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Abstract: Post-COVID syndrome or long COVID is defined as the persistence of symptoms after
confirmed SARS-CoV-2 infection, the pathogen responsible for coronavirus disease. The content
herein presented reviews the reported long-term consequences and aftereffects of COVID-19 infection
and the potential strategies to adopt for their management. Recent studies have shown that severe
forms of COVID-19 can progress into acute respiratory distress syndrome (ARDS), a predisposing
factor of pulmonary fibrosis that can irreversibly compromise respiratory function. Considering
that the most serious complications are observed in the airways, the inhalation delivery of drugs
directly to the lungs should be preferred, since it allows to lower the dose and systemic side effects.
Although further studies are needed to optimize these techniques, recent studies have also shown
the importance of in vitro models to recreate the SARS-CoV-2 infection and study its sequelae. The
information reported suggests the necessity to develop new inhalation therapies in order to improve
the quality of life of patients who suffer from this condition.

Keywords: post-COVID syndrome; long COVID; inhalation therapy; post-COVID sequelae;
post-COVID fibrosis; in vitro lung models

1. Introduction

Although most patients have recovered from COVID-19 infections, it has been re-
ported that over 70% of survivors have multiple complications in one or more organs
up to 4 months after initial symptoms. The set of long-term consequences caused by the
Coronavirus is referred to as post-COVID syndrome or long COVID [1].

Even if there are still insufficient data to determine and decisively characterize this
syndrome, potential long-term consequences can be assumed from emerging data and
previous experiences on other severe respiratory diseases [2].

Survivors of previous coronavirus infections, including the SARS occurrence in 2003
and the Middle East Respiratory Syndrome (MERS) epidemic of 2012, showed a similar set
of persistent symptoms, strengthening concerns about the clinically significant sequelae of
COVID-19, considering the huge difference in number of patients involved [3–6].

New research has also demonstrated that the increased risk of sequelae of COVID-19
is independent of age and the presence of previous medical conditions [7] and that pa-
tients showed common symptoms such as fatigue, dyspnea, cough, headache, brain fog,
anosmia, and dysgeusia. More serious injuries involving the respiratory system have been
reported [8].

The lungs are the organs most involved, as the initial site of the infection, with high
risk of pneumonia and, in severe cases, acute respiratory distress syndrome (ARDS). In the
latter case, patients are often unable to breathe on their own and may require mechanical
ventilation to promote the circulation of oxygen in the blood. A well-known sequela of
ARDS is pulmonary fibrosis: some of the survivors, in fact, show signs of lung scarring,
leading to irreversible impairment of respiratory function [9].
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Several active ingredients are capturing the attention of researchers, with the aim to
reduce the intensity of symptoms, slowing down the course of the disease, preventing
complications and, consequently, improving the quality of life

However, as COVID-19 is a relatively new disease, it is not yet possible to determine
which patients are at greater risk for developing long-term lung issues and whether these
problems will resolve, improve, or become permanent; it is also not possible to say with
high confidence which treatments can prove to be effective against any complications [10].
Given these premises, a series of questions arise:

How much is known about this syndrome? How far are researchers from identifying
the active ingredients specifically useful in the treatment of both post-COVID syndrome
and aftereffects of infection such as pulmonary fibrosis? Which formulations are considered
appropriate, with the lung being one of the most important targets?

The review herein presented aims to face these issues, examining the scientific com-
munity reports about the long-term effects of COVID-19 infection and its aftereffects,
particularly on the respiratory system and the potential strategies that can be adopted for
their management.

2. Long-Term Consequences and Aftereffects of COVID Infection

Coronavirus disease 2019 (COVID-19) is caused by a novel coronavirus known as
Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) and it was declared a
pandemic by the World Health Organization on 11 March 2020 [11].

Coronaviruses are single-stranded, positive-sense RNA viruses that can infect animals
and humans. COVID-19 is transmitted between people through small airborne droplets
emanated by an infected individual, personal contact (shaking hands), and by touching
infected surfaces [12]. This disease often causes no symptoms or mild symptoms in the
patients affected by the virus; consequently, they usually have a good prognosis. However,
many of these cases develop symptoms in a more severe form that can lead to complications
that persist long after the infection [13]. In particular, although COVID-19-associated
symptomatology was more evident in individuals with severe disease, individuals with
mild and moderate disease also reported a wide range of manifestations after the resolution
of the clinical disease [14].

Since the new SARS-CoV-2 is genetically comparable to previously discovered coro-
navirus strains, such as SARS-CoV and MERS-CoV, it is highly expected that the con-
sequences in patients recovered from COVID-19 are analogous to those of SARS and
MERS [15]. Thus, a careful evaluation of the data available in follow-up studies of these
infections could provide a useful scenario for identifying effective therapeutic protocols in
the treatment of long-COVID syndromes.

SARS-CoV-2 infection mostly affects the respiratory system [8] with complications
ranging from mild fatigue to severe forms requiring long-term oxygen therapy or even
lung transplantation [16].

