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The beta coronavirus severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infects lung alveolar type II
epithelial calls by attaching to angiotensin-converting enzyme 2
(ACE-2) expressed at the cells’ surface via its viral spike protein.'
A transmembrane serum protease (TMPRSS2) activates the viral
spike protein and enables cell entry. The more severe manifesta-
tions of the resultant inflammatory response include dry cough,
dyspnea, tachypnea, a feeling of drowning, pulmonary edema,
unilateral or bilateral pneumonia, mottling and ground-glass opa-
cifies on computed tomography scan, and progression to the acute
respiratory distress syndrome requiring ventilatory support.”
Hypoxemia is particularly prominent throughout, and a hyaline
membrane of dead cells can be observed at autopsy. Once infec-
tion takes hold, a cascade of inflammatory events is initiated
including the release of cytokines such as IL-1, IL-6, IP-10,
MCP-1, TNF-q,> and many more, which has been referred to as
a “cytokine storm.” In addition, the prominent edema seen
throughout the lung and the association of ACE inhibition with se-
vere angioedema has focused attention on another innate inflam-
matory cascade, namely, the overproduction of bradykinin,3
which is the focus of this editorial.

There are 2 general pathways for the production of bradykinin,
the first being the release of cellular tissue kallikrein, which
cleaves low-molecular weight kininogen (LK or LMWK) to
release lys-bradykinin (Fig 1). Tissue kallikrein is secreted as an
active enzyme (ie, processed intracellularly) and is a particularly
prominent product of the lung, pancreas, kidney, salivary glands,
and the prostate. There are 15 homologous gene products, 3 of
which can produce bradykinin (KLK 1, 2, and 12), with KLK1 be-
ing the most prominent.

The second pathway is present in plasma and consists of
factor XII, plasma prekallikrein, and high-molecular weight
kininogen (HK)." Prekallikrein circulates primarily as a bimo-
lecular complex with HK (about 75%-80% bound) as does coag-
ulation factor XI (95% is bound). They compete for a single
overlapping binding site, but there is sufficient HK present to
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bind both. Both factor XII and prekallikrein possess minute
levels of proteolytic activity relative to their respective active
enzymes, which may be the initial spark needed for activation
to proceed. All 3 proteins are also bound to bimolecular sites
on the surface of endothelial cells (Fig 1). Factor XII binds pri-
marily to urokinase plasminogen activator receptor-cytokeratin
1, whereas HK binds to the receptor for the globular heads of
Clq (gC1qR)-cytokeratin 1 with plasma prekallikrein attached
to the HK (Fig 1). Once activation proceeds, factor XII is con-
verted to 2 forms of the activated enzyme, factor XIla (80 Kd)
and factor XIIf (28.5-30 Kd; B FXIIa). Both can convert prekal-
likrein to kallikrein, and kallikrein digests HK to release brady-
kinin  (Arg-pro-pro-gly-phe-ser-pro-phe-arg). Factor XII
activation proceeds by a relatively slow autoactivation process
to produce a small amount of factor XIla and a very rapid pos-
itive feedback in which the initial kallikrein formed activates
all remaining factor XII in seconds to yield factor XIla and
then factor XIIf. Tissue kallikrein does not activate factor XII.
The larger 80-Kd factor XIIa (also known as alpha F X11a) is
the clotting factor that converts factor XI to factor Xla to
continue the intrinsic coagulation pathway (Fig 1). Factor XIIf
lacks a surface binding site, loses 96% to 98% of the clotting ac-
tivity, but gains a new function, that is, activation of Clr to
initiate the classical complement cascade (Fig 1). This is not
surprising because cross-activation by enzymes of the comple-
ment system and the coagulation pathway proteins is known
to occur when either pathway is activated. For example,
plasmin, factor Xa, and factor XIa are able to cleave C3 and
C5 to generate the potent chemoattractants C3a and C5a, which
in turn are able to recruit and activate leukocytes to produce
proinflammatory cytokines. This contributes to the cytokine
storm that is the hallmark of many inflammatory processes
including those induced by SARS-CoV-2.

