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HIGHLIGHTS

e Patients hospitalized for COVID-19
display marked impairment in endothelial
function, which is persistent following
recovery from the acute infection.

e RBCs from patients with COVID-19 impair
vascular function through mechanisms
involving increased arginase 1, ROS and
IFNv, and reduced NO bioactivity.

e These data advance our understanding in
COVID-19-associated vascular injury with
a clear involvement of RBCs.

e Targeting these mechanisms might
provide a novel therapeutic strategy to
alleviate vascular injury in patients with
COoVID-19.
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ABBREVIATIONS SUMMARY
AND ACRONYMS

ACh = acetylcholine Current knowledge regarding mechanisms underlying cardiovascular complications in patients with COVID-19 is
C19-RBC = red blood cell from limited and urgently needed. We shed light on a previously unrecognized mechanism and unravel a key role of
patients with COVID-19 red blood cells, driving vascular dysfunction in patients with COVID-19 infection. We establish the presence of
EDR = endothelium-dependent profound and persistent endothelial dysfunction in vivo in patients with COVID-19. Mechanistically, we show
relaxation

that targeting reactive oxygen species or arginase 1improves vascular dysfunction mediated by red blood cells.
EIR = endothelium- These translational observations hold promise that restoring the redox balance in red blood cells might alle-
independent relaxation . .. . . q q

viate the clinical complications of COVID-19-associated vascular dysfunction.
(J Am Coll Cardiol Basic Trans Science 2022;7:193-204) © 2022 The Authors. Published by Elsevier on behalf of
the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND

HNE = hydroxynonenal

H-RBC = red blood cell from

healthy subjects X i i
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
IFN = interferon

RBC = red blood cell

FRHI = reactive hyperemia index he ongoing COVID-19 caused by the needed to assess whether endothelial injury also

ROS = reacti i . . .
reactive oxygen specles severe acute respiratory syndrome- contributes to long-term complications.

SNP = sodium nitroprusside coronavirus-2  (SARS-CoV)-2  has Another cell type suggested to be affected in

TNF = tumor necrosis factor created a global medical emergency of severe COVID-19 is the red blood cell (RBC). RBCs are
cases with multiple organ failures, including cardio- equipped with a fascinating battery of antioxidants,
vascular injury. Given the wide range of symptoms which are able to resist oxidative insult for mainte-
and the occurrence of multiorgan failure, it has been nance of functional integrity and cell structure.® In
speculated that endothelial dysfunction with certain circumstances with excess in oxidative stress,

impaired tissue perfusion and a high prevalence of the RBCs may switch to a redox balance promoting
thromboembolism may represent a unifying patho- oxidative stress and become harmful for both resident
logical mechanism."? Indeed, the term “endothelii- and circulatory adjacent cell types.® Epidemiological
tis” was introduced to describe endothelial injury in  data support the notion that elevated red cell distri-
COVID-19, and recent position papers suggested that bution width represents an independent predictor for
endothelial dysfunction, contributing to multiorgan mortality from COVID-19.° RBCs from patients with
failure and microvascular thrombosis, provides a COVID-19 also display alterations in the lipid archi-
framework for targeted treatment strategies.”> How- tecture, increased oxidative metabolites, and reduc-
ever, besides autopsy investigations showing disrup-  tion in antioxidants.'® The functional implications of
tion of the endothelial cell lining in patients with these changes in COVID-19 are unknown, however.
COVID-19,*° clinical and experimental evidence sup- We recently demonstrated that oxidative stress is
porting the existence of endothelial dysfunction dur- substantially increased in RBCs from patients with
ing ongoing COVID-19 infections are sparse. type 2 diabetes and that this alteration induces
Early in the pandemic, one hypothesis explaining endothelial dysfunction through upregulation of
endothelial injury was proposed to be via a direct arginase 1 and reactive oxygen species (ROS)."""* It is
viral entry of the virus through its decoy receptor therefore reasonable to hypothesize that altered
angiotensin-converting enzyme 2 (ACE2).' This has function of RBCs in COVID-19 is involved in the
recently been challenged by the observation that development of endothelial dysfunction via increased
ACE2 is not expressed in endothelial cells.® Thus, itis  oxidative stress and arginase 1. Indeed arginase 1 has
more likely that endothelial injury arises because of been implicated in the pathogenesis of COVID-19."
systemic inflammation, which is supported by the Based on the preceding, this study was designed to
observation that plasma isolated from patients with test the hypothesis that patients hospitalized for
COVID-19 induces a toxic effect on cultured endo- COVID-19 have impairment in endothelial function
thelial cells.” These uncertainties emphasize the need and that RBCs from those patients contribute to
to establish the presence of endothelial dysfunction vascular injury through alterations in redox signaling.
in patients with ongoing COVID-19, irrespective of = We observed a pronounced impairment in endothelial
comorbidities, and for deeper insights into the function in patients with COVID-19 in vivo irre-
mechanisms by which it is orchestrated. Further- spective of underlying comorbidities. Furthermore,
more, longitudinal studies assessing endothelial RBCs, but not plasma, from these patients induced
function in patients recovered from COVID-19 are impairment in both endothelium-dependent and
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-independent relaxation through mechanisms
involving oxidative stress and arginase 1. After re-
covery from the infection, endothelial dysfunction
persisted, whereas RBC-induced vascular dysfunction
was absent. These observations support the role of
the RBC as an important mediator of endothelial
dysfunction, which is sustained also after recovery
from the acute phase despite normalized erythrocyte
function. These results not only support the hypoth-
esis that endothelial dysfunction is prominent in
COVID-19, but more importantly provide evidence for
a previously unrecognized mechanism underlying
vascular dysfunction in patients with ongoing COVID-
19 infection.

