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COVID-ARDS Clarified: A Vascular Endotype?
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To the Editor:

COVID-19, the pandemic caused by SARS-CoV-2 infection, can lead to sepsis and
ARDS resulting in an extraordinary level of ICU utilization and considerable mortality. Several
pathophysiological features of COVID-19 associated ARDS appear to be overrepresented in
comparison to non-COVID etiologies. Whether COVID-19 induced lung injury is truly unique or
represents one end of the ARDS spectrum remains unclear at this time. With the caveat that
studies are ongoing, and appropriately powered studies are needed, the observations discussed
here implicate vascular dysfunction in the pathogenesis of COVID-19-induced ARDS; leading to

the hypothesis that COVID-ARDS is a distinct vascular endotype of ARDS (Figure 1).

In recently published reports, ARDS related to COVID-19 often presents with relatively
preserved compliance (1). In these cases, the static compliance has been 30 — 40 ml/cm H,0
despite FiO2 > 70% and PEEP > 15 cm H2O. Thus, although the compliance is abnormal and
consistent with the ARDS conceptual model articulated in the Berlin definition (2), compliance

is less impacted than oxygenation and dead space in COVID-ARDS.

Early reports of COVID-19 patient cohorts from China and Italy identified several risk
factors for severe illness and death. Some of these risk factors are unsurprising as they are also
risk factors for non-COVID ARDS, including age and obesity. However, others appear to be
overrepresented in patients who develop COVID-ARDS, suggesting a distinct ARDS endotype.
Strikingly, diabetes is a risk factor for COVID-ARDS whereas it is a negative predictor in the
Lung Injury Prediction Score for non-COVID ARDS(3). Cardiovascular disease (including

hypertension and hyperlipidemia) are common among critically ill patients with COVID-19
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ARDS, though they have not previously been reported as ARDS risk factors, highlighting what

may be a prominent role for underlying vascular dysfunction in this subtype.

ABO blood group antigens are expressed on vascular endothelium. Blood type A, has
been associated with increased risk of vascular disease and possibly ARDS. Recently, the first
published genome-wide association study of COVID-19 identified an association between
genetic variation that determines ABO blood type and severe COVID-19 disease (4).
Specifically, ABO blood type A was over-represented and blood type O was underrepresented in
COVID-19 patients relative to blood donors. Findings were inconclusive for types B and AB
given the smaller population prevalence of these blood types. This is consistent with reports of
an association between blood type A and increased risk of infection with SARS-CoV-1 (5).
While the mechanism underlying this association is unknown, ABO blood type A is also
associated with a higher risk of multiple thrombotic diseases including myocardial infarction,
stroke, and venous thromboembolism, as well as higher plasma concentrations of endothelial
derived proteins important in microvascular coagulation and cell adhesion. Collectively, these
observations suggest that blood type A and chronic conditions such as diabetes and
cardiovascular disease may prime the endothelium for injury when faced with SARS-CoV-2,
thereby lowering the threshold for infection to progress to organ failure including ARDS, kidney

injury and shock.

In addition to facilitating gas exchange and performing critical barrier functions, the
endothelium regulates leukocyte trafficking, hemostasis, and vascular tone. The pulmonary
microvascular endothelium is unique in that it filters the entire systemic circulation and is
routinely exposed to noxious stimuli including blood borne pathogens, toxins, and endogenous

inflammatory mediators. Maintenance of endothelial quiescence under basal conditions is
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essential to lung homeostasis and endothelial protective mechanisms promote this anti-
inflammatory phenotype. While most respiratory viruses do not infect endothelial cells directly,
the inflammatory response induced by these pathogens can cause significant injury to the
vasculature. Inflammation-induced disruption of homeostatic endothelial functions can result in
impaired diffusion, disrupted barrier function, aberrant coagulation, and increased permeability.
Perturbation of endothelial homeostasis in patients with chronic diseases may predispose these
susceptible populations to organ failure in response to vascular injury induced by SARS-CoV-2.
This is consistent with the finding that thrombosis and kidney injury are predominant features of
COVID-19 in susceptible populations. Multiple autopsy studies now confirm the involvement of
the endothelium in COVID-ARDS, demonstrating microvascular thrombi, vascular complement
deposition, possible direct endothelial infection and endothelial cell death (Table 1)(6, 7).
Furthermore, aberrant endothelial cell death and dysregulated angiogenesis are observed in

COVID-ARDS when compared with influenza-associated ARDS(8).

