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also enhances phosphorylation of transmembrane vascular
endothelial cadherin molecules, which are then internalized
and degraded. The ensuing actin cytoskeleton constriction
increases pore size between endothelial cells, with consequent
vascular leakage. It is known that engagement of BKB2 by
bradykinin can activate BKB1, but the overall role of BKB1
in hereditary angioedema (HAE) is uncertain. Remarkably, the
BKB1 receptor is rarely expressed in normal conditions, but
proinflammatory cytokines can upregulate the expression of
BKB1 on endothelial cells. This suggest that blockage of
BKB1 in the inflammatory state should be just as important
as blocking BKB2 to prevent edema in COVID-19. To support
this theory, it would be interesting to analyze whether
bradykinin levels and consequently des-Arg9-bradykinin levels
are increased in patients with COVID-19. Moreover, if the
pathophysiology of pulmonary edema in COVID-19
corresponds with the pathophysiology of HAE, exploring
therapeutic options used to treat HAE would be a logical step.
Targeting the bradykinin system by either inhibiting bradykinin
production or blocking bradykinin receptors may open new
therapeutic options to control COVID-19–induced pulmonary
edema. Further studies are required to better understand the
pathophysiology of this complex disease to invent treatment
options for a more adequate response in the future.

Suzanne Zwaveling, MD, PhDa

Roy Gerth van Wijk, MD, PhDb

Faiz Karim, MD, PhDa,b

From athe Department of Internal Medicine, Groene Hart Hospital, Gouda, and bthe

Department of Internal Medicine, Section Allergy, Erasmus Medical Center, Rotter-

dam, The Netherlands. E-mail: suzanne.zwaveling@ghz.nl.

Disclosure of potential conflict of interest: The authors declare that they have no relevant

conflicts of interest.
REFERENCES

1. Hosoki K, Chakraborty A, Sur S. Molecular mechanisms and epidemiology of

COVID-19 from an allergist’s perspective. J Allergy Clin Immunol 2020;146:

285-99.

2. Li W, Moore MJ, Vasilieva N, Sui J, Wong SK, Berne MA, et al. Angiotensin-

converting enzyme 2 is a functional receptor for the SARS coronavirus. Nature

2003;426:450-4.

3. Wan Y, Shang J, Graham R, Baric RS, Li F. Receptor recognition by the novel

coronavirus from Wuhan: an analysis based on decade-long structural studies of

SARS coronavirus. J Virol 2020;94:e00127-20.

4. van de Veerdonk FL, Netea MG, van Deuren M, van der Meer JW, de Mast Q, Brug-

gemann RJ, et al. Kallikrein-kinin blockade in patients with COVID-19 to prevent

acute respiratory distress syndrome. Elife 2020;9:e57555.

5. Tolouian R, Zununi Vahed S, Ghiyasvand S, Tolouian A, Ardalan M. COVID-19

interactions with angiotensin-converting enzyme 2 (ACE2) and the kinin system:

looking at a potential treatment. J Renal Inj Prev 2020;9:e19.

6. Sodhi CP, Wohlford-Lenane C, Yamaguchi Y, Prindle T, Fulton WB, Wang S, et al.

Attenuation of pulmonary ACE2 activity impairs inactivation of des-Arg(9)

bradykinin/BKB1R axis and facilitates LPS-induced neutrophil infiltration. Am J

Physiol Lung Cell Mol Physiol 2018;314:L17-31.

7. Busse PJ, Christiansen SC. Hereditary angioedema. N Engl J Med 2020;382:

1136-48.

