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Background

Methods and
results

Conclusion

In post-coronavirus disease-19 (post-COVID-19) conditions (long COVID), systemic vascular dysfunction is implicated,
but the mechanisms are uncertain, and the treatment is imprecise.

Patients convalescing after hospitalization for COVID-19 and risk factor matched controls underwent multisystem phe-
notyping using blood biomarkers, cardiorenal and pulmonary imaging, and gluteal subcutaneous biopsy (NCT04403607).
Small resistance arteries were isolated and examined using wire myography, histopathology, immunohistochemistry, and
spatial transcriptomics. Endothelium-independent (sodium nitroprusside) and -dependent (acetylcholine) vasorelaxation
and vasoconstriction to the thromboxane A2 receptor agonist, U46619, and endothelin-1 (ET-1) in the presence or
absence of a RhoA/Rho-kinase inhibitor (fasudil), were investigated. Thirty-seven patients, including 27 (mean age 57
years, 48% women, 41% cardiovascular disease) 3 months post-COVID-19 and 10 controls (mean age 57 years, 20%
women, 30% cardiovascular disease), were included. Compared with control responses, U46619-induced constriction
was increased (P = 0.002) and endothelium-independent vasorelaxation was reduced in arteries from COVID-19
patients (P < 0.001). This difference was abolished by fasudil. Histopathology revealed greater collagen abundance in
COVID-19 arteries {Masson’s trichrome (MT) 69.7% [95% confidence interval (Cl): 67.8-71.7]; picrosirius red 68.6%
[95% Cl: 64.4—72.8]} vs. controls [MT 64.9% (95% Cl: 59.4—70.3) (P = 0.028); picrosirius red 60.1% (95% Cl: 55.4-64.8),
(P = 0.029)]. Greater phosphorylated myosin light chain antibody-positive staining in vascular smooth muscle cells was
observed in COVID-19 arteries (40.1%; 95% Cl: 30.9-49.3) vs. controls (10.0%; 95% Cl: 44-15.6) (P < 0.001). In
proof-of-concept studies, gene pathways associated with extracellular matrix alteration, proteoglycan synthesis, and viral
mMRNA replication appeared to be upregulated.

Patients with post-COVID-19 conditions have enhanced vascular fibrosis and myosin light change phosphorylation. Rho-
kinase activation represents a novel therapeutic target for clinical trials.
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Graphical Abstract

Schematic illustration of the potential mechanisms affecting vascular smooth muscle cells and systemicvascular dysfunc-
tion that may contribute to impaired functional status and aerobic exercise capacity in post-COVID-19 conditions.

Calcium signalling ® Smooth muscle cells ® COVID-19 ® Vascular dysfunction ® Endothelium-
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Background

The global burden of persisting illness after coronavirus disease-19
(COVID-19) is estimated to include 144.7 million patients, represent-
ing 3.7% of all infections." The illness trajectory of post-COVID-19
conditions (long COVID) differs between community and hospitalized
populations,>3# and persisting symptoms are more common in hos-
pitalized patients (52% vs. 38%).> Cardiovascular symptoms include
dyspnoea, lethargy, and chest pain, leading to exercise limitation;
residual lung disease may not account for these symptoms.*

Cardiovascular involvement during acute COVID-19 occurs in ap-
proximately one in eight hospitalized patients.* Vascular involvement
may include endotheliitis, thrombo-embolic microvascular burden,
inflammation, and oxidative stress.® In addition, deconditioning and
muscle wasting may further exacerbate symptoms and prolong recu-
peration.” Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) infects cells by binding to angiotensin-converting enzyme-2
(ACE2) on the cell membrane.® ACE2 is widely distributed in systemic
tissues, including the lung and cardiovascular system.” SARS-CoV-2
binding reduces ACE2 expression and impairs ACE2 function leading
to endothelial dysfunction,’®"" manifesting through impaired nitric
oxide (NO) production and haemostasis activation.'? 3

Small resistance arteries are the final common pathway for de-
livering oxygenated blood and nutrients to tissues. Vascular tone
is regulated by endothelial-mediated vasorelaxation and vascular
smooth muscle cell (VSMC)-mediated constriction. RhoA/Rho-kinase
signalling pathways control VSMC contraction, migration, and growth,
and increased Rho-kinase activity is evident in models of vascular
dysfunction.' "> The potential antiviral effects of Rho-kinase inhibi-
tion as a treatment for acute COVID-19 have been postulated16‘19;
however, there are no reported data on Rho-kinase inhibition for the
treatment of post-COVID-19 conditions. Endothelial dysfunction'®!
is implicated in post-COVID-19 conditions. However, the role of
non-endothelial pathways and VSMCs is unknown.

The main aim of our research is to identify vascular mechanisms
that may represent druggable targets for therapy development in
post-COVID-19 conditions. We hypothesized that SARS-CoV-2 in-
fection impairs non-endothelium-dependent vasorelaxation pathways
through VSMC and RhoA/Rho-kinase activation, which, together with
altered calcium ion (Ca?*) handling in these cells, impairs vascular
function in patients with post-COVID-19 conditions, compared with
matched controls.

To investigate this hypothesis, we pre-defined a mechanistic inves-
tigation within a prospective clinical study.

Methods

Study approval

Ethical approval for the CISCO-19 study and gluteal biopsy sub-study
was obtained from the UK National Research Ethics Service (Reference
20/NS/0066). Informed written consent and continued eligibility assess-
ment were obtained before conducting study procedures.

Patient recruitment and clinical features

We undertook a prospective, observational, multicentre, secondary
care cohort study assessing the prevalence and clinical significance of
multi-organ injury in survivors of COVID-19 during convalescence.*
Participating patients were invited to undergo a gluteal biopsy to obtain
small arteries for in vitro studies ex vivo. The methodology, including
biomarkers, patient-reported outcome measures, cardiovascular com-
puted tomography angiography, and cardio-renal magnetic resonance
imaging, is described within the supplement.?

Control patients who had received secondary care and had similar
age, sex, and cardiovascular morbidities were prospectively screened and
invited to participate. They were confirmed to be COVID-19 antibody-
negative using the Roche® Elecsys anti-SARS-CoV-2 S quantitative assay
without previous positive polymerase chain reaction (PCR) positivity or
history consistent with COVID-19.

Gluteal biopsies

Patient volunteers were made comfortable lying prone. Local anaesthetic
(2% lidocaine) was carefully administered in a sterile surgical field in the
gluteal area. A 4-6 cm? sample of subcutaneous fat with 0.4 cm? skin was
excised and submerged in a physiological saline solution. Intact small arter-
ies (<500 um) were dissected from this subcutaneous fat. These arteries
were used for histopathology, functional (wire myography), and molecular
studies, and VSMCs were isolated for primary cell culture, as previously
described and summarized below.?! Identical protocols were used for
laboratory studies in tissues obtained from post-COVID-19 patients and
controls. Pharmacological assessment of peripheral vascular function was
performed at least 3 months after hospitalization for COVID-19.
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Human vascular functional studies

Small arteries were dissected from gluteal fat and cut into 2-mm ring
segments. Arterial segments were mounted on isometric wire myographs
(Danish Myo Technology, Denmark) as described within the supple-
ment. Following 30 min of equilibration, the contractile responses of
arterial segments were assessed by adding KCI (62.5 mmol/L). Arteries
with no responses were retained for cell culture or molecular studies.
The integrity of the endothelium was verified by relaxation induced by
acetylcholine (ACh, 107 mol/L) in arteries pre-contracted with U46619
(thromboxane-A2 analogue, 10~/ mol/L). Cumulative concentration—
response curves (CCRCs) were constructed for endothelium-dependent
relaxation to ACh (107°-3 x 107> mol/L). Concentration—response
curves assessed endothelium-independent vasorelaxation to sodium
nitroprusside (SNP; 107'°-107> mol/L) in human vessels. Concentration—
response curves to U46619 (107'°-107° mol/L) and endothelin-1 (ET-1;
10~"2-107 mol/L) were performed to evaluate vasoconstriction in hu-
man arteries. Vascular functional responses were also assessed in the
absence and presence of a Rho-kinase inhibitor, fasudil (Asahi Kasei
Corporation) (107® mol/L, 30 min). The vascular sensitivity (pECso)
and maximum responses (Emax) to each agonist were determined using
LabChart® ADInstruments.

Histopathology and immunohistochemistry
Fresh, vascular samples were formalin-fixed and impregnated with paraffin
before staining. Analyses were undertaken using a de-identified dataset
blind to COVID-19 status and the results of the other vascular investiga-
tions performed.

Histopathology

Masson’s trichrome staining was used to selectively stain connective tissue,
including collagen, from cells. Wiegert’s haematoxylin was used to stain
cell nuclei. Plasma stain was then applied, followed by phosphomolybdic
acid and aniline blue. Picrosirius red staining of collagen | and Il fibres was
also performed, with celestine blue staining, Wiegert’s haematoxylin, acid
alcohol differentiation, and Sirius Red stain. Slides were scanned in high
resolution for digital analysis in Image] (Fiji v1.53f51) at x40 magnification.
Colour deconvolution for Masson’s trichrome and picrosirius red was
performed with threshold adjustment to assess the percentage of stain
by colour for each vascular sample (Supplementary material online, Figure
S1). The proportion of aniline blue or picrosirius red stained tissue from
all tissue within the region of interest was then calculated and compared
between post-COVID-19 and control samples.

Antigen retrieval and immunohistochemistry

Heat-induced epitope retrieval was performed for antigen retrieval, with
sections treated at full pressure with the Access Retrieval Unit (Menarini)
in a sodium citrate buffer for anti-myosin light chain (phosphor S20)
antibody (Abcam 2480). Sections were then washed in Tris Tween buffer.

Hydrogen peroxide (3%) treatment was then applied in phosphate-
buffered saline to quench peroxidase activity, followed by two further
washes with TRIS Tween buffer. Sections were then incubated at room
temperature for 30 min with the primary antibody anti-myosin chain
(Abcam) at a 1:400 concentration. A further wash with TRIS Tween buffer
was then performed.

