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Abstract: The coronavirus SARS-CoV-2 is the causative pathogen of the COVID-19 pandemic that has
been causing global upheaval since 2019. The widespread administration of vaccines has partially
deterred the spread of SARS-CoV-2, yet the virus is mutating its genome to reduce its antigenicity
and evade the human herd immunity. It seems that SARS-CoV-2 will co-exist with the human
population for many decades to come. While most infected individuals only experience mild
to moderate symptoms, some develop severe pulmonary and systemic disease that can result in
hospitalization or even death. The natural history model of SARS-CoV-2 infection has been proposed
which includes three sequential stages: the early infection stage, pulmonary stage, and hyper-
inflammatory stage. Recently, it has been observed that many people who recovered from an acute
infection still experience persistent symptoms for weeks or months, a condition known as long
COVID. Furthermore, some COVID-19 patients display escalated rates of both macro- and micro-
thrombosis due to endotheliopathy. Hence, we added the thrombosis and convalescent stages to
the natural history model, encompassing the entire period from early infection to long COVID. The
early infection stage is characterized by symptomatic or asymptomatic elevation of viral titers. Some
patients progress to the pulmonary stage characterized by opacities in chest X-rays and computed
tomography. The thrombosis stage is characterized by heightened rates of pulmonary thrombosis
and consistently elevated D-dimer levels. The hyper-inflammatory stage is characterized by storms
of cytokines, such as IL-6, IL-17, and interferons, which is a systemic effect. In the convalescent stage,
some people recover completely, while others suffer from long COVID with persistent symptoms
such as fatigue, shortness of breath, or brain fog. The natural history model of SARS-CoV-2 infection
can be used to elucidate treatment and care.

Keywords: SARS-CoV-2 life cycle; oral antiviral drugs; immune modulation; post-acute sequelae of
COVID-19

1. Background

The worldwide pandemic of an infectious respiratory disease that emerged in late 2019
and termed by the World Health Organization as coronavirus disease 2019 (COVID-19)
has been causing global upheaval until the present moment [1]. The causative pathogen,
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), is characterized by high
transmission rates, which allowed its quick spread to all human-populated continents [1–5] and
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disturbed local medical, economic, social, and educational systems [6,7]. The airborne
transmission of SARS-CoV-2, either from symptomatic or asymptomatic carriers, frequently
occurs in indoor environments [8]. The lack of air change in indoor environments, di-
rectional airflow/air circulation systems, and activities such as talking and singing can
increase infection rates via aerosol transmission [8]. Therefore, the scientific experiments
of this airborne virus need to be performed in biological safety level 3 laboratories for the
proper containment of the virus.

The relatives of SARS-CoV-2, SARS-CoV-1 and MERS-CoV, have previously caused
human-to-human infections [9,10] but they only lasted for a short period. In contrast,
SARS-CoV-2 has persisted in human populations to date. To cope with the pandemic,
preventive measures such as school closures, lockdowns, travel restrictions, and personal
behavioral changes were exercised in 2020–2022. These measures not only reduced the
spread of SARS-CoV-2, but also reduced seasonal infections, including bronchitis, flu,
croup, upper respiratory tract infection, otitis media, and tonsillitis [11]. In the meantime,
mass vaccination against COVID-19 has been effective in adults [12,13], children, and
adolescents [14]. Despite the herd immunity in humans, the virus has not been fully
contained [15]. Rather, it has been mutating its genome to repeatedly generate breakthrough
infections [16]. Variants of concerns such as alpha, delta, omicron BA4/5, BQ1/1.1, and
XBB emerged one after another to prevail in the human population [17]. Although the
vaccine cannot fully contain the spread of the virus, it can reduce the rate of infection, as
well as the rate of disease progression to severe disease.

While most infected individuals only experience mild to moderate symptoms and
recover within a few weeks, some develop severe pulmonary and systemic disease that
can result in hospitalization or even death. The natural history stages reflect the impact of
the infection on the individual, with each stage representing different physiological and
clinical manifestations as the infection progresses and the immune response evolves.

