasma samples from the ARDS and recovery cohorts were
used for ELISAs, according to manufacturer recommenda-
tions. Human ANGPT2 (R&D Systems, Minneapolis, MN;
catalog number DANG20) and RIPK3 (Cusabio, Houston,
TX; catalog number CSB-EL019737HU) kits were used to
measure plasma protein levels. In addition, CD40LG (R&D
Systems; catalog number DCDL40) and ANGPT1 (R&D
Systems; catalog number DANG10) were measured in high-
and low-expressing patient samples (N Z 6 each, 12 total)
to validate the O-link platform. Plasma samples were diluted
1004
(1:8 dilution for ANGPT2, 1:10 dilution for RIPK3, 1:8
dilution for ANGPT1, and 1:15 dilution for CD40L) before
plating. Final sample absorbance was measured at 450 nm
with wavelength correction performed at 570 nm. Sample
concentrations were calculated from a four-parameter lo-
gistic curve generated from known standard concentrations.
Dilution factors were accounted for to calculate the final
sample concentration. Plasma protein values were log10
transformed before statistical analysis.
Statistical Analysis

In the at-risk cohort, proteomic analysis, protein associations
with death (ie, whether the patient ended up dying), and
platelet count (minimum value across the sampling days)
were computed using a mixed linear effect model, which
allows for proper accounting of the multiple samples
collected per patient. The model was formulated as follows:
protein w outcome þ replicate þ batch þ (1|patient), where
outcome is either death or platelet count, replicate indicated
the day of blood sample draw (first, second, or third since
hospital admission), and batch indicated whether the sample
was measured in the first or second run. Association P values
were corrected for multiple testing using the Benjamini-
Hochberg method for controlling the false discovery rate.27

Adjusted P < 0.1 was considered significant.
The protein vascular signature was selected from proteins

significantly associated with both outcomes, and proteins
significantly associated with either mortality or platelet
count and with known, well-characterized links to vascular
function. TIE2 was additionally included as it is the receptor
for ANGPT2.
For all cohorts, patient hierarchical clustering based on

the standardized proteomics value was performed using
Ward linkage and euclidean distance. The differential
analysis between patient clusters was performed using U-
tests for continuous variables, Kendall rank correlation for
ordinal variables, and log-rank tests for survival times. The
correlation between ANGPT2 and RIPK3 was estimated
using Pearson correlation. For these analyses, P < 0.05 was
considered significant.
In the recovery cohort, patients were first divided into two

groups based on unsupervised hierarchical clustering (Ward
linkage, euclidean distance) performed on the recovery time
point. Then, for each patient, a protein abundance difference
(D) was calculated between the ICU and recovery time points.
Finally, for each protein, it was determinedwhether the protein
D was different across the two patient groups using the linear
model D w group. P values were corrected for multiple tests
using the Benjamini-Hochberg method. Given the small sam-
ple size and validation of protein set in two prior cohorts, an
adjusted P < 0.25 was considered significant.
All statistical analyses were performed in R 4.0.1 using

the maplet package.28 The R code used to generate the
statistical findings presented in this article is publicly
ajp.amjpathol.org - The American Journal of Pathology
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available (https://github.com/krumsieklab/covid-vascular-
injury, last accessed March 10, 2022).

Study Approval

The study was approved by the institutional review board
at WCM (20-05022072, 20-03021681, and 1811019771).
Written informed consent was received before participa-
tion by all patients, except when the institutional review
board approved a waiver of informed consent (eg, for the
use of discarded samples and deidentified patient data in
the at-risk cohort).

Results

The Hospitalized At-Risk Cohort Blood Proteome
Identifies a Signature of Vascular Limitation Preceding
Critical Illness

A total of 1384 subjects were admitted to the medical floors
of WCM during the study period. Of the 1384 hospitalized
subjects with COVID-19, 59 were profiled (Figure 1).
Profiled subjects were more likely to have cancer (15%
versus 7.5%; P Z 0.044) but otherwise were similar to
unprofiled subjects (Supplemental Table S1). The median
age of profiled subjects in the at-risk cohort was 69 years,
and was majority male (64% male versus 36% female). Of
the cohort, 53% had hypertension and 15% had cancer.
Additional cohort characteristics are listed in Supplemental
Table S2.