The primary pulmonary manifestations of SARS-CoV-2 include hypoxemia, dyspnea,
and cough while severe ones include hypoxemic respiratory failure and ARDS. ARDS
may progress into pulmonary fibrosis, which in turn leads to irreversible impairment of
respiratory function. Respiratory manifestations typical of post-COVID syndrome include
chronic cough and persistent dyspnea [17].

Some patients develop important neuropsychiatric and musculoskeletal symptoms
of COVID-19 including cerebrovascular accidents, olfactory and gustatory impairments,
delirium, and myalgia. Some of the neuropsychiatric and musculoskeletal symptoms of
post-COVID syndrome include sleep abnormalities, encephalopathy, chronic headache,
delirium, brain fog, and small joint arthritis [18].

Regarding cardiovascular effects, during the acute phase of the infection, patients may
report symptoms of shortness of breath, chest pain, and palpitations. These symptoms may
persist up to 6 months after infection. Coagulopathies, thrombotic events that may become
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recurrent or persistent, hyperglycemia, acute kidney injury, and hepatocellular damage
have also been observed (Figure 1) [17,19].
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Figure 1. Long-term consequences and aftereffects of COVID-19 infections.

These different COVID-19 symptoms reflect the ability of SARS-CoV-2 to infect differ-
ent types of human cells [20].

Like other coronaviruses, SARS-CoV-2 shows four structural proteins, known as: S
(spike), E (envelope), M (membrane), and N (nucleocapsid) protein. In particular, glyco-
protein S is assembled as a homotrimer and is introduced in several copies into the virion
membrane, giving it a crown-like appearance. This protein binds the receptor human
angiotensin-converting enzyme 2 (ACE2) to infect and enter host cells [20,21].

Although the ACE2 receptor is widely expressed in different organs, its expression
level in the airways is of primary interest in the case of COVID-19 pathophysiology.

A recent study on ACE2 expression throughout the respiratory tract revealed that it is
greatest in the sinus and alveolar type II cells, allowing for easy entry for SARS-CoV-2 [22].

Moreover, the Ang II/AT1R interaction influences the activation of macrophages that
contribute to the so-called cytokine storm [23]. In particular, the ACE2 receptor is a key
component of the renin–angiotensin system (RAS). This complex system has a role in the
control of blood volume and systemic vascular resistance, which at the same time influences
cardiac output and blood pressure [13]. In detail, angiotensinogen is broken down from
renin into inactive angiotensin (Ang I), which is converted into angiotensin II (Ang II) by
the angiotensin-converting enzyme (ACE). Ang II binds its own AT1R receptor and controls
blood pressure and the immune system, stimulating vasoconstriction and inflammation, as
well as tissue injury [24].

ACE2 counteracts the activity of ACE by converting Ang I into Ang 1–9 (an inert
variety of Ang), but it is also able to break down and hydrolyze the vasoconstrictor Ang II
into Ang 1–7, which instead exerts a vasodilator effect [13].

Therefore, the downregulation of ACE2 receptors due to binding with the viral spike
protein leads to an increase in angiotensin II, with consequent harmful pro-inflammatory
effects. Ang II, in fact, by interacting with its AT1R receptor, stimulates the gene expression
of various inflammatory cytokines [23] (Figure 2).
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Figure 2. Interaction between SARS-CoV-2 and the Renin–Angiotensin System. SARS-CoV-2 enters
host cells through the interaction of its spike protein with the ACE2 receptor. The downregulation of
ACE2 receptors results in a decrease in the cleavage of angiotensin I and angiotensin II at Ang 1–9
and Ang 1–7, respectively. Ang II, through interaction with the AT1R receptor, stimulates the gene
expression of various inflammatory cytokines and also influences the activation of macrophages that
contribute to the “cytokine storm”.

This cytokine storm has been hypothesized to contribute to the development of acute
respiratory distress syndrome (ARDS) after COVID-19 infection [25]. In fact, it has been
observed that patients with severe manifestations of COVID-19 often progress to ARDS
with permanent scarring of lung tissue and respiratory issue persisting extensively after
recovery [2,26]. In several autopsy reports, bilateral diffusion of alveolar damage with
fibromyxoid cell exudates, pneumocytes desquamation, and hyaline membrane formations
have been observed [27].

The pathological evolution of ARDS consists of three phases: exudative, proliferative,
and fibrotic. In the exudative phase, the extra presence of proinflammatory cytokines
(IL-1β, TNF, and IL-6) leads to the influx of neutrophils into the lung tissue and the break-
down of the endothelial–epithelial barrier, with consequent loss of fluids in the alveolar
spaces and respiratory distress. This phase is followed by the fibroproliferative phase, in
which fibrocytes, fibroblasts, and myofibroblasts accumulate in the alveolar compartment,
leading to excessive deposition of extracellular components of the matrix (ECM) including
fibronectin, collagen I, and collagen III [28], in order to promote tissue repair.