A natural history model has been conceptualized to delineate COVID-19, which is
comprised of three sequential stages: the early infection stage, pulmonary stage, and hyper-
inflammatory stage [18]. Additionally, a model with three stages, the viral proliferation
stage, the cytokine injury stage, and the thrombosis stages, was proposed [19]. These
models have shed light on the clinical course of the infectious disease, as well as providing
a rationale for treatments. Recently, it was observed that many people who recover from an
acute infection still experience persistent symptoms such as fatigue, chest pain, palpitations,
cough, dyspnea, abdominal pain, nausea, sleep problem, memory loss, tinnitus, and cogni-
tive impairment [20]. Such a combination of symptoms is referred to as long COVID, which
is defined as a condition in patients with confirmed SARS-CoV-2 infection approximately
3 months after the initial onset, and with these symptoms lasting at least 2 months, which
cannot be attributed to any other diagnosis [21]. Therefore, we incorporated all these
aspects and proposed a comprehensive natural history model, supported by this narrative
review of the literature, and has five stages: the early infection stage, pulmonary stage,
thrombosis stage, hyper-inflammatory stage, and convalescent stage. Not all the stages
will manifest in a patient, and the symptoms and severity of a SARS-CoV-2 infection varies
among individuals.

2. The Natural History of SARS-CoV-2 and Human Interactions
2.1. The Viral Life Cycle

We will start by reviewing the life cycle of SARS-CoV-2 which underlies the natural
history of SARS-CoV-2 infection. SARS-CoV-2 is an enveloped, positive-strand RNA virus,
with a genome of ~30,000 nucleotide bases encoding a total of 29 proteins, which are either
structural or non-structural [18]. The structural proteins include spike (S), membrane (M),
nucleocapsid (N), and envelope (E) proteins [22]. The genomic RNA forms a complex
with the nucleocapsid protein to create a helical capsid, which is encapsulated in a thick
membrane decorated with other structural proteins [22]. The spike protein contains a
receptor-binding domain which extrudes outside the virion for binding with host cell



Int. J. Transl. Med. 2024, 4 74

membrane proteins [18]. The virion with the spike protein forms a crown-like and solar
corona-like structure, hence the virus is named coronavirus. The entry of SARS-CoV-2 virus
into the host cells is a major process in establishing an infection within the host. During
this process, the spike proteins of the virions interact with angiotensin-converting enzyme
2 (ACE2) receptors on human cells in the respiratory tract. This interaction mediates
the fusion of the virion to the human cell membranes which then triggers a sequence of
molecular events constituting the life cycle of SARS-CoV-2. Apart from the ACE2 receptors
on the surface of these cells, the human protease TMPRSS2 and possibly CD147 also play
roles in the cleavage of spike proteins which facilitates viral entry into human cells [18,23]
(Figure 1).
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Figure 1. The life cycle of SARS-CoV-2 from viral entry and genome replication/transcription to
assembly/release.

Once the virus enters the human cells, it hijacks the host’s molecular machinery to
sustain the viral life cycle and to replicate itself, thereby generating multiple virus particles
which can invade surrounding host cells (Figure 1). The structural and non-structural
proteins, including the components of the replicase–transcriptase complex and proteases,
are synthesized according to the subgenomic viral RNA templates, which are produced by
the transcription of the viral genomic RNA (Figure 1) [18]. Initially, the open reading frames
1a and 1b (ORF1a and ORF1b) of the viral RNA are translated to produce polyproteins
PP1a and PP1ab, the latter being a product of a programmed -1 ribosomal frameshift to
avoid the stop codon in ORF1a [24].

The viral proteases, chymotrypsin-like protease (3CLpro or Mpro) and papain-like
protease (PLpro), cut two polyproteins into a total of 16 non-structural proteins (nsp1-
nsp16) [24,25], providing the components of the SARS-CoV-2 replicase–transcriptase com-
plex. PLpro and Mpro are incorporated within the polyproteins nsp3 and nsp5, respec-
tively [24,25]. The replicase–transcriptase complex is responsible for the next stages of
the viral life cycle by producing subgenomic RNAs encoding structural proteins as well
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as replicating full viral genomes for subsequent packaging into virions (Figure 1). The
major enzymatic component of this complex is RNA-dependent RNA polymerase (RdRp,
nsp12), which is conserved among multiple coronaviruses and serves as an important
target for antiviral drugs [5,26]. During genome replication, a negative-strand template
is synthesized, which serves as the template for synthesizing new positive-strand viral
genomes [27].