One possible contributing factor to this vascular ARDS phenotype may be the SARS-
CoV and CoV-2 receptor, Angiotensin-converting enzyme 2(ACE2). ACE2 is a key player in the
renin-angiotensin system responsible for regulating vascular tone. Angiotensin II acts on a
variety of target cells to produce acute and long-term physiological effects including
vasoconstriction, sympathetic nervous stimulation, smooth muscle and fibroblast proliferation,
and inflammation. ACE2 counteracts angiotensin II activity by catalyzing its proteolytic

cleavage into Angiotensin (1-7), which counteracts acute lung injury.

As the viral receptor, it might be expected that higher levels of ACE2 would result in
more severe disease. However, studies after the original SARS outbreak indicate the opposite, as

ACE2 knockout mice exhibit much more severe lung injury after acid aspiration, while
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administration of recombinant ACE?2 is protective. Moreover, binding of SARS-CoV Spike
protein to ACE2 resulted in a loss of ACE2 protein, and administration of recombinant Spike-Fc
protein worsened lung injury by increasing angiotensin II activity (9), presumably due to
competition for available ACE2. These studies were performed with the original SARS-CoV
Spike protein so it is not certain whether CoV-2 Spike would have similar effects. Nonetheless,
they provide significant rationale for some of the pathophysiological differences observed with
COVID-19 ARDS, and clinical trials utilizing recombinant ACE2 and as Ang (1-7) to treat
COVID-19 are ongoing. Loss of ACE2 repression of angiotensin II activity promotes
microvascular thrombosis through direct and indirect means (10), and prolonged
vasoconstriction and hypertension are well known to induce endothelial injury. Recent autopsy
reports demonstrating direct endothelial injury may be mediated by this dysregulation of the

renin-angiotensin system.

Another potential mechanism of vascular injury contributing to ARDS and kidney injury
involves dysregulated complement activation. The complement system serves as a first line
defense against pathogens and is essential for the removal of dead cells. While the effector
functions of opsonization, inflammation, chemotaxis and cytolysis promote pathogen clearance,
dysregulated or excessive complement activation can lead to tissue injury and organ failure, one
of the clearest examples being the prothrombotic and anaphylatoxic effects of activated

complement component 5 (C5a).

Cytokine release and complement activation have long been implicated in organ failure
and ARDS in sepsis(11). Although cytokine levels are comparable with non-COVID ARDS
(medRxiv preprint doi: https://doi.org/10.1101/2020.05.15.20103549), complement mediated

damage to the lung microvascular endothelial cells (EC) appears to be a predominant feature of
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COVID-ARDS, although direct comparisons with non-COVID ARDS have not been published
as of this writing(6). Pre-clinical studies demonstrate that the nucleocapsid (N) protein of several
coronaviruses, including SARS-CoV-2, binds directly to and activates MASP-2, a key protease
in the lectin pathway of complement . In murine studies of SARS-CoV-induced lung injury,
mice deficient in C3 were relatively protected from lung injury following SARS-CoV infection
and exhibited less lung neutrophil recruitment and lower levels of cytokines in the lungs and

circulation (12).

The alternate pathway of complement activation is always “on”, requiring tight regulation
by soluble and membrane bound complement regulatory proteins to protect the endothelium.
Medical conditions such as diabetes, among others identified as risk factors for SARS-CoV-2
mortality, leads to dysfunctional endothelial complement regulatory proteins, thereby increasing
susceptibility to complement-induced endothelial damage. Complement activation and
dysregulation of the renin-angiotensin system may be most severe within viral damaged lung
vasculature, but may also contribute to the pathogenesis of strokes, myocardial and mesenteric
ischemia, and cutaneous lesions due to limb ischemia. Given the atypical vascular-centric risk
factors for COVID-ARDS, it is plausible that complement activation and dysregulated ACE2-

angiotensin repression in susceptible hosts might lead to widespread endothelial dysfunction.

Despite the best care and implementation of lung protective strategies, the mortality for
COVID-ARDS remains high. Given the many indications pointing toward vascular
involvement, vascular-centric, endothelial protective therapies should be considered as adjuncts
in the treatment of COVID-ARDS. Although no previous medical therapy has improved sepsis
or ARDS mortality, there is reason to believe COVID-ARDS may be unique. Unlike most

sepsis-associated ARDS, both the timing and pathogen are known in COVID-ARDS.
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Additionally, the higher incidence of vascular manifestations should justify consideration of
COVID-ARDS as a distinct endotype with prominent vascular dysfunction (13). Specific
vascular targeting may present a unique opportunity to intervene. In view of the potential for
targeted therapies of the complement pathway, supplements, or alternatives to heparin as an anti-
thrombotic, and endothelial protective therapies such as nitric oxide, corticosteroids and statins
to restore endothelial homeostasis, a comprehensive molecular understanding of vascular

endothelial dysfunction in COVID-ARDS is urgently needed. Although we still do not know

enough to definitively classify COVID-ARDS as a vascular endotype, COVID-ARDS may be an
extreme example of a phenotype present in the more general population of ARDS- investigations
into the dysregulated immune response in the vasculature may advance the understanding and

treatment of all forms ARDS.