Although mechanical ventilation (MV) is the most important adjuvant therapy for
ARDS, it can worsen lung damage [29] since besides inducing the secretion of trans-
forming growth factor β1, it also activates collagen synthesis and inhibits collagenase
production [30]. A further problem following mechanical ventilation is respiratory muscle
dysfunction: respiratory muscle weakness is approximately two times limb muscle weak-
ness after 1 day of mechanical ventilation, and sepsis, muscle immobilization, and steroids
contribute to weakness acquired in intensive care units (ICU) [31].

A fraction of survivors from ARDS progress to pulmonary fibrosis, which is character-
ized by the inability of the lungs to rebuild the damaged alveolar epithelium, persistence of
fibroblasts, and disproportionate deposition of collagen and other extracellular components
of the matrix [32]. Normally, once the normal lung architecture is rebuilt, the temporary
ECM is removed and the fluid from pulmonary edema in the alveolar areas is eliminated
as well. However, if ARDS is not managed quickly enough, persistent lung damage will



Pharmaceutics 2022, 14, 1135 5 of 18

drive uncontrolled fibroproliferation through upregulation of the profibrotic pathways
and downregulation of the antifibrotic pathways: among the various profibrotic pathways,
transforming growth factor-beta (TGF-β) is the most important mediator and its expression
is effectively upregulated in the lungs following SARS-CoV-2 infection [22,33].

The activation of TGF-β leads to the deposition of extracellular matrix proteins, stim-
ulation of fibroblast chemotactic migration, and fibroblast to myofibroblast transition
(Figure 3) [10].
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(ARDS) and pulmonary fibrosis.

It is also suggested that following the dysregulation in immunological mechanisms
developed as a consequence of COVID-19, an immunosuppressive state occurs to avoid
progression to organ damage, especially after the acute hyperinflammatory phase. A
prolonged stage of immunosuppression, however, can increase the risk of secondary
bacterial and fungal infections [28,34].

A significant proportion of survivors from COVID-19 infection showed impaired
lung function 6 months after recovery. This is important, not only for the long-term
follow-up of these patients, but also to underline the persistent respiratory failure that
can result from SARS-CoV-2 infection. Studies of previous coronavirus infections indicate
that patients may develop a permanent impairment that lasts for months or even years
after infection [6,35,36]. Among the results of the pulmonary function tests, the decrease
in the diffusion capacity of carbon monoxide was more evident [37]. Weakness of the
respiratory muscles, development of fibrosis, thrombosis, and angiopathies, particularly
those associated with previous diseases and follow-up processes in intensive care units, are
just some of the risk factors leading to a worsening of lung function [34,36].

3. Management of Patients with Post-COVID Syndrome and after Effects of
SARS-CoV-2 Infection

Considering the events occurring after the infection, several classes of active ingredi-
ents may be useful in relieving the effects of infection in the airways (Table 1):

Mast cell level stabilizers: mast cell level stabilizers, can inhibit an important increase
in post-COVID-19 disease, which, in a considerable fraction of patients, can be driven
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by persistent chronic mast cell activation [38]. Several studies have shown a potential
association of mast cells with COVID-19 [38–41]. It is known that the activation of mast
cells located in the submucosa of the respiratory tract leads to the actualization of pro-
inflammatory cytokines such as IL-1, IL-6, and TNF-α, contributing to the development
of the cytokine storm. Furthermore, autopsy results of the lungs of patients who died
from COVID-19 showed an accumulation of mast cells, which has been hypothesized to be
the cause of pulmonary edema, inflammation, and thrombosis in the pathophysiology of
COVID-19.

Examples of mast cell stabilizers are flavonoids: these are a large group of natural
stabilizers, including luteolin, apigenin, kaempferol, fisetin, quercetin, genistein, and
epigallocatechin gallate. Some antihistamine drugs have also shown anti-inflammatory
and mast cell-stabilizing effects such as olopatadine, rupatadine, and ketotifen [40,42–44].

Even clarithromycin, the antibacterial belonging to the macrolide group, has been
shown to be a highly effective mast cell stabilizer [41,45]: its dual ability as a mast cell
stabilizer and an antibiotic, useful in cases of bacterial superinfections in the lungs, makes
it a promising candidate for the treatment of long COVID patients. For this reason, its
formulation as an inhalation product [46,47] can be of considerable interest to increase the
weapons available to fight the typical effects of COVID infections.

Anti-inflammatory drugs: Most patients who develop post-COVID 19 interstitial lung
disease (PC ILD) are hypoxic, and steroids have become the standard of care in hypoxic
patients in intensive care units around the world after the results of the recovery trial [48].
Generally, the oral administration of 4–6 mg of dexamethasone for no more than 10 days is
suggested [10] since the use of high doses of oral steroids is associated with adverse effects
such as hyperglycemia, delayed viral clearance, and increased susceptibility to infections
as well as thromboembolic diseases [49].

