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Abstract

Compared to healthy volunteers, participants with post‐acute sequelae of

SARS‐CoV‐2 infection (PASC) demonstrated increased plasma levels of the

prothrombotic protein NEDD9, which associated inversely with indices of

pulmonary vascular function. This suggests persistent pulmonary vascular

dysfunction may play a role in the pathobiology of PASC.
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INTRODUCTION

Pulmonary vascular abnormalities have been described
in severe SARS‐CoV‐2 infection,1,2 including increased
pulmonary endothelial expression of the prothrombotic
protein NEDD9.3 However, it is not known if endothe-
lial dysfunction is a prominent feature of non‐severe
SARS‐CoV‐2 infection or post‐acute sequelae of SARS‐
CoV‐2 infection (PASC). We recently performed
dynamic contrast‐enhanced magnetic resonance imag-
ing (DCE‐MRI) in participants with prior SARS‐CoV‐2
infection and healthy volunteers.4 DCE‐MRI is a
technique that can assess pulmonary microvascular

abnormalities in chronic lung disease.5,6 Using DCE‐
MRI, we observed a slower rate of contrast arrival and a
wider full width at half maximum in the posterior
coronal lung region consistent with decreased pulmo-
nary vascular perfusion in 10 participants with remote
COVID‐19 compared to age‐similar healthy volunteers.4

In this secondary analysis, we aimed to determine if (1)
plasma biomarkers of inflammation, coagulation, and
epithelial and endothelial injury differed between
participants with prior SARS‐CoV‐2 infection and
healthy volunteers and if (2) an association exists
between selected plasma proteins and indices of
pulmonary vascular dysfunction.
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METHODS

Study details have been published previously.4 Briefly,
we recruited participants encountered in the Massa-
chusetts General Hospital Coronavirus Recovery Clin-
ical with a positive SARS‐CoV‐2 polymerase chain
reaction (PCR) test within the preceding 3−12 months.
Healthy volunteers were recruited through a different
protocol and did not have known lung disease.
Exclusion criteria for all subjects included: acute
respiratory illness within 6 weeks, cigarette smoking
within 6 months, gadolinium allergy, or contraindica-
tions to MRI. All subjects provided written informed
consent.

Participants with antecedent COVID‐19 underwent
detailed clinical phenotyping as previously reported.4

Briefly, we collected demographics, severity of index
SARS‐CoV‐2 infection, and results of pulmonary function
testing, including diffusing capacity of the lung for
carbon monoxide (DLCO), from the electronic medical
record.

We performed DCE‐MRI according to previously
published methods.4,5 Briefly, we acquired serial volu-
metric images of the thorax before, during, and after the
injection of 0.05 mmol/kg gadoterate meglumine (Guer-
bet) at a rate of 4 mL/s. We generated signal intensity
versus time curves on a voxel‐by‐voxel basis throughout
the lung. We performed a model‐free analysis to extract
parameters reflective of pulmonary perfusion and micro-
vascular function over the whole lung and in a posterior
coronal region of interest. We measured the magnitude
of peak enhancement, the rate of contrast arrival
(kwashin), time to peak enhancement, and the full width
at half maximum for the peak as a surrogate of contrast
transit time. We also measured the rate of contrast
washout (kwashout) as a measurement of the extravascular
extracellular space.

We collected whole blood from all participants at the
time of MRI and stored plasma aliquots at −80°C until
use. We performed a previously validated NEDD9
enzyme‐linked immunosorbent assay (Aviva Systems
Biology) to quantify NEDD9 levels (ng/mL)7 and a
Luminex® Multiplex Assay (R&D Systems) to quantify
plasma levels of additional endothelial, epithelial,
inflammatory, and coagulation proteins (pg/mL) based
on their reported associations with PASC (Figure 1a).8

Continuous data are presented as median (interquartile
range [IQR]), unless otherwise specified. We assessed
differences between groups using the Wilcoxon rank‐sum
test. p Values < 0.003 were considered significant after
adjusting for multiple comparisons by Bonferroni correc-
tion. We explored associations between plasma protein
levels and both MRI parameters and DLCO using

univariate linear regression. Statistical analyses were
performed using Stata SE (version 17.0).