Blood biomarkers in the at-risk cohort were measured
using the O-link proximity extension assay. External vali-
dation of protein expression by ELISA showed excellent
correlation between O-link and ELISA protein measure-
ments: CD40LGOLink and CD40LGELISA was R Z 0.94
(P < 0.001) (Supplemental Figure S1A), and ANGPT1OLink
and ANGPT1ELISA was R Z 0.94 (P < 0.001)
(Supplemental Figure S1B). To first identify clinically
relevant proteins associated with vascular injury and platelet
thrombosis, a protein set was defined on the basis of the
association of circulating proteins with death and platelet
levels (Figure 2A). Thirteen proteins were significantly
associated with both parameters (false discovery rate, 0.1):
platelet-derived growth factor subunit A (PDGFA), PDGFB,
ANGPT1, sortilin 1 (SORT1), proheparin-binding EGF-like
growth factor (HBEGF), latency-associated peptide trans-
forming growth factor beta-1 (LAP TGFB1), CD84, C-X-C
motif chemokine 5 (CXCL5), matrix metalloproteinase-9
(MMP9), plasminogen activator inhibitor 1 (PAI), inter-
leukin-7 (IL7), interleukin-1 receptor antagonist (IL1RA),
and C-X-C motif chemokine 1 (CXCL1). In addition, eight
proteins were selected as they were associated with either
death or platelet count (false discovery rate, 0.1) and have
known vascular functions: a disintegrin and metal-
loproteinase with thrombospondin motifs 13 (ADAMTS13),
CD40LG, epidermal growth factor receptor (EGFR),
The American Journal of Pathology - ajp.amjpathol.org
P-selectin (SELP), urokinase-type plasminogen activator
(UPA), vascular endothelial growth factor A (VEGFA),
platelet glycoprotein VI (GP6), and heme oxygenase 1
(HO1). TIE2 was additionally included because it is the
receptor for ANGPT1 and ANGPT2.29 The final set
comprised of 22 proteins (Supplemental Figure S2),
including proteins related to vascular junctional integrity
(ANGPT1 and TIE2), angiogenesis (PDGFA and PDGFB),
platelet degranulation (CD40LG and GP6), and coagulop-
athy (ADAMTS13 and PAI), highlighting the potential
functional significance of the identified proteins. Notably,
these representative vascular proteins had lower expression
in at-risk subjects who died (Figure 2B), representing an
early signal of vascular limitation in COVID-19
pathogenesis.

Patient clustering based on this protein set identified three
distinct patient groups (clusters A, B, and C) (Figure 2C),
with mortality and low platelets progressively enriched.
Interestingly, this mortality and low platelet enrichment was
associated with lower mean abundance of the 22 proteins
(P < 0.001) (Supplemental Figure S3A) and older age
(P Z 0.016) (Supplemental Figure S3B). Baseline cancer
status (P Z 0.043) (Supplemental Table S3) as well as
creatinine (P Z 0.011) (Supplemental Table S3) were
additionally enriched across the patient clusters, identifying
additional patient characteristics associated with low protein
abundance.
Loss of Circulating Vascular Proteins Is Associated with
Low Platelets, Mortality, and Plasma ANGPT2 in ARDS

