Epithelial-endothelial cross-talk hypothesis explains the early
pathobiology of COVID-19 pneumonia

Amit Jain®

L Affiliation not available

June 7, 2021

Author Information:

Amit Jain M.D., Anesthesiology Institute, Cleveland Clinic Abu Dhabi, United Arab Emirates

Corresponding Author:

Amit Jain

Anesthesiology Institute, Cleveland Clinic Abu Dhabi, Al Maryah Island, Abu Dhabi
United Arab Emirates

M: +971544103790

Email:amitvasujain@gmail.com

Prior Presentations: None

Word and Element Counts:

Word Count: 2099

Number of references: 40

Funding Statement: Support was provided solely from institutional and/or departmental sources
Conflicts of Interest: The authors declare no competing interests

Abstract

Since the outbreak of the novel coronavirus disease 2019 (COVID-19), researchers around the globe are
constantly puzzled by a well reported clinical finding of pronounced arterial hypoxemia, yet without propor-
tional signs of respiratory distress (i.e. silent hypoxemia or happy hypoxemia) in this disease. Based upon
the findings of increased intrapulmonary shunt in COVID-19, many proceed to propose the concept of pul-
monary vasoplegia, and not just the loss of hypoxic pulmonary vasoconstriction, as mechanism behind this
phenomenon of silent hypoxemia. Further, assumptions were made in proposing inflammatory vasodilators
such as prostaglandins and bradykinins to be the pathological mediators. However, a closer look in to the
physiology of renin-angiotensin system may suggest the predominant role of angiotensin-converting enzyme
and angiotensin II-mediated pulmonary vasoconstriction to be an early mechanism for silent hypoxia. This
theory not only supports other clinical symptomatology of COVID-19, including lack of nasal symptoms and
absence of asthma as a risk-factor, but also corelates with the histopathological data and the radiological
findings of COVID-19 disease.
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For some time, researchers have struggled to understand the pathophysiology of “silent hypoxia” in coro-
navirus diseases (COVID-19) patients [1-3]. Based on the high ratio of 3.0 &+ 2.1 of the shunt fractions to
the fractions of gasless tissue as derived from the computed tomography scan findings in COVID-19 pati-
ents, Gattinoni et al [1]. were first to suggest pulmonary vasoplegia-induced hyperperfusion of non-aerated
lung regions as the responsible pathophysiology. However, they did not offer a specific mechanism for this
vasoplegia. Recently, Reynolds et al., using contrast-enhanced transcranial doppler (TCD), demonstrated a
right-to-left shunt in COVID-19 patients [2]. As the severity of hypoxemia inversely correlated with the num-
ber of microbubbles detected and the prevalence of transpulmonary bubbles seen in this study was markedly
higher than the prevalence of patent foramen ovale in the general population, Reynolds et al. concluded
that pathological pulmonary vascular dilatation and not just a lack of hypoxic pulmonary vasoconstriction
was a significant contributor to hypoxemia in COVID-19 patients with respiratory failure. However, once
again no attempt was made to propose an explanation for this pathophysiological process, although the
authors compared such the intense pulmonary vascular dilatation with that observed in hepatopulmonary
syndrome [2]. Brito-Azevedo et al. also proposed intrapulmonary shunt, as evident using transthoracic saline
contrast echocardiography (TTSCE), as an explanation for severe hypoxia despite preserved lung complian-
ce in COVID-19 pneumonia [3]. They suggested a mechanism for the intrapulmonary shunt: SARS-Cov-2
infection-induced angiotensin II (Ang IT)-mediated angiotensin converting enzyme (ACE) downregulation
with upregulation of bradykinin-induced pulmonary vasodilation. This may correspond with the ‘bradykinin
storm’ hypothesis that has been proposed by other researchers to explain the pulmonary manifestations of

COVID-19 [4].