The structural proteins are translated by the host ribosomes and further localized
to specialized endoplasmic reticulum–Golgi intermediate compartment (ERGIC) vesicles.
The assembly stage occurring on the ERGIC includes the binding of the positive-strand
viral genomic RNA with the N protein into a string-like viral ribonucleoprotein (vRNP)
structure [28]. The M and E proteins are important for the final viral assembly as well as
for viral release [29]. The E protein is responsible for the viral budding from the ERGIC [2].
These particles are then released from the infected host cells; however, the exact mechanism
of this exit remains unclear, but it can occur either through the secretory, exosomal, or
lysosomal pathways [30].

The viral life cycle in the human body triggers the virus–host interactions which
underlie the natural history of SARS-CoV-2 infections, comprising five sequential stages:
the early infection stage, pulmonary stage, thrombosis stage, hyper-inflammatory stage,
and convalescent stage (Figure 2). Each stage is characterized by distinct clinical features,
biomarkers and virus–host interactions. Different medical interventions are required
accordingly (Table 1).
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Figure 2. The natural history of COVID-19 includes five stages. The first stage is the early infection
stage, which is characterized by the elevation of the viral load and S-antigen levels in the serum.
The second stage is the pulmonary stage, which is characterized by opacities on chest X-rays, glass
opacities on computed tomography (CT), and hypoxemia. The third stage is the thrombosis stage
which is characterized by elevated D-dimer, vWF, and fibrinogen levels. The fourth stage is the
hyper-inflammatory stage which is characterized by the elevation of cytokines such as IL-6, IL-17, and
interferons. The fifth stage is the convalescent stage where long COVID symptoms may be observed.

2.2. The Early Infection Stage

This stage starts when SARS-CoV-2 enters the human body through the respiratory
tract. After exposure to the virus, people usually feel symptom-free during the incubation
period which can last for a few days (with a median of 5.1 days) [31]. Afterwards, the
infected people, with or without prior vaccinations, either remain asymptomatic or exhibit
mild flu-like symptoms which will subside within 1~2 weeks. The immune system responds
to the infection by producing an inflammatory response, leading to the characteristic
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symptoms of COVID-19, such as fever, cough, and shortness of breath. Some people may
also experience muscle pain, fatigue, diarrhea, and loss of taste and/or smell [32].

Table 1. The clinical features, biomarkers, virus–host interactions, and treatments for the stages of
COVID-19.

Stage Clinical Features Biomarkers Virus–Host
Interactions/Immunology Treatments

Early Infection
Stage

Fever, cough,
shortness of breath,
muscle pain, fatigue,
diarrhea, loss of taste
or smell

Viral load by RT-PCR
or viral antigens by
antigenic assays from
nasal swab or sputum
samples

Viral entry through ACE2
receptors on host cells
leading to replication and
symptom development

Antiviral drugs and
neutralizing antibodies to
reduce disease progression

Pulmonary Stage Breathing difficulties,
lung inflammation

Chest X-ray or
computed
tomography showing
lung inflammation

Immune response produces
antibodies and activates
immune cells (T cells, NK
cells) to target and destroy
the virus

Antiviral drugs targeting
viral replication and
assembly/release

Thrombosis Stage

Shortness of breath,
chest pain,
respiratory distress,
oxygen desaturation

Elevated D-dimer
and von Willebrand
factor (vWF) levels

SARS-CoV-2 infection
triggering endothelial injury
and inflammation, leading to
a prothrombotic state

Aspirin,
low-molecular-weight
heparin, novel oral
anticoagulants

Hyper-
Inflammatory
Stage

Cytokine storm,
widespread
inflammation, severe
illness, ARDS, sepsis,
organ failure

Elevated levels of
proinflammatory
cytokines (e.g., IL-6,
IL-17, IFN-γ)

Overproduction of
proinflammatory cytokines
and immune mediators
causing organ damage and
complications

Corticosteroids (e.g.,
dexamethasone) to reduce
inflammation and improve
oxygenation
Supportive care (oxygen
therapy, mechanical
ventilation, ECMO)

Convalescent
Stage

Gradual recovery
after acute infection
subsides
Long COVID
conditions with
persisting symptoms

Supportive care to alleviate
symptoms (pulmonary
rehabilitation,
cognitive-behavioral
therapy)

ARDS: acute respiratory distress syndrome; ECMO: extracorporeal membrane oxygenation.