Next, the vascular protein signature was evaluated in the
ARDS cohort. A total of 439 subjects with COVID-19
ARDS were admitted to the WCM ICUs during the study
period. Thirty-one subjects with COVID-19 ARDS were
profiled, together with 29 noneCOVID-19 ARDS controls
selected from 57 total noneCOVID-19 ARDS subjects in the
ICU biobank (Figure 1). Profiled subjects with COVID-19
ARDS were younger (62 versus 67 years; P Z 0.032), but
otherwise were similar to unprofiled subjects with COVID-19
ARDS (Supplemental Table S4). There were no baseline
differences between profiled and unprofiled noneCOVID-19
ARDS control subjects (Supplemental Table S4). Among all
profiled subjects with ARDS (N Z 60), there were no sig-
nificant age, sex, or race differences between COVID-19
ARDS (N Z 31) and noneCOVID-19 ARDS subjects (N
Z 29) in the cohort (Supplemental Table S2). Cancer was
overrepresented in the noneCOVID-19 ARDS control sub-
jects (48.0% versus 3.2% in COVID-19 ARDS). There were
also notable differences in respiratory physiology. COVID-
19 ARDS was associated with more severe hypoxemia
[partial pressure of arterial oxygen:fraction of inspired oxy-
gen (PaO2:FiO2) ratio, 84 versus 193 in noneCOVID-19
ARDS] but lower ventilator ratio (1.65 versus 2.89 in
noneCOVID-19 ARDS).
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Figure 1 Study design. A: Flowchart of study subjects selected for blood proteomic profiling in the at-risk, acute respiratory distress syndrome (ARDS), and
recovery cohorts. B: Venn diagram showing the overlap among subjects with COVID-19 across the study cohorts. C: Conceptual schematic of study subject
sampling in relation to hospital admission (at-risk cohort), intensive care unit (ICU) admission (ARDS cohort), and ICU discharge (recovery cohort). D:
Characteristics of study cohorts, including total subjects (N ), blood sample type, existence of longitudinal samples, sample timing, and whether proteomic
profiling, angiopoietin 2 (ANGPT2), and receptor-interacting protein kinase 3 (RIPK3) measurements were performed.
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First, the vascular protein set was investigated only in
subjects with COVID-19 ARDS (Supplemental Figure S4A).
Protein results from the COVID-19 at-risk cohort were
confirmed and low mean protein abundance of the protein set
was associated with worse survival (P Z 0.026)
(Supplemental Figure S4B), low platelet count (P < 0.001)
(Supplemental Figure S4C), and older patient age
(P Z 0.035) (Supplemental Figure S4D). The addition of
noneCOVID-19 ARDS patients (bacterial sepsis and
influenza ARDS) led to a similar trend (Figure 3A), with
survival (P Z 0.020) (Figure 3B) and low platelets
(P < 0.001) (Supplemental Figure S5A) associated with the
low mean vascular protein abundance cluster (P < 0.001)
1006
(Supplemental Figure S5B). Age was not associated with low
mean vascular protein abundance in this ARDS cohort (PZ
0.180) (Supplemental Figure S5C). Similar to the at-risk
cohort, baseline cancer status (P < 0.001) (Supplemental
Table S3) and elevated baseline creatinine (P Z 0.022)
(Supplemental Table S3) were more frequent in ARDS
subjects in the low mean vascular protein abundance cluster.
More importantly, this low abundance signature did not
reflect the relative expression of these proteins compared
with healthy controls. As an example, CD40LG and
ANGPT1 had opposite expression patterns in ARDS
compared with healthy controls. Whereas CD40LG
increased in ARDS compared with healthy control
ajp.amjpathol.org - The American Journal of Pathology
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COVID-19 ARDS Vascular Injury
(Supplemental Figure S1C), ANGPT1 expression was
similar to healthy control (Supplemental Figure S1D).
Despite the opposite expression patterns of the ARDS bio-
markers compared with healthy controls, lower expression of
both CD40LG and ANGPT1 was associated with the low
platelet, worse clinical outcomes cluster.

Similar to the at-risk cohort, the junctional integrity
proteins ANGPT1 and TIE2 had lower expression in the
low platelet, high mortality cluster B (Figure 3A). As
ANGPT2 is known to negatively regulate ANGPT1 and
TIE2, plasma ANGPT2 was measured in the ARDS cohort.
Notably, plasma ANGPT2 was higher in the low mean
protein abundance cluster (P Z 0.001) (Figure 3C and
Supplemental Figure S4E), linking low vascular protein
abundance and plasma ANGPT2 in diverse ARDS subjects.

Interestingly, when COVID-19 ARDS was considered
alone (Supplemental Figure S4), this higher vascular injury
The American Journal of Pathology - ajp.amjpathol.org
signature was present in 39% (12 of 31) of subjects with
COVID-19 ARDS. However, when all three infection
types were considered (Figure 3), only 13% (4 of 31) of
subjects with COVID-19 ARDS were in the higher
vascular injury cluster compared with 58% (14 of 24) of
subjects with bacterial sepsis ARDS and 80% (3 of 4) of
subjects with influenza ARDS. This demonstrated that
COVID-19 ARDS may be associated with less ANGPT2-
associated vascular injury than bacterial sepsis and
influenza-related ARDS. This finding is supported by a
lower ventilator ratio in subjects with COVID-19 ARDS
compared with noneCOVID-19 ARDS subjects
(Supplemental Table S2), a physiological surrogate for
vascular injury in ARDS.30 This is also consistent with
previous investigations showing higher platelet counts and
less platelet consumption in COVID-19 compared with
bacterial sepsis ARDS.31
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COVID-19 ARDS Vascular Injury
Angiopoietin 2 Correlates with CD61 Staining
Microthrombi in Subjects with COVID-19 ARDS