METHODS

Seventeen patients with moderate COVID-19 infec-
tion and 27 age- and sex-matched healthy subjects
were included in the current study. Inclusion criteria
for patients with COVID-19 were as follows: age >18
years, polymerase chain reaction (PCR)-verified
SARS-CoV-2 infection within the preceding 14 days,
pulmonary COVID-19-associated interstitial in-
filtrates on radiographs, requiring in-hospital care,
oxygen demand during hospital stay, and hospital
arrival within the preceding 14 days. Exclusion
criteria were as follows: type 1 or 2 diabetes,
myocardial infarction within the past 6 months, acute
kidney injury, chronic kidney disease, pregnancy,
ongoing malignancy, >1 cardiopulmonary comorbid-
ity, unwillingness to participate, need for intensive
care, mechanical ventilation or noninvasive ventila-
tion. The patients with COVID-19 underwent evalua-
tion of microvascular digital endothelial function
with pulse amplitude tonometry and expressed as
reactive hyperemia index (RHI).'* Simultaneously,
blood sampling following an overnight fasting during
the hospitalization period (acute phase) and at
follow-up 4 months later was performed. All patients
were invited to the follow-up visit for which no spe-
cific inclusion or exclusion criteria were applied.
Healthy controls were examined once. RBCs were
isolated from whole blood after a washing procedure
and incubated to a final hematocrit of ~45% with
isolated aortic rings from wild-type rats for 18 hours."
Endothelium-dependent (EDR) and -independent re-
laxations (EIR) were subsequently evaluated by
application of acetylcholine (ACh) and sodium nitro-
prusside (SNP), respectively, in isolated organ
chambers. Separate aortic segments that underwent
similar incubation protocol were fixed and
immunohistochemically stained for arginase 1 and
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TABLE 1 Baseline Characteristics
Healthy CoviD-19
(n=27) (n=17) P Value
Age, y 54 £ 11 54 + 12 0.932°
Male 17 (63) 11 (65) >0.99°
Days since symptoms N/A 12 (10-16)
In-hospital day at inclusion N/A 4 (3-8)
Smokers 0 (0) 1(6) 0.39°
BMI 24 (23-26) 28 (25-31) <0.001°
30-35 kg/m? 1(4) 5(29) 0.025°
>35 kg/m? 0 (0) 1(6) 0.39°
X-ray changes N/A 17 (100)
Pulmonary embolism N/A 1(6)
Comorbidities
Any 0 8 (47) <0.001°
Hypertension 5 (29)
Previous myocardial infarction 1(6)
Asthma or COPD 2(12)
General medication
ACEi/ARB - 6 (35)
Statins - 2(12)
Aspirin - 1(6)
Inhaled corticosteroids - 2(12)
COVID-19 medication
Corticosteroids = 13 (76)
LMWH = 15 (88)
Anti FX = 2(12)
Antibiotics = 3(18)
Remdesivir = 1(6)
Hemodynamic parameters at inclusion
SBP, mm Hg 123 £13 M7 £12 0.125°
DBP, mm Hg 78 £ 8 74 £ 12 0.238*
Heart rate, beats/min 63+7 74 +16 0.004°
Respiratory rate, breaths/min - 19+3
Oxygen saturation, % - 95+3
Oxygen requirements anytime N/A 17 (100)
Max oxygen requirement, L/min N/A 2.5 (2.0-4.0)
HFNC anytime N/A 4 (24)
Oxygen demand in total, d N/A 8 (3-9)
Oxygen requiring at inclusion N/A 13 (76)
Liters/min among those N/A 1.5 (1.0-2.0)
HFNC at inclusion N/A 2(12)
Erythrocyte indices
Hemoglobin, g/L 142 (133-147) 136 (129-141) 0.044°
EVF 0.41 +£ 0.03 0.39 £+ 0.03 0.017°
MCV, fL 89 (87-92) 87 (84-89) 0.015¢
MCH, pg 30 (29-31) 30 (29-31) 0.270°
RBC count, 10'%/L 46+03 4.6+ 04 0.623°
Thrombocytes, 10°/L 234 (192-278) 301 (240-421)  0.007°
Leukocytes, 10°/L 5.0 (4.3-5.9) 9.5(5.3-11.2) <0.001°
Lymphocytes, 10°/L - 1.2 (0.9-1.8)
Creatinine, umol/L 78 £ 16 61+13 <0.0071°
CRP, mg/L
At inclusion 0.6 (0.3-1.0) 36 (12-94) <0.001°
Peak N/A 111 £ 59
ASAT, pkat/L - 0.94 + 0.46
ALAT, pkat/L - 1.21 (0.88-1.41)
Albumin, g/L - 29 + 4