In this early stage, real-time polymerase chain reaction (RT-PCR) or viral antigen tests
are generally needed for the diagnosis of SARS-CoV-2 and the quantitation of viral titers in
the human body. The viral titer can vary widely, ranging from a low titer of 103 to a high
titer of 104–108 RNA copies/mL in persons with viral shedding capability [33]. The viral
titer can change over the course of the infection.

However, the disease can progress into pneumonia, especially in some high-risk
populations such as elderly people or patients with underlying type 2 diabetes [34]. To
prevent these unfavorable conditions, antiviral drugs and neutralizing antibodies are given
to reduce the risk of disease progression [35]. Patients at this stage can also be treated by
the plasma from donors who have already fully recovered from the infection, also known
as the COVID-19 convalescent plasma (CCP) [36].

A meta-analysis of studies conducted in India among healthcare workers, examining
the prophylactic use of hydroxychloroquine either alone or with zinc, revealed a 75% effi-
cacy rate and indicated a dose–response relationship. Specifically, among a subset of the
5 studies where healthcare workers received a minimum of six doses of weekly hydroxy-
chloroquine prophylaxis, the efficacy was notably higher (75%) compared to the collective
efficacy of all 11 studies (44%) [37]. Moreover, a recent retrospective cohort study involving
30,423 patients demonstrated substantial efficacy associated with the combined protocol of
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hydroxychloroquine and azithromycin, especially when administered at the earliest stage
of the illness [38].

2.3. The Pulmonary Stage

In the pulmonary stage, the infection primarily affects the lungs, leading to the de-
velopment of pneumonia symptoms. Breathing difficulties, shortness of breath, and lung
inflammation are common during this stage. As the virus replicates in many host cells and
causes damage, the immune system responds to the SARS-CoV-2 infection by activating
immune cells, such as T cells/natural killer cells, and producing antibodies to target and
destroy the virus. On the one hand, this response can help to clear the virus from the body
and prevent the infection from spreading. On the other hand, the immune response can
also cause inflammation and damage to healthy tissue, leading to pneumonia symptoms.
This damage can make it difficult for the body to perform the exchange of oxygen and
carbon dioxide, thus causing problems with metabolism. In some cases, the infection can
progress even further to the hyper-inflammatory stage characterized by acute respiratory
distress syndrome (ARDS), and multi-organ failure [39]. Chest X-rays or computed to-
mography (CT) may show evidence of inflammation in the lungs. This can manifest as
whitened patches of increased density or as areas of ground-glass opacity on the X-ray
or CT images [33]. These findings may be accompanied by other manifestations such as
pleural effusion or lymphadenopathy.

As SARS-CoV-2 interacts with the host cells at the pulmonary stage, targeting the
molecular machinery of the viral life cycle may prevent further disease progression to the
hyper-inflammatory stage. Oral antiviral drugs are designed to antagonize the life cycle
of SARS-CoV-2 including viral entry into human cells, viral replication, viral assembly,
and release [2]. One strategy of effective antiviral treatments is to target the replicase–
transcriptase complex. During virus replication, the polymerases form a particular 3D
structure that specifically binds natural host nucleotides and incorporates them into a
nascent chain of viral RNA. The antiviral nucleoside/nucleotide analogues are designed
artificial molecules which can fit into the enzymatic pocket of the viral polymerases. This
results either in the termination of the polymerization reaction in the case of analogues
with a blocked 3′-hydroxyl group or the introduction of multiple mutations into the viral
genome due to incorporation of unnatural nucleotides. At the beginning of the pandemic,
an adenosine analogue remdesivir, originally developed by Gilead Sciences for treating
Ebola virus, was quickly identified as one potential candidate for treating COVID-19 [29,40–43].
More potent antiviral nucleoside analogs were subsequently developed [43].