The observed link between platelet activation and ANGPT2
was then explored in COVID-19 ARDS lung tissue. Twenty
COVID-19 ARDS lung autopsy specimens were stained for
The American Journal of Pathology - ajp.amjpathol.org
the lung injury marker ANGPT2 and the activated platelet
stain CD61. Representative sections from a high and low
ANGPT2 subject are shown in Figure 4A. ANGPT2 stain-
ing was pronounced in the microvasculature and was
mirrored by CD61-positive microthrombi in a similar dis-
tribution, linking vascular injury and platelet-rich
1009
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microvascular microthrombi in COVID-19 ARDS.
ANGPT2 and endothelial nuclear stain ERG costaining
confirmed endothelial origin of the ANGPT2 staining
(Supplemental Figure S6A). More importantly, staining for
CD31 as a constitutive endothelial marker (Supplemental
Figure S6B) showed that differences in ANGPT2 and
CD61 staining in these subjects were not due to differences
in preservation of endothelium between autopsy subjects.
Quantification of ANGPT2 and CD61 staining showed that
high ANGPT2 protein was associated with increased CD61
(P Z 0.005) (Figure 4B). Blood proteomics was performed
in three of the autopsy subjects (Figure 4, A and C) (subjects
labeled as P1, P2, and P3). Consistent with the ARDS
cohort, low protein abundance of the protein set, including
lower expression of angiopoietin axis proteins ANGPT1 and
TIE2 (Figure 4C), was associated with increased vascular
ANGPT2 staining (Figure 4A).

Induction of Vascular Cell Death in ANGPT-
2eAssociated Vascular Injury

Having validated the vascular injury signature in diverse
ARDS populations and COVID-19 ARDS autopsy tissue,
whether ANGPT2-associated vascular injury could be
associated with genetically regulated necrotic cell death,
known as necroptosis, was investigated next. Increased
1010
expression of plasma RIPK3, a vital necroptosis protein,32

was first demonstrated in subjects with high ANGPT2
ARDS (P Z 0.020) (Figure 5A). Plasma RIPK3 was also
correlated with plasma ANGPT2 (r Z 0.40; P Z 0.003)
(Figure 5B), supporting the existence of a link between
circulating necroptosis proteins and ANGPT2-associated
vascular injury. Autopsy subjects with high ANGPT2
staining/low vascular protein abundance (Figure 4A) (NA
and P3) demonstrated diffuse microvascular staining for
pMLKL, a terminal protein in necrotic cell death execution
downstream of RIPK3 (Figure 5C). Conversely, autopsy
subjects with low ANGPT2 staining/high vascular protein
abundance (Figure 4A) (P1 and P2) were negative for
pMLKL. Taken together, these data link ANGPT2-
associated vascular injury to necroptosis induction in
COVID-19 ARDS.
Among Subjects with COVID-19 ARDS Recovery,
Longitudinal Plasma Proteomics Identifies a Stable
Protein Trajectory Associated with Good Functional
Recovery

The 22-protein set was further investigated with respect to
its predictive ability during COVID-19 ARDS recovery.
Among 276 recovery subjects during the study period, 12
ajp.amjpathol.org - The American Journal of Pathology
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COVID-19 ARDS Vascular Injury
subjects with COVID-19 ARDS had plasma available from
both their ICU and recovery time point and were profiled
longitudinally (Figure 1). Profiled recovery subjects were
younger (47 versus 62 years old; P Z 0.002) than unprof-
iled recovery subjects (Supplemental Table S1). The median
age of profiled recovery cohort was 47 years, and was
majority male (67% versus 33% female) (Supplemental
Table S2).