We disagree with these conclusions, however, for the following reasons: First, the bradykinin storm hypothe-
sis could explain some of the pulmonary manifestations but the same pathological model does not explain
other extrapulmonary effects of COVID-19, such as myocardial, renal and central nervous system disease
manifestations. In fact, most translational medicine research suggests organo-protective effects of bradyki-
nin especially via By receptor [5]. Second, if bradykinin is assumed to be the key inflammatory mediator,
bradykinin-mediated nasal congestion, sneezing, rhinorrhoea and sinusitis as seen in common viral rhinitis
[6], should be common symptoms of COVID-19 diseases and pulmonary manifestations like wheezing and
bronchospasm should be profound. On the contrary, only ~ 4% of COVID-19 patients complain of nasal
symptoms other than anosmia [7], and asthma has not been identified as a mortality risk factor for severe
COVID-19 respiratory disease [8]. Instead, chronic non-asthmatic pulmonary diseases are associated with
poor COVID-19 outcomes [8].

Statement of hypothesis

Though in several observational data, a significant proportion of COVID-19 patients have presented with
silent hypoxia with preserved respiratory compliance, thus giving it a terminology of atypical ARDS [1, 9],
only a few have attempted to relate this phenomenon with increased intrapulmonary shunt [1, 2, 3]. Despite
this, based on these observations, many researchers proceed to evoke a hypothesis of bradykinin as a mediator
for pulmonary vasoplegia and inflammation in COVID-19. However, no study till date have demonstrated
elevated bradykinin levels in either serum or bronchoalveolar lavage fluid in COVID-19 patients. Although,
we agree with the Gattinoni et al. [1] Reynolds et al. [2] and Brito-Azevedo et al. [3] findings of increased
intrapulmonary shunt in COVID-19 pneumonia but, we are doubtful of their conclusion of pulmonary vaso-
dilation as the predominant phenomenon resulting in increased intrapulmonary shunt and severe hypoxia.
Instead, to explain the phenomenon of silent hypoxemia in COVID-19 respiratory failure, we developed an
alternate pathophysiological model — Epithelial-Endothelial crosstalk hypothesis — involving upregulation of
ACE-Ang II- AT1R pathways producing a mosaic pulmonary perfusion pattern of non-homogenous pulmo-
nary vasoconstriction with resultant intrapulmonary shunting and dead-space [10, 11]. We base this on the
following arguments:

First , blood flow through intrapulmonary arteriovenous anastomoses has been demonstrated in approxima-
tely 30% of healthy adult humans at rest, and in 100% of healthy adult humans during exercise and inhalation



of reduced oxygen gas mixtures [12]. Similarly, pathological conditions such as high-altitude pulmonary ede-
ma, bronchopulmonary dysplasia and congenital diaphragmatic hernia are associated with intrapulmonary
shunts as the predominant mechanism for hypoxia [12]. In all these conditions raised pulmonary vascular
resistance (PVR) is a common denominator and non-homogenous pulmonary vasoconstriction has been lin-
ked as the mechanism for the recruitment of intrapulmonary arteriovenous anastomosis and increased shunt
[13], but not pulmonary vasodilation. Catecholamine infusions at rest, by increasing cardiac output, can in-
crease the shunt fraction by increasing blood flow through these pathways and negatively impact pulmonary
gas exchange [12]. Notably, 66% patients in the Brito-Azevedo et al. [3] study were on vasopressors while
Reynolds et al. [2] did not provide information about vasopressors in their study. Furthermore, platypnea
and orthodeoxia, the classical clinical features of significant pulmonary vasodilation-induced shunts, as seen
in hepatopulmonary syndrome [14] (an entity closely compared to the intrapulmonary shunt of COVID-19
pneumonia [2]), are not a part of COVID-19 symptomatology.

Second , although TCD and TTSCE are well-known modalities to determine intrapulmonary shunt, neither
TCD nor TTSCE can determine the pathophysiological process responsible of the development of shunt:
anatomical, vasodilation or non-homogenous pulmonary vasoconstriction.

Third , since COVID-19 lung compliance at the stage of silent hypoxia is largely preserved and the areas
of consolidation are minimal [1, 3], the fraction of gasless tissue would be expected to be minimal [1].
Thus, impaired hypoxic pulmonary vasoconstriction (HPV) as a cause for severe hypoxia in early COVID-19
patients should not be the sole mechanism. Studies based on in-silico [15] and mathematical [16] modelling
also reinforce that even complete loss of HPV could not recreate severe hypoxia observed in COVID-19
pneumonia.