Continued on the next page
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TABLE 1 Continued

Healthy CoVID-19
(n=27) (n=17) P Value
Procalcitonin, pg/L - 0.14 (0.08-0.19)
LD, pkat/L - 5.5 (4.4-6.8)
D-dimer, mg/L - 0.74 (0.33-0.94)
Ferritin, ug/L - 1,629 + 1,080
Troponin T elevation, >4 ng/L - 11 (65)
Mean value among those, ng/L - 72+14

Values are mean + SD, n (%), or median (Q1-Q3). Unpaired t-test. °Fisher's exact test. “Mann-
Whitney test. Reference values are as follows: ALAT <1.1 pkat/L, albumin 34-45 g/L, ASAT <0.76
pkat/L, D-Dimer <0.5 mg/L for age <51 years and <0.71 mg/L for age >50 years, ferritin 30-
350 pg/L, LD <3.5 pkat/L, lymphocytes 1.1-3.5-10%/L, procalcitonin <0.5 pg/L, troponin
T <15 ng/L.

ACEi = angiotensin-converting enzyme inhibitor; ALAT = alanine amino transaminase; Anti
FX = anti-factor X; ARB = angiotensin receptor blocker; ASAT = aspartate aminotransferase;
BMI = body mass index; COPD = chronic obstructive pulmonary disease; CRP = C-reactive pro-
tein; DBP = diastolic blood pressure; EVF = erythrocyte volume fraction; HFNC = high flow nasal
cannula; LD = lactate dehydrogenase; LMWH = low molecular weight heparin; MCH = mean
corpuscular hemoglobin; MCV = mean corpuscular volume; mmHg = millimeter mercury; N/
A = not applicable; RBC = red blood cell; SBP = systolic blood pressure.

4-hydroxynonenal (4-HNE). Isolated RBCs were
collected for measurements of ROS with electron
paramagnetic resonance'' and nitrate export with
high-performance liquid chromatography.’>'® The
reader is referred to the Supplemental Appendix for a
detailed methods section.

STATISTICAL ANALYSES. Power calculation was
performed for the primary endpoint RHI. Based on our
reference material consisting of 28 healthy subjects
and an estimated difference in RHI between groups of
0.5, an SD of 0.4, and enrollment ratio of 1:1, 14 ob-
servations in each group were needed to detect a sig-
nificant difference between groups at a significance
level of 5% and 80% power. Normality was checked
with D’Agostino Pearson’s test. Clinical and experi-
mental continuous data are reported as mean 4 SD or
as medians with 25th and 75th percentiles (Q1-Q3)
depending on normality. Categorical data are reported
as numbers and %. Cytokine data are reported as me-
dian and Q1-Q3 or as numbers. Differences between 2
groups were determined with either paired or un-
paired Student’s t-test and Wilcoxon signed-rank test
or Mann-Whitney depending on normality. Differ-
ences between more than 2 groups were determined
with 1-way analysis of variance (ANOVA) with appro-
priate post hoc test depending on normality and
matching. Concentration-response curves were
analyzed with stacked ordinary 2-way ANOVA for in-
dependent observations and with repeated measures
for both concentration and relaxation for dependent
observations. Categorical data were analyzed with
Fisher’s exact test. All tests for specific analyses are
described in the Figure legends; n denotes the number
of subjects recruited for each experimental condition.
All experimental conditions, which involved the
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addition of pharmacological drugs or compounds, are
presented as paired observations. Two-tailed P < 0.05
was considered statistically different for all analyses.
All analyses were carried out with GraphPad Prism
version 7.02 (GraphPad Software, Inc).