Patient clustering based on the recovery plasma protein set
revealed two distinct clusters (Figure 6A). Again, the low
protein abundance cluster was associated with platelet level
(P Z 0.048) (Supplemental Figure S7A) and older age
(P Z 0.048) (Supplemental Figure S7B) but not ANGPT2
level (P Z 0.68) (Supplemental Figure S7D). One-year
follow-up functional recovery data based on the EQ-5D-3L
questionnaire were available on 11 of these 12 recovery
The American Journal of Pathology - ajp.amjpathol.org
individuals (Figure 6A, see Materials and Methods for de-
tails). Notably, the cluster of patients with lower abundance
of the protein set (P Z 0.004) (Supplemental Figure S7C)
displayed worse functional recovery 12 months after admis-
sion from the ICU, whereas higher vascular protein abun-
dance was associated with better functional recovery
(P Z 0.027) (Figure 6B). To test whether the protein tra-
jectory from ICU to recovery was different between good and
poor functional recovery subjects, the differences in protein
abundances was compared between the two time points in the
two patient clusters (see Materials and Methods). For pro-
teins representative of junctional barrier integrity (TIE2;
P Z 0.20), angiogenesis (PDGFA; P Z 0.20), platelet
degranulation (GP6; P Z 0.20), and coagulopathy (PAI;
P Z 0.20), good functional recovery was associated with
stable protein trajectory (Figure 6C), as opposed to the large
1011
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protein changes among the poor recovery subjects. This
stable trajectory among good functional recovery subjects
was similar for platelet levels (P Z 0.086) (Supplemental
Figure S7E) and ANGPT2 (P Z 0.083) (Supplemental
Figure S7F).
Discussion

This study traced a vascular protein signature through the
natural history of COVID-19 ARDS from hospital admis-
sion to either recovery or death. As reflected in both the
blood proteome and lung tissue, the clinical relevance of
low abundance of circulating vascular proteins was
demonstrated with known vascular functions and a link
between ANGPT2 and vascular cell death, and in particular
specialized necroptotic cell death, was revealed.

This vascular phenotype is notably present in certain
subjects with COVID-19 before ICU admission. Although
vascular injury spans the COVID-19 disease continuum
from asymptomatic blue toes to catastrophic thromboem-
bolic disease and ARDS-associated microangiopathy, the
identification of broad loss of vascular protein expression in
early severe disease generalizes this vascular dysfunction to
the large population of hospitalized subjects with COVID-
19. The loss of vascular proteins could result from SARS-
CoV-2 endothelial infection.6,7 However, this remains
controversial and is thus far only reproducible in artificially
engineered endothelial cells,33 whereas primary human
endothelial cells appear resistant to infection.34 Alterna-
tively, similar to bacterial sepsis35,36 and influenza infec-
tion,37 unrestrained COVID-19erelated inflammatory
signaling13 was able to induce vascular cell death. Indeed,
induction of genetically regulated necrotic cell death medi-
ator (pMLKL) was demonstrated in the microvasculature of
autopsy subjects with high ANGPT2-associated vascular
injury COVID-19. Diverse upstream mediators previously
linked to COVID-19 (eg, tumor necrosis factor-a38 in-
terferons39,40) can induce necroptosis,32 providing a crucial
link between SARS-CoV-2 infection and both direct (virus)
or indirect (tumor necrosis factor and interferons) induction
of vascular cell death in subjects with COVID-19. Vascular
cell death in COVID-19 ARDS is also supported by lung
imaging mass cytometry studies that show a reduction in the
absolute number of endothelial cells in late COVID-19 au-
topsy tissue, which could reflect disease-related vascular cell
death.41

The role of activated platelets in vascular injury and
repair is also apparent in the data. Activated platelets
amplify immune responses in early ARDS but also play an
essential role in vascular repair. The consistently low
platelet levels across the cohorts and the extensive micro-
thrombi observed in the autopsy subjects imply a circulating
milieu of platelet consumption. This milieu is supported by
a blood signature of ongoing thrombolysis (high UPA and
low PAI) and low levels of platelet-derived proteins (low
1012
SELP and GP6) in subjects with high ANGPT2-associated
vascular injury. Relative loss of ADAMTS13, linked to
secondary microangiopathy in COVID-19,42 is similarly
deficient in the high ANGPT2 subjects, linking platelet
consumption with microangiopathy in severe COVID-19.
Low platelets have previously been linked to ARDS mor-
tality,43 and the data suggest this may be related to depletion
in platelet-related angiogenic44e46 and junctional barrier
factors.47,48 Consistently low circulating angiogenic (low
PDGFA and PDGFB) and barrier protein (low ANGPT1) in
the higher ANGPT2 and low platelet subjects imply limi-
tations in these essential reparative processes.
The validation of the vascular phenotype across diverse