Fourth , the hypothesis of Ang II-induced downregulation of ACE activity is not supported by translational
research on renin-angiotensinogen-angiotensin pathways. While increases in bradykinin levels are possible
secondary to angiotensin-type-2 receptor (AT9R)-mediated Ang II action, this is often a counterregulatory
mechanism [17] and hence, should not predominate. Previous studies on ARDS found a correlation bet-
ween pulmonary capillary endothelium bound ACE activity and severity of ARDS [18]. High ACE levels in
bronchoalveolar lavage (BAL) fluids have been observed in ARDS despite a reduction in serum ACE levels
[19]. Though, no study on COVID-19 has actually measured the ACE levels in BAL fluid and ACE protein
expression in lungs, a recent study measuring the circulating ACE levels in COVID-19 patients demonstra-
ted decreased circulatory levels of ACE in severe COVID-19 patients that normalizes during the recovery
phase [20]. This reduced serum ACE levels may reflect loss of enzyme release from a damaged pulmonary
vascular endothelium, but not be the true representative of ACE activity in the lung compartment [20] that
may actually be increased [21]. High tissue ACE activity increases degradation of bradykinin to inactive
metabolites, inhibiting vasodilator pathways in lungs. Similar mechanism can explain the low incidence of
rhinorrhea and nasal congestion in SARS-CoV-2, unlike other viral upper respiratory tract infections wherein
bradykinin is considered to be the most important mediator. The presence of ACE in the superficial lamina
propria and the endothelium of superficial blood vessels of human nasal mucosa also suggests the possible
role of ACE in limiting the inflammatory effects of bradykinin in nasal mucosa [22]. A report of increased
cerebrospinal fluid levels of ACE in two patients with transient COVID-19 encephalitis (j 3 days) further
highlights the pathological role of local ACE upregulation in COVID-19 [23].

Fifth, and most important is to understand the normal physiological and pathological roles of Ang II in
humans. In health, AT3R and masR, but not angiotensin-type-1 receptor (AT1R), are the only angiotensin
receptor types expressed on pulmonary endothelium and AT1R are expressed on the pulmonary vascular
smooth cells and mesenchymal cells located beneath the pulmonary endothelium [24]. Also, the locally
produced Ang II in the vascular lumen could not crosses the intact endothelium. Thus, in healthy alveo-
lar capillaries, AnglI-AT3R and Ang(1-7)-masR induced nitric-oxide (NO)-mediated vasodilatory effect is
overactive and maintains low PVR, explaining why Ang II infusions in physiological dose ranges failed to
increase PVR [25, 26]. However, with high-dose Ang II infusions AT R activity predominates and can
produce intense non-homogenous pulmonary vasoconstriction and ventilation-perfusion mismatching akin to



that produced by hypoxia [27, 28]. Ang II infusion has also been demonstrated to produce non-cardiogenic
acute pulmonary edema [21]. Also, on one hand, the subpressor levels of Ang II activate AMP-activated
protein kinase (AMPK) and increases ACE2, the high levels of Ang IT (pathological state) inhibit AMPK,
upregulates ACE and downregulates ACE2 via the AT1R-ERK/p38 MAPK pathway [29]. Thus, Ang II has
beneficial as well as harmful vascular effects depending upon the Ang II levels as well as effector receptors
expressions. Importantly, COVID-19 patients have high systemic Ang II levels that are linked with disease
severity [30] and decrease in Ang II levels following human recombinant soluble ACE2 therapy correlated
with the clinical improvement [31].