Apart from nucleoside analogs that can impair viral genome polymerization, the
inhibition of the proteases is another strategy for viral life cycle intervention [29]. Protease
inhibitors are drugs that target the viral protease enzyme, the machinery involved in
the cleavage of viral proteins into smaller peptides, which are then assembled into new
viral particles. By inhibiting this enzyme, protease inhibitors can prevent the virus from
replicating and spreading, thereby reducing the severity of the infection. Such inhibitors
usually mimic protease substrates and their binding to the active site prevents the protease
from cleaving viral polypeptides. This binding can either block the enzyme’s activity
entirely or reduce its activity to a level that is no longer sufficient for viral replication.

Paxlovid is an approved combination of a protease inhibitor and polymerase inhibitor
that was authorized by the US Federal Drug Administration (FDA) for emergency use in
SARS-CoV-2-infected patients at elevated risks of progression in late 2021. It is a combi-
nation of two inhibitors: an Mpro inhibitor (PF-07321332/nirmatrelvir) and a polymerase
inhibitor (ritonavir). Nirmatrelvir is a modified form of the Mpro inhibitor originally
developed to antagonize the SARS-CoV-1 virus, which was responsible for the pandemic in
2003 [40]. In a phase 2–3 randomized controlled clinical trial of unvaccinated and previously
uninfected people during the delta variant period (July 2021–December 2021), Paxlovid
treatment within 3 days and 5 days of the onset of symptoms could effectively reduce
hospitalization and death from all causes at day 28 by 88.9% [44]. The clinical guidelines
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indicate that Paxlovid should be considered for groups at high risk for severe COVID-19,
where age is the primary risk factor [45]. In real-world data from a total of 4737 people
treated with Paxlovid in Israel between January 2022 and February 2022, the omicron
variant-dominated period, the hospitalization and death rate reduction by Paxlovid was
46% at day 28. The protective effect of Paxlovid is independent of vaccination, which can
result in an 80% reduction in hospitalization and death rates compared with individuals
of with similar ages and co-mobility factors but who were not treated [45]. Recent data in
the US showed that Paxlovid treatment was associated with a decreased hospitalization
rate among adults with COVID-19. The latest real-world data from the US, spanning
1 April to 31 August 2022, included 198,927 adult patients (≥18 years old), including those
with prior infections or vaccinations, who took Paxlovid within 5 days of diagnosis, as well
as 500,921 patients who did not take Paxlovid. The data revealed that patients receiving
Paxlovid were 51% less likely to be hospitalized within 30 days of diagnosis compared to
those who did not take Paxlovid [46].

Molnupiravir is a nucleoside analog prodrug that targets the SARS-CoV-2 polymerase.
The emergency use authorization for molnupiravir was issued by the FDA for the treatment
of mild-to-moderate COVID-19. Molnupiravir is a polymerase inhibitor that was previously
developed to antagonize Venezuelan equine encephalitis virus (VEEV), a mosquito-borne
pathogen [40]. It showed a broad-spectrum action on RdRp of various viruses including
SARS-CoV-1 and SARS-CoV-2 in preclinical models [40]. The incorporation of molnupiravir
by the polymerase does not stop viral RNA elongation, rather, the molnupiravir-containing
RNA template strands guide the wrong bases into the new viral RNA [40]. In a phase
3 randomized controlled trial of non-hospitalized patients enrolled during the delta variant
period (May 2021–October 2021), the use of molnupiravir within 5 days of the onset of
symptoms could effectively reduce hospitalization or death by 30% at day 29 [47]. The
single-center study conducted by the Yale-New Haven Transplant Center during an omicron
variant-dominated period (January 2022–February 2022) analyzed patients with Paxlovid
contraindication due to organ transplantation. The use of molnupiravir in such patients
could reduce the rate of hospitalization and death (from 19/48 to 9/49) within 30 days, and
no deaths were observed in the molnupiravir-treated group [48].