To detect primary antibodies, the sections were then incubated with
EnVision+System HRP Labelled Polymer Anti-Rabbit Secondary Antibody
(Dako) for 30 min at room temperature. A further washing with TRIS
Tween buffer was performed followed by two 5-min incubations with 3,3'-
diaminobenzidine (DAB) substrate-chromogen (EnVision4-System, Dako).
Sections were then rinsed twice for 5 min in distilled water prior to
being counterstained using Gill's haematoxylin and mounted using DPX
mounting media (Cellpath). Slides were scanned in high resolution for
digital analysis in Image) (Fiji v1.53f51) at x40 magnification. A colour
deconvolution to calculate the total area and proportion of tissue within

the slide was performed. The slide image was then reset and converted
to 8-bit for threshold analysis of positively stained tissue area. The pro-
portion of positively stained tissue to total tissue was then calculated and
compared between COVID-19 and control group.

Exploratory case-control experiments

Spatial transcriptomics

Spatial transcriptomics [Nanostring GeoMx Digital Spatial Profiler (DSP)]
was used to assess the distribution of gene expression in small artery sec-
tions. Whole transcriptome profiling of the vascular wall was performed
using formalin-fixed paraffin-embedded tissue sections (5 xm) in triplicate
for two patients, one post-COVID-19 and the other being an age, sex,
and cardiovascular risk factor matched control. Whole regions of interest
were collected; no segmentation was performed. Bioinformatics analysis
was performed on the native GeoMx DSP Data Analysis Suite before using
additional custom R pipeline analysis to aid visualization. Further details are
provided in the supplement.

Statistical analysis

Cumulative concentration—response curves were fitted using a four-
parameter, non-linear regression curve fitting in GraphPad Prism 8.0
(GraphPad Inc., USA). Maximum efficacy (Emax) for vasoconstrictors was
expressed as a percentage of the mean response of the contraction to
62.5 mM KCI. For relaxation data, the maximum response (Emax) to ACh
and SNP was expressed as percentage relaxation after pre-constriction
with U46619 (0.1 uM). The sensitivity of the arteries to each compound
was expressed as the pEC50 (constrictors) or pIC50 (inhibitors) derived
from the CCRC using GraphPad Prism 8.0. The pEC50 value represents
the minus log concentration required to produce 50% of the maximum
response.

Similarly, the pIC50 value represents the —log of concentration required
to inhibit 50% of the maximum response. Higher numbers indicate more
potency (less concentration is needed to achieve the median response).
The pEC50 values were calculated by computer interpolation from indi-
vidual CCRC:s. Statistical comparisons of continuous parameters between
groups were performed using one-way and two-way ANOVA, followed
by Bonferroni post-hoc tests as appropriate. Fisher’s exact tests compare
categorical variables within demographics and clinical data. Repeated mea-
sures ANOVA was used to compare groups within vascular reactivity
studies. Mean histopathology and immunohistochemistry stain propor-
tions were compared using an independent Student’s t-test with 95%
confidence intervals. Two-tailed significance testing with P < 0.05 was
considered statistically significant.

Sample size calculation

The primary endpoint of this study was the difference in maximum
contraction (Emax) induced by U46619 between the two groups. Using
preliminary vascular reactivity data from gluteal biopsies from microvas-
cular angina vs. control patients,? we assumed a meaningful difference
between the mean values in the experimental and control groups as 21.1
and standard deviation of 15. Using a significance level of 0.05 and a level
of power as 80%, a minimum sample size of eight per group was estimated
using G*Power 3.1 (University of Melbourne, Parkville, Victoria, Australia).
This calculation was based on the Mann—Whitney U test reflecting a small
sample size and the likelihood of non-parametric distribution.

Results

Clinical characteristics

A total of 37 patients, including 27 (mean age 57 years, 48% women,
41% cardiovascular disease) with persisting cardiovascular symp-
toms 3 months after hospitalization for COVID-19 and 10 controls
(mean age 57 years, 20% women, 30% cardiovascular disease), were
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Table | Clinical characteristics of the population

Control
N=10

COVID-19
N =27

P-value

Demographics
Age, years
Sex
Male
Female
Healthcare worker
Most deprived SIMD quintile
Ethnicity
White
Asian
Other
Presenting characteristics at enrolment®
Weight, kg
Height, cm
Body mass index, kg/m?
Body surface area, m?
Heart rate, b.p.m.
Systolic blood pressure, mmHg
Diastolic blood pressure, mmHg
Peripheral oxygen saturation, %
Respiratory rate, per min
WHO clinical severity score
Hospitalized, no oxygen therapy
Oxygen by mask or nasal prongs
Non-invasive ventilation
Mechanical ventilation
COVID-19 diagnosis
PCR test
Nosocomial
Radiology, chest radiograph, or CT scan
Typical of COVID-19
Atypical of COVID-19
Unlikely
Normal
Acute COVID-19 therapy
Oxygen
Steroid
Antiviral
Non-invasive respiratory support
Intensive care
Invasive ventilation
Intravenous inotrope
Cardiovascular history
Smoking
Never
Former
Current
Hypercholesterolaemia
Hypertension

Diabetes mellitus

57.3+95

22 (59%)
15 (41%)
5 (14%)

13 (37%)

35 (95%)
1.(3%)
1(3%)

92 + 18
172+£9
311 +£58
214+02
88 £+ 21
132 +£17
76 =12
94 +8
207

7 (26%)
12 (44%)
2 (7%)

6 (22%)

27 (73%)
1.(3%)

20 (80%)
0 (0%)

0 (0%)

5 (20%)

20 (74%)
15 (56%)
9 (33%)
6 (22%)
9 (33%)
5 (19%)
3 (11%)

20 (54%)
14 (38%)
3 (8%)
24 (65%)
8 (22%)
8 (22%)

579+78

8 (80%)
2 (20%)
1.(10%)
2 (20%)

10 (100%)
0 (0%)
0 (0%)

93 +12
176 £8
302 + 41
21+£02
67 +8
137 £ 18
80 + 13
98 £ 1
13+£2

0 (0%)
0 (0%)

57.1+£10.2

14 (52%)
13 (48%)
4 (15%)

11 (44%)

25 (93%)
1 (4%)
1 (4%)

91+ 20
170+ 9
314+ 64
21+£03
97 £ 19
130 £17
75+ 11
92 £9
22+6

7 (26%)
12 (44%)
2 (7%)

6 (22%)

27 (100%)
1 (4%)

20 (80%)
0 (0%)

0 (0%)

5 (20%)

20 (74%)
15 (56%)
9 (33%)
6 (22%)
9 (33%)
5 (19%)
3 (11%)

14 (52%)
11 (41%)
2 (7%)
19 (70%)
6 (22%)
7 (26%)

0.153

1.000
0.259

1.000

0.749
0.086
0.567
0.447
<0.001
0.266
0.204
0.055
<0.001

0.866

0.275
1.000
0.404
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Table | (Continued)
All
N =37
Chronic kidney disease 0 (0%)
CCS angina class
Angina 36 (97)
Myocardial infarction 2 (5%)
Stroke or TIA 2 (5%)
Peripheral vascular disease 0 (0%)
Previous PCI 2 (5%)
Cardiovascular disease and/or treatment 14 (38%)
Risk scores
ISARIC-4c in-hospital mortality risk, in % 107 £75
Q-Risk 3, 10-year cardiovascular risk, in % 145+ 9.6
Charlson co-morbidity index 18+£14
Pre-existing maintenance medication
Aspirin 3 (8%)
Statin 11 (30%)
Beta-blocker 4 (11%)
Angiotensin converting enzyme inhibitor 6 (16%)
Angiotensin receptor blocker 1(3%)
Oral anticoagulation 0 (0%)
Laboratory results, index admission
Initial haemoglobin, g/L 144 £ 12
Initial platelet count, 10%/L 236 £77
Initial white cell count, 10%/L 7.53 £+ 3.80
Initial lymphocyte count, 10%/L 129 £ 0.64
Peak D-dimer, ng/mL 3931 + 9732
Minimum eGFR, mL/min/1.73 m? 76.5 4+ 30.9
Acute kidney injury 5 (20%)
Peak hs-troponin |, ng/L 4.0 (4.0, 29.5)
Peak ferritin, ug/L 213 (147, 1040)
Peak C-reactive protein, mg/L 72 (11, 170)
Peak HbA1c, mmol/mol 46.1 £ 189
Initial albumin, g/L 352+ 57
Timelines
Hospitalized 25 (93%)
Duration of admission, days 10 (4, 20)
Symptom onset to the primary outcome, days 69 (64, 74)
Diagnosis to the primary outcome, days 67 (62,72)

Control COVID-19 P-value
N=10 N =27

0 (0%) 0 (0%) 1.000
10 (100%) 26 (96%) 1.000
0 (0%) 2 (7%) 1.000
0 (0%) 2 (7%) 1.000
0 (0%) 0 (0%) 1.000
0 (0%) 2 (7%) 1.000
3 (30%) 11 (41%) 0.710
54454 127 +£72 0.006
143 £ 93 145+ 99 0.961
13+1.1 20+ 15 0.196
0 (0%) 3 (11%) 0.548
3 (30%) 8 (30%) 1.000
1(10%) 3 (11%) 1.000
0 (0%) 6 (22%) 0.162
0 (0%) 1 (4%) 1.000
0 (0%) 0 (0%) 1.000
143 £ 13 145 +£ 13 0.772
250 + 60 231+ 83 0.516
6.48 + 1.83 791 +£427 0314
191 £ 043 1.07 £ 0.55 0.001
195+ 78 5052 + 10 904 0.293
1070 £ — 754 + 309 0.325
— 5 (20%) —
4.0 (4.0,4.0) 5.0 (4.0, 57.0) 0.187
152 (97, 188) 327 (200, 1505) 0.018
2(1,5) 110 (58, 186) <0.001
49.5 £ 355 451 £ 111 0.572
405 £ 40 3324+50 0.002
— 25 (93%) —
—(— ) 10 (4, 20) —
—(——) 69 (64, 74) —
—(——) 67 (62, 72) —

Summaries are mean =+ SD, median (IQR), or N (%). P-values from t-test, Wilcoxon—Mann—Whitney test, or Fisher’s exact test. Abbreviations: SIMD, Scottish Index of Multiple
Deprivation; PCR, polymerase chain reaction; CCS, Canadian Cardiovascular Society; TIA, transient ischaemic attack; PCI, percutaneous coronary intervention; CABG,

coronary artery bypass graft; HbA1c, glycated haemoglobin test.

