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COVID-19 was responsible for the latest pandemic, shaking and reshaping healthcare systems worldwide. Its late
clinical manifestations make it linger in medical memory as a debilitating illness over extended periods. Long
COVID is a complicated and multidimensional illness that affects a large proportion of those recovering from an
acute COVID-19 infection. It has been linked to a variety of symptoms and problems, including chronic fatigue,

cognitive impairment, respiratory troubles, cardiovascular irregularities, and psychological discomfort.

Long COVID COVID-19 SARS-CoV-2 hypercoagulability dysbiosis

| 1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) causes the disease we now call COVID-19. With
a decrease in deaths and hospitalizations due to acute COVID-19, interest has now slowly shifted towards the
long-term complications seen in both prolonged and recovered cases. Thus, the term Long COVID has emerged,
encompassing multiple symptoms that manifest after a SARS-CoV-2 infection. Long COVID places additional
pressure on organs that are already strained by the acute form of the disease, resulting in multi-systemic long-term
symptoms. Long COVID, according to the World Health Organization (WHO), represents any clinical manifestation
present in the first three months after acute COVID-19, minimally evolving over two months, without another

identifiable cause 1.

The symptomatology comprises a wide variety of symptoms, some more frequently encountered, such as fatigue,
exertional dyspnea, insomnia, malaise, cognitive impairment, myalgia, cough, anosmia, arthralgia, chest pain,
fever, tachycardia, and palpitations [2IBI4IBIGIZIEIBILONL2]ASI14]15116] Accurately establishing the epidemiological
risk factors is highly important, as they are extremely valuable both for diagnostic and research purposes. Most of
the articles that were reviewed link a high incidence of manifestation or persistence of Long COVID symptoms in
females [ZEBIABEIGIAEIOILNILAANALS] older patients BIILS patients with previous pulmonary diseases I7EI10]
(131 diabetic patients [12I18] obese patients B4l patients with previous cardiovascular pathology 121281 patients
with increased SARS-CoV-2 viral load &, smokers Bl patients with depression BBIEIZBIENONILL and patients
that experienced severe COVID-19 [IEIRII3][14]
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The main impact of SARS-CoV-2 infection is on the respiratory system; the entrance of the virus into the epithelial
lining of the lungs is facilitated by pneumonocytes that express the angiotensin-converting enzyme 2 (ACE2)
receptors 7. Upon infection by SARS-CoV-2, lung epithelial cells, which serve as the primary origin of
inflammatory cytokines, engage in interactions with immune cells that have been recruited to the site of infection.
This interaction plays a significant part in the development of inflammatory lung damage and subsequent
respiratory failure 18], The persistence and unregulated activation of cytokine storms can result in the impairment of
the epithelial barrier. In the presence of such circumstances, the progression of lung fibrosis occurs due to the

impairment of lung epithelial regeneration 12,

The injury inflicted by SARS-CoV-2 on a range of lung epithelial cells is attributed to the ACE2 receptors or
transmembrane serine protease 2 (TMPRSS2) expression. ACE2 has been observed to be expressed in various
types of cells in the airway epithelium, such as basal cells, ciliated cells, mucous cells, club cells, and intermediate
cells 29, According to a single-cell ribonucleic acid (RNA) sequencing analysis, it was observed that the average
amount of ACE2 was comparatively higher in mucous cells as compared to other types of epithelial cells 24,
Alveolar type 1 (AT1) and alveolar type 2 (AT2) cells are susceptible to SARS-CoV-2 infection, with AT2 cells being
the initial target (22, Nonetheless, academic studies propose that a minor fraction of AT2 cells exhibit the
expression of ACE2, while the expression of TMPRSS2 is minimal in the basal cells of the undifferentiated airway
epithelium and more prominently expressed in the differentiated airway epithelium 2312425 This proposed

mechanism is accountable for the susceptibility of the lungs to COVID-19.