Bradykinin causes vasodilation and increases vascular perme-
ability by interacting with constitutively expressed B-2 receptors
(B-2R) on small venules. The same is true of lys-bradykinin
produced by tissue kallikrein (Fig 1) although the lys is rapidly
removed by aminopeptidase P. Bradykinin is degraded primarily
by ACE, a dipeptidase that removes the C-terminal phe-arg,
which inactivates it, followed by removal of ser-pro. An alterna-
tive process requires carboxypeptidase activity (carboxypepti-
dase N in plasma and carboxypeptidase M on pulmonary
vascular endothelial cells) to first remove the C-terminal arg
from either bradykinin (plasma cascade) or lys-bradykinin (tissue
kallikrein product) (Fig 1). This leaves des-argg bradykinin (Arg-
pro-pro-gly-phe-ser-pro-phe), which is minimally reactive with
B-2. However, this peptide binds to the B-1 receptor (B-1R),
which also mediates vasodilation and vascular permeability.
The B-1 receptor is not normally present but is induced by IL-1
or TNF-a (produced by febrile viral illnesses such as coronavirus
disease 2019 [COVID-19]) as well as gC1gR. Its ligands are des-
arg” bradykinin® as well as des-arg” lys-bradykinin (Fig 1).
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FIG 1. A diagram of important interrelationships involving the bradykinin-forming pathways in patients
with COVID-19. Pulmonary epithelial cells release tissue kallikrein which cleaves low-molecular weight
kininogen to release lys-bradykinin that is rapidly converted to bradykinin. Both are ligands of the B-2
receptor. The plasma cascade is recruited into the surrounding lung tissue, and all the requisite proteins for
bradykinin formation exist bound to endothelial cells where activation can proceed along the surface as well
as in the fluid phase. In addition, activation of endothelial cells by IL-1 or TNF-a can release HSP-90 and
prolylcarboxypeptidase. Both convert PK to plasma kallikrein if PK is bound to HK. Formation of bradykinin
and its des-arg® degradation products stimulate B2 and B1 receptors, respectively, leading to lung edema.

PK, Plasma prekallikrein.

There are many observations and theories regarding a prominent
role for bradykinin and perhaps des—arg9 bradykinin in the patho-
genesis of the pulmonary dysfunction of COVID-19, which is
linked in part to changes in the renin-angiotensin system. Studies
of gene expression in bronchoalveolar lavage specimens of patients
with COVID-19,” when compared with normal control specimens,
reveal upregulation of multiple components that lead to bradykinin
production and downregulation of factors that control the process.
All “kallikreins and kininogens” are upregulated, the B-2 receptor
was increased 207-fold and the B-1 receptor, 2945-fold. The gene
expression for C1 Inhibitor (C1-INH) was decreased 33-fold,
which would render the plasma bradykinin cascade labile and over-
reactive as we see in C1-INH deficiency (types I and II HAE) in
which enzymes not adequately inhibited by C1-INH include both
forms of activated factor XII, plasma kallikrein, and Clr. In
contrast, gene expression for ACE was decreased 8-fold so that bra-
dykinin would not be inactivated normally. Although viral binding
to ACE-2 limits its enzymatic activity” so that des-arg® bradykinin
is not degraded (ACE-2 removes C-terminal phe) and lowered
ACE levels also limit des-arg9 bradykinin degradation (it removes
C-terminal ser-pro-phe acting then as a tripeptidase rather than a
dipeptidase). With the markedly augmented bradykinin receptor
production, a “bradykinin storm” can result.

Our own preliminary observations (unpublished, 2020) reveal
upregulation and secretion of gC1gR by infected cells, which
creates the cell surface platform for activation of the bradykinin

cascade, and the secreted gClgR also upregulates the B-1
receptor.® The renin-angiotensin system’ can also be contributory
in that decreased ACE limits formation of the vasoconstrictor
angiotensin II from angiotensin I. As angiotensin I accumulates,
ACE-2 removes C-terminal phe to produce angiotensin 1-9.
This moiety stimulates angiotensin-2 receptors to cause vasodila-
tion and can do so synergistically with bradykinin.” If significant
amounts of angiotensin II were produced, ACE-2 can then convert
it to another vasodilator, angiotensin 1-7 active through the MAS
receptor.” Here, the balance of decreased ACE-2 via viral binding
and internalization® and increased ACE-2, as seen when
COVID-2 bronchoalveolar lavage fluids are examined,” needs
to be quantified at the protein level (cell surface and interstitial
fluid) rather than at the DNA level to determine the net enzymatic
effect.

There are numerous reports of a possible therapeutic role for
antagonists of cytokines such as IL-1 (anakinra) or IL-6
(tocilizumab) to treat COVID-19.”"* We suggest use of lanadelu-
mab to block plasma kallikrein® and icatibant to inhibit B-2 recep-
tors as possible therapy for the severe pulmonary manifestations
of COVID-19. Preliminary observations using icatibant (uncon-
trolled) indicate improved oxygenation. Antagonists of tissue
kallikrein and the B-1 receptors have been used for research pur-
poses but are not approved for clinical use, but there is a need for
such agents. Simultaneous inhibition of B-1 and B-2 receptors is
also possible. Finally, an mAb to gC1qR to disrupt bradykinin
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formation along endothelial cell surfaces would be a novel, addi-
tional approach.m
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