*Enrolment—during acute COVID-19 admission for COVID-19 group, and at attendance for screening to participate as a non-COVID-19 control for the control group.

prospectively included (Table 7). The control patients had received
hospital-based care either as inpatients or outpatients.

Multisystem phenotyping post-discharge
The clinical phenotyping was standardized to occur 28-60 days fol-
lowing discharge from the hospital. The median [interquartile range
(IQR)] time from the date of the initial SARS-CoV-2 positive PCR
result to this clinical research visit was 68 (61, 77) days. Multisystem
phenotyping, including blood biomarkers and cardiovascular and renal

magnetic resonance imaging with matched computed tomography
coronary and pulmonary angiography, is reported in Table 2. Com-
pared with controls, the circulating concentrations of intercellular
adhesion molecule 1 (ICAM-1), vascular cell adhesion molecule 1
(VCAM-1), peak C-reactive protein (CRP), and peak ferritin were
increased at enrolment. Von Willebrand activity, factor VIII levels,
and fibrinogen were increased in post-COVID-19 patients at en-
rolment, and factor VIII remained persistently high at 28-60 days
post-discharge (Table 2).
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Table 2 Multi-system phenotyping: serial electrocardiography, biomarkers of inflammation, metabolism, renal
function, haemostasis, and heart, lung, and kidney imaging at 28-60 days post-discharge

All Control COVID-19 P-value

Electrocardiogram
Myopericarditis criteria
Admission N =37 N=10 N =27

7 (19%) 0 (0%) 7 (26%) 0.155
Enrolment N =36 N =10 N =26

7 (19%) 0 (0%) 7 (27%) 0.155
28-60 days post-discharge N=35 N=10 N=25

2 (6%) 0 (0%) 2 (8%) 1.000
CT chest 28-60 days post-discharge

N =35 N=9 N =126
Ground glass opacity and/or consolidation 15 (43%) 0 (0%) 15 (58%) 0.004
Reticulation and/or architectural distortion 11 (31%) 0 (0%) 11 (42%) 0.033
Atelectasis 3 (9%) 0 (0%) 3 (12%) 0.553
Pulmonary arterial thrombus 1(3%) 0 (0%) 1(4%) 1.000
Visual estimate of % of total lung area abnormal 164 £+ 239 0.0 + 0.0 220 + 254 0.015
CT coronary angiogram 28—60 days post-discharge

N =235 N=9 N =126
Coronary calcium—Agatston score 52 + 102 16 £ 47 65+ 114 0.224
MESA percentile 63.9 £ 251 41.0 £- 65.5 £ 25.2 0.365
Obstructive coronary artery disease 4 (12%) 0 (0%) 4 (16%) 0.554
FFRcr patient-level (all coronary arteries) 28—60 days post-discharge

N =33 N=9 N =24
Median FFRcT 0.92 + 0.04 0.94 + 0.01 0.92 + 0.04 0.133
Minimum FFRcr < 0.8 11 (33%) 1(11%) 10 (42%) 0.212
Cardiac MRI 28-60 days post-discharge

N =34 N=9 N=25
LV end diastolic volume index, mL/m? 74.0 £+ 141 791 £ 142 722 £139 0.209
LV end systolic volume index, mL/m? 31.5+98 311 +£98 31.7 £10.0 0.891
LV ejection fraction, % 580+77 612+ 64 569 +79 0.153
LV mass, g 1034 £ 299 1248 +£ 255 95.7 £ 279 0.010
RV end diastolic volume index, mL/m? 733 £ 156 85.7 £ 104 68.6 £ 14.7 0.003
RV end systolic volume index, mL/m? 317 £82 343 £56 30.8 £89 0.285
RV ejection fraction, % 558 +£9.9 599 £ 5.6 543 £10.7 0.150
Myocardial tissue characterization

N =34 N=9 N =25
Increased global T1 (>1233 ms) 9 (26%) 2 (22%) 7 (28%) 1.000
Increased global T2 (>44 ms) 0 (0%) 0 (0%) 0 (0%) 1.000
T2 ratio (myocardium/serratus anterior muscle) 1.68 £0.22 1.64 £ 0.12 1.70 £ 0.25 0.561
Increased global extracellular volume (>27.4%) 15 (44%) 1(11%) 14 (56%) 0.047
Late gadolinium enhancement

N =235 N =10 N =125
Myocardial late gadolinium enhancement 3 (9%) 0 (0%) 3 (12%) 0.549
Ischaemic distribution 1(3%) 0 (0%) 1 (4%) 1.000
Non-ischaemic distribution 2 (6%) 0 (0%) 2 (8%) 1.000
Myocardial inflammation (Lake Louise criteria)
No evidence (0/2) 13 (37%) 10 (100%) 3 (12%) 0.001
Probable (1/2) 10 (29%) 0 (0%) 10 (40%)
Definite (2/2) 12 (34%) 0 (0%) 12 (48%)
Renal MRI

N =135 N=10 N =25
Average volume of right and left kidneys, mL 159 £ 35 173 £ 32 154 £ 35 0.141

Average cortex T1 of right and left kidneys, ms 1541 £ 71 1507 £ 68 1555 4+ 68 0.073
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Table 2 (Continued)

Control

COVID-19

P-value

Average medulla T1 of right and left kidneys, ms
Average T1 corticomedullary differentiation of kidneys

Biomarkers at enrolment, central laboratory

eGFR, mL/min/1.73 m?
C-reactive protein, mg/L
NT pro BNP, ng/L

Total bilirubin, wmol/L
Total cholesterol, mmol/L
Triglycerides, mmol/L
HDL cholesterol, mmol/L
ICAM-1, ng/mL
VCAM-1, ng/mL
Endothelin-1, pg/mL
IL-6, pg/mL

ST2, ng/mL

p-selectin, ng/mL
D-dimer; ng/mL
Fibrinogen, g/L

Factor VIII, IU/dL
Antithrombin, 1U/dL
Protein S

Protein C

VWEF: GP1bR

VWEF: Ag

1967 &+ 74
0.78 £ 0.03

N =36

95 (81, 102)
28 (1.1,58)

80 (45, 163)
5.4 (4.1,86)
530 + 134
268 + 1.77
111 £ 022
503 (419, 633)
858 (692, 1164)

1974 £ 70
0.76 £ 0.02

N=10

95 (91, 101)
14(09, 3.6)
65 (42, 81)
104 (8.5, 12.6)
493 +097
183 +£1.29
113 £ 021
410 (384, 444)
654 (636, 728)

Biomarkers at 28—60 days post-discharge, central laboratory (control group samples from enrolment visit)

eGFR, mL/min/1.73 m?
C-reactive protein, mg/L
NT proBNP, ng/L
D-dimer, ng/mL
ICAM-1, ng/mL
VCAM-1, ng/mL
Endothelin-1, pg/mL
IL-6, pg/mL

ST2, ng/mL

p-selectin, ng/mL
Prothrombin time, s
D-dimer; ng/mL
Fibrinogen, g/L

Factor VIII, IU/dL
Antithrombin, IU/dL
Protein S

Protein C

VWEF: GP1bR

VWEF: Ag

22(19,27) 28 (21,3.0)
39 (29,58) 32 (18, 4.6)
21.1 (170, 28.3) 20.0 (14.8, 24.0)
69 (53, 86) 46 (38, 62)

207 + 221 107 + 67

369 + 149 2.88 4 1.00
160 + 91 93 + 44

110 + 16 105 + 16

95.1 4 237 95.1 4302
130.1 £ 296 1129 £ 265
209 + 124 114 + 41

209 + 116 151 + 51

N =37 N =10

94 (80, 99) 95 (91, 101)

19 (11,33) 14 (09, 3.6)

80 (61, 115) 65 (42, 81)

137 + 103 107 + 67

419 (363, 503)
671 (643, 953)
2.3 (2.1,3.0)
2.4 (18, 4.4)
204 (14.9, 23.3)
59 (50, 82)
111 £ 09
137 £ 103
309 + 090
131+ 54

111 £17

974 + 224
120.7 + 243
123 + 48

153 % 60

410 (384, 444)
654 (636, 728)
2.86 (2.1,3.0)
32 (18, 46)
20.0 (14.8, 24.0)
46 (38, 62)
113+08

107 + 67

2.88 + 1.00

93 4 44

105 + 16

95.1 4 302
1129 + 265
114 £ 41

151 = 51

1964 + 77
0.79 £ 0.02

N =26

93 (81, 103)
32(13,67)
140 (73, 219)
49 (3.7, 64)
5.44 + 1.4
3014185
110 £ 022
582 (495, 685)
981 (823, 1254)
21(18,23)
46 (29, 6.4)
232 (18.2, 30.6)
70 (60, 86)
247 + 249
401 4+ 155
187 + 92
112+ 15

95.1 & 21.4
1369 + 284
248 + 126
233 + 127

N =27
92 (78, 97)

2.0 (14, 3.2)

84 (70, 183)
151 £ 115

450 (362, 555)
841 (652, 974)
23 (21,27
2.4 (1.8, 40)
204 (15.2, 23.1)
60 (52, 82)

110 £ 09

151 £ 115

319 4086
147 + 50

113 £17

984 + 188
124.1 + 23.0
127 4+ 50

154 + 64

0.891
0.120
0.068
0.003
0.317
0.074
0.659
<0.001
0.002
0.039
0.080
0.165
0.164
0.090
0.041
0.004
0.198
0.998
0.028
0.003
0.059

0.502
0.698
0.068
0.265
0.400
0.183
0.327
0.845
0.969
0.172
0.321
0.265
0.375
0.005
0.187
0.701
0.227
0.460
0.900

Summaries are mean £ SD, median (IQR), or N (%). P-values from t-test, Wilcoxon-Mann-Whitney test, or Fisher’s exact test. All P-values are two-sided. No adjustments

were made for multiple comparisons.