Dyspnea is the most common pulmonary symptom attributed to Long COVID. Dyspnea is defined as an unpleasant
and unmanageable pattern of breathing related to an inability to ventilate well enough to provide the required
amount of air for one normal breath. According to Hentsch L. et al., in their research published in 2021, three
possible mechanisms were proposed for dyspnea induced by COVID-19 (28], One of the mechanisms implies the
interruption of afferent sensory signaling pathways by SARS-CoV-2, which may result in the inability of cortical
structures responsible for processing the sensory aspects of dyspnea to receive afferent inputs from the brainstem.
It is plausible that the virus may cause direct harm to the mechano- or irritant receptors located in the respiratory
tract and/or chest wall, thereby impeding the transmission of afferent signals to the brainstem and higher brain
structures. The second mechanism pertains to the possibility that SARS-CoV-2 may impede the capacity of cortical
structures to identify or manage incoming sensory signals related to breathlessness originating from the brainstem.
The occurrence of the conditions may arise either because of the direct impact of SARS-CoV-2 on nervous tissue
or indirectly through the manifestation of inflammatory acute encephalopathy or cerebrovascular complications,
including but not limited to ischemic or hemorrhagic stroke. The last mechanism implies that the cortical structures
involved in the perception of dyspnea may exhibit a facilitative influence on the perception of breathlessness, like
that of pain, which may be disrupted by SARS-CoV-2. The induction of dyspnea-related panic attacks through
experimental inhalation of 35% CO, has been demonstrated in patients with bilateral amygdala damage [ZZ. The
self-reported levels of panic and fear in this group were found to be remarkably higher than those acknowledged by
the comparison group with intact neurological function. The findings of this study may indicate that the activation of
extra-limbic brain structures by CO, occurs directly, and subsequently, these structures are controlled in a

downward manner by the amygdala [27],
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Several mechanisms of pulmonary damage in COVID-19 have been identified, with viral and immune-mediated
pathways being implicated. Pulmonary fibrosis may arise because of chronic inflammation or as an idiopathic, age-
related fibroproliferative process that is influenced by genetic factors 28, Pulmonary fibrosis is a recognized
consequence of acute respiratory distress syndrome (ARDS). Nevertheless, the clinical relevance of persistent
radiological abnormalities after ARDS is limited and has decreased with the implementation of protective lung
ventilation techniques 22, Research has indicated that a significant proportion of individuals diagnosed with
COVID-19, specifically 40%, are prone to developing ARDS. Furthermore, it has been observed that 20% of ARDS
cases are classified as severe Y. The manifestation of post-COVID-19 fibrosis will require further observation;
however, initial examination of patients with COVID-19 upon hospital release indicates that over 33% of cured
individuals exhibit fibrotic irregularities.

The defining characteristic of ARDS is the presence of diffuse alveolar damage (DAD). This is marked by an initial
phase of acute inflammatory exudation, which is characterized by the presence of hyaline membranes. This is then
followed by an organizing phase and a fibrotic phase B, Prior research has emphasized the significance of the
duration of illness as a crucial factor in the development of pulmonary fibrosis after ARDS. The findings of this
investigation indicate that a small proportion of patients (4%) who had a disease duration of less than one week, a
notably larger proportion (24%) of patients with an illness lasting between 1 and 3 weeks, and a majority (61%) of
patients who had a disease duration exceeding three weeks experienced the development of fibrosis B2, The
development and progression of pulmonary fibrosis may be instigated and facilitated by a cytokine storm resulting
from an atypical immune response. The release of matrix metalloproteinases during the inflammatory phase of
ARDS leads to epithelial and endothelial injury. The process of fibrosis involves the participation of vascular

endothelial growth factor and cytokines, including interleukin (IL) 6 and tumor necrosis factor (TNF) a.

The etiology behind the differential outcomes of individuals who either recovered from an insult or developed
progressive pulmonary fibrosis characterized by the accumulation of fibroblasts and myofibroblasts, along with
excessive collagen deposition, remains unclear 33, While COVID-19-induced ARDS appears to be the primary
indicator of pulmonary fibrosis, various studies have indicated that it differs from classical ARDS in terms of its high

and low elastance types.

The computed tomography (CT) results of numerous cases of COVID-19 do not indicate classical ARDS. In
addition, the presence of abnormal coagulopathy is a notable pathological characteristic of this disorder. The
mechanism underlying pulmonary fibrosis in COVID-19 differs from that observed in other fibrotic lung diseases,
such as idiopathic pulmonary fibrosis (IPF). Notably, pathological observations suggest that the site of injury in

COVID-19-induced pulmonary fibrosis is primarily the alveolar epithelial cells rather than the endothelial cells.