A working-hypothesis

The key components of our “Epithelial-Endothelial cross-talk” hypothesis for increased intrapulmonary shunt
and silent hypoxemia in COVID-19 are as follows (Fig. 1.):

1. Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) enters type-2 pneumocytes following
binding to membrane angiotensin converting enzyme 2 (ACE2), causing downregulation of ACE2 on
the alveolar-capillary membrane along with concurrent activation of disintegrin and metalloproteinase
domain-containing protein 17 (ADAM17) also known as tumor necrosis factor-o-(TNF-o)-converting
enzyme (TACE), and resulting in TNF-a and IL-6 amplification. This, in turn, establishes a positive
feedback loop of increased expression of ACE, Ang IT and AT{R on alveolar-capillary membrane and
pulmonary capillary smooth muscle cells. Ang II-ATIR-mediated activation of alveolar endothelial cells
now increases the release of endothelin-1 and reactive oxygen species (ROS). Meanwhile, ACE 1-Ang
II-AT2-R and ACE2-Ang 1-7-masR-mediated constitutive endothelial nitric oxide synthase (eNOS)
activation and nitric oxide (NO) release is inhibited.

2. High local Ang II, endothelin-1 and ROS results in intense but heterogenous pulmonary vasoconstric-
tion of the precapillary arterioles, resulting in reduced perfusion of alveolocapillary units. Several
other factors that may be contributory to pulmonary vasoconstriction includes TNF-o that works syn-
ergistically with Ang II and can induce mitochondrial ROS and can deplete endothelial cells of NO.
Plasminogen activation inhibitor-1 (PAI-1) and platelet activating factors (PAF) are some other me-
diators that can not only potentiate vasoconstriction, but microvascular thrombosis as well. As the
resulting vasoconstriction is severe but, uneven, the capillary beds with relatively less vasoconstric-
tion are disproportionately exposed to elevated microvascular pressures, resulting in recruitment and
regional over-perfusion. This results in increased shunt fraction and hypoxia, capillary-stress failure,
and ground-glass opacities. The proposed interplay of key mediators of pulmonary vasoconstriction
involved in the early COVID-19 pathophysiology is depicted in Fig. 2.

3. As the disease worsens, endothelial dysfunction results in proinflammatory and procoagulant activity.
Thrombotic occlusion of heterogeneous regions of pulmonary vasculature distal to subsegmental vessels
including alveolar capillary microthrombi can further increase the shunt fraction and dead space.
Recent evidence of high dead-space ventilation in COVID-19 patients supports our hypothesis [32].
This also explains the findings of dilated proximal sub-segmental and segmental vessels on dual-energy
CT [10]. Thus, silent hypoxia of COVID-19 can be mainly secondary to diffuse microvascular lung
injury with limited alveolar epithelial injury not amounting to diffuse alveolar damage of ARDS.



Figure 1: This is a caption

Fig. 1. Simple illustration of Epithelial-endothelial cross-talk hypothesis in COVID-19:

SARS-CoV-2 uses ACE2 as cell entry receptors and causes downregulation of ACE2. This is followed by
host pattern recognition receptors (PRRs)-mediated detection of a viral pathogen-associated molecular pat-
terns (PAMPs) resulting in interaction of PRRs with mitochondrial antiviral-signaling protein (MAVS) that
activates NF, B through a signaling cascade involving several kinases. Activated NF, B translocate to the
nucleus and induces the transcription of pro-inflammatory cytokines: I1-6, TNF-o and IL-13. (minor direct
pathway ). Binding of SARS-CoV-2 to ACE2 is also associated with activation of TACE dimer to TACE
monomer. Activated TACE induces shedding of several membrane proteins including TNF-o, IL-6Ra;, TNF-
aR1, TNF-aR2 and EGF receptor. TNF-o upregulates AT1R density on epithelial and endothelial cells.
Cross-talk between TNF-o and Ang II contribute to mitochondrial oxidative stress, activation of PAI-1,
MCP-1 and AP-1. EGF receptor activation induces hypoxia inducible factor 1 alpha (HIF-la) activity.
IL6-sILRa complex produces gpl130 mediated activation of STAT3 in a variety of 1L6Ra negative cells in-
cluding pericytes, endothelial cells and epithelial cells resulting in activation of NF, B pathway. NF,B via.
downstream mediators Elk-1 and activator protein (AP-1) results in AT1R upregulation. AngII-AT1R over-
activity induces a feed-forward loop of TACE activation, sustained EGFR activation and stablishes positive
feedback loop of AngII-AT1R-NF, B axis. AnglI via hypoxia inducible factor 1 alpha (HIF-1a) also increases
gene expression of ACE, AT1R and VEGF. Overall, positive feedforward pathways are established resulting
in upregulation of ACE-AnglIl-AT1R, TNFa and IL6 activity mediating apoptosis and activation of peri-
cytes, endothelial and epithelial cells and cytokine storm (major indirect pathway ). Angll mediated
cytoplasmic and mitochondrial oxidative stress results in impaired mitochondrial biogenesis. AnglI-AT1R
activity on endothelial cells causes degranulation of weibel palade bodies with massive release of P-selectin,
wVF, IL-8 and Ang2, mediators that can generate vascular phenomenon of pericyte loss, platelet aggrega-
tion and activation, complement activation, neutrophilic infiltration and NETosis resulting in macro and
microvascular thrombosis of COVID-19.
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Figure 2: This is a caption