However, the role of inhaled corticosteroids in the treatment of patients with mild
to moderate COVID-19 disease is less clear. Inhaled corticosteroids are drugs that are
breathed into the lower airways through an inhaler where they reduce inflammation in
the lungs. They are generally used to heal respiratory diseases like asthma and chronic
obstructive pulmonary disease. Long-term use and improper inhaler method may lead
to side effects that include a mouth infection called thrush, a change in voice, and an
increased risk of lung infections [50]. Inhaled corticosteroids reduce the expression of
ACE2 [51]. It has been shown that ciclesonide inhibits the enzyme PAK1, a pathogenic
pathway for COVID-19 related to ACE2: by inhibiting PAK1, ciclesonide reduces immune
suppression and reduces lung inflammation [52]. A phase 3, multicenter, double-blind,
randomized clinical trial was aimed at 10 centers in the USA and estimated the safety and
efficacy of a ciclesonide metered-dose inhaler (MDI) for treating hospitalized participants
with symptomatic COVID-19 infection (from 11 June 2020 to 3 November 2020). A total
of 400 participants were enrolled and randomized: 197 patients receive ciclesonide MDI,
160 µg per actuation, for a total of 2 actuations twice a day (total daily dose, 640 µg) and
203 receive placebo for 30 days. In this randomized clinical trial, ciclesonide reduced
the time to alleviate all COVID-19-associated symptoms. Patients who were cured with
ciclesonide had fewer consequent emergency department visits or hospital admissions for
reasons that were connected to COVID-19. These results suggest that future research on
inhaled steroids is needed to explore their efficacy in patients with a high risk for disease
progression and in reducing the incidence of long-term COVID-19 symptoms [53].

Antibiotics: SARS-CoV-2 can directly damage the lung epithelium and indirectly
trigger the cytokine storm, ultimately leading to multi-organ failure. To counteract the
excessive and dysregulated response of the immune system, immunosuppressive drugs are
widely used. The combination of these drugs with virus-induced immunosuppression can
increase predisposition to secondary infections [54]. Many patients with severe COVID-19
have received empiric antibiotics to prevent secondary bacterial infections. However,
this solution raises concerns about antibiotic abuse and the consequent harm associated
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with bacterial resistance that could be considered a further long-term complication of the
SARS-CoV-2 pandemic [55].

It has been reported that antibiotics, in addition to preventing and treating bacterial
infections, may also have interesting antiviral and immunomodulatory properties in the
treatment of COVID-19. This is the case of azithromycin, an antibiotic belonging to the
class of macrolides, which could play a fundamental role in the hyperinflammatory phase
of COVID-19 thanks to its ability to downregulate the production of cytokines, maintain
epithelial integrity, and prevent pulmonary fibrosis, which is one of the most serious
after-effects of infection [56,57]. In fact, one of the mechanisms of action proposed for
the treatment of COVID-19 concerns precisely the ability of azithromycin to inhibit the
proliferation of fibroblasts, reduce the production of collagen and the levels of TGF-β (the
most important path in the development of fibrosis) and, finally, inhibit the stimulation
of the pro-fibrotic gene induced by TGF-β. However, although azithromycin represents a
promising therapy, data on its use in COVID-19 are still insufficient [57].

Antifibrotic agents: Emerging data from the COVID-19 pandemic suggest that there
may be major fibrotic consequences following SARS-CoV-2 infection. Since transforming
growth factor-β (TGF-β) is the most important pathway in the development of fibro-
sis and is upregulated in SARS-CoV-2 infection, antifibrotic agents could prove to be a
valid treatment.

In particular, pirfenidone is an oral antifibrotic agent [58] capable of blocking the
synthesis of collagen induced by TGF-β, by inhibiting the activation of the HSP47 and Col1
genes. The anti-inflammatory effect is given by suppressing the production of tumor necro-
sis factor-α (TNF-α), interferon gamma (IFN-γ), interleukin-1beta (IL-1β), and interleukin-6
(IL-6). In addition, it has antioxidant properties: depending on the concentration, it blocks
NADPH-dependent microsomal lipid peroxidation in the liver [59]. On the basis of in vivo
models, it has been determined that pirfenidone suppresses the differentiation of TGF-β-
associated fibroblasts in the lungs [60]. A recent study on the use of pirfenidone in patients
with severe Coronavirus Disease 2019 (NCT04282902) was conducted from 31 January to
3 March 2020 at Tongji Hospital and Jingzhou Hospital, and was approved by the Institu-
tional Review Committee of Tongji Hospital and Jingzhou Hospital. A total of 146 patients
were randomly assigned in a 1:1 ratio to pirfenidone (200 mg, three times daily for the
first two days and 400 mg, three times daily thereafter) plus standard therapy or standard
therapy alone. Pirfenidone was given through a nasogastric tube to patients who were
unable to swallow.

This study showed that pirfenidone reduced the cytokine storm, responsible for
complications in patients with severe COVID-19 [61].

Curcumin, a naturally occurring polyphenolic compound with antifibrotic properties,
has been demonstrated to be effective in significantly decreasing the expression of the
TGF-β II receptor (TGF-ß RII), as well as in directly reducing the expression of the TGF-β
protein and its mRNA [62].