The act of coughing is a reflexive action that requires minimal conscious control. This reflex is initiated by the
activation of peripheral sensory nerves that transmit signals to the vagus nerves. These nerves, in turn, provide
sensory input to the brainstem at the solitary nucleus and the spinal trigeminal nucleus. The phenomenon of cough
hypersensitivity has been established in the context of chronic cough, wherein the pathways responsible for

coughing are believed to have undergone sensitization due to an increase in the magnitude of afferent signals
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transmitted to the brainstem. Coronaviruses, including SARS-CoV-2, gain access to host cells through specific
receptors and proteases, namely ACE2, TMPRSS2, and furin B4, SARS-CoV-2 may have the ability to directly
interact with sensory neurons, as evidenced by the prevalence of sensory dysfunction, such as coughing, as well
as olfactory and taste impairments, among individuals who have been infected with the virus 2. The expression of
ACE2 or TMPRSS2 in human airway vagal sensory neurons and their susceptibility to SARS-CoV-2 infection
remain unknown. The bronchopulmonary vagal sensory neurons in mice were subjected to single-cell sequencing,
which revealed the absence of murine ACE2 expression 28],

The potential involvement of supplementary viral entry factors in the interplay between SARS-CoV-2 and neurons
cannot be disregarded. One such factor is neuropilin-1, which is present in vagal and other sensory neurons B,
The study by D. H. Brann et al. conducted a sequencing analysis of human olfactory mucosal cells, revealing the
absence of ACE2 and TMPRSS?2 in olfactory epithelial neurons 28, However, a significant expression of these
genes was observed in support cells of the olfactory epithelium and stem cells 28, The veracity of the results was
validated through the cellular histological localization of ACE2 in the specialized neuroepithelium of supporting cells
surrounding neuronal dendritic projections. It is noteworthy that the neuroepithelium comprises odor-sensing cilia
391 Hence, it is plausible that the onset of anosmia resulting from SARS-CoV-2 infection could be attributed to the

impact of the infected epithelium on neuronal function.

The ACE2 gene has been identified in a specific group of sensory neurons located in the thoracic ganglia of
humans. These neurons are also known to provide innervation to the lungs. It is worth noting that a particular group
of nociceptive neurons, which express calcitonin-related polypeptide alpha (CALCA) or purinergic receptor P2X 3
(P2RX3), have been found to exhibit expression 49, These neuronal subtypes are like those found in the vagal
sensory ganglia, which play an important role in triggering coughing. The similarity in developmental lineage and
molecular phenotype between certain vagal sensory neurons, particularly those implicated in cough and dorsal root

ganglion neurons, suggests a potential correlation between ACE2 expression in human vagal sensory neurons.

The etiology of persistent cough following SARS-CoV-2 infection is presently unknown, despite the possibility that
the involvement of dorsal root ganglion neurons that contain nociceptors could account for the joint and chest pain,
headache, and dyspnea symptoms experienced with Long COVID. The S1 spike protein of SARS-CoV-2 can cross
the blood-brain barrier (BBB) in mice through absorptive transcytosis, indicating that a functional virus is not
necessary for brain involvement 1. Additional research is required to explore the potential direct interactions
between the virus and the nervous system in the development of cough and other sensory symptoms in individuals
with SARS-CoV-2 infection.

The exclusion of pathological or structural causes is crucial in the clinical management of chronic cough following
COVID-19. This includes assessing fibrosis damage to lung parenchyma or damage to the airways resulting from
SARS-CoV-2 infection or critical care management 42, The presence of lung parenchymal alterations is a frequent
observation on computed tomography (CT) scans in adult individuals affected by COVID-19. Additionally, a

proportion of 10-20% of patients may experience the development of lung fibrotic changes 2. The presence of
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lung fibrosis has been found to potentially heighten the sensitivity of the cough reflex in reaction to mechanical

stimuli applied to the chest wall, as evidenced in individuals diagnosed with idiopathic pulmonary fibrosis 42!,

The presence of a persistent cough in individuals experiencing post-COVID symptoms may be attributed to
neuroinflammation, resulting in a state of heightened laryngeal and cough hypersensitivity. This phenomenon
serves as the underlying cause of chronic refractory or unexplained cough #4143 Neuromodulators such as
gabapentin and pregabalin have demonstrated efficacy in managing chronic refractory cough. The aforementioned
strategy could be deemed as a viable option for addressing Long COVID, as these pharmaceutical agents may
have utility in mitigating additional symptoms that coincide with coughing, such as discomfort, albeit with the
possibility of exacerbating any cognitive impairment. The pulmonary manifestations of Long COVID are

summarized in Figure 1.
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Figure 1. The causes of the most common pulmonary manifestations in Long COVID.
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