RESULTS

STUDY SUBJECTS. Study subject characteristics at
inclusion are shown in Table 1. Patients were included
a median of 4 days after arrival to the hospital and
12 days since onset of first symptom. All patients had
verified pulmonary changes on radiographs with in-
filtrates associated with COVID-19 infection. One pa-
tient suffered from pulmonary embolism at inclusion.
Eight of the patients had 1 comorbidity. All patients
received anticoagulant medication, and most
received corticosteroids during hospitalization. Anti-
coagulants were continued until 2 to 4 weeks
following discharge according to local guidelines. All
subjects had an oxygen demand during the hospital
stay and 13 had it at inclusion. A subgroup of 10 pa-
tients was scheduled for a follow-up visit. Hemody-
namic parameters and laboratory status for those
subjects are shown both at inclusion and follow-up in
Supplemental Table 1. Follow-up time between the 2
occasions was in the range of 110 to 138 days. The
patients had stable hemodynamic parameters and
were normoxic both at inclusion and at follow-up,
although slightly improved oxygen saturation at
follow-up. Almost all derangements in laboratory
parameters were normalized at follow-up
(Supplemental Table 1).

PRESENCE OF ENDOTHELIAL DYSFUNCTION IN THE
ACUTE PHASE OF COVID-19. Previous reports from
in situ postmortem studies have reported disruption
of the endothelial cell lining in microvascular beds in
patients with COVID-19.%° To confirm that this is re-
flected by endothelial dysfunction in vivo, we
assessed microvascular digital endothelial function.
RHI was ~33% lower in patients with COVID-19 in the
acute phase compared with healthy control subjects
(Figure 1A). Furthermore, RHI in patients with COVID-
19 remained significantly impaired and did not
significantly improve at follow-up 4 months after the
infection (Figures 1A and 1B). There was no difference
in RHI between patients with COVID-19 with (n = 6)
and without comorbidities (n = 9) (Supplemental
Figure 1A). RHI was significantly lower among the
patients with COVID-19 without comorbidities than in
the healthy subjects (P < 0.001).

RBCs FROM PATIENTS WITH COVID-19 INDUCE
VASCULAR DYSFUNCTION IN THE ACUTE PHASE. To
elucidate the involvement of the RBC as a mediator of


https://doi.org/10.1016/j.jacbts.2021.12.003
https://doi.org/10.1016/j.jacbts.2021.12.003
https://doi.org/10.1016/j.jacbts.2021.12.003
https://doi.org/10.1016/j.jacbts.2021.12.003
https://doi.org/10.1016/j.jacbts.2021.12.003

JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 7, NO. 3, 2022
MARCH 2022:193-204

Mahdi et al

Erythrocytes in COVID-19

FIGURE 1 Patients With COVID-19 Infection Have Impaired Endothelial Function
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(A) Microvascular digital endothelial function expressed as reactive hyperemia index (RHI) in healthy subjects (n = 14) and patients with
COVID-19 in the acute phase of the infection (n = 15) and at follow-up (FU) 4 months later (n = 10). (B) RHI in a subgroup of patients with
COVID-19 evaluated both in the acute phase of the infection and at follow-up 4 months later (n = 10 each). Significant differences were
analyzed using 1-way analysis of variance (ANOVA) and Tukey's multiple comparison post hoc test in A and paired Student's t-test in B; **P <
0.01, ***P < 0.001 vs healthy. Values are expressed as mean + SD (A) or individual dot plots (B).

vascular dysfunction in patients with COVID-19, EDR
and EIR were evaluated in rat aortic rings following
incubation with RBCs from healthy subjects and pa-
tients with COVID-19 in the acute phase. EDR was
significantly impaired following incubation with
RBCs from patients with COVID-19 (C19-RBCs)
compared with RBCs from healthy controls (H-RBCs)
(Figure 2A). EIR was also impaired following incuba-
tion with C19-RBCs, especially at the higher concen-
trations of SNP. The effect of RBCs on EDR and EIR
did not differ between the subjects with and those
without comorbidities (Supplemental Figures 1B and
1C). By contrast, incubation for 1 hour or 18 hours
with plasma isolated from patients with COVID-19 did
not affect endothelial function (Supplemental
Figures 2A and 2B). This suggests that C19-RBCs per
se induce impairment in EDR and EIR in the acute
phase, irrespective of the presence of comorbidities.
It is further unlikely that the observations are caused
by hemolysis, as free hemoglobin in plasma did not
differ between healthy subjects and patients with
COVID-19 (Supplemental Figure 3).