Since the therapeutic application of curcumin is still limited by its poor oral bioavail-
ability, hydrophobicity, and rapid metabolism in intestine and liver, researchers are studying
new formulations including curcumin nanoformulations, which refer to the process of
complexing curcumin with small nanoscale-sized molecules.

Nanoparticle formulation as a drug delivery method has proven to be revolutionary
because it can stabilize an active compound in a physiological environment, increasing its
cellular uptake and bioavailability, and eventually making the drug more effective.

In addition, curcumin nanoformulations can be generated as formulations for inhala-
tion and rapidly administered to patients with COVID-19 ARDS undergoing mechanical
ventilation. The optimal dose of curcumin must be high enough to exert the therapeutic ef-
fect, even if a dose greater than 7500 mg/day can actually facilitate the entry of SARS-CoV-2
by upregulating ACE2 expression. Although they have shown promising potential, further
studies on the recommended dosage of curcumin aerosols administration, the choice of the
inhalation device, and the long-term effects on the lungs [22] are still needed.
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Antioxidants: since respiratory viruses not only stimulate ROS production but also
damage cellular defense systems, the application of radical scavengers is proposed as a
possible therapeutic approach. In this sense, the most encouraging compounds include
GSH, its precursor N-acetylcysteine (NAC), and natural molecules such as flavonoids [13].

A recent phase II study (NCT04374461) still in progress aims at evaluating the effect
of NAC (iv; 6 g/day) administration in patients with severe symptoms of COVID-19; its
results will help to clarify the potential therapeutic properties of this drug in patients with
COVID-19 [63].

Moreover, a case report study showed that both oral and intravenous administration
of 2000 mg GSH was effective in mitigating severe respiratory symptoms of COVID-19,
demonstrating the usefulness of this antioxidant therapy for patients with COVID-19 [64].

Antivirals: there is a close relationship between the appearance of pulmonary fibrosis
and high viral load [34].

Recently, in the UK the oral antiviral agent molnupiravir has been approved, a potent
ribonucleoside analogue that inhibits the replication of SARS-CoV-2, acting on the enzyme
that the virus uses to generate copies of itself by introducing errors into its genetic code.
Furthermore, the data indicate that molnupiravir reduced the risk of hospitalization or
death in approximately 50% of adults who were at risk of a severe disease outcome [65].
The molnupiravir was authorized for distribution in emergency conditions by a Decree of
the Ministry of Health on 26 November 2021 and is indicated within 5 days of the onset of
symptoms. The duration of treatment is 5 days and consists of taking four tablets (from
200 mg) two times a day. [66].

New therapeutic agents: considering the extent and impact of the pandemic, there is
an immediate necessity to evaluate also new experimental drugs with a biological rationale
for use in post-COVID syndrome with effects on the airways [10].

In this regard, a study on the experimental use of Zofin in a patient who exhibited
the classic symptoms of post-COVID-19 syndrome including headache, chest tightness,
brain fog, fatigue, fever, and shortness of breath was presented. The patient was treated
at Advanced Regenerative Therapies in Savanah, GA. Three 1 mL doses of Zofin were
administered intravenously on Day 0, 4, and 8 in an outpatient setting. The treating
physician followed up with the patient daily during treatment and continued to monitor
progress on follow-up visits; Day 14, 21, 28, and 60. The patient was monitored for 30 min
immediately following the IV infusion. At the end of the study, the intravenous and multi-
dose administration of the drug was revealed to be safe and well-tolerated without any
serious adverse events. Moreover, the patient reported no signs of respiratory distress or
other disorders. On 14 April 2022, a phase I/II randomized double-blinded and placebo
control trial was started, with the aim to assess the safety and potential efficacy of Zofin
administered intravenously in 30 subjects experiencing prologue symptoms. Results from
September 2023 (NCT05228899). Zofin is an acellular biological therapy that derives from
the soluble and nanoparticle fraction of human amniotic fluid and is produced to retain
naturally occurring microRNAs, growth factors, cytokines, and chemokines, as well as
extracellular vesicles and exosomes secreted by perinatal tissues [67]. Therefore, this ther-
apy proposes the use of paracrine factors derived from cells and secreted by tissues, rather
than the cells themselves, as active components of the drug. In fact, although cell therapies
are actively tested for COVID-19 infections due to the observed immunomodulatory and
anti-inflammatory effects, they have several limitations such as inadequate cell survival
after infusion [68]. Extracellular vesicles, carriers of proteins and nucleotides, have shown
anti-inflammatory and tissue regenerative effects in various preclinical models and have
been shown to be useful in alleviating symptoms associated with respiratory distress and
in promoting endogenous tissue repair through alveolar tissue repair and the modulation
of inflammatory immune cells. The promising results reported in this study encourage
further studies [67].

Once the active ingredient to be administered, or a mixture of active ingredients in
the case of polytherapy, has been identified, it is of fundamental importance to develop a
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formulation capable of delivering the active compound directly to the site of action, at the
level of the airways, with a reduction in dosage and, consequently, of side effects.

Table 1. Different active ingredients useful in the treatment of post-COVID sequelae.