AJRCCM Articlesin Press. Published July 06, 2020 as 10.1164/rccm.202006-2598L E
Copyright © 2020 by the American Thoracic Society



Page 9 of 14

References

1. Ziehr DR, Alladina J, Petri CR, Maley JH, Moskowitz A, Medoff BD, Hibbert KA,
Thompson BT, Hardin CC. Respiratory pathophysiology of mechanically ventilated patients with

covid-19: A cohort study. Am J Respir Crit Care Med 2020.

2. Ranieri VM, Rubenfeld GD, Thompson BT, Ferguson ND, Caldwell E, Fan E,
Camporota L, Slutsky AS. Acute respiratory distress syndrome: The berlin definition. Jama

2012;307:2526-2533.

3. Soto GJ, Kor DJ, Park PK, Hou PC, Kaufman DA, Kim M, Yadav H, Teman N, Hsu MC,
Shvilkina T, Grewal Y, De Aguirre M, Gunda S, Gajic O, Gong MN. Lung injury prediction
score in hospitalized patients at risk of acute respiratory distress syndrome. Crit Care Med

2016;44:2182-2191.

4, Ellinghaus D, Degenhardt F, Bujanda L, Buti M, Albillos A, Invernizzi P, Fernandez J,
Prati D, Baselli G, Asselta R, Grimsrud MM, Milani C, Aziz F, Késsens J, May S, Wendorff M,
Wienbrandt L, Uellendahl-Werth F, Zheng T, Y1 X, de Pablo R, Chercoles AG, Palom A,
Garcia-Fernandez A-E, Rodriguez-Frias F, Zanella A, Bandera A, Protti A, Aghemo A, Lleo A,
Biondi A, Caballero-Garralda A, Gori A, Tanck A, Carreras Nolla A, Latiano A, Fracanzani AL,
Peschuck A, Julia A, Pesenti A, Voza A, Jiménez D, Mateos B, Nafria Jimenez B, Quereda C,
Paccapelo C, Gassner C, Angelini C, Cea C, Solier A, Pestafia D, Mufiiz-Diaz E, Sandoval E,
Paraboschi EM, Navas E, Garcia Sanchez F, Ceriotti F, Martinelli-Boneschi F, Peyvandi F, Blasi
F, Téllez L, Blanco-Grau A, Hemmrich-Stanisak G, Grasselli G, Costantino G, Cardamone G,
Foti G, Aneli S, Kurihara H, EIAbd H, My I, Galvan-Femenia I, Martin J, Erdmann J,

Ferrusquia-Acosta J, Garcia-Etxebarria K, Izquierdo-Sanchez L, Bettini LR, Sumoy L,

AJRCCM Articlesin Press. Published July 06, 2020 as 10.1164/rccm.202006-2598L E
Copyright © 2020 by the American Thoracic Society



Page 10 of 14

Terranova L, Moreira L, Santoro L, Scudeller L, Mesonero F, Roade L, Rithlemann MC,
Schaefer M, Carrabba M, Riveiro-Barciela M, Figuera Basso ME, Valsecchi MG, Hernandez-
Tejero M, Acosta-Herrera M, D’ Angio M, Baldini M, Cazzaniga M, Schulzky M, Cecconi M,
Wittig M, Ciccarelli M, Rodriguez-Gandia M, Bocciolone M, Miozzo M, Montano N, Braun N,
Sacchi N, Martinez N, Ozer O, Palmieri O, Faverio P, Preatoni P, Bonfanti P, Omodei P,
Tentorio P, Castro P, Rodrigues PM, Blandino Ortiz A, de Cid R, Ferrer R, Gualtierotti R, Nieto
R, Goerg S, Badalamenti S, Marsal S, Matullo G, Pelusi S, Juzenas S, Aliberti S, Monzani V,
Moreno V, Wesse T, Lenz TL, Pumarola T, Rimoldi V, Bosari S, Albrecht W, Peter W, Romero-
Gomez M, D’ Amato M, Duga S, Banales JM, Hov JR, Folseraas T, Valenti L, Franke A, Karlsen
TH. Genomewide association study of severe covid-19 with respiratory failure. New England

Journal of Medicine 2020.

5. Cheng Y, Cheng G, Chui CH, Lau FY, Chan PK, Ng MH, Sung JJ, Wong RS. Abo blood

group and susceptibility to severe acute respiratory syndrome. Jama 2005;293:1450-1451.

6. Magro C, Mulvey JJ, Berlin D, Nuovo G, Salvatore S, Harp J, Baxter-Stoltzfus A,
Laurence J. Complement associated microvascular injury and thrombosis in the pathogenesis of

severe covid-19 infection: A report of five cases. Translational Research 2020.