Available online September 29, 2020.
https://doi.org/10.1016/j.jaci.2020.08.038
Reply
To the Editor:
We thank Zwaveling et al1 for appreciating our review2 and for

their insightful correspondence. They suggest that suppression of
angiotensin-converting enzyme-2 (ACE-2) by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) could impair
the hydrolysis of des-Arg9-bradykinin and stimulate the bradykinin
receptor type 1 (BKB1) pathway to induce leakage of fluid into the
lungs. In support of their hypothesis, loss of ACE-2 in an animal
model aggravated acid-induced pulmonary edema, and these
effects are alleviated by administration of recombinant human
ACE-2.3 In addition, a report demonstrated that SARS-CoV
infection downregulates the expression of ACE-2.4 However,
other studies suggest that SARS-CoV-2 may upregulate
the expression of ACE-2 in patients with coronavirus disease
2019 (COVID-19) or influenza pneumonia in alveolar epithelial
cells, endothelial cells, and lymphocytes in perivascular
tissue than in uninfected control autopsy lung.5 Furthermore,
single-cell RNA sequencing analysis revealed that secretory cells
in the upper airway epithelium have higher ACE-2 expressions in
COVID-19.6 Thus, until the effect of SARS-CoV-2 on ACE-2
levels or functionality is thoroughly addressed in peer-reviewed
publications, it is difficult to precisely determine the contributory
role of ACE-2 in the bradykinin pathway during SARS-CoV-2
infection.

Zwaveling et al draw an analogy of pulmonary edema in
severe COVID-19 to extravascular fluid leakage in hereditary
angioedema (HAE), and hypothesized that binding of
bradykinin to the bradykinin receptor type 2 (BKB2) could
induce active fluid transfer through vascular pores (Fig 1, A).
Another explanation for extravascular fluid leakage into the
lungs in COVID-19 is secretion of proinflammatory cytokines
such as TNF and IL-6 during the cytokine storm (Fig 1, A).7

We favor a third hypothesis, where excessive and prolonged
secretion of type I and type III IFNs in the airways contributes
to loss of lung epithelial barrier function during COVID-19 and
other RNA virus infections (Fig 1, A).8,9 To test whether entry of
SARS-CoV-2 through ACE-2 is sufficient to induce type III
IFNs without need for viral replication, we engineered a
replication-deficient SARS-CoV-2 spike-HIV-luc pseudotype
virus. Infection of Caco-2 cells, which naturally express
ACE-2, with this engineered virus was sufficient to increase
the mRNA expression of IFN-l2 (Fig 1, B and C), indicating
that virus replication is not required for upregulating its
expression. Because IFN-l contributes to loss of lung epithelial
barrier function,8 we hypothesize that entry of SARS-CoV-2 via
ACE-2 can stimulate secretion of IFN-l and induce leakage of
fluid into the lungs (Fig 1, A).

Zwaveling et al’s hypothesis is most intriguing and certainly
plausible. However, as acknowledged by the authors, there is no
direct evidence showing increased levels of bradykinin or
des-Arg9-bradykinin in the patients with COVID-19 at this
time. Here, we provide evidence that entry of SARS-CoV-2
through ACE-2 provides an adequate signal even without viral
replication to stimulate IFN-l2 mRNA expression, a
cytokine that can cause damage to the epithelial barrier.
Further investigations are required to test the hypotheses
outlined in Fig 1, A, which may induce leakage of fluid into
the lungs in COVID-19, and identify the most important
pathway(s).
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FIG 1. A, Illustration showing several postulated mechanisms of SARS-CoV-2–induced pulmonary edema.

B, Presence of pseudotype virus detected by luciferase activity in the lysate of Caco-2 cells. Caco-2 cells were

infected with SARS-CoV-2 spike-HIV-luc pseudotype virus at 5 3 103 infectious units/mL. Thus, the

luciferase reporter activity serves as a measure of viral particles in the infected cells. After 24 hours of

incubation, luciferase levels in the cell lysates were quantified. C, IFN-l2 mRNA expression in Caco-2 cells

incubated with or without SARS-CoV-2 spike-HIV-luc pseudotype virus for 24 hours. N 5 3 to 6 per group

were used. Data are expressed as means 6 SEM. **P < .01, ***P < .001.
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