CMR, cardiovascular magnetic resonance; CT, computed tomography; eGFR, glomerular filtration rate; NT-proBNP, N-terminal pro-brain natriuretic peptide; eGFR (CKD-EPI),

estimated glomerular filtration rate using the chronic kidney disease epidemiology (CKD-EPI equation); LV, left ventricle; MESA, multi-ethnic study of atherosclerosis;

NT-proBNP, N-terminal pro-B-type natriuretic peptide; RV, right ventricle; T1, longitudinal relaxation time; T2, transverse relaxation time; vWF: Ag, von Willebrand factor

antigen.

*Categorical data are summarized as frequency and percentage and compared between groups using Fisher’s exact tests. Continuous data are summarized as mean and

standard deviation, or median, and interquartile range (IQR, defined as the upper and lower quartiles) and compared between groups using Kruskal-VWallis tests.
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Table 3 Health status, illness perception, anxiety and depression, and physical function

All Control COVID-19 P-value

Enrolment N =37 N =10 N =27
28-60 days post-discharge N =37 N=10 N =27
Health-related quality of Life, EQ-5D-5L
Heath utility ccore at enrolment 0.77 £ 0.25 0.85 £ 0.27 0.74 = 0.24 0.245
Heath utility score at 28-60 days post-discharge 0.77 = 0.28 0.85 £ 0.27 0.74 = 0.29 0.315
Your health today VAS at enrolment 68.19 £ 24.02 85.50 £ 7.98 61.78 £+ 24.88 0.006
Your health today VAS at 28-60 days post-discharge 75.54 £ 19.96 85.50 +7.98 71.85 £ 21.85 0.064
Brief illness perception questionnaire score
At enrolment 39.1+£124 329 £125 M4 +£117 0.062
At 28-60 days post-discharge 358+ 1438 329 £125 368 £ 157 0.483
Anxiety and depression, PHQ-4
Anxiety score at enrolment 1.58 £2.03 0.90 £ 1.91 1.85 £2.05 0.216
Anxiety score at 28-60 days post-discharge 1.62 + 224 0.90 £+ 1.91 1.89 4+ 233 0.238
Depression score at enrolment 2.03 + 2.08 0.80 £ 1.75 2.50 4+ 2.02 0.026
Depression score at 28-60 days post-discharge 151 £ 201 0.80 £ 1.75 178 £2.06 0.193
Total score at enrolment 3.61 +3.87 1.70 £+ 3.62 435+ 377 0.065
Total score at 28-60 days post-discharge 3.14 £ 413 1.70 £+ 3.62 3.67 +4.24 0.203
Physical function
IPAQ score at enrolment

Low 21 (62%) 2 (20%) 19 (79%) 0.002

Moderate 1(3%) 1 (10%) 0 (0%)

High 12 (35%) 7 (70%) 5(21%)
IPAQ score at 28—60 days post-discharge

Low 16 (47%) 2 (20%) 14 (58%) 0.026

Moderate 6 (18%) 1 (10%) 5(21%)

High 12 (35%) 7 (70%) 5(21%)
DASI score at enrolment 249 + 211 48.0 £ 15.7 16.0 £ 155 <0.001
DASI score at 28-60 days post-discharge 283 +20.8 480 £+ 157 211 +£17.6 0.001
VO, max estimated at enrolment, mL/(kg min) 20.3 £ 941 303+ 6.7 165+ 67 <0.001
VO, max estimated at 28-60 days post-discharge, mL/(kg min) 21.8 £ 89 303+ 6.7 18776 0.001

Summaries are mean =+ SD, median (IQR), or N (%). P-values from t-test, Wilcoxon—Mann-Whitney test, or Fisher’s exact test.

Convalescent health status

Health status, including health-related quality of life, physical func-
tion, and aerobic exercise capacity reflected by predicted VO,
max mL/(kg min), in post-COVID-19 patients compared to controls
(Table 3), was reduced at enrolment in-hospital, and these differences
persisted 28-60 days post-discharge. Half of the post-COVID-19
patients were referred to the respiratory outpatient clinic dur-
ing the first year post-discharge (Supplementary material online,
Table ST).

Human vascular pharmacology

The median (IQR) time from COVID-19 diagnosis based on a PCR-
positive result to the date of the gluteal biopsy was 160 (138,
212) days. Compared to contractile responses to U46619, the
thromboxane A2 agonist, in small arteries isolated from control
patients, the contractile responses in small arteries isolated from
post-COVID-19 patients were increased (P = 0.039) (Figure 1A).
SNP-induced vasorelaxation (endothelium-independent) was signifi-
cantly reduced relative to controls (P = 0.012) (Figure 1B). There
were no between-group differences in acetylcholine (ACh)-induced
vasorelaxation (endothelium-dependent) (P = 0.880) (Figure 1C) or

contractile responses to ET-1 (P = 0.631) (Figure 1D). A sensitivity
analysis excluding data from patients with a history of hypertension
was also performed. The CCRC responses to U46619 and SNP were
not altered when adjusting for controls vs. COVID-19 participants
with a history of hypertension (U46619 E..x including patients with
a history of hypertension: 102.1% vs. 127.9%, P = 0.012; U46619 E,..x
excluding patients with a history of hypertension: 106.8% vs. 134.5%,
P = 0.043; SNP E..x including patients with a history of hypertension:
72.1% vs.49.0%, P = 0.039; SNP E ..« excluding patients with a history
of hypertension: 74.3% vs. 47.4%, P = 0.043) (Supplementary material
online, Figure S2A, B). In subsequent studies, selective pre-treatment
of the small arteries with fasudil, a potent inhibitor of the Rho-
kinases ROCK1 and ROCK2, restored SNP-mediated vasodilatation
and U46619 hypercontractile response (Figure 1A, B). Fasudil did not
change SNP and U46619 responses in small arteries from control
patients (Supplementary material online, Figure S3A, B).

Histopathology and

immunohistochemistry
Aniline blue and picrosirius red stains were used to assess colla-
gen distribution within the small arteries (Supplementary material
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Figure | Vascular reactivity of gluteal biopsies-isolated small vessels from control and COVID-19 patients. Cumulative concentration—response
curves to (A) U46619 (a thromboxane A2 analogue) (control n = 8; COVID-19 n = 24) (P = 0.012) and (B) sodium nitroprusside (endothelium-
independent vasodilator) (control n = 8; COVID-19 n = 18) (P = 0.039) in the presence of fasudil (Rho-kinase inhibitor; 1 pmol/L; 30 min; n = 5-6).
Concentration—response curves to (C) acetylcholine (endothelium-dependent vasodilator) (control n = 4; COVID-19 n = 13) (P = 0.631) and (D)
ET-1 (control n = 6; COVID-19 n = 17) (P = 0.880) in small arteries isolated from gluteal biopsies derived from control and COVID-19 patients.
Relaxant responses were expressed as percentage of U46619-induced pre-constriction and contraction as percentage of KCI responses. Results

are expressed as mean £ SEM. * vs. control; # vs. COVID-19.

online, Figure S4A, B). The mean tissue proportion (Supplementary
material online, Figure S4A) of aniline blue stain uptake in COVID-
19 samples was 69.7% (95% Cl. 67.8-71.7), equating to a mean
difference of 4.9% (95% Cl: 0.7-9.0) compared with control sam-
ples, which was 64.9% (95% CI: 59.4-70.3) (P = 0.029). The
mean tissue proportion (Supplementary material online, Figure S4B)
of picrosirius red stain uptake in COVID-19 samples was 68.6%
(95% Cl: 64.4-72.8) with a mean difference of 8.5% (95% ClI: 1.0-
16.0) compared with 60.1% uptake in controls (95% Cl: 55.4-64.8)
(P =0.028).

Immunohistochemical analysis (Figure 2) was undertaken to inves-
tigate the downstream effects of Rho-kinase in this cohort, with
staining for phosphorylated myosin light chain (pMLC) antibodies
(Abcam ab2480). pMLC phosphorylation reflects enhanced sensitivity
towards Ca?* linking actin—myosin filaments for VSMC contraction.
Overall, much greater pMLC antibody positive tissue was observed
in the COVID-19 vessels at x40.0 magnification, using a total slide
tissue proportion threshold analysis technique, COVID-19 (40.1%;
95% Cl: 30.9-49.3; n = 21) vs. controls (10.0%; 95% ClI: 4.4-15.6;
n=9) P < 0.001. This mechanism for Rho-kinase inhibition, through
a reduction in MLC activity, corroborates the mediation of hypercon-
tractility and impaired vasodilation observed during wire myography
experiments.

Whole transcriptome analysis in intact

arteries

Proof-of-concept studies of gene expression spatial profiling in in-
tact arteries, involving two sample sets, one from a post-COVID-19
patient and one from a control with similar age, sex, and cardio-
vascular risk factors, were undertaken. The clinical characteristics of
whom are summarized as vignettes within the supplement. Three
paraffin-embedded vascular sections from each patient underwent
whole transcriptome analysis (Figure 3A). Gene pathways involving
extracellular matrix (ECM) regulation and ECM proteoglycans were
observed in the COVID-19 arteries (Supplementary material online,
Figure S5). Spatial deconvolution revealed enhanced infiltration of
fibroblasts and macrophages and depletion of natural killer cell pop-
ulations (Supplementary material online, Figure $S6). The DCN gene
responsible for decorin synthesis appeared upregulated in COVID-19
patients (Figure 3B). The matrix gla protein gene was upregulated,
which implicates alterations in calcium ion homeostasis and the ECM
(Supplementary material online, Figure S3B).