C19-RBCS INDUCE ENDOTHELIAL DYSFUNCTION
THROUGH VASCULAR ARGINASE 1 AND ROS. Argi-
nase, which is known to be a regulator of endothelial
function and nitric oxide (NO) bioactivity, has been
implicated in COVID-19."® Based on this, we hypoth-
esized that arginase and ROS contribute to endothe-
lial dysfunction induced by C19-RBCs. Following

incubation of aortas with C19-RBCs, the expression of
arginase 1 was increased both in endothelial cells and
smooth muscle cells (Figures 3A to 3C). 4-HNE, an
alpha, beta-unsaturated hydroxyalkenal that is pro-
duced by lipid peroxidation in cells and used as a
stable marker for oxidative stress, was also upregu-
lated in both endothelial cells and smooth muscle
cells by C19-RBCs (Figures 3D to 3F). To elucidate the
functional implications of these changes, we applied
the arginase inhibitor 2(S)-amino-6-boronohexanoic
acid (ABH), the superoxide dismutase mimetic 4-
hydroxy-2,2,6,6-tetramethylpiperidine-N-oxyl (TEM-
POL), or the NOX inhibitor (apocynin). Following the
18-hour co-incubation with C19-RBCs, ABH
(Figure 4A) and TEMPOL (Figure 4B), but not apocynin
(Figure 4C) significantly attenuated the impairment in
endothelial function induced by C19-RBCs. None of
the inhibitors affected EIR (Figures 4D to 4F). This
suggests that C19-RBCs increase vascular arginase
and oxidative stress, which results in impaired
endothelial function.

ENDOTHELIAL DYSFUNCTION IN COVID-19 IS
DRIVEN BY AN INCREASE IN RBC-DERIVED ROS. To
further elucidate the mechanisms by which changes
within the RBCs contribute to endothelial dysfunc-
tion, we measured ROS production in RBCs. Indeed,
we found that ROS production is increased in C19-
RBCs compared with H-RBCs (Figure 5A). Attenua-
tion of superoxide in RBCs by application of TEMPOL

197
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FIGURE 2 C19-RBCs Impair Endothelium-D d and -Ind
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(A) Endothelium-dependent relaxation (n = 7-14) evoked by acetylcholine (ACh) and (B) endothelium-independent relaxation (n = 6-7)
evoked by sodium nitroprusside (SNP) in rat aorta following 18 hours of incubation with red blood cells (RBCs) from either healthy subjects
(H-RBCs) or patients with COVID-19 in the acute phase (C19-RBCs) or at follow-up (C19-RBCs FU). ***P < 0.001 vs H-RBCs, t11P < 0.001 vs
C19-RBCs, *P < 0.05 vs H-RBCs, tP < 0.05 vs C19-RBCs FU with 2-way analysis of variance and Tukey's multiple comparison post hoc test

(before the 18-hour incubation) significantly attenu-
ated endothelial dysfunction induced by C19-RBCs
(Figure 5B). Because ROS production reciprocally
regulates NO bioactivity, we hypothesized that export
of NO bioactivity from C19-RBCs is compromised
compared with H-RBCs. Because export of NO bioac-
tivity from RBCs is tightly regulated by arginase, ABH
was used to increase NO bioactivity with extracellular
levels of the NO metabolite nitrate as the readout
according to previous results.'® There was no differ-
ence in baseline nitrate production between the
groups (Supplemental Figure 4). Extracellular nitrate
levels were significantly increased following incuba-
tion of H-RBCs with ABH, whereas they were
completely unchanged following incubation of C19-
RBCs (Figure 5C). These observations suggest that
export of NO bioactivity is markedly compromised in
C19-RBCs.

INTERFERONY TRIGGERS ENDOTHELIAL DYSFUNCTION
INDUCED BY RBCS. As the cytokine storm is clearly a
major contributor to illness in COVID-19, we investi-
gated the impact of cytokines on the impairment in
endothelial function induced by RBCs. RBCs have
been proposed to represent a dynamic reservoir of
cytokines.'” We investigated whether this represents
a putative mechanism behind the observed interac-
tion between RBCs and endothelial function in
COVID-19. We performed a Luminex technology-
based 27-plex profiling of proinflammatory cyto-
kines and chemokines in RBC lysates. The expression

patterns of the various cytokines and chemokines are
listed in Supplemental Table 2. Only interferon y
(IFNYy) and tumor necrosis factor o (TNFa) signifi-
cantly differed in the number of positive samples,
with higher frequency of detectable samples in C19-
RBC lysates compared with H-RBC lysates
(Figure 6A). To test whether this has functional im-
plications on vascular reactivity, H-RBCs were pre-
treated with these cytokines with subsequent
evaluation of vascular reactivity. Pre-incubation of H-
RBCs for 2 hours with IFNy (Figure 6B) but not TNFa.
(Figure 6C) induced a significant impairment in EDR.
Levels of interleukin (IL)-9 (Supplemental Figure 5A)
and macrophage inflammatory protein (MIP)-18
(Supplemental Figure 5B) were higher in C19-RBCs
compared with H-RBCs. However, pre-incubation of
IL-9 or MIP-1p with H-RBCs did not affect endothelial
function (Supplemental Figures 5C and 5D). These
observations collectively suggest that IFNy is one of
the key triggers of RBC-induced endothelial
dysfunction in COVID-19.