Drug Category Mode of Action References

Flavonoids (luteolin, apigenin,
kaempferol, fisetin, quercetin, genistein,

and epigallocatechin gallate)

Mast cell level
Stabilizers Anti-inflammatory and mast cell-stabilizing effects [40,42,43]

Antihistamine drugs (olopatadine,
rupatadine, and ketotifen)

Mast cell level
Stabilizers Anti-inflammatory and mast cell-stabilizing effects [40,42,44]

Clarithromycin Mast cell level
Stabilizers Anti-inflammatory and mast cell-stabilizing effects [41,45]

Dexamethasone Corticosteroids Decreases the inflammation linked with cytokine
release syndrome [48]

Ciclesonide Corticosteroids Anti-inflammatory action [53]

Azithromycin Antibiotics Inhibit the proliferation of fibroblasts, reduce the
production of collagen and the levels of TGF-β [57]

Pirfenidone Antifibrotic

Inhibit the synthesis of collagen induced by TGF-β;
suppresses the production of TNF-α, IFN-γ, IL-1β-

and IL-6; suppresses the differentiation of fibroblasts
associated with TGF-β

[61]

Curcumin Antifibrotic

Decreasing the expression of the TGF-β II receptor
(TGF-ß RII), as well as in directly

reducing the expression of the TGF-β protein and
its mRNA

[22]

N-Acetylcysteine (NAC) Antioxidants

Inhibits virus replication and expression of
pro-inflammatory

molecules. Boosting a type of cell in the immune
system that attacks infections

[63]

GSH Antioxidants
Blocks viral replication

through redox state
modulation

[64]

Molnupiravir Antivirals

Inhibits the replication of SARS-CoV-2, acting on the
enzyme that the virus uses to generate copies of

itself by introducing errors into its
genetic code

[66]

Zofin
Derived from

human
amniotic fluid

Suppressor of
cytokine activation [67]

Ampion Biological Drug Modulate inflammatory
cytokine levels [69]

4. Post-COVID Inhalation Therapy

The SARS-CoV-2 virus is transmitted through the respiratory system and, as men-
tioned above, can cause an excessive and dysregulated response of the immune system
with consequent damage to the lungs [12,70]. Since the main site of infection and disease
progression is the upper and lower airways [33,71], and a close relationship between the
development of pulmonary fibrosis and high viral load has been shown [72], inhaled ad-
ministration of an anti-COVID-19 drug is favored as it allows for a high concentration of the
active ingredient where the viral load is highest. In fact, in viral diseases that mainly affect
the lungs, oral drugs, and parenteral applications have shown several limits including
low drug concentration at the desired site, while increasing the drug dose to reach the
necessary concentration leads to intolerable side effects. Conversely, inhaled administration
of the drug would not only directly affect the lungs, but would also require a lower dose,
reducing the risk of systemic side effects [73]. This should also make the treatment more
effective and tolerable.
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Additional advantages over other routes are direct administration to the target site
and rapid onset of action [12,74], as well as self-administration [75], improved patient
compliance [76], and non-invasive nature [77].

In the case of a lung formulation, bioavailability requires that the dose of medication
be deposited in the lower respiratory tract [78]. Failure to give evidence can lead to
ineffectiveness. The transport in the upper airways is limited by a smaller surface area and
lower regional blood flow. In contrast, the smaller airways and alveolar space account for
more than 95% of the lung’s total surface area, and this compartment is directly connected
to the systemic circulation via the pulmonary circulation [79].

However, inhalation may be complex for a number of reasons:
Firstly, the lung should not be considered as a uniform organ, its fine and branched

architecture hinders the deep deposition of the drug [80].
Though, the pharmacological response depends not only on the number of particles

deposited, but also on the amount retained at the site [81]. In fact, the respiratory tract has
developed defense mechanisms with the aim of keeping inhaled materials out of the lungs,
as well as removing or inactivating them once deposited [82].

Secondly, it is necessary for the patient to use a suitable inhaler device, which is
comfortable and discreet but above all easy to use, as it is precisely on the correct use of the
devices that partly depends on the success of the therapy [83]. According to the European
Pharmacopoeia, there are three devices that can be used to release a drug into the lungs:

Nebulizers: Nebulizers operate by atomizing the bulk liquid formulation into fine
droplets for inhalation. Most nebulizers use compressed air for atomization or ultrasonic
energy [84]. They are usually cumbersome and inconvenient to carry and operate. Some
well-documented disadvantages include high cost, low efficiency, poor reproducibility and
high variability, risk of bacterial contamination, and constant cleaning requirements [85].
Moreover, aerosol administration via nebulization is time consuming; approximately 30 min
if set-up, drug administration, and cleaning are taken into account [86].

Pressurized metered-dose inhalers (pMDI): A pMDI is a pressurized metal canister
containing a mixture of propellants, surfactants, preservatives, and drug. The drug repre-
sents about 1% of the contents, while the propellants are greater than 80% of the contents,
by weight [87,88]. The pMDI is popular because it is compact, portable, cost-effective, and
provides repeated dosing (100 to 400 actuations) [89]. The effective use of pMDIs, however,
requires an adequate coordination between inspiration and actuation of the inhalers, and
many patients and healthcare providers are not able to demonstrate the correct pMDI
technique [90–95].