To evaluate the regulation of downstream effectors involved in
vascular homeostasis, further gene-specific analysis was undertaken,
including diacylglycerol (DAG), proteinase K (PKC) and PKC substrate,
myosin phosphatases, myosin light chain kinases endothelial nitric
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Figure 3 Summary of whole vascular transcriptomics analysis by technique: (A) Merthiolate-iodine-formaldehyde staining of paraffin-embedded
small artery sections, including three sections from a patient 3 months after COVID-19 compared with three sections from an age, sex, and
cardiovascular risk factor matched control; (B) volcano plot of gene expression from a patient post-COVID-19 compared with an age, sex, and
cardiovascular risk factor matched control; (C) gene expression of downstream effectors of vascular function in a patient following COVID-19
compared with an age, sex, and cardiovascular risk factor matched control. In addition to the displayed boxplot results, there were no differences
in gene expression between vessel sections for DAG1, MYL2, PPP1R12A, PPP1CA, NOS3, NOX1, NOX3, NOX4, NOX5, NOXO1, NOXA1,
DUOX1, DUOX2, ARG1, CYBA, NCF1, NFE2, NFE2L1, NFE2L2, NFE2L3, SOD1, SOD2, SOD3, GPX1, GPX4, GPX5, GPX6, GPX7, GPX8,
HMOX1, HMOX2, PRDX1, PRDX2, PRDX4, PRDX5, PRDX6, GUCY1B1, GCK, GCKR, PTS, PCBD2, PCBD1, GCHFR, and SPR. (D) Gene
ontology gene sequence expression analysis results organized by biological relevance in a patient following COVID-19 compared with an age, sex,
and cardiovascular risk factor matched SARS-CoV-2 serology-negative control patient.
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Figure 3 (Continued)

oxide synthase, and prostacyclin synthase (PTGIS; Figure 3C). The
bioinformatics case-control analysis revealed increases in myosin light
chain kinase expression (P = 0.032) and PTGIS (P = 0.008), and
trends towards a reduction in PKC (P = 0.100) and an increase in PKC
substrate (P = 0.09). Nuclear factor erythroid-2 like 1 (NFE2L1) and
glutathione peroxidase 3, which regulate oxidative stress and inflam-
matory responses, were upregulated following COVID-19 (P < 0.001
and P = 0.010, respectively). In addition, gene ontology gene sequence
expression analysis revealed evidence of upregulated viral replication
mechanisms, platelet activation, connective tissue organization, and
tissue morphogenesis (Figure 3D).

Discussion

This study has provided novel insights into the vascular mechanisms
of COVID-19 in convalescent hospitalized patients with persisting
symptoms and impaired aerobic exercise capacity. We took care
to match control patients with cardiovascular risk factors and co-
morbidity to adjust for disease processes associated with impaired
vascular function.

In laboratory studies, compared with controls, small peripheral
arteries isolated from post-COVID-19 patients exhibited enhanced
vasoconstriction and impaired endothelium-independent vasodilation
restored in the presence of fasudil. A case-control experiment also
observed changes in VSMC Ca?* homeostasis and Rho-kinase acti-
vation. There were no differences in endothelial function between

patients recovering from post-COVID-19 and control patients. This
finding is likely to be explained by the high prevalence of cardio-
vascular risk factors in the control group and the lack of ACE2
expression on endothelial cells.'’?>2* By contrast, VSMCs exhibit
basal expression of ACE2 implicating direct viral involvement with the
VSMC membrane.?> Biomarkers of vascular inflammation including
ET-1, ICAM-1, and VCAM-1 with factor VIII, protein C, and vVWF
activity were increased at enrolment, although returned to compa-
rable levels with controls within 60 days of discharge from hospital,
suggesting that persistent acute inflammation is not responsible for
post-COVID-19. Our findings, therefore, suggest a post-inflammatory
syndrome including fibrosis, inappropriate Rho-kinase activation, and
direct viral invasion with resultant VSMC damage as mechanisms
for an endothelial-independent post-COVID-19 vascular dysfunction.
Rho-kinase inhibition appears to be a novel target for improving vascu-
lar function in patients with cardiovascular symptoms after COVID-19
(long COVID).

The impairment in vasorelaxation to SNP, a direct NO donor, and
enhanced vasoconstriction induced by U46619 (a thromboxane A2
analogue), implicate abnormalities in the VSMC located within the
tunica media.?® Calcium ions are second messengers in mammalian
cells and participate in the regulation of vascular tone. An increase in
cytosolic Ca®* stimulates VSMC contraction.?’

Our findings extend those of Gustafson et al, who observed
endothelial dysfunction during the acute phase of COVID-19 sim-
ilar to disease-matched control patients.® In our primary cohort,
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Figure 3 (Continued)

involving 159 hospitalized patients, circulating concentrations of
ICAM-1, VCAM-1, and factor VIIl remained elevated at 28-60 days,
whereas overall, CRP and ferritin were not.* In the cohort described
in this study, factor VIII remained increased, reflecting endothelial
activation?’ persisting after the resolution of the acute illness, and
impairments in physical function and aerobic exercise capacity in
patients following COVID-19 were reported in keeping with post-
COVID-19 conditions. ICAM-1, VCAM-1, and altered proteoglycan
barrier function cause increased endothelial permeability facilitating
macrophage recruitment into the vascular wall, 33" reflecting the
profibrotic effects of vascular inflammation®? observed in our study
(Supplementary material online, Figure S4A, B). Novel histopatholog-
ical evidence of vascular collagen deposition in our post-COVID-19
patients and whole transcriptome upregulation of extracellular mem-
brane gene pathways implicate vascular fibrosis and VSMC dysfunction
as the mechanisms of persisting cardiovascular symptoms and im-
paired aerobic capacity in post-COVID-19 conditions. Furthermore,
the increase in pMLC, reflecting enhanced Ca?* sensitivity in VSMC
from post-COVID-19 patients, supports the results of the wire
myography experiments and related conclusion that VSMC dysfunc-
tion is implicated following COVID-19. The downstream observation

positive regulation‘ol peptidase activity

regulation of endopeptidase activity

positive regulation of e?dcpeptidase activity

emry"nto host

of increased pMLC is also in keeping with increased Rho-kinase
activity and complements the amelioration of inappropriate vaso-
constriction and impaired vasodilation by the Rho-kinase inhibitor,
fasudil.

Prior studies have evidenced impaired endothelium-dependent
flow-mediated dilation,?® but a control group was lacking. Other
studies have focused on the role of Rho-kinase in mediating en-
dothelial cell glycocalyx disruption in acute COVID-19%* (but not
post-COVID-19 conditions), and molecular therapies that preserve
endothelial cell connections may be beneficial in acute COVID-
19.35 Our study examined vascular mechanisms in patients with
post-COVID-19 conditions vs. controls matched for age, sex, and
cardiovascular morbidity. The objective was to identify tractable
targets for therapy development towards improving cardiovascular
symptoms in future clinical trials. This mechanistic study was not de-
signed or powered to provide correlations between vascular function
and clinical disease markers. Convalescent patients post-COVID-19
had multisystem evidence of cardiovascular involvement and impaired
aerobic exercise capacity, compared with matched controls. To the
best of our knowledge, our study is the first to perform invasive
biopsies in patients with post-COVID-19 conditions to examine

202 Joqwiadaq 8| uo 1sanb Aq 6GZ601 /1 LE//6/I01E/dAS[Ya/WwO0d"dNO"d1WapED.//:SA)Y WOy PAPEOJUMOQ



Vascular mechanisms of post-COVID-19 conditions

383

the mechanisms of vascular dysfunction using intact human arteries.
The inclusion of carefully selected controls enabled a case-control
design to discriminate pathways that are distinctly associated with
COVID-19, as opposed to vascular risk factors. Flow-mediation di-
lation experiments incorporating brachial artery occlusion release
have also been described in post-COVID-19 patients.?*~3® However,
brachial artery flow-mediated dilatation has some technical limita-
tions, and non-endothelial-dependent pathways are difficult to assess
in vivo.3 Our study adds novel laboratory mechanistic data implicating
vascular fibrosis, VSMC dysfunction, and Rho-kinase pathway activa-
tion in the cardiovascular contribution to post-COVID-19 conditions.

Physiological Rho-kinase agonists mediate vascular inflammation,
which include cell-adhesion molecules, ET-1, platelet-derived growth
factor, sphingosine-1-phosphate, shear, and mechanical stress. %4’
Interestingly, patients with Bartter’s or Gitelman’s syndrome have
increased ACE2 and blunted Rho-kinase responses, and these patients
appear to have an innate resistance to SARS-CoV-2 infection.*243

Rho-kinase signalling is implicated in abnormal vasomotor tone.
Nitric oxide dilates resistance arteries by activating the myosin light
chain phosphatase (MLCP) in a cGMP-dependent manner, thereby
reducing the apparent Ca’* sensitivity of the contractile appara-
tus. MLCP inactivation via the RhoA/Rho-kinase pathway antagonizes
this Ca’"-desensitizing effect that, in turn, can be restored us-
ing RhoA/Rho-kinase inhibitors.*> In our study, pre-treatment of
small arteries with fasudil restored SNP-mediated vasodilatation.
The endothelium in small resistance arteries induces relaxation
via NO production and via the production of additional factors,
including endothelium-derived hyperpolarizing factor and prosta-
cyclin. In our post-COVID-19 case-control design, we observed
impaired SNP-mediated vasodilation post-COVID-19 but no alter-
ation in ACh-induced vasorelaxation when compared to matched
controls with a similar extent of cardiovascular disease during wire
myography cumulative concentration—response experiments. In pa-
tients with post-COVID-19 conditions, we demonstrate that NO
signalling in VSMCs (independent of endothelial cells) and VSMC-
mediated vasorelaxation is deficient, since SNP is a NO donor.
On the other hand, endothelium-dependent pathways, including
prostacyclin, may be preserved, and we did observe upregulation of
prostacyclin synthase in VSMC transcriptomics. The post-COVID-19
arteries were both hypercontractile and less responsive to NO-
induced relaxation; these effects were ameliorated by treatment with
fasudil.

The case-control design is a strength of our study. The pre-specified
matching of controls with similar age, sex, and cardiovascular risk
factors and disease explains why small artery endothelial function was
similar in the post-COVID-19 patients and controls. Specifically, the
eligibility criteria for controls required a history of cardiovascular risk
factors, in addition to careful age and sex matching and non-COVID-
19 morbidity. The presence and extent of left ventricular hypertrophy
and coronary artery disease revealed by MRI and CT coronary an-
giography, respectively, were similar in the controls compared to the
patients (Table 2). Based on the objective measurements of cardio-
vascular disease in the controls, evidence of endothelial dysfunction
would be expected.

