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The article describes the rational for inhibition of the angiotensin-converting enzyme 2 (ACE2) pathways as
specific targets in patients infected by SARS-CoV-2.

Key words: Severe Acute Respiratory Syndrome Coronavirus-2; (soluble) ACE2, eosinophil, asthma, IL-10, IL-6,
Lung fibrosis, Ang (1-7), hypoxia, infarction, hypertension.

Introduction

The clinical characteristic and allergy status of 140 patients infected by SARS-CoV-2 has been recently
described®. Infection is known to produce non-severe and severe symptoms, and in more severe cases, may
lead to severe acute respiratory syndrome (SARS) and even death?. Elder age and high number of comorbidities
were associated with critical patients. Lymphopenia and eosinopenia were observed in most patients, and
critical patients have extremely low values of eosinophils, suggesting that eosinopenia may be a potential
marker for diagnosis®. Moreover, a cytokine storm mainly involving IL-6, IL-8 and IL-10 upregulation is
associated with most severe (SARS) cases?. Of note, hypertension, an age related disease, was the most
common comorbidity, while asthma and other allergic diseases were not reported by any of the 140 infected
patients?, nor by any patients in other reports. It is generally known that virus infections may increase the risk
of allergic disease exacerbation; however, the reported data seem to suggest that the opposite is true. Indeed,
the absence, in the examined cohorts, of asthmatic patients suggests that they might be protected from virus
induced SARS, whereas pre-existent hypertensive disease and/or pre-existent antihypertensive treatments
represent a risk factor for virus infection. Therefore, according to the clinical picture of infected patients, Th2-
mediated allergic diseases (usually with high eosinophil counts) may play a protective role against this severe
acute respiratory syndrome (usually with low eosinophil counts), while still obscure mechanisms related to
hypertensive conditions may exacerbate symptoms.

ACE2 mediated SARS-CoV-2 infection

It is known that SARS-CoV-2 virus shares about 80% sequencing identity with the original SARS-CoV virus3. Of
note, angiotensin-converting enzyme 2 (ACE2) was identified as a receptor for the spike (S) protein of SARS-
CoV after its priming by cellular serine protease TMPRSS2, finally facilitating viral entry into target cells®. ACE2
is abundantly expressed in airway epithelial cells and it is believed to play a crucial role in the control of acute
lung injury induced by SARS-Cov*. Spike-Fc protein treatment (3h) resulted in a downregulation of ACE2 protein
expression both in cell lines and in lung cells of mice in vivo*, suggesting that ACE2 pathway may be down-
modulated during infection. However, the engagement of ACE by spike S protein of SARS-CoV may induce a
cellular “protective” ACE2 shedding feedback that does not necessarily mean that the soluble ACE2 is
functionally inactive. Indeed, there is evidence that soluble forms of ACE2 are active and even associated to
pathological conditions®. Moreover, a recent integrative bioinformatics analysis shows that the expression of
ACE2 in human bronchial cells infected with SARS-CoV is dramatically increased 24h after infection and
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remained at a high level for at least 2 days, suggesting that ACE2 may be involved in a positive feed-back loop
post-infection®. In the same report, it has been shown that expression level of ACE2 in bronchial epithelium
obtained by brushing from asthmatic and normal subjects was similar, suggesting that respiratory epithelial
cells of healthy subjects and asthmatic patients have similar ability to bind to SARS-CoV-2 through ACE2. Of
note, ACE2 was also identified as the receptor for the novel (TMPRSS2 primed) spike protein of SARS-CoV-23.
Although the role of ACE2 in the pathogenesis of SARS-CoV-2 and in inducing lung injury is still unknown, ACE2
acts similarly to original SARS-CoV through spike (S) protein3.

Pathological effects of (s)ACE/Ang (1-7)/Mas receptor pathway upregulation and feedback mechanisms of
regulation

ACE2 and ACE are key enzymes of the renin-angiotensin system. ACE2 processes angiotensin (Ang) | and Il into
Ang (1-9) and (1-7), respectively, and it has also other known peptide targets, such as Bradykinin metabolites.
Ang (1-7) peptide, opposing the effects of ACE-generated Ang Il, has been shown to mediate vasodilatative
(hypotension), antiproliferative and apoptotic effects through Mas receptor’?.