IN VIVO ENDOTHELIAL FUNCTION AND EX VIVO
RBC FUNCTION AT FOLLOW-UP. To determine the
dynamics of endothelial and RBC dysfunction after
the acute phase of the infection, a subgroup of the
patients (n = 10) was reexamined after a mean follow-
up period of 4 months. The rationale for choosing
4 months as follow-up time was for the RBCs to un-
dergo 1 cycle of renewal, as the mean circulatory life
span of a RBC is 120 days. Interestingly, RHI remained
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Representative immune-histochemical images for arginase 1 (A) and 4-hydroxynonenal (4-HNE) (D) in aortic rings incubated with either H-RBCs or C19-RBCs for 18
hours. Immunoglobulin G controls are presented in inserts for each experimental condition. Quantitative analyses of arginase 1 and 4-HNE positivity of the total area (B

and E) (n = 5-6) and the endothelial lining (C and F) (n = 5-6). L = luminal side of the vessel, black arrows = endothelial cells, and red arrows = smooth muscle cells.
*P < 0.05, **P < 0.01 with Mann-Whitney test. Values are expressed as median (Q1-Q3). Abbreviations as in Figure 2.

markedly impaired at follow-up (Figure 1A) and it was
slightly but not significantly improved compared with
during the acute phase (Figure 1B). By contrast, C19-
RBCs collected at follow-up did not affect EDR or
EIR (Figures 2A and 2B). In fact, both EDR and EIR of
aorta incubated with C19-RBCs at follow-up were
similar to those observed after incubation with H-
RBCs. Levels of free hemoglobin in plasma did not
differ between the acute phase and at follow-up
(Supplemental Figure 3).

DISCUSSION

The present study demonstrates the presence of
profound and persistent endothelial dysfunction in
patients with moderately severe COVID-19 (ie, not
requiring intensive care and with isolated respiratory
failure). We further demonstrate that alterations in
RBC function, but not plasma, characterized by
increased ROS formation, mediate impaired endo-
thelial function via upregulation of vascular arginase
1 and oxidative stress in the acute phase. Last, we

reveal that 4 cytokines are increased in C19-RBCs and
that IFNy might be the trigger of these events.
Given the wide range of symptoms arising from
COVID-19, it has been speculated that many of the
cardiovascular complications are attributed to endo-
thelial injury."*> Whether vascular dysfunction and
more specifically endothelial dysfunction actually is
present in patients with ongoing COVID-19 infection
has not been unequivocally demonstrated, however.
The mechanisms by which such injury occurs are also
poorly understood. Evidence provided so far is limited
to autopsy studies,** evaluation of endothelial func-
tion several weeks after a positive PCR test,'® and
or density”’
in severely ill patients with multiple cardiovascular

assessment of microvascular function'®-*°

comorbidities. Alterations in severe COVID-19 may be
confounded by multiple comorbidities or intensive
care interventions, such as anesthetic drugs and me-
chanical ventilation. It is therefore of importance that
we were able to demonstrate the presence of profound
endothelial dysfunction in patients with moderate
severity of COVID-19. This was observed not only
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FIGURE 4 Vascular Arginase and Superoxide Mediate Endothelial Dysfunction Induced by C19-RBCs
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Endothelium-dependent relaxation induced by acetylcholine (ACh) in rat aorta following incubation of C19-RBCs in the absence or presence of (A) the arginase inhibitor
2(S)-amino-6-boronohexanoic acid (ABH) (n = 8), (B) the superoxide dismutase mimetic 4-hydroxy-2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPOL) (n = 7), or (C) the
NOX inhibitor apocynin (n = 7). Endothelium-independent relaxation was evaluated by 1 dose of sodium nitroprusside (SNP) at the end of the experiment in the absence
or presence of (D) ABH (n = 8), (E) TEMPOL (n = 7), or (F) apocynin (n = 7). () indicates that compounds were applied after the 18-hour incubation to selectively
target the vasculature. *P < 0.05 vs C19-RBCs with 2-way analysis of variance matched for both concentration and relaxation (A, B, C), paired Student's t-test (D), or
Wilcoxon test (E, F). Values are expressed as mean and SD (A-D) or median (Q1-Q3) (E, F).

during active disease, but also 4 months later, inde-
pendent of other comorbidities, and despite that most
of the patients received anti-inflammatory glucocor-
ticoids and all received anticoagulants. Interestingly,
evaluation of endothelial function in the current study
was performed in an extrapulmonary vascular bed in
patients suffering from only respiratory symptoms.
This fact supports the idea that COVID-19 has systemic
effects even though the clinical presentation does not
involve signs from extrapulmonary vascular beds. In
fact, previous studies have established the association
peripheral endothelial
dysfunction and systemic endothelial dysfunc-
tion.”>?* The impairment in microvascular digital
endothelial function in this cohort of patients with
COVID-19 in the acute phase is even more pronounced
than that previously detected using the same meth-
odology in patients with type 2 diabetes having micro-
and macrovascular complications.' This illustrates

between microvascular

the severity of microvascular endothelial dysfunction
among these patients with COVID-19.