Spatial transcriptomics provided insights into the mechanisms of
post-COVID-19 small artery dysfunction. The transcriptomics was
intended to spatially probe gene expression pathways implicated in
vascular function, and given the findings from small artery myography,
we specifically probed endothelial-independent VSMC pathways. Al-
though we did not observe any changes in oxidative stress-associated
genes at this stage, we did observe alterations in the VSMC myosin
phosphatase pathway and a trend towards alterations in PKC, and
these pathways are known to regulate vascular tone. These proof-
of-concept findings merit further investigation in a larger number of
patients.
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Limitations

Although the sample size is modest, to the best of our knowledge,
it is larger than previous mechanistic human studies. This study was
designed to have sufficient statistical power to identify or exclude
a difference in maximum small artery contraction between patients
previously hospitalized with COVID-19 and cardiovascular risk factor
matched controls. Further studies are warranted to validate the rela-
tionship between vascular dysfunction following COVID-19 and the
development of post-COVID-19 conditions. Since our patients were
unvaccinated, the results are most relevant to unvaccinated individuals.
The intracellular mechanisms of alterations in SNP-mediated vasore-
laxation merit further study. The data using spatial transcriptomics
and VSMC are exploratory, and future studies would be required to
validate our findings.

Conclusion

In summary, compared to controls, vascular fibrosis is enhanced in
small arteries from patients with post-COVID-19 conditions. These
arteries are hypercontractile and exhibit impaired non-endothelial-
dependent vasorelaxation, and these responses improve following
treatment with fasudil, implicating Rho-kinase activation as a thera-
peutic target.

Rho-kinase inhibitors are indicated treatments for cerebral va-
sospasm and glaucoma,'®* and have emerging potential for use in
other vascular conditions (e.g. erectile dysfunction, migraine)*’*® and
chronic airway disease.*” Our novel findings suggest that RhoA/Rho-
kinase signalling is a therapeutic target in patients with cardiovascular
symptoms post-COVID-19. Given that Rho-kinase inhibitors are clin-
ically available but not licensed for use in post-COVID-19 conditions,
randomized, controlled trials seem warranted.

Supplementary material

Supplementary material is available at European Heart Journal—
Cardiovascular Pharmacotherapy online.

Acknowledgements

We thank the staff and patients supporting this study and the Chief
Scientist Office of the Scottish Government for financial support.
We thank the CISCO-19 Study Management Group (Mrs Ammani
Brown, Mrs Chloe Cowan, Dr Lindsay Gillespie, Ms Sharon Kean, Mr
Jurgen Van-Melckebeke, Dr Kim Moran-Jones, Dr Debra Stuart, and
Dr Maureen Travers) for their contributions towards the delivery of
this study. For the delivery of immunohistochemistry and histology
technical services, we are most grateful to Lynn Stevenson, Frazer Bell,
Lynn Oxford, and Jessica Lee. Histology Research Service, School of
Biodiversity, One Health & Veterinary, University of Glasgow.

Funding

Professor C.B. is supported by research funding from the British Heart
Foundation (PG/17/2532884, RE/13/5/30177, and RE/18/6/34217) and
Medical Research Council (UKRI/MRC MR/S018905/1). Professor R.M.T.
is supported by research funding from the British Heart Foundation
(CH/M2/29762, RE/13/5/30177, and 18/6/34217), and Dr A.C.M. is sup-
ported through a Walton Foundation fellowship, University of Glasgow.
Dr K.M. is supported by research funding from the Chief Scientist Office
(COV/LTE/20/10 and COV/GLA/20/05), Tenovus Scotland (520-08), and
Wellcome Trust ISSF COVID response fund. Dr A.M. is supported by
research funding from the Medical Research Council (MR/S018905/1). Mr

202 Joqwiadaq 8| uo 1sanb Aq 6GZ601 /1 LE//6/I01E/dAS[Ya/WwO0d"dNO"d1WapED.//:SA)Y WOy PAPEOJUMOQ


https://academic.oup.com/ehjcvp/article-lookup/doi/10.1093/ehjcvp/pvad025#supplementary-data

384

R.A. Sykes et al.

N.B.J. is supported by Cancer Research UK Clinician Scientist research
funding (C55370/A25813).

Conflict of Interest: Professor C.B. is employed by the Univer-
sity of Glasgow, which holds consultancy and research agreements
for his work with companies with commercial interests in diag-
nosing and treating angina. The companies include Abbott Vascular,
AstraZeneca, Boehringer Ingelheim, GSK, HeartFlow, Menarini, No-
vartis, and Siemens Healthcare. The other authors do not have any
potential conflicts of interest.

Author contribution

Dr R.AS,, Dr K.B.N,, Dr CW, Mr N.B.,, and Professor C.B. drafted
the manuscript. Professor C.B. designed and led the project and se-
cured funding. Professor R.M.T. secured funding, provided supervision,
and reviewed the manuscript. Dr K.M. secured funding, contributed
practically, and reviewed the manuscript. All remaining authors con-
tributed to tissue collection or completion of vessel extraction and
myography, vascular smooth muscle cell experiments, whole tran-
scriptome analysis, or statistical analysis.

The CISCO-19 Investigators
Chief Investigator: Colin Berry BSc/MBChB/PhD.

Grant applicants

Kenneth Mangion MD/PhD, Catherine Bagot MBBS/MD, Colin
Church MBChB/PhD, Christian Delles MD, Antonia Ho MBChB/PhD,
David . Lowe MBChB/MD, Alex McConnachie PhD, Giles Roditi
MBChB, Rhian M. Touyz MD/PhD, Naveed Sattar MBChB/PhD,
Ryan Wereski MBChB, Sylvia Wright MBChB, and Colin Berry
BSc/MBChB/PhD.

Site investigators
Queen Elizabeth University Hospital.

Kenneth Mangion MBChB/PhD, Pauline Hall Barrientos PhD,
Kevin G. Blyth MBChB/PhD, Michael Briscoe MBChB, Colin Church
MBChB/PhD, Christian Delles MBChB/PhD, Stephen Dobbin MBChB,
Keith Gillis MBChB/PhD, Antonia Ho MBChB/PhD, Anna Kamdar
BMedSci, David J. Lowe MBChB/MD, Kaitlin J. Mayne MBChB, Patrick
B. Mark MBChB/PhD, Christopher McGinley MBChB, Connor McKee
BMedSci/MBChB, Andrew Morrow MBChB, Oliver Peck MBChB,
Alastair ]. Rankin BSc/MBChB, Giles Roditi MBChB, Claire Rooney
MBChB/PhD, Sarah A. Spiers PhD, David Stobo MBChB, Robert Sykes
MBChB/BMedSci, Ryan Wereski MBChB, Sylvia Wright MBChB/PhD,
and Colin Berry BSc/MBChB/PhD.

Royal Alexandra Hospital
Lynn Abel BN and Douglas Grieve MBChB/PhD.

Glasgow Royal Infirmary

Catherine Bagot MBBS/MD, Hannah Bayes MBChB/PhD, Jaclyn Car-
berry MBChB/BMedSci, Daniel Doherty MBChB, lan Fergus BSc,
Vivienne B. Gibson PhD, Fraser Goldie MBChB, Laura Knox MBChB,
Giles Roditi MBChB, Katherine Scott MBChB, David Stobo MBChB,
Varun Sharma MBChB, and Robert Sykes MBChB/BMedSci.

Glasgow Clinical Research Facility and

Study Management Group
Ammani Brown BN, Andrew Dougherty BN, Kirsty Fallon BN, and
Lesley Gilmour BN.

Chloe Cowan BN, Lynsey Gillespie PhD, Sharon Kean, Jurgen
Van-Melckebeke BSc, Kim Moran-Jones PhD, Debra Stuart PhD, and
Maureen Travers PhD.

Glasgow Clinical Research Imaging
Facility, Institute of Clinical Excellence,

Queen Elizabeth University Hospital

Tracey Hopkins DCR/BSc(Hons)/PGd, Laura Dymock BSc(Hons),
Evonne MclLennan BSc(Hons)/PGc, Rosemary Woodward BSc/PGe,
Fiona Savage BSc(Hons)/PGc, and Nicola Tynan BSc(Hons)/PGc.

Radiology, NHS Greater Glasgow and

Clyde Health Board

Sau Lee Chang MBChB, Mhairi Dupre MBChB, Lindsey Norton
MBChB, Liam Peng MBChB, Giles Roditi MBChB, and David Stobo
MBChB.

Laboratory Medicine and Biorepository,
NHS Greater Glasgow and Clyde Health

Board
Clare Orange BSc and Rory Gunson PhD.

Medical Physics, NHS Greater Glasgow
and Clyde

Sarah Allwood-Spiers PhD, George Bruce BSc, Rosario Gonzalez-
Lopez PhD, Pauline Hall Barrientos PhD, and Rebecca Stace BSc.

University of Glasgow
School of Cardiovascular and Metabolic Health

Colin Berry MBChB/PhD, Elaine Butler BSc, Christian Delles
MBChB/PhD, Jennifer S Lees MBChB/PhD, Kenneth Mangion
MD/PhD, Patrick Mark MBChB/PhD, Andrew Morrow MBChB,
Naveed Sattar MBChB/PhD, Robert Sykes MBChB/BMedSci, Rhian M.
Touyz MD/PhD, and Paul Welsh PhD.

Institute of Infection, Immunity and

Inflammation

MRC Centre for Virology Research
Antonia Ho MBChB/PhD and Massimo Palmarini PhD.

Institute of Health and Wellbeing
Robertson Centre for Biostatistics

John G.F. Cleland MBChB/PhD, Sharon Kean, Bernard Kelly BSc,
Alex McConnachie PhD, Alasdair Mclntosh PhD, Dionne Russell BSc,
and Sarah Weeden PhD.

Electrocardiology Core Laboratory
Peter W. Macfarlane DSc, Louise Inglis BSc(Hons), Jean Watt, Kathryn
McLaren, and Shahid Latif MAppSci (now deceased).

Departments of Mathematics and

Statistics
Nick Hill PhD, Dirk Husmeier PhD, and Xiaoyu Luo PhD.

202 Joqwiadaq 8| uo 1sanb Aq 6GZ601 /1 LE//6/I01E/dAS[Ya/WwO0d"dNO"d1WapED.//:SA)Y WOy PAPEOJUMOQ



Vascular mechanisms of post-COVID-19 conditions

385

National Institutes of Health
Peter Kellman PhD and Hui Xue PhD.

HeartFlow
Amy Collinsworth MS, Sarah Mullen MBT, and Campbell Rogers MD.