Dry powder Inhalers (DPI): DPIs offer the opportunity to use solid-state formulations
for aerosol delivery to the lungs [96,97].

These devices are very portable, easy to use, and do not require spacers. Unlike
pMDI, they are ‘breath-actuated’ devices delivering the drug only when required by
patient inhalation eliminating the problem of coordination between device activation and
patient inspiration [98,99]. In addition, DPIs do not require propellant gases, reducing
the costs associated with the generation, transport, and storage of propellant and their
unwanted environmental impact [100]. However, there is a minimum amount of energy,
hence inhalation flow, necessary to obtain efficient disaggregation of the formulation: very
young and elderly patients and those experiencing a severe exacerbation may not be able
to generate inhalation flow sufficient to produce turbulent energy that produces a dose
reaching the lungs from some devices [101].

Recently, Ampio Pharmaceuticals launched a phase I randomized study to evaluate the
safety, tolerability, and efficacy of nebulized Ampion in improving the clinical outcomes of
40 patients hospitalized with COVID-19 infections, with persistent respiratory symptoms.

Details on the study will be published as soon as they are ready [69] Ampion is the low
molecular weight filtrate of human serum albumin and as an immunomodulatory agent
with anti-inflammatory effects; it has the potential to modulate inflammatory cytokine
levels related to COVID-19 disease and respiratory complications, such as respiratory
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distress syndrome. acute (ARDS). Administration of Ampion to patients by inhalation
allows the drug to reach the target site directly and attenuate lung inflammation [12].

5. In Vitro Models for the Study of Post-COVID Syndrome Drugs

The health sequelae that patients encounter once recovered from COVID-19 have
pushed scientists and pharmaceutical industries all over the world to develop new drug
products able of countering the issues produced by the current pandemic.

To this aim, while a number of preclinical cell culture techniques have been used to
solve issues related to the pathogenesis of SARS-CoV-2, viral replication mechanisms, the
use of in vitro model to study the efficacy of active ingredients in post-COVID sequelae is
still far behind [102].

One of the main problems in the development of drugs against coronavirus and its
sequelae in cell cultures, in fact, is the poor predictability of their effectiveness within the
human body.

Traditional monolayer culture systems fail to mimic the behavior of the respiratory
system in vivo. In these models, the cells are grown on a hard, flat, two-dimensional (2D)
surface, so it is not possible to model lung fibrosis [103], the most serious consequence
after the infection. The results obtained using animal models, on the other hand, are not
reliable due to the fundamental differences in lung architecture and in the immune response
observed in different species [103,104].

Unfortunately, it can take years for studies of large patient cohorts to provide sufficient
information on the clinical course of fibrotic remodeling. Therefore, it is essential to
study post-COVID pulmonary fibrosis in models in which SARS-CoV-2 infection can be
reproduced in order to recreate an environment as similar as possible to the real one.

Some of the in vitro models that can be successfully employed for this purpose include
precision-cut lung slices (PCLS), pulmonary organoids, and lung-on-chip (LOC) devices.

Precision-cut lung slices (PCLS) are gaining attention as a new ex vivo model for
pulmonary fibrosis. These systems, in fact, are able to mimic changes due to fibrosis,
including greater deposition of extracellular matrix and alveolar remodeling when induced
with profibrotic factors [105].

A key advantage of PCLS is the maintenance of a lung 3D structure that allows the
analysis of the spatial and functional relationships of cells in the entire alveoli and airways.
Furthermore, as multicellular systems, they preserve most of the functional cells of the
lungs allowing for an accurate representation of the native biological environment of the
cells, overcoming the limits in the cell–cell and cell–matrix interaction of most approaches
of 2D cell culture [106].

The PCLTS protocol requires fresh tissue, unlike decellularized matrices that can be
frozen and stored for later use. Human lung tissue (from cadavers or surgical resections) is
filled with low melting point agarose and then cut into 300–1000 µm thick slices for in vitro
culture. Lung slices prepared using this protocol were shown to be viable for 5 days, while
the ciliary beating of bronchial epithelial cells was documented on day 7, confirming the
preservation of cell function in these matrices for up to 1 week [107].

Even if it is possible to obtain slices of uniform thickness, the type and number of
specific cells can vary from slice to slice, especially if there are irregularly distributed
disease-related changes. In general, PCLS can be considered a “mini” lung [108], useful
for studying specific aspects of pulmonary fibrosis and viral infection directly in human
lung tissue.

Although human proximal and distal airway lung explants have been shown to
be predisposed to SARS-CoV-2 infection [109], this technique has not yet been used to
investigate COVID-19 and its sequelae [105]. Several disadvantages, in fact, counteract its
use: PCLS mainly allow the study of local immune responses, while the infection processes
involve both local and systemic immune responses. Culture in an air–liquid interface and
the addition of specific immune cells could improve this system [110]. The short culture
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period and the limited and unpredictable availability of fresh human lung tissue further
prevent its use [111].