The nasopharyngeal swab, often used to diagnose SARS-CoV-2, does not detect viral
infection in other parts of the body. In a case study, negative tests from swabs led to the
stopping of antiviral treatments. However, a severe viral reactivation followed, and the
virus was found from bronchoalveolar lavage samples [49]. This emphasizes the need
for caution when relying solely on swab results, as they might not signify a full recovery.
Relying solely on nasopharyngeal swabs at this stage is insufficient, potentially leading
to the misinterpretation of recovery and the inadvertent discontinuation of treatments,
considering the virus can localize in lungs and other organs, emphasizing the need for
more comprehensive diagnostic approaches.

2.4. Thrombosis Stage

Thrombosis linked to endotheliopathy in COVID-19 remains a critical concern. Many
patients exhibit elevated pulmonary thrombosis [50] and consistently elevated D-dimer lev-
els [51]. Viral infection of the endothelial cells often leads to a cascade of events, triggering
inflammation and thrombotic complications, including microvascular thrombosis, venous
thromboembolism, acute limb ischemia, cardiovascular events, cerebrovascular events,
and neurologic invasion [52]. Endothelial dysfunction together with the compromised
innate immunity facilitate viral-induced acute endothelialitis in the pulmonary microcir-
culation, leading to vasoconstrictive anomalies, luminal blockage by inflammatory cells,
and intravascular thrombosis [53]. Autopsies revealed pulmonary micro-thrombosis and
embolism, emphasizing endothelial injuries in oxygen desaturation [54].

Several biomarkers closely associated with endotheliopathy in COVID-19 have emerged
as crucial indicators in understanding and managing the disease. Acutely ill COVID-19
patients often exhibit elevated levels of D-dimer, a marker consistently associated with an
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increased risk of deep venous thrombosis and pulmonary embolism [51]. Elevated levels
of von Willebrand factor (vWF; a glycoprotein crucial for blood clotting) [52,55], fibrino-
gen [55], soluble P-selectin [56], E-selectin, and angiopoietin-2 [57] reflect endotheliopathy.
Additionally, decreased levels of thrombomodulin and endothelial protein C receptor
(EPCR) shed light on anticoagulant dysfunction [58]. Furthermore, measuring endothelial-
derived microparticles [59] and circulating endothelial cells [60] provides insights into the
severity of endothelial injury and the potential for thrombotic events.

The dysfunction of endothelial cells not only underlies the severity of COVID-19 but
also influences therapeutic approaches, affecting patient care and outcomes. The early
administration of aspirin (325 mg/day) is advised for its antiplatelet and anti-inflammatory
effects [61]. Anticoagulant therapy, particularly low-molecular-weight heparin or novel
oral anticoagulants, reduces mortality in COVID-19 patients, especially in severe cases with
thrombotic complications or elevated D-dimer levels [62]. The consideration of systemic
anticoagulation and aspirin is recommended for high-risk patients with a history of heart,
lung, kidney, or malignant disease [63].

2.5. The Hyper-Inflammatory Stage

Some individuals progress all the way to this advanced stage, characterized by an
excessive immune response known as a cytokine storm. In such a case, the immune system
overreacts, causing widespread inflammation throughout the body, which can lead to
organ damage and severe complications. At this stage, the disease can progress to severe
complications including ARDS, sepsis, and organ failure. The virus can cause fluid to
build up in the lungs, particularly within the bronchioles, and make it hard to breathe.
This happens because the virus damages the protective coating of the lungs and causes
inflammation [64]. The immune system becomes hyper-activated and causes more damage,
leading to the accumulation of reactive oxygen species, cell debris, and proteases [64].