Clinical Event Committee
Heerajnarain Bulluck MBChB/PhD, David Carrick MBChB/PhD, David
Corcoran MBChB/PhD, lain Findlay MBChB/MD, Ninian N. Lang,
MBChB/PhD, Vera Lennie MBChB, Ross McGeoch MD, Sabrina
Nordin MBChB/PhD, Alexander Payne MBChB, Nicola Ryan MBBCh,
Gruschen Veldtman MBChB/PhD, Robin P. Weir MBChB/PhD, and
Stuart Watkins MBChB/MD.

Coordinators—Andrew Morrow MBChB and Robert Sykes
MBChB/BMedSci.

Steering Commiittee

College of Medical, Veterinary and Life Sciences, University of
Glasgow—Neil Basu MD/PhD, lain McIlnnes MBChB/PhD, and Stefan
Siebert MD/PhD.

Data availability
All data are incorporated into the article and its online supplementary
material.

References
1. Global Burden of Disease Long COVID Collaborators; Wulf Hanson S, Abbafati C,
Aerts |G, Al-Aly Z, Ashbaugh C, Ballouz T, Blyuss O, Bobkova P, Bonsel G, Borzakova
S, Buonsenso D, Butnaru D, Carter A, Chu H, De Rose C, Diab MM, Ekbom E, El
Tantawi M, Fomin V, Frithiof R, Gamirova A, Glybochko PV, Haagsma JA, Haghjooy
Javanmard S, Hamilton EB, Harris G, Heijenbrok-Kal MH, Helbok R, Hellemons
ME, Hillus D, Huijts SM, Hultstrém M, Jassat W, Kurth F, Larsson IM, Lipcsey M,
Liu C, Loflin CD, Malinovschi A, Mao W, Mazankova L, McCulloch D, Menges D,
Mohammadifard N, Munblit D, Nekliudov NA, Ogbuoji O, Osmanov IM, Pefalvo JL,
Petersen MS, Puhan MA, Rahman M, Rass V, Reinig N, Ribbers GM, Ricchiuto A,
Rubertsson S, Samitova E, Sarrafzadegan N, Shikhaleva A, Simpson KE, Sinatti D,
Soriano JB, Spiridonova E, Steinbeis F, Svistunov AA, Valentini P, van de Water BJ,
van den Berg-Emons R, Wallin E, Witzenrath M, Wu Y, Xu H, Zoller T, Adolph C,
Albright J, Amlag JO, Aravkin AY, Bang-Jensen BL, Bisignano C, Castellano R, Castro
E, Chakrabarti S, Collins JK, Dai X, Daoud F, Dapper C, Deen A, Duncan BB, Erickson
M, Ewald SB, Ferrari A, Flaxman AD, Fullman N, Gamkrelidze A, Giles JR, Guo G, Hay
SI, He J, Helak M, Hulland EN, Kereselidze M, Krohn K], Lazzar-Atwood A, Lindstrom
A, Lozano R, Malta DC, Mansson ), Mantilla Herrera AM, Mokdad AH, Monasta L,
Nomura S, Pasovic M, Pigott DM, Reiner RC, Jr, Reinke G, Ribeiro ALP, Santomauro
DF, Sholokhov A, Spurlock EE, Walcott R, Walker A, Wiysonge CS, Zheng P, Bettger
JP, Murray CJL, Vos T. Estimated Global proportions of individuals with persistent
fatigue, cognitive, and respiratory symptom clusters following symptomatic COVID-
19 in 2020 and 2021. JAMA 2022;328:1604-1615.

. Petersen EL, GoBling A, Adam G, Aepfelbacher M, Behrendt CA, Cavus E, Cheng B,
Fischer N, Gallinat J, Kiihn S, Gerloff C, Koch-Gromus U, Harter M, Hanning U, Huber
TB, Kluge S, Knobloch JK, Kuta P, Schmidt-Lauber C, Liitgehetmann M, Magnussen
C, Mayer C, Muellerleile K, Miinch J, Nagele FL, Petersen M, Renné T, Riedl KA,
Rimmele DL, Schéfer |, Schulz H, Tahir E, Waschki B, Wenzel |P, Zeller T, Ziegler
A, Thomalla G, Twerenbold R, Blankenberg S. Multi-organ assessment in mainly non-
hospitalized individuals after SARS-CoV-2 infection: the Hamburg City Health Study
COVID programme. Eur Heart | 2022;43:1124-1137.

. Daugherty SE, Guo Y, Heath K, Dasmarifias MC, Jubilo KG, Samranvedhya , Lipsitch
M, Cohen K. Risk of clinical sequelae after the acute phase of SARS-CoV-2 infection:
retrospective cohort study. BMJ 2021:n1098.

4. Morrow AJ, Sykes R, McIntosh A, Kamdar A, Bagot C, Bayes HK, Blyth KG, Briscoe
M, Bulluck H, Carrick D, Church C, Corcoran D, Findlay I, Gibson VB, Gillespie L,
Grieve D, Hall Barrientos P, Ho A, Lang NN, Lennie V, Lowe D), Macfarlane PWV,
Mark PB, Mayne K], McConnachie A, McGeoch R, McGinley C, McKee C, Nordin S,
Payne A, Rankin AJ, Robertson KE, Roditi G, Ryan N, Sattar N, Allwood-Spiers S,
Stobo D, Touyz RM, Veldtman G, Watkins S, Weeden S, Weir RA, Welsh P, Wereski
R,CISCO-19 Consortium,Basu N, Brown A, Butler E, Dobbin SJH, Dougherty A,
Dymock L, Fallon K, Gilmour L, Hopkins T, Lees ]S, Mclnnes IB, McLennan E, Savage
F, Siebert S, Tynan N, Woodward R, Mangion K, Berry C. A multisystem, cardio-renal
investigation of post-COVID-19 illness. Nat Med 2022;28:1303-1313.

N

w

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

. Pérez-Gonzalez A, Aratjo-Ameijeiras A, Fernandez-Villar A, Crespo M, Poveda E.

Long COVID in hospitalized and non-hospitalized patients in a large cohort in
Northwest Spain, a prospective cohort study. Sci Rep 2022;12:3369.

. Libby P, Luscher T. COVID-19 is, in the end, an endothelial disease. Eur Heart |

2020;41:3038-3044.

. Rousseau AF, Minguet P, Colson C, Kellens |, Chaabane S, Delanaye P, Cavalier

E, Chase JG, Lambermont B, Misset B. Post-intensive care syndrome after a crit-
ical COVID-19: cohort study from a Belgian follow-up clinic. Ann Intensive Care.
2021;11:118.

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

Schiergens TS, Herrler G, Wu NH, Nitsche A, Miller MA, Drosten C, Péhimann
S. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is Blocked by a
Clinically Proven Protease Inhibitor. Cell 2020;181:271-280.e8.

. Hamming |, Timens W, Bulthuis MLC, Lely AT, Navis GJ, van Goor H. Tissue distri-

bution of ACE2 protein, the functional receptor for SARS coronavirus. A first step in
understanding SARS pathogenesis. | Pathol 2004;203:631-637.

Panigrahi S, Goswami T, Ferrari B, Antonelli CJ, Bazdar DA, Gilmore H, Freeman
ML, Lederman MM, Sieg SF. SARS-CoV-2 spike protein destabilizes microvascular
homeostasis. Microbiol Spectr 2021;9:¢0073521. doi: 10.1128/Spectrum.00735-21.
Wagner JUG, Bojkova D, Shumliakivska M, Luxan G, Nicin L, Aslan GS, Milting H,
Kandler D, Dendorfer A, Heumueller AW, Fleming |, Bibli S, Jakobi T, Dieterich
C, Zeiher AM, Ciesek S, Cinatl |, Dimmeler S. Increased susceptibility of human
endothelial cells to infections by SARS-CoV-2 variants. Basic Res Cardiol 2021;116:42.
doi: 10.1007/500395-021-00882-8.

Lei Y, Zhang ], Schiavon CR, He M, Chen L, Shen H, Zhang Y, Yin Q, Cho Y, Andrade
L, Shadel GS, Hepokoski M, Lei T, Wang H, Zhang }, Yuan JX], Malhotra A, Manor U,
Wang S, Yuan ZY, Shyy JY]. SARS-CoV-2 spike protein impairs endothelial function
via downregulation of ACE 2. Circ Res 2021;128:1323-1326.

Fogarty H, Townsend L, Morrin H, Ahmad A, Comerford C, Karampini E, Englert
H, Byrne M, Bergin C, O’Sullivan JM, Martin-Loeches |, Nadarajan P, Bannan C,
Mallon PW, Curley GF, Preston R|S, Rehill AM, McGonagle D, Ni Cheallaigh C,
Baker RI, Renné T, Ward SE, O’Donnell JS; Irish COVID-19 Vasculopathy Study
(ICVS) investigators. Persistent endotheliopathy in the pathogenesis of long COVID
syndrome. | Thromb Haemost 2021;19:2546-2553.

Stockton RA, Shenkar R, Awad IA, Ginsberg MH. Cerebral cavernous malformations
proteins inhibit Rho kinase to stabilize vascular integrity. | Exp Med 2010;207:881—
896.

Sato M, Tani E, Fujikawa H, Kaibuchi K. Involvement of Rho-kinase-mediated phos-
phorylation of myosin light chain in enhancement of cerebral vasospasm. Circ Res
2000;87:195-200.

Naik M, Kapur M, Gupta V, Sethi H, Srivastava K. Ripasudil endgame: role of Rho-
kinase inhibitor as a last-ditch-stand towards maximally tolerated medical therapy to
a patient of advanced glaucoma. Clin Ophthalmol 2021;15:2683-2692.

Sonkar C, Doharey PK, Rathore AS, Singh V, Kashyap D, Sahoo AK, Mittal N, Sharma
B, Jha HC. Repurposing of gastric cancer drugs against COVID-19. Comput Biol Med
2021;137:104826.

Calo LA, Bertoldi G, Davis PA. Rho kinase inhibitors for SARS-CoV-2 induced acute
respiratory distress syndrome: support from Bartter’s and Gitelman’s syndrome
patients. Pharmacol Res 2020;158:104903.