Fig.2. Mechanism for pulmonary vasoconstriction in COVID-19 pneumonia.
Pathways highlighted green are relatively activated while red highlights represent relative inactivation.
ACE: angiotensin-converting enzyme; ACE 2: angiotensin-converting enzyme 2; AT II:
Angiotensin II; AT I: Angiotensin I; AT1R: Ang II type-1 receptor; AT2R: Ang II type-2
receptor; NOX: nicotinamide adenine dinucleotide phosphate oxidase; LOX-1: Lecithin-
Like oxLLDL Receptor-1; ETAR: Endothelin-1A receptor; B2R: B2 receptor; eNOS:
endothelial nitric oxide synthase; SOD: superoxide dismutase; NO: nitric oxide; PLC:
phospholipase C; PKC: protein kinase C; TACE: Tumor necrosis factor alpha converting
enzyme; s-TNF-a: soluble tumor necrosis factor alpha; IL6R1: interleukin 6 receptor;
IL6: interleukin 6; AT 1-7: angiotensin 1-7; PI3K/PKB/Akt: phosphoinositide-3-
kinase—protein kinase B/Akt; AMPK: adenosine monophosphate-activated protein
kinase; miR: microRNA; EC: endothelial cell; VSMC: vascular smooth muscle cell.

In conclusion, Ang II-mediated heterogenous pulmonary vasoconstriction with microthrombotic perfusion
defects but not pulmonary vasodilation is likely the predominant mechanism for silent hypoxemia in early
COVID-19 pneumonia. Our hypothesis is supported by the fact that the patients with precapillary pulmonary
hypertension and hypoxia often demonstrate significant intrapulmonary arteriovenous shunt with increase
in alveolar-arterial PaO2 gradient [33]. This hypothesis is further supported by the high incidence of raised
PVR and right ventricular dysfunction in early COVID-19 disease [34] and reports of lung perfusion deficits
that do not overlap with ground-glass opacities or consolidation and are not associated with major vessel
occlusion [10, 35]. Based on this model, we have previously advocated the beneficial role of steroids and
anticoagulant in the early to late stages of COVID-19 [10] and this recommendation is now supported by more
clinical evidence [36, 37]. We strongly believe determining the predominant pathophysiology - heterogenous
pulmonary vasoconstriction versus pulmonary vasodilation - has an important treatment implication: early
pulmonary vasoconstrictors versus vasodilators. Disappointingly, no study has yet evaluated the role of NO



therapy at an early stage of COVID-19 disease and our recommendation on the use of early NO therapy
in the treatment of symptomatic high risk COVID-19 patients [10] is still under debate [38, 39], the issue
certainly warrants high quality randomized clinical trials. Nonetheless, a recent multicentric retrospective
study comparing the outcome of COVID-19 disease in the elderly population on antihypertensive with those
who were not on any antihypertensive therapy, authors identified significant benefits of ACE inhibitors
(ACEIs), AT1R blockers (ARBs) as well as calcium channel blockers in reducing the severity and mortality
of COVID-19 [40]. Our hypothesis of “epithelial-endothelial cross-talk” further raises interest in the possible
therapeutic role of ACEIs or ARBs in COVID-19.
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