The patients at this stage often require intensive care. Septic shock and multi-organ
failure are the major causes of death [65]. The risk of death is generally higher in elderly
people, people with underlying medical conditions (heart disease, diabetes, or lung disease),
and people with compromised immune systems. Additionally, some patients progress to a
cytokine storm which is characterized by an overproduction of pro-inflammatory cytokines
and other immune mediators [66]. This can lead to a range of clinical manifestations,
including fever, inflammation, and organ dysfunction. During the hyper-inflammatory
stage, cytokines such as IL-6, IL-8, IL-17, tumor necrosis factor-α (TNF-α), and interferons
(e.g., IFN-γ) are elevated [56,67], which is not only an indicator of this stage, but can
also lead to the development and progression of the long COVID condition in the next
stage (Figure 2) [18,22,66]. These cytokines are the reaction to the SARS-CoV-2 infection
and are involved in the activation and recruitment of immune cells, such as T cells and
natural killer cells, to the site of infection. The hyper-inflammation causes organ damage
and multisystem inflammatory syndrome in children (MIS-C), which is potentially life-
threatening. A recent study analyzed the virus-reactive T cells, serological responses to
viral proteins, and plasma and peripheral blood mononuclear cells in children with acute
MIS-C, in children recovering from COVID-19, and in healthy controls. The children with
MIS-C exhibited significantly lower virus-specific CD4+ and CD8+ T-cell responses to
major SARS-CoV-2 antigens compared with children who had recovered from a SARS-
CoV-2 infection. The titers in MIS-C patients were similar or lower than those in healthy
controls [68].

In patients with severe COVID-19, the development of virus-specific circulating T
follicular helper cells (cTfh) is delayed compared to patients with mild disease. This in
turn leads to a delay in the production of high-quality neutralizing antibodies, which may
contribute to the progression to severe disease [69].

Corticosteroids, such as prednisone or dexamethasone, may be used to reduce inflam-
mation and improve oxygenation in patients with severe COVID-19. Dexamethasone, a
corticosteroid commonly used for conditions such as inflammation and allergic reactions,
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has shown effectiveness in reducing inflammation and improving outcomes in patients
with severe or critical COVID-19. The RECOVERY trial conducted in the United Kingdom
showed that dexamethasone reduced the risk of 28-day mortality in patients hospitalized
with COVID-19 (age-adjusted rate ratio: 0.83) [70]. It was also found that dexamethasone
improved survival in critically ill COVID-19 patients [70]. Dexamethasone is typically
used in conjunction with other medications and supportive care measures, such as oxygen
therapy, to manage the symptoms and complications of severe COVID-19. It is important to
note that dexamethasone may be harmful to patients with mild or moderate COVID-19 [71].

Tocilizumab is a medication used to treat conditions like rheumatoid arthritis and
certain types of cytokine release syndrome (including COVID) by blocking the interleukin-
6 receptor. One phase 3 clinical trial assessed tocilizumab alongside standard care in
hospitalized COVID-19 patients with hypoxia and systemic inflammation [72]. Among
the 4116 patients, those receiving tocilizumab had lower 28-day mortality rates (31% vs.
35%) and were more likely to be discharged within 28 days compared to those receiving
standard care alone [72]. Tocilizumab also reduced the risk of reaching the composite
endpoint of invasive mechanical ventilation or death among patients not initially on
invasive ventilation, demonstrating its efficacy in improving survival and clinical outcomes
irrespective of respiratory support, in conjunction with systemic corticosteroids [72]. In
another phase 3 trial, among the hospitalized patients who received either tocilizumab or
placebo, the primary outcome, measured on a scale from discharge readiness to death at
day 28, showed no significant difference between the two groups [73]. Both groups had
similar rates of serious adverse events and mortality at 28 days, indicating that tocilizumab
did not notably improve the clinical status or reduce mortality compared to the placebo in
this trial [73].

Additionally, patients can also receive supportive care to help their bodies recover from
the severe inflammation and organ damage at this stage. This may include oxygen therapy
to aid breathing, medications to reduce fever and pain, and electrolyte replacement to
correct fluid/electrolyte imbalances. In severe cases, patients may also require mechanical
ventilation to help them breathe or extracorporeal membrane oxygenation (ECMO) to
support their heart and lungs.