Abedi F, Rezaee R, Karimi G. Plausibility of therapeutic effects of Rho kinase inhibitors
against severe acute respiratory syndrome coronavirus 2 (COVID-19). Pharmacol Res
2020;156:104808.

Mangion K, Morrow A, Bagot C, Bayes H, Blyth KG, Church C, Corcoran D, Delles
C, Gillespie L, Grieve D, Ho A, Kean S, Lang NN, Lennie V, Lowe DJ, Kellman P,
Macfarlane PW, McConnachie A, Roditi G, Sykes R, Touyz RM, Sattar N, Wereski R,
Wright S, Berry C. The Chief Scientist Office Cardiovascular and Pulmonary Imaging
in SARS Coronavirus Disease-19 (CISCO-19) study. Cardiovasc Res 2020;116:2185—
2196.

Alves-Lopes R, Neves KB, Anagnostopoulou A, Rios FJ, Lacchini S, Montezano AC,
Touyz RM. Crosstalk between vascular redox and calcium signaling in hypertension
involves TRPM2 (Transient Receptor Potential Melastatin 2) cation channel. Hyper-
tension 2020;75:139-149.

Ford TJ, Rocchiccioli P, Good R, McEntegart M, Eteiba H, Watkins S, Shaukat A,
Lindsay M, Robertson K, Hood S, Yii E, Sidik N, Harvey A, Montezano AC, Beattie E,
Haddow L, Oldroyd KG, Touyz RM, Berry C. Systemic microvascular dysfunction in
microvascular and vasospastic angina. Eur Heart | 2018;39:4086—4097.

Ma Z, Li X, Fan RLY, Yang KY, Ng CSH, Lau RWH, Wong RHL, Ng KK, Wang CC, Ye
P, Fu Z, Chin AWH, Lai MYA, Huang Y, Tian XY, Poon LLM, Lui KO. A human pluripo-
tent stem cell-based model of SARS-CoV-2 infection reveals an ACE2-independent
inflammatory activation of vascular endothelial cells through TLR4. Stem Cell Reports
2022;17:538-555.

McCracken IR, Saginc G, He L, Huseynov A, Daniels A, Fletcher S, Peghaire C, Kalna
V, Andaloussi-Mae M, Muhl L, Craig NM, Griffiths SJ, Haas JG, Tait-Burkard C, Lendahl
U, Birdsey GM, Betsholtz C, Noseda M, Baker AH, Randi AM. Lack of evidence of
angiotensin-converting enzyme 2 expression and replicative infection by SARS-CoV-2
in human endothelial cells. Circulation 2021;143:865-868.

202 Joqwiadaq 8| uo 1sanb Aq 6GZ601 /1 LE//6/I01E/dAS[Ya/WwO0d"dNO"d1WapED.//:SA)Y WOy PAPEOJUMOQ



386

R.A. Sykes et al.

25.

26.

27.

28.

29.

30.

31.

32
33.

34.

35.

36.

Muhl L, He L, Sun Y, Mde MA, Pietild R, Liu J, Genové G, Zhang L, Xie Y, Leptidis S,
Mocci G, Stritt S, Osman A, Anisimov A, Hemanthakumar KA, Rasanen M, Hansson
EM, Bjorkegren ], Vanlandewijck M, Blomgren K, Makinen T, Peng XR, Hu Y, Ernfors
P, Arnold TD, Alitalo K, Lendahl U, Betsholtz C. The SARS-CoV-2 receptor ACE2
is expressed in mouse pericytes but not endothelial cells: implications for COVID-19
vascular research. Stem Cell Reports 2022;17:1089-1104.

Nandadeva D, Young BE, Stephens BY, Grotle AK, Skow RJ, Middleton AJ, Haseltine
FP, Fadel P). Blunted peripheral but not cerebral vasodilator function in young other-
wise healthy adults with persistent symptoms following COVID-19. Am | Physiol Heart
Circ Physiol 2021;321:H479-H484.

Touyz RM, Alves-Lopes R, Rios FJ, Camargo LL, Anagnostopoulou A, Arner A,
Montezano AC. Vascular smooth muscle contraction in hypertension. Cardiovasc Res
2018;114:529-539.

Gustafson D, Ngai M, Wu R, Hou H, Schoffel AC, Erice C, Mandla S, Billia F, Wilson
MD, Radisic M, Fan E, Trahtemberg U, Baker A, McIntosh C, Fan CPS, dos Santos
CC, Kain KC, Hanneman K, Thavendiranathan P, Fish JE, Howe KL. Cardiovascular
signatures of COVID-19 predict mortality and identify barrier stabilizing therapies.
eBioMedicine 2022;78:103982.

Bloom AL. The biosynthesis of factor VIII. Clin Haematol 1979;8:53-77.

Videm V, Albrigtsen M. Soluble ICAM-1 and VCAM-1 as markers of endothelial
activation. Scand | Immunol 2008;67:523-531.

Schétt U, Solomon C, Fries D, Bentzer P. The endothelial glycocalyx and its disrup-
tion, protection and regeneration: a narrative review. Scand | Trauma Resusc Emerg
Med 2016;24:48.

Wynn TA. Cellular and molecular mechanisms of fibrosis. | Pathol 2008;214:199-210.
Nishijima Y, Hader SN, Hanson A, Zhang DX, Sparapani R, Gutterman DD, Beyer
AM. Prolonged endothelial-dysfunction in human arterioles following infection with
SARS-CoV-2. Cardiovasc Res 2022;118:18-19.

Queisser KA, Mellema RA, Middleton EA, Portier |, Manne BK, Denorme F, Beswick
EJ, Rondina MT, Campbell RA, Petrey AC. COVID-19 generates hyaluronan fragments
that directly induce endothelial barrier dysfunction. JCI Insight 2021;6:147472.
Michalick L, Weidenfeld S, Grimmer B, Fatykhova D, Solymosi P, Behrens F, Dohmen
M, Brack M, Schulz S, Thomasch E, Simmons S, Miller-Redetzky H, Suttorp N, Kurth
F, Corman V, Hocke A, Witzenrath M, Hippenstiel S, Kuebler W. In vitro screening
identifies TRPV4 as target for endothelial barrier stabilization in COVID-19. FASEB |
2021;35.

Oikonomou E, Souvaliotis N, Lampsas S, Siasos G, Poulakou G, Theofilis P, Papaioan-
nou TG, Haidich AB, Tsaousi G, Ntousopoulos V, Sakka V, Charalambous G, Rapti
V, Raftopoulou S, Syrigos K, Tsioufis C, Tousoulis D, Vavuranakis M. Endothelial
dysfunction in acute and long standing COVID-19: a prospective cohort study. Vasc
Pharmacol 2022;144:106975.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Ambrosino P, Molino A, Calcaterra I, Formisano R, Stufano S, Spedicato GA, Motta
A, Papa A, Di Minno MND, Maniscalco M. Clinical assessment of endothelial function
in convalescent COVID-19 patients undergoing multidisciplinary pulmonary rehabili-
tation. Biomedicines 2021;9:614.

Santoro L, Falsetti L, Zaccone V, Nesci A, Tosato M, Giupponi B, Savastano MC,
Moroncini G, Gasbarrini A, Landi F, Santoliquido A, On Behalf Of Gemelli Against
Covid-Post-Acute Care Study Group null. Impaired endothelial function in convales-
cent phase of COVID-19: a 3 month follow up observational prospective study. | Clin
Med 2022;11:1774.

Alley H, Owens CD, Gasper WJ, Grenon SM. Ultrasound assessment of endothelial-
dependent flow-mediated vasodilation of the brachial artery in clinical research. | Vis
Exp 2014;22:52070. doi: 10.3791/52070.

Rolfe BE, Worth NF, World CJ, Campbell JH, Campbell GR. Rho and vascular disease.
Atherosclerosis 2005;183:1-16.

Karki P, Birukov KG. Rho and reactive oxygen species at crossroads of endothelial
permeability and inflammation. Antioxid Redox Signal 2019;31:1009-1022.

Bertoldi G, Gianesello L, Calo LA. Letter: ACE2, Rho kinase inhibition and the
potential role of vitamin D against COVID-19. Aliment Pharmacol Ther 2020;,52:577—
578.

Calo LA, Schiavo S, Davis PA, Pagnin E, Mormino P, D’Angelo A, Pessina AC. ACE2
and angiotensin 1-7 are increased in a human model of cardiovascular hyporeactivity:
pathophysiological implications. | Nephrol 2010;23:472-477.

Hiroki J, Shimokawa H, Higashi M, Morikawa K, Kandabashi T, Kawamura N, Kubota
T, Ichiki T, Amano M, Kaibuchi K, Takeshita A. Inflammatory stimuli upregulate
Rho-kinase in human coronary vascular smooth muscle cells. | Mol Cell Cardiol
2004;37:537-546.

Bolz SS, Vogel L, Sollinger D, Derwand R, de Wit C, Loirand G, Pohl U. Nitric
oxide-induced decrease in calcium sensitivity of resistance arteries is attributable to
activation of the myosin light chain phosphatase and antagonized by the RhoA/Rho
kinase pathway. Circulation 2003;107:3081-3087.

Cui Q, Zhang Y, Chen H, Li J. Rho kinase: a new target for treatment of cerebral
ischemia/reperfusion injury. Neural Regen Res 2013;8:1180-1189.

Defert O, Boland S. Rho kinase inhibitors: a patent review (2014-2016). Expert Opin
Ther Pat 2017;27:507-515.

Shimokawa H, Sunamura S, Satoh K. RhoA/Rho-kinase in the cardiovascular system.
Circ Res 2016;118:352-366.

Possa SS, Charafeddine HT, Righetti RF, da Silva PA, Almeida-Reis R, Saraiva-
Romanholo BM, Perini A, Prado CM, Leick-Maldonado EA, Martins MA, Tibério | de
FLC. Rho-kinase inhibition attenuates airway responsiveness, inflammation, matrix
remodeling, and oxidative stress activation induced by chronic inflammation. Am |
Physiol Lung Cell Mol Physiol 2012;303:L939-L952.

202 Joqwiadaq 8| uo 1sanb Aq 6GZ601 /1 LE//6/I01E/dAS[Ya/WwO0d"dNO"d1WapED.//:SA)Y WOy PAPEOJUMOQ