The implications of structural® and oxidative'® al-
terations in RBCs in patients with COVID-19 for
vascular function have previously not been investi-
gated. We here show that the RBC is an important
mediator of vascular dysfunction during the acute
phase of the infection. RBCs from patients with
COVID-19 with ongoing infection induced pro-
nounced impairment in endothelial function. Inter-
estingly, after 1 cycle of RBC renewal (120 days), the
detrimental effect of RBCs on vascular function was
absent. This finding suggests that RBCs are severely
affected and contribute to the development of endo-
thelial dysfunction in the acute phase of the infec-
tion. Although the RBC function is normalized at
follow-up, most likely caused by the production of
new cells, the endothelial injury induced during the
acute phase is persistent for at least 4 months.
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FIGURE 5 Increased ROS and Decreased NO Bioactivity in RBCs Contribute to Endothelial Dysfunction in COVID-19
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(A) Production of reactive oxygen species (ROS) with electron paramagnetic resonance in H-RBCs (n = 7) and C19-RBCs (n = 10) expressed as percentage of H-RBCs. (B)
Endothelium-dependent relaxation induced by ACh in rat aorta following incubation of C19-RBCs in the absence or presence of the superoxide dismutase mimetic
TEMPOL (n = 8). (C) Change in nitrate levels with high-performance liquid chromatography in the supernatant following incubation of H-RBCs and C19-RBCs with the
arginase inhibitor ABH at concentrations indicated (n = 9-11). *P < 0.05, **P < 0.01, ***P < 0.001 with unpaired Student's t-test (A), 2-way analysis of variance
(ANOVA) matched for both concentration and relaxation (B), and 1-way ANOVA with Holm-Sidak's post hoc test (C). Values are expressed as mean + SD (A, C) or

The mechanism behind the vascular injury
induced by C19-RBCs in the acute phase was inves-
tigated ex vivo. C19-RBCs induced upregulation of
arginase 1 and increased oxidative stress in endo-
thelial cells and smooth muscle cells. Excess in
endothelial arginase 1 is known to reduce NO
bioavailability and uncouple endothelial NO syn-
thase (eNOS) with subsequent increment in ROS
production.”* The observation that inhibition of
vascular arginase or ROS attenuated endothelial
dysfunction induced by RBCs suggests that RBCs
induce endothelial dysfunction through upregulation
of arginase 1 and ROS. This observation is in line with
recent studies indicating that arginase is upregulated
in patients with COVID-19.>?° Interestingly, the ef-
fect of plasma from patients with COVID-19 did not
affect endothelial function, further confirming the
specific involvement of RBCs. This is in contrast to a
previous study showing decreased endothelial cell
viability after 1-hour incubation with plasma from
patients with COVID-19 both with a mild disease and
from patients requiring intensive care.” However, the
experimental readouts and possible influence of
comorbidities differ between the studies, which
might explain the different outcomes.

A feature of RBCs is their central involvement in
redox regulation with prominent pro-oxidative as
well as antioxidant capacities.® Thus, an increase in
oxidative stress by the RBCs may have important
biological effects. It is therefore of interest that we
found a clear increase in ROS production in C19-RBCs
compared with H-RBCs. This switch in redox balance

toward a pro-oxidative phenotype in COVID-19 con-
tributes to the development of endothelial dysfunc-

tion, which was evident from the

rescue of

endothelial function by application of a superoxide
dismutase mimetic. This is corroborated by recent

observations that oxidative metabolites are markedly
elevated in C19-RBCs.'° However, the levels of anti-
oxidants in C19-RBCs are largely intact. Interestingly,
one of the few antioxidants that are reduced in C19-
RBCs, is superoxide dismutase. This, together with
our observations, suggests that the oxidative pheno-

type is driven by not only increased superoxide anion

radical but also a decrease in its anti-oxidative ca-

pacity. The increased formation of ROS is also re-
flected by the attenuated export of nitrate, the stable
metabolite of NO, and a marker of NO bioactivity,
from C19-RBCs. In these experiments, arginase, the
reciprocal inhibitor of NO production in RBCs,'® was
inhibited to enhance the formation and export of NO
bioactivity. In accordance with previous results,
nitrate was markedly increased in the supernatant
following incubation of H-RBCs with the arginase
inhibitor. By contrast, there was no increase in nitrate

levels in the supernatant from C19-RBCs in the pres-

ence of arginase inhibitor. It is still under debate how
and in which form RBCs are able to export NO.?
Together with the increased ROS production, one
possibility is that uncoupling of eNOS with attenu-