Over the past year, organoids have also begun as potent tools for COVID-19 research.
Organoids are three-dimensional tissue cultures resulting from pluripotent or induced
pluripotent stem cells (PSC/iPSC) that self-organize spatially in a similar way to their
in vivo counterparts. Stem cells are seeded on collagen suspended clusters or ECM solution
such as Matrigel (an ECM isolated from Engelbreth-Holm-Swarm (EHS) mouse sarcoma
cells) with the addition of appropriate growth factors for differentiation into the lineage of
interest [112].

These models have the potential to overcome the limitations of conventional cell
cultures or animal models due to their high similarity to the human organ, thus providing a
reliable in vitro platform to study the mechanisms and pathogenesis of viral diseases [102].

In fact, they authentically reproduce cell–cell and cell–matrix interactions, can be
kept in culture for several weeks, and have been shown in various studies to provide an
acceptable model of SARS-COV-2 infection in the alveoli, which is also useful for studying
the sequelae resulting from this infection [105].

This technique has already been used in the past to study pulmonary fibrosis: pul-
monary organoids derived from human pluripotent stem cells (hPSC) containing a mix of
epithelial and mesenchymal cells have been genetically modified to develop Hermansky–
Pudlak syndrome, a condition clinical comparable with IPF, with the aim to identify new
potential drug targets [105,113].

Despite the numerous advantages of these models, organoids are not ideal for gen-
erating complex co-cultures mimicking the different structures and functions of organs
and tissues.

Further limitations are due to the lack of vascularization and air–liquid interface,
without taking into account the high variability of organoids in terms of size and cellular
composition [112].

A higher degree of complexity can be achieved in long-on-chip (LOC) models, which
are part of a broader category of models called organ-on-chip that simulate the activities,
mechanics, and physiological response of entire organs through the modulation of a variety
of biological, physical, and chemical factors in a controlled microenvironment [114]. Having
a controlled and dynamic system is essential to quickly test drugs safely, especially when
dealing with dangerous pathogens such as the coronavirus.

Lung-on-chips, in particular, aim to closely mimic the functionality of the lungs and
gas exchanges in the alveoli.

In 2010, an organ-on-chip model of the lung alveolus was generated, in which two
adjacent channels were separated by a porous polydimethylsiloxane (PDMS) membrane.
After coating each side of the membrane with an extracellular matrix, solutions containing
lung epithelial cells or vascular endothelial cells were introduced into the channels, allowing
the cells to expand on both sides of the membrane. After confluence, the growth medium
from the upper canal was removed to generate an air–liquid interface.

Therefore, this microfluidic technology allows the reproduction of cellular interactions
in a vascularized environment, closely mimicking the function of the organ (Figure 4) [112].

In fact, the integration with a biological-inspired mechanical driven system that
uses computer-controlled negative pressure to cyclically lengthen the alveolar–capillary
barrier, allows for simulating physiological respiratory movements. Importantly, this device
displays responses not normally recorded in traditional cell culture models, such as the
recruitment and phagocytic activity of immune cells in response to bacteria, inflammatory
cytokines, and environmental nanoparticles. Furthermore, the ability of this model to
reproduce lung function led to the discovery of negative effects induced by the respiratory
act, previously considered inexplicable [105,115].
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In the past, this device has been used to study influenza virus infections [116], thus
paving the way for further in vitro studies, including research on SARS-CoV-2 and its
sequelae. In fact, several studies have reported that these models are suitable for studying
SARS-CoV-2 infection since they are able to reproduce the function and lesion of the
capillary–alveolar barrier, SARS-CoV-2 infection, the resulting inflammatory response, and
the recruitment of immune cells [102,117,118]. Furthermore, compared to conventional
cell culture methods, LOCs are stable for a longer period of time, and this is particularly
important for the study of diseases such as pulmonary fibrosis [107].

However, the fabrication of long-on-a-chip models is quite expensive, limiting the
applications of this technique [119].

6. Conclusions

Post-COVID syndrome is a new condition that can adversely affect quality of life,
regardless of age and the presence of pre-existing diseases. Unfortunately, it is not yet
possible to know which patients are most at risk of developing long-term consequences and
whether these problems will solve, improve, or become permanent. This review examined
the reports of the scientific community on the long-term consequences of COVID-19 and its
after-effects, particularly in the lung, as the main site of infection, and possible treatment
options useful for alleviating its symptoms. Active ingredients demonstrating a biological
logic in the treatment of post-COVID sequelae have been reported, concluding that the
most appropriate type of formulation for their administration is inhalation, allowing for
the release of the drug directly on the site of action with a reduction in dose and systemic
side effects. Considering also that pulmonary fibrosis has been reported as one of the
most serious consequences, the development of new in vitro experimental models, able to
faithfully recreate the infection, will help scientists and pharmaceutical companies around
the world to develop therapeutic strategies for similar conditions; although, further studies
are needed to overcome the limitations of these techniques.
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