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A growing body of clinical evidence shows that vascular
leakage leads to pulmonary edema in coronavirus disease
2019 (COVID-19) patients. Coronaviruses including severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) use
membrane ectopeptidases to invade cells, most notably dipep-
tidyl peptidase 4 (DPP4; https://www.uniprot.org/uniprot/
P27487), aminopeptidase N (APN; https://www.uniprot.org/
uniprot/P15144), and angiotensin-converting enzyme 2
(ACE2; https://www.uniprot.org/uniprot/QOBYF1).! It is im-
portant to distinguish this latter protein from ACE, which is the
main target for conventional blood pressure lowering drugs:
ACE inhibitors do not inhibit ACE2.2 As a result of virus entry,
these membrane ectopeptidases are internalized and their
activity becomes downregulated. The common denominator
between these membrane ectopeptidases is their enzyme
specificity: they degrade peptide hormones, for instance,
angiotensin II. For SARS-CoV-2 (as well as SARS-CoV), ACE2
is the predominant target for cellular uptake in vivo. It is
present on lung alveolar epithelial cells, enterocytes of the
small intestine, endothelial cells, and arterial smooth muscle
cells.* In an acid aspiration lung injury mouse model, ACE2
knockout (KO) worsened the resulting edema.” This was
accompanied by increased angiotensin II levels® and was
prevented by angiotensin Il receptor KO, leading to the conclu-
sion that the lack of ACE2-mediated angiotensin Il degradation
was responsible for the observed increase pulmonary vascular
permeability. The same observations were made when down-
regulating ACE2 with the spike protein of the SARS CoV prior to
acid aspiration.? Yet, the authors did not measure renin in
these studies. This is crucial since normally angiotensin Il rises
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result in rapid renin suppression,’ thereby normalizing its
levels. Moreover, ACE2 is just one of many angiotensin-degrad-
ing enzymes (angiotensinases). In full accordance with this
concept, Gurley et al did not find increased angiotensin Il levels
after ACE2 KO.2 Hence, whether the ACE2 KO dependent
permeability changes are entirely due to ACE2-mediated
angiotensin Il degradation remains uncertain. ACE2 has mul-
tiple other substrates. Among these are the kinins, which are
also degraded by DPP4.° We and others believe that this
deserves attention, as it offers an alternative view, and forms
a basis on which novel therapeutic opportunities might be
proposed.'®

Kinin Production

The KNG1 gene encodes both high molecular weight kininogen
(HK; 110kDa) and low molecular weight kininogen (LK;
68 kDa). These two proteins are a result of tissue-specific
alternative splicing of the same gene. HK cleavage by plasma
kallikrein (~Fig. 1) releases bradykinin (nine amino acids;
RPPGFSPFR), whereas LK cleavage by tissue kallikreins releases
lysyl-bradykinin (10 amino acids; KRPPGFSPFR). Both kinins
are recognized by the kinin B2 receptor (B2R), which is
constitutively present (among others) on the vascular endo-
thelium. Kinin B2 receptor activation triggers vascular leakage
and is critical to the development of hereditary angioedema
(HAE), a rare congenital tissue swelling disorder.'' Enzymatic
shortening of bradykinin or lysyl-bradykinin by carboxypepti-
dase M in tissue or carboxypeptidase N in plasma changes its
properties dramatically (=Fig. 1). The resulting products
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Fig. 1. Pathways of kinin production and degradation. The tablet and virus symbols indicate the blocking effects of ACE-inhibitor therapy and
SARS-CoV infections, respectively. ACE, angiotensin-converting enzyme; ACE2, angiotensin-converting enzyme 2; APP, aminopeptidase P; DPP4,
dipetidyl peptidase 4; HK, high molecular weight kininogen; LK, low molecular weight kininogen; NEP, neprilysin; SARS-CoV, severe acute

respiratory syndrome coronavirus.

