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The pathogenic mechanisms underlying the symptomatology
of coronavirus disease 2019 (COVID-19) patients are not well un-
derstood. An atypical and bewildering clinical manifestation
found in many COVID-19 patients is that they exhibit severe
hypoxemia, with arterial levels of oxygen (O,) tension even be-
low 50 mmHg, without clear signs of distress (dyspnea) or sig-
nificant acceleration of breathing.? Under these conditions,
patients with COVID-19 pneumonia may decompensate and as
a consequence undergo a rapid deterioration of their clinical
state that can eventually lead to death. The pathophysiology of
this so-called “silent hypoxemia”® or “happy hypoxia” is un-
known.»®* A decline in arterial O, tension is normally detected
by O,-sensing cells in the carotid body (CB), the main arterial
chemoreceptor, which rapidly activates sensory fibers imping-
ing on neurons in the brainstem to induce compensatory hyper-
ventilation and increased heart rate. In this way, both O, uptake
and its distribution to the tissues are enhanced. Bilateral re-
moval of the CB in humans leaves individuals unaware of hyp-
oxemia, with complete abolition of the hypoxic ventilatory
response.’ Therefore, inhibition of CB responsiveness to hyp-
oxia could be a plausible explanation for the impaired respira-
tory drive and reduced dyspnea that characterizes the “silent
hypoxemia” observed in COVID-19 patients.

The CB parenchyma is organized into clusters of cells called
glomeruli. Each glomerulus is composed of 4-8 neuron-like glo-
mus, or Type I, cells, which are in close contact with a network

of fenestrated capillaries and are richly innervated by afferent
sensory fibers of the petrosal ganglion. Glomus cells, the O,-
sensing elements in the CB, contain abundant synaptic vesicles
with neurotransmitters that are rapidly released in response to
hypoxia to activate the sensory fibers connecting with the
brainstem respiratory and autonomic centers.” Acute respon-
siveness of glomus cells to hypoxia depends on a specialized
mitochondrial O, sensing and signaling system, which is based
on the expression of specific ion channels, mitochondrial
enzymes, and subunits of the electron transport chain (ETC).>®
In addition to the chemosensitive glomus cells, which can be
easily identified by antibodies against tyrosine hydroxylase
(TH), the CB glomeruli also contain a smaller number of glial-
like, Type II or sustentacular cells with interdigitating processes
that envelop the glomus cells. Type II cells are multipotent stem
cells that can differentiate into O, sensitive glomus cells to sup-
port CB growth under sustained hypoxia.”> Although acute
O,-sensing is an intrinsic property of CB glomus cells, the func-
tional responses of these cells are modulated by numerous
auto- and paracrine signals generated within the organ. In this
regard, a local renin-angiotensin system (RAS) and its principal
components (angiotensinogen, angiotensin-converting enzyme,
and angiotensin receptors) have been described in the CB.
Given that angiotensin-converting enzyme 2 (ACE2) has an im-
portant regulatory role in the RAS and has been identified as
the functional receptor by which severe acute respiratory
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syndrome coronavirus 2 (SARS-CoV-2) enters human cells,® we
hypothesized that this enzyme could also be part of the CB local
RAS and thus make CB cells a potential target for SARS-CoV-2
viral infection.

To move this idea forward, we studied the immunohisto-
chemical expression of ACE2 in adult human CB tissue using
thin histological sections obtained from cadaveric donors avail-
able in the tissue bank of our institution. We showed that CB
tissue expresses significant levels of ACE2. As expected, ACE2
staining appeared in blood vessels (Figure 1A, v), as it is known
that this enzyme is highly expressed in endothelial and vascu-
lar smooth muscle cells. However, strong ACE2 staining was
also clearly seen, although with variable intensity, in the glo-
meruli of the CB parenchyma overlapping the expression of TH,
which suggests that it was expressed by glomus cells
(Figure 1A). This immunohistochemical pattern was consistent
in the human CB specimens studied (n=4) as well as in mouse
CB (data not shown). In addition to the histological characteri-
zation of CB ACE2 protein expression, we used qPCR to analyze
the levels of mRNA ACE2 expression in our cohort of human
CBs (n=18). We found that the ACE2 mRNA levels are highly
variable among all the CBs studied, without any clear correla-
tion with donor age or gender (Figure 1B). We did not see statis-
tically significant differences in ACE2 mRNA levels associated
with hypertension measured in a group of subjects (n=15)
whose medical records cited evidence of blood pressure before
death. A nonsignificant trend toward a higher level of ACE2
mRNA expression was seen in CBs from donors with blood Type
A with respect to Type 0. However, these comparisons have no
statistical value due to the small sample size.