RESULTS

All 10 participants with prior SARS‐CoV‐2 infection
(mean age, 55.6 years; 50% female) and 9 (90%) healthy
volunteers (mean age, 51.3 years; 56% female) had
plasma available for analysis. At the time of their
clinical evaluation, all participants with prior SARS‐
CoV‐2 infection met criteria for PASC as defined
according to the World Health Organization criteria,
that is, new or persistent symptoms more than 3 months
from SARS‐CoV‐2 infection symptom onset not attrib-
utable to another cause.9 The median time from SARS‐
CoV‐2 PCR to DCE‐MRI and plasma sample collection
was 8 months (IQR 4−10 months) in the PASC cohort.
The majority of PASC participants had non‐severe
COVID‐19 with 30% requiring hospitalization, two of
whom required supplemental oxygen (maximum flow
rate of 4 L/min). All PASC participants underwent
clinically indicated pulmonary function testing. DLCO
was measured a median 80 days before DCE‐MRI (IQR
52.5−140 days). The median modified Medical Research
Council (mMRC) dyspnea scale score obtained from
PASC participants on the day of plasma sample
collection was 1 (range 0−2), wherein a score of 0
indicates dyspnea only with strenuous activity, 1
indicates dyspnea when hurrying or walking up a slight
hill, and 2 indicates stopping when walking at own pace
or walking slower than contemporaries on the level
because of dyspnea.10 DLCO was not available for the
healthy volunteers.

Compared to the healthy volunteers, PASC partici-
pants demonstrated increased median plasma levels of
NEDD9 (3.9 [2.9−4.2] vs. 6.3 [5.9−7.2] ng/mL, p< 0.001)
and angiopotein‐2 (3799 [3453−4240] vs. 4775.6
[4498−5281] pg/mL, p= 0.004), two biomarkers of
endothelial dysfunction (Figure 1b). However, only
differences in plasma NEDD9 met the Bonferroni
adjusted threshold for statistical significance (p< 0.003).
There were no significant differences between groups for
the other measured endothelial, epithelial, inflammatory,
or coagulation protein levels (Figure 1a).

In univariate linear regression, there was an associa-
tion between NEDD9 and DLCO (predicted 10.4% DLCO
decrease for every standard deviation increase in
NEDD9, 95% CI: −16.4 to −3.0, R2 = 0.5, p= 0.02)
(Figure 1c) and peak enhancement on DCE‐MRI
(predicted 20.7% peak enhancement decrease for every
standard deviation increase in NEDD9, 95% CI: −40.2 to
−1.1, R2 = 0.2, p= 0.04) (Figure 1d), respectively.
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DISCUSSION

In this secondary analysis of participants with PASC who
underwent DCE‐MRI a median 8 months after index
SARS‐CoV‐2 infection, we observed several key findings.
First, the PASC cohort was distinguished by elevated
plasma levels of NEDD9 and angiopoietin‐2 compared to
the healthy volunteers. However, differences in biomar-
kers of systemic inflammation, epithelial injury, and
activated coagulation between groups were not observed.
Second, NEDD9 levels were inversely associated with
both peak enhancement (a marker of impaired micro-
vascular perfusion on DCE‐MRI) and DLCO (a marker of
the efficiency of gas transfer in the lung impacted by the
pulmonary capillary surface area available for gas

exchange). Together the association between plasma
NEDD9 and measurements of pulmonary vascular
dysfunction suggests a possible mechanistic role of
pulmonary endothelial dysfunction in SARS‐CoV‐2
infection and PASC.

NEDD9 is a scaffolding protein that organizes
signaling complexes regulating several signal transduc-
tion pathways involved in cellular adhesion, motility, and
proliferation.11 We demonstrated previously that pulmo-
nary endothelial NEDD9 is prothrombotic by binding
activated platelets via P‐selectin to promote platelet‐
endothelial adhesion, and plasma NEDD9 levels were
increased in patients with pulmonary arterial hyper-
tension and associated with adverse clinical outcomes.7,12