(s)ACE2 or Ang (1-7) upregulation have been associated to some pathological conditions such as inflammation
of the gastrointestinal tract, human cirrhosis, infarction and lung injury/fibrosis>*3, For example, elevated
plasma sACE2 activity was associated both with greater severity of myocardial dysfunction and with an
independent prediction of adverse clinical events>®. Moreover, (s)ACE2 activity and Ang (1-7) concentrations in
plasma of patients with inflammatory bowel disease were higher compared to controls®. In healthy livers,
ACE2 is limited to perivenular hepatocytes and endothelial cells, instead in human cirrhosis, ACE2 protein
expression is widespread in the hepatic parenchyma. Of interest, human hepatocytes cultured in hypoxic
conditions upregulated ACE2 protein expression®!. To this regard, intrapulmonary activation of the ACE2/Ang
(1-7)/Mas receptor axis has been described in Ren-2 transgenic rats exposed to chronic hypoxia??, raising the
possibility of a ACE2 upregulation through a positive feedback loop in hypoxia, a condition that finally occurs in
SARS patient and that might later sustain SARS independently of virus infection. Interestingly, in vivo
administration of Ang-(1-7) alone (in Wistar rats) has been shown to promote morphological lung alterations,
extracellular matrix accumulation and inflammatory cytokines (including TNF-alfa, and IL-6), characteristics of
lung inflammation in pulmonary fibrosis!®. Moreover, Ang-(1-7) alone either activated the bax/caspase—
dependent apoptotic pathway or upregulated NF-kB signaling in lung fibroblasts in vitro. To this regard, Ang-
(1-7) has been also reported to promote eosinophil apoptosis in the lung and in the broncoalveolar lavage2.
Interestingly, Ang-(1-7)/Mas receptor axis inhibits allergic airway inflammation and eosinophil cell counts in a
murine model of asthma, indicating that both an impairment of ACE2 pathway may favor asthma and ACE2
pathway activation can reduces asthma symptoms!*. Moreover, a compound that mimics the angiotensin
(Ang)-(1-7) actions has been shown to induce IL-10 upregulation via a Mas receptor-dependent pathway in
bronchoalveolar lavage®. Of note, IL-10 is one of the cytokines downstream ACE2 pathway® and together with
IL-6 is significantly upregulated in the most severe (SARS) cases?, suggesting an important correlation between
ACE2/Ang (1-7) axis activation and SARS.

Severe acute respiratory syndrome and anti-hypertensive treatments

Correlation of severe (SARS) symptoms with pre-existent hypertension and with age was also described. It is
not still clear whether it depends on constitutive hypertensive conditions or/and on anti-hypertensive
treatments or on other age-related conditions. To this regard, reduction in ACE2 expression was associated
with arterial aging in mice!® and ACE2 expression is lowered in human renal tissue of hypertensive patients?’.
On the other hand, up-regulation of ACE2 and Mas expression was reported in spontaneously hypertensive rats
subjected to chronic exercise of moderate intensity®® and anti-hypertensive ACE inhibitors have been shown to
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increase cardiac ACE2 gene expression and cardiac ACE2 activity®®. Notably, hypertension, the most frequent
comorbidity with SARS-CoV-2, is often treated with ACE inhibitors, suggesting a possible positive correlation
that should be avoided to reduce ACE2-mediated viral entry.

Discussion

No specific therapeutics are available. Animals immunized with inactivated SARS-CoV vaccines developed a
severe (asthma-like) lung eosinophilic immunopathology when challenged with SARS virus, indicating a central
role of eosinophil “balanced numbers” in this pathology®®. Vaccines might generate antibodies against viral
ligand/ACE2 complex that finally blocks ACE2 activity during SARS-Cov virus infection and consequent
downstream asthma-like events/symptoms. On the other hand, eosinopenia and cytokine profile (e.g. IL-10)
are compatible with downstream events stemming from an excessive ACE2 pathway activation. Altogether
these data imply not only that the ACE2 is the “vehicle” of viral entry into the host cells but also that the virus
sustains ACE2 pathway activation, finally promoting SARS-induced lung injury.

Since the clinical picture as a whole is consistent with a ACE2 gain of function (likely due to increase of local
active forms of soluble ACE2) rather than a ACE2 loss of function, as initially supposed, inhibition of ACE2/ANG
(1-7)/Mas receptor axis or other ACE2 pathways to restore ACE/ACE2 balance is desirable. Different strategies
can be pursued through ACE2 pathway inhibitors (Dx600, MLN-4760, GL1001, NAAE)” and/or Mas receptor
antagonist (A-779)”** and/or other ACE2 pathways (e.g. involving Bradykinin metabolites or other ACE2
substrates). For example, NAAE demonstrated an antiviral activity?* and GL1001 showed to produce an anti-
inflammatory activity in a mouse model of colitis?, highlighting the importance of the yin-yang balance of
ACE/ACE2 pathways: “in medio stat virtus”.

Unfortunately, to my knowledge, it seems that these inhibitors have not been tested yet in vivo in humans
(perhaps because of their potential risk of hypertensive effects); nevertheless, in this exceptionally critical
situation, the administration of some of them by aerosol/inhalation might be hopefully considered.
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