ated NO formation results in less production of ni-

trate. Another possible explanation is that NO is

exported in the form of nitrate, which is reduced in

C19-RBCs.
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FIGURE 6 IFNy Triggers Endothelial Dysfunction Induced by RBCs
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A prominent feature of COVID-19 is the release of
cytokines from immune cells. To investigate whether
cytokines initiate RBC-induced endothelial dysfunc-
tion, a cytokine profiling in H-RBCs and C19-RBCs was
performed. Several cytokines were present in RBCs,
but only 4 differed in the expression profile between
the groups, and only IFNy was found to induce
endothelial dysfunction following incubation with H-
RBCs, suggesting that IFNy might be a key driver of
RBC-induced vascular injury. To our knowledge, this
is the first time a cytokine profiling has been per-
formed in RBCs from patients with COVID-19 and
provides support that RBCs are affected by the cyto-
kine storm. This opens up the possibility that RBCs
may be carriers of cytokines and contribute to
vascular damage in COVID-19. Our findings concern-
ing IFNy are supported by the observation that IFNYy,
among other cytokines, is substantially elevated in
patients with moderately severe COVID-19.2° This is
also in line with the follow-up observations that the
RBCs do not induce alterations in vascular function
after 1 cycle of renewal of RBCs (4 months) when the
cytokine storm has passed. Although we tried to
avoid a carry-over effect by the cytokines by a
washing step before the co-incubation of the RBCs
with aortic rings, it cannot be excluded that some
IFNy remains and directly affects the aorta. However,
pre-incubation of TNFa, which is known to alter
endothelial function,?” did not affect endothelial
function in our pre-incubation protocols, which
makes a possible carry-over effect unlikely.

C19-RBCs were found to disrupt both endothelium-
dependent and -independent (smooth muscle cell)

function. Previous studies have demonstrated that
RBCs induce selective impairment in endothelial
function without affecting smooth muscle cell func-
tion in type 2 diabetes." Given the different nature of
the 2 diseases in which type 2 diabetes is a slowly
progressing disease with changes developing over
years or decades, whereas COVID-19 is an acute
infection with rapid onset, it is likely that the mech-
anisms are different. Another possibility is that ROS
formation by RBCs also attenuates the pharmacolog-
ical effect of the exogenous NO donor SNP, which
results in impaired vascular smooth muscle cell
relaxation.

STUDY LIMITATIONS. Although RHI evaluations
were performed in vivo and the results were in line
with the ex vivo effects of the RBCs from the same
patients, the degree and contribution of RBCs to
dysfunction remains unclear.
Another limitation is that we were not able to eval-
uate endothelium-independent function in vivo in
our cohort of patients because of the risk for hemo-
dynamic side effects and aerosol generation during
administration of sublingual nitroglycerine. The
healthy group may not represent the ideal control
group, because it cannot be excluded that inflamma-
tory states associated with viral infections other than

vascular in vivo

COVID-19 might trigger similar changes. Because of
the dramatically reduced incidence of influenza and
other viral infections with the implementation of re-
strictions related to COVID-19, it has not been
possible to recruit such control subjects for fresh
blood sampling needed for these studies. However,
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given the endothelial involvement and specific
changes in COVID-19 compared with other viral in-
fections, such as influenza,* it is likely that the
changes observed are specific for COVID-19. Further-
more, although previous investigations have
confirmed that there are a negligible amount of other
cell types following the RBC isolation protocol,'®*?® it
cannot be excluded that a few remaining white blood
cells or platelets contribute to the vascular dysfunc-
tion induced by the C19-RBC suspension. Finally, the
RBC-induced endothelial function was investigated
in rat aorta, which may be different from human
vessels. However, our previous study demonstrated
that dysfunctional RBCs induce a similar degree of
endothelial dysfunction in human mammary ar-
teries," indicating that the rat aorta is representative
for this type of investigation.

CONCLUSIONS

The present study advances our knowledge regarding
vascular complications in COVID-19 by demonstrating
pronounced and persistent endothelial dysfunction
and unravelling a previously unrecognized role of
RBCs in the pathophysiology of vascular dysfunction.
Targeting RBC dysfunction may provide a novel
therapeutic strategy to combat cardiovascular com-
plications in patients infected with COVID-19.
Furthermore, our data reinforce the implementation
of evaluating not only endothelial function as an
important surrogate endpoint but also indices of RBC
dysfunction in patients with COVID-19, especially
considering the sustained endothelial injury. The re-
sults may lay the foundation for the identification of
novel pharmacological targets for treating vascular
complications arising from the infection. This may
include treatment strategies that result in restoration
of the redox balance in the RBCs, such as targeted
antioxidants, arginase inhibition, and boosting NO
bioavailability.
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