Further, in decedents with acute respiratory distress

FIGURE 1 Plasma and imaging biomarkers of pulmonary vascular dysfunction in PASC. (a) Compared to the healthy volunteers, PASC
participants had increased plasma levels of NEDD9 and angiopoeitin‐2 (Ang2), but there were no differences in the other measured
inflammatory, epithelial, coagulation, or endothelial protein levels, including interleukin 6 (IL‐6) and interleukin 8 (IL‐8); soluble
suppression of tumorigenicity 2 (sST2) and surfactant protein D (SPD); tissue factor, P‐selectin, a disintegrin and metalloproteinase with a
thrombospondin type 1 motif member 13 (ADAMTS13), intercellular adhesion molecule 1 (ICAM‐1), thrombomodulin, and plasminogen
activator inhibitor 1 (PAI‐1); and Syndecan‐1, soluble receptor of advanced glycation end‐products (sRAGE), von Willebrand factor (vWF),
and vascular endothelial growth factor (VEGF), respectively. Data presented as median (interquartile range [IQR]). (b) Violin plots of
plasma NEDD9 (ng/mL) and angiopoietin‐2 (pg/mL) levels are presented in which the white dot represents the median, the thick blue bar
represents the IQR, the thin line represents the rest of the distribution, and the plot distribution depicts a kernel density estimation whereby
wider sections represent a higher probability that members of the population will take on the given value. There was a significant inverse
association between (c) NEDD9 levels and DLCO (% predicted) for the PASC participants and (d) NEDD9 levels and the magnitude of peak
enhancement (%) in the posterior coronal region of interest on DCE‐MRI for all participants. Control, healthy volunteers; DCE‐MRI,
dynamic contrast‐enhanced magnetic resonance imaging; DLCO, diffusing capacity of the lung for carbon monoxide; PASC, participants
with post‐acute sequalae of SARS‐CoV‐2 infection.
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syndrome (ARDS) due to SARS‐CoV‐2 infection, we
observed increased pulmonary endothelial NEDD9 ex-
pression compared to other causes of fatal ARDS.3 While
there is no single unifying pathobiology underlying
PASC, microvascular endothelial injury is one hypothesis
underpinning some proportion of the clinical syndromes
observed.13,14 Our current results extend the pathophy-
siological relevance of NEDD9 to pulmonary vascular
dysfunction in the recovery from SARS‐CoV‐2 infection,
particularly patients with PASC.

There is a growing body of literature exploring
diagnostic and prognostic biomarkers for PASC. How-
ever, progress has been hindered by nonuniform
definitions of PASC, the heterogeneity of PASC clini-
cal phenotypes, and the advent of novel treatments
and viral variants that can alter the underlying
pathobiology. A number of candidate biomarkers are
purported to predict or diagnose PASC, including
persistence of viral antigens, auto‐antibodies, dysregu-
lated T/NK cell signaling, amyloid deposits (“micro-
clots”), and endothelial proteins, such as angiopoietin‐2,
but findings vary across cohort studies.8,15–17 Here,
there was no difference in plasma biomarkers of
systemic inflammation, epithelial injury, or activated
coagulation between groups, but we observed increased
endothelial proteins, although only NEDD9 maintained
significance when adjusting for multiple comparisons.
Moreover, plasma NEDD9 associated with indices of
abnormal pulmonary vascular function, providing a
direct link between a circulating endothelial biomarker
and an observable pathophenotype.

There are several limitations to our study. First, this is
a small sample size from a single center and all
participants were recruited from a PASC clinic which
introduces selection bias. Second, all PASC participants
developed SARS‐CoV‐2 before the Omicron variant, so
we are unable to distinguish how novel variants affect
the pulmonary vasculature. Third, we did not determine
prior SARS‐CoV‐2 infection status for the healthy
volunteers. Fourth, we were unable to compare conva-
lescent cases of SARS‐CoV‐2 with and without PASC to
ensure the elevated plasma NEDD9 levels and micro-
vascular abnormalities observed are not just an epiphe-
nomenon of prior SARS‐CoV‐2 infection. Finally, lung
imaging and plasma collection occurred at a single time
point that varied among participants. Thus, we are
unable to comment on the persistence of these findings
over time.

In conclusion, our results suggest microvascular
perfusion abnormalities months following SARS‐CoV‐
2 infection may be attributable to pulmonary vascular
endothelial dysfunction, as evidenced by increased

plasma NEDD9 levels. Given the relevance of NEDD9
to both aberrant vascular remodeling and thrombosis,
ongoing research may assist in further elucidation of
pathogenetic mechanisms. Pairing advanced lung
imaging, such as fibrin‐targeted molecular imaging,18

with proteomic profiling could help decipher the
pathobiology of PASC with potential therapeutic
implications.
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