7. Varga Z, Flammer AJ, Steiger P, Haberecker M, Andermatt R, Zinkernagel AS, Mehra
MR, Schuepbach RA, Ruschitzka F, Moch H. Endothelial cell infection and endotheliitis in

covid-19. Lancet 2020;395:1417-1418.

8. Ackermann M, Verleden SE, Kuehnel M, Haverich A, Welte T, Laenger F, Vanstapel A,

Werlein C, Stark H, Tzankov A, Li WW, Li VW, Mentzer SJ, Jonigk D. Pulmonary vascular

AJRCCM Articlesin Press. Published July 06, 2020 as 10.1164/rccm.202006-2598L E
Copyright © 2020 by the American Thoracic Society



Page 11 of 14

endothelialitis, thrombosis, and angiogenesis in covid-19. New England Journal of Medicine

2020.

9. Kuba K, Imai Y, Rao S, Gao H, Guo F, Guan B, Huan Y, Yang P, Zhang Y, Deng W,
Bao L, Zhang B, Liu G, Wang Z, Chappell M, Liu Y, Zheng D, Leibbrandt A, Wada T, Slutsky
AS, Liu D, Qin C, Jiang C, Penninger JM. A crucial role of angiotensin converting enzyme 2

(ace2) in sars coronavirus—induced lung injury. Nature Medicine 2005;11:875-879.

10. Brown NJ, Vaughan DE. Role of angiotensin ii in coagulation and fibrinolysis. Heart

Failure Reviews 1999;3:193-198.

11. Bain W, Li H, van der Geest R, Moore SR, Olonisakin TF, Ahn B, Papke E, Moghbeli K,
DeSensi R, Rapport S, Saul M, Hulver M, Xiong Z, Mallampalli RK, Ray P, Morris A, Ma L,
Doi Y, Zhang Y, Kitsios GD, Kulkarni HS, McVerry BJ, Ferreira VP, Nouraie M, Lee JS.
Increased alternative complement pathway function and improved survival during critical illness.

Am J Respir Crit Care Med 2020.

12. Gralinski LE, Sheahan TP, Morrison TE, Menachery VD, Jensen K, Leist SR, Whitmore
A, Heise MT, Baric RS. Complement activation contributes to severe acute respiratory syndrome

coronavirus pathogenesis. mBio 2018;9.

13. Helms J, Tacquard C, Severac F, Leonard-Lorant I, Ohana M, Delabranche X, Merd;ji H,
Clere-Jehl R, Schenck M, Fagot Gandet F, Fafi-Kremer S, Castelain V, Schneider F, Grunebaum
L, Anglés-Cano E, Sattler L, Mertes P-M, Meziani F, Group CT. High risk of thrombosis in
patients with severe sars-cov-2 infection: A multicenter prospective cohort study. Intensive care

medicine 2020;46:1089-1098.

AJRCCM Articlesin Press. Published July 06, 2020 as 10.1164/rccm.202006-2598L E
Copyright © 2020 by the American Thoracic Society



Page 12 of 14

Figure Legends

Figure 1. Risk factors and disease manifestations of COVID-19 suggest the central
involvement of the pulmonary vasculature. While some risk factors (age, obesity) are common
for undifferentiated ARDS, others including cardiovascular disease and diabetes are
overrepresented with regards to severe COVID-19. Regarding viral pathogenesis at the tissue
level, the epithelium represents the primary cell type affected as with most respiratory viruses.
However, SARS-CoV-2 infection is notable for the induction of microthrombi. Multiple
mechanisms are likely to promote endothelial injury, including viral competition for ACE2
binding (thus increasing angiotensin II) and direct activation of complement by SARS-CoV-2
structural proteins, in addition to elevated cytokines, complement activation and cell death
observed in ARDS and sepsis. These vascular perturbations likely contribute to systemic

thrombosis and organ injury in susceptible hosts.
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Complication Organ Affected
Macrovascular
Venous Deep Vein Thrombosis Extremities, Pelvic

Pulmonary Embolism Lung

In situ pulmonary thrombosis* Lung
Arterial Stroke CNS

Myocardial Infarction Heart

Mesenteric Ischemia Gut

Limb Ischemia Extremities
Microvascular Thrombosis Lung, Heart, Intestines, Kidneys,

Skin

Extracorporeal ECMO oxygenator clotting N/A

Renal Replacement Filter clotting N/A

Table 1. Potential vascular complications in critically ill patients with COVID-19. Vascular complications in
COVID-19 patients that been reported in the literature and organs involved (both reported, and extrapolated).
*Postulated mechanism that is not reported in the literature as of this writing.
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