The expression of ACE2 in the CB parenchyma suggests
that O,-sensing glomus cells could be potential targets for

A

SARS-CoV-2 infection (Figure 1C). Growing evidence indicates
that SARS-CoV-2 circulates in the blood and may infect, in addi-
tion to the lung epithelium, other tissues expressing ACE2, such
as the olfactory neuroepithelium, the cardiovascular system,
and the gastrointestinal tract, producing multiple and divergent
functional alterations.’ Thus, based on the high ACE2 expres-
sion found in human CB, it is plausible that the SARS-CoV-2 in-
fection of chemosensory glomus cells could alter their ability to
detect changes in arterial O, tension, resulting in unawareness
of hypoxemia as occurs in case of “silent hypoxemia” observed
in COVID-19 patients. Our data reveal a high individual variabil-
ity of ACE2 expression in human CB tissue, which could explain
why “silent hypoxemia” seems to appear randomly among
COVID-19 patients. Regarding the mechanisms by which the po-
tential SARS-CoV-2 infection could impair the CB hypoxic re-
sponse, one possibility is that in an early phase the viral
infection induces biochemical changes in glomus cells selec-
tively altering their mitochondrial O,-sensing mechanisms
(Figure 1C). Indeed, it has been shown that 24 h after infection
with SARS-CoV-2 the proteome of host human cells has already
undergone extensive modulation affecting, among other pro-
teins, enzymes of mitochondrial Krebs cycle and ETC subunits.
Moreover, SARS-CoV-2 proteins synthesized in infected cells can
interact with and hijack numerous host proteins, several of them
normally expressed in mitochondrial matrix or assembled in mi-
tochondrial ETC complexes.’® Similar biochemical alterations in
smooth muscle cells of small pulmonary arteries, which also
have a mitochondrial-based O,-sensing system, would result in
the reduced hypoxic pulmonary vasoconstriction and large intra-
pulmonary shunt suggested to occur in COVID-19 patients.**
In more advanced stages, CB SARS-CoV-2 infection could lead to
inflammation and glomus cell death, thereby reducing the
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Figure 1. ACE2 Expression and Damage of CB O,-Sensing Cells by SARS-CoV-2 Infection. (A) Histological sections (thickness 10 um) of human CB showing ACE2 and TH
staining with selective antibodies. DAPI was used to stain cell nuclei. v, blood vessel. (B) Relative level of ACE2 mRNA expression in the CB tissue of the human subjects
studied. RNA levels were calculated by qPCR with the 2 22" method using the average ACt value as a reference. The dashed line indicates the value of ACE2 mRNA ex-
pression used for normalization. (C) Scheme illustrating the hypothetical consequences of infection of O,-sensing glomus cells by SARS-CoV-2.
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amount of chemosensitive elements in the CB and, henceforth,
the ability to respond to hypoxemia (Figure 1C).

In conclusion, we suggest that SARS-CoV-2 CB infection
could be the cause of, or contribute to, the “silent hypoxemia”
observed in COVID-19 patients. Our proposal could be tested in
autopsy studies of CB tissue obtained from COVID-19 patients
and by experimental work using humanized ACE2-mouse trans-
genic models. In addition, if our hypothesis is correct, it would
be necessary to study whether or not the damage produced by
SARS-CoV-2 infection in the chemosensitive CB tissue is tran-
sient and to what extent it alters the regenerative potential of
CB stem cells. If confirmed, our hypothesis would warrant the
use of CB activators as respiratory stimulants in COVID-19
patients.” These drugs act downstream the mitochondrial O,
sensor as they directly block K" channels in glomus cells.
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