(des-Arg®-bradykinin or des-Arg®-lysyl-bradykinin, respective-
ly) now react with the kinin B1 receptor (B1R), which is
expressed by a variety of cell types including leukocytes and
endothelial cells at sites of inflammation. Inflammatory cyto-
kines stimulate B1R expression and presentation.12 Interesting-
ly, there is evidence for a cytokine storm in COVID-19 infection,
which sets the stage for increased B1R involvement.'>

Kinin Degradation

Under physiological conditions, bradykinin or lysyl-
bradykinin has a short half-life in plasma (27 +10sec-
onds).'*'> Most bradykinin is directly degraded (~ 90%;
~Fig. 1); this keeps the effects of bradykinin localized
and prevents systemic vascular leakage and hypotension.
Inactivation of bradykinin in plasma relies mainly on
degradation by ACE (44 +12nmol-minute”!-mL™! into
bradykinin-[1-7] or bradykinin-[1-5]) and aminopeptidase P
(22 £ 9 nmol-minute~"-mL~! into bradykinin-[2-9]). DPP4
further degrades the metabolites of aminopeptidase P
(27.7 +11.5 nmol-minute *-mL~" into bradykinin-[4-9]).'®
As such, therapeutic inhibition of ACE increases the half-life
of bradykinin in plasma.'’ Interestingly, a well-known side
effect of ACE inhibitor therapy is a characteristic dry cough,
which resembles the coughing that is observed in COVID-19
patients. Less frequently, bradykinin-driven angioedema is
also associated with this therapy. Similarly, thrombolysis-
associated angioedema is worsened by ACE inhibitor use but
can be treated by tempering bradykinin production through C1
esterase inhibitor infusion or B2R antagonists.'29 This shows
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that plasmin-dependent bradykinin production is regulated
by ACE activity.21 It is possible that a similar mechanism,
linking the fibrinolytic system and the plasma contact system,
drives bradykinin production in COVID-19 and enhances
pathology.?!

Although most bradykinin is directly degraded
(=Fig. 1), around 11% of bradykinin is converted
(62 + 10 nmol-minute~"-mL™!) into des-Arg®-bradykinin by
carboxypeptidase M or N. In comparison with bradykinin,
the half-life of des-Arg®-bradykinin is at least 10-fold higher
(643 + 436 seconds).'> Compared with ACE, which prefers to
cleave bradykinin, ACE2 strongly prefers to cleave des-Arg®-
bradykinin (K, 290 pM, Keac 62571) and to a lesser extent
lysyl-des-Arg®-bradykinin (K130 pM, Ky 26 5~1).° Impor-
tantly, endotoxin inhalation in a mouse model caused a
strong transient reduction in pulmonary ACE2 activity.??
This exacerbated lung inflammation through B1R activation
by des-Arg®-bradykinin. These insights strongly suggest that
the loss of ACE2 activity during SARS-CoV-2 infections leads
to an extended half-life of des-Arg®-bradykinin or lysyl-des-
Arg%-bradykinin and subsequent edema formation in the
lungs of COVID-19 patients. In other words, what has been
claimed for angiotensin II (a longer half-life after ACE2 loss)
identically applies to (lysyl-)des-Arg®-bradykinin.

Outlook on Therapeutic Strategies

The mechanistic similarities between pulmonary edema in
COVID-19 and HAE have led us and others to believe that
therapeutic intervention strategies that block the activity or
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formation of (des-Arg®-)bradykinin may have value in the
management of pulmonary edema that is seen in COVID-19
infections.?>2* For HAE, several therapeutic options are
available, including the B2R-blocking small molecule icati-
bant and longer-acting agents such as lanadelumab, which
inhibit plasma kallikrein.?>?® Obviously, we need further
evidence to support these strategies for COVID-19.

A key assumption is that COVID-19 infection indeed causes
a functional ACE2 deficiency in the lung, resulting in an
extended half-life of des-Arg®-bradykinin or lysyl-des-arg®-
bradykinin. As ACE2 is also present in blood plasma, it should
be possible to determine not only its antigen levels but also
its influence on the ex vivo lifetime of des-Arg®-bradykinin in
the plasma of COVID-19 patients.?’ A second critical assump-
tion is that des-Arg”-bradykinin rather than lysyl-des-Arg®-
bradykinin is the critical mediator of BIR activation and
subsequent pulmonary edema. If it is the former, it is likely
generated through activation of the plasma contact system
(and bradykinin fuels des-Arg®-bradykinin production). If it is
the latter, it is generated by tissue kallikrein(s) and untarget-
able by existing HAE therapies. One biochemical study shows a
substrate preference for ACE2 for des-Arg®-bradykinin over
lysyl-des-Arg®-bradykinin, suggesting that ACE2 deficiency
would preferentially impact the lifetime of this plasma-
derived kinin.? Besides confirming these studies in the context
of COVID-19, it would be valuable to investigate the status
of the plasma contact system in plasma and potentially in
lung fluid of COVID-19 patients.9 This combined information
accompanied by an exploratory clinical investigation of exist-
ing HAE therapies is essential to uncover the contribution of
kinins to COVID-19 pathology.
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