causes of ARDS broadens the relevance of the reported
findings. In linking low platelets, vascular function, and
mortality in COVID-19, bacterial sepsis, and influenza
ARDS, the study hints at a common final pathway of
vascular injury that is more disease- (ARDS) than cause-
(COVID-19) specific. Matching COVID-19 and none
COVID-19 ARDS subjects would also have strengthened
any comparison between these groups. However, the fact
that there were similarities in protein expression despite
stark differences in clinical parameters, including a marked
difference in baseline cancer prevalence [14/29 (48%) in
noneCOVID-19 ARDS versus 1/31 (3%) in COVID-19
ARDS], remains a strength of the analysis as it suggests that
different causes of platelet depletion (eg, failure of pro-
duction in cancer patients with noneCOVID-19 ARDS and
consumption in COVID-19 ARDS patients) leads to the
same protein expression pattern and worse clinical out-
comes. Of note, this vascular injury pattern may be related
to a reduced baseline vascular resilience in subjects with
high ANGPT2-associated vascular injury. Consistently,
subjects with high vascular injury are older,49 have worse
baseline renal function,50,51 and are more likely to have
cancer,52 all variables known to be associated with vascular
disease.
The identification of this severe vascular phenotype across

infectious causes of ARDS also presents an opportunity for
targeted vascular therapies in ARDS, including those that
have shown promise in COVID-19,53 in ARDS generally,54

and in exciting preclinical55,56 and early human experi-
mental therapies, including a ANGPT1 supplementation trial
in subjects with COVID-19 (https://clinicaltrials.gov/ct2/
show/NCT04737486, last accessed March 5, 2022).
Although an ANGPT2 neutralizing antibody study in
hospitalized patients with COVID-19 was stopped for futil-
ity in October 2020 (https://clinicaltrials.gov/ct2/show/
NCT04342897, last accessed March 5, 2022), the present
data could improve patient selection for similar trials in the
future, including the use of platelet levels to identify
subjects with vascular limitation.
Finally, the identification of a vascular recovery proteome

is novel. Nearly 4.5 million patients have been hospitalized
in the United States since the start of the COVID-19
pandemic (https://www.cdc.gov/coronavirus/2019-ncov/
ajp.amjpathol.org - The American Journal of Pathology
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covid-data/covidview/index.html, last accessed March 5,
2022), with countless more hospitalized worldwide.
However, even in recovery, patients remain at risk for
disease-related morbidity and mortality.57 This study
demonstrated that a stable circulating vascular proteome is
important for functional recovery. This association between
vascular stability, platelet levels, and functional recovery
could also support platelet levels as a novel biomarker in
ARDS recovery. Larger studies will be needed to validate
this observation.

This study has some limitations. Although a milieu of
platelet consumption in subjects with ARDS and increased
vascular injury was described here, alternative mechanisms
of platelet depletion in these subjects, including decreased
bone marrow production, particularly in the ARDS subjects
with malignancies, cannot be ruled out. Platelet depletion
also tracks with the vascular protein signature in the three
cohorts, yet the study failed to establish cohort-specific
platelet value that clinicians can use to identify these sub-
jects. Although endothelial cells, pericytes, and platelets
represent the likely cellular origin of the vascular signature,
the lack of spatial proteomic or transcriptomic data allows
for the possibility that some identified proteins are from
nonvascular sources, including immune cells.58 Future
murine cell-specific knockout studies will be needed to
resolve the cellular origin of the signature. Finally, although
an association between ANGPT2, vascular cell death pro-
teins RIPK3, and pMLKL was observed, additional in vivo
and in vitro studies will be needed to determine the critical
cross talk between vascular injury and vascular cell death
proteins.

In summary, this study identified a vascular injury signal
in COVID-19 ARDS that has predictive value in early
disease through recovery as well as in bacterial sepsis and
influenza ARDS. This signal was able to improve patient
selection and timing of vascular targeted therapies in ARDS.
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