2.6. The Convalescent Stage

In the convalescent stage, the acute symptoms subside. The virus may be gradually
cleared by the immune system. However, a substantial proportion of people transition
into the long COVID condition, defined by WHO as persistent symptoms lasting at least
2 months after the initial onset of a confirmed SARS-CoV-2 infection, occurring approxi-
mately 3 months post-infection, and cannot be explained by other diagnoses [21]. Long
COVID can affect people of all ages, including those who had mild or asymptomatic acute
infections [14,74]. The Long COVID in Scotland Study (Long-CISS) tracked adults with
confirmed SARS-CoV-2 infections over 18 months and discovered that certain symptoms
like altered taste and smell improved over time, while issues like cough and hearing
problems were more common after SARS-CoV-2 infection compared to those who had
never been infected [75]. After the acute infection, SARS-CoV-2 may persist at low titers
in the body, causing ongoing inflammation and damage. Also, the immune system may
remain activated after the acute phases, leading to a prolonged inflammatory response.
Long COVID may be caused by ongoing inflammation and damage to various organs,
including the lungs, heart, brain, and immune system. The dysregulated production of
cytokines leads to chronic inflammation. SARS-CoV-2 breaching the blood–brain barrier
and infecting neuronal cells might contribute to neurological symptoms like headaches,
brain fog, and memory issues. Pre-existing conditions such as diabetes [34,76] and hyper-
tension [77] are associated with an increased risk of severe acute infection and subsequent
long-term symptoms. Risk factors associated with the occurrence of long COVID have been
identified [78,79], including female sex, elderly age, socioeconomic deprivation, smoking,
obesity, and a wide range of comorbidities [80].
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In a study of 312 cancer patients with a median age of 57 years, 60% experienced
prolonged COVID-19 symptoms for up to 14 months after diagnosis, mainly consisting of
fatigue (82%), sleep issues (78%), myalgias (67%), and gastrointestinal symptoms (61%).
More females (63%) than males (37%) reported persistent symptoms, and only 8.5% of
patients with prolonged symptoms were re-admitted for COVID-19-related reasons [81].
In a study of 5133 patients (mean age 61 years, 62.9% male), pre-existing cardiovascular
disease (CVD) was linked to a 1.15 higher odds of death after adjusting for various factors,
while no independent association with cardiovascular events was found. Myocardial injury
upon ICU admission was independently associated with increased odds of death (1.93)
and cardiovascular events (1.82), irrespective of pre-existing cardiovascular disease [82].
Among the 1682 eligible patients (median age 59, predominantly African American (34.4%)
and male (54.5%)), 12% experienced mortality within 60 days. The 60–74 (adjusted OR
3.30) and 75–100 (adjusted OR 4.52) age groups, along with medical histories of atrial
fibrillation (adjusted OR 2.47) and venous thromboembolism (aOR 2.00) were significant
predictors of a higher risk for 60-day mortality compared to the 19–39 age group [83].
Headache is a common long COVID symptom that can persist after COVID-19, with
limited but growing evidence suggesting features such as a migrainous or tension-type-
like phenotype, often presents with other long COVID symptoms such as hyposmia, and
treatment recommendations are currently based on the existing guidelines for primary
headaches with similar phenotypes [84]. The SARS-CoV-2 virus may use the ACE2 receptor
to breach the blood–brain barrier and has been shown to infect and replicate in neuronal
cells in cultures and postmortem examinations have detected virus RNA in the brain in
about 30–40% of cases [85]. This symptom of COVID-19 is believed to be mediated by
innate immune responses and cytokine-mediated pathogenic processes, including the
activation of afferent neurons through pattern recognition receptors [86].

Vaccination might help alleviate the overall impact of long COVID. After COVID-19
vaccination, the frequency of enduring long COVID symptoms is lowered [87]. There is
currently no specific treatment for long COVID, but supportive care can help alleviate
symptoms. This may include pulmonary rehabilitation for respiratory symptoms, cognitive-
behavioral therapy for mental health symptoms, and medication for specific symptoms such
as pain and fatigue. Researchers are also investigating potential therapies, such as antiviral
drugs and immunomodulatory agents, that may target the underlying mechanisms of long
COVID. Seroconversion is observed in some but not all patients [20].

A newly suggested treatment approach has emerged for long COVID, centered on
the hypothesis that the sustained alleviation of symptoms necessitates equipping the
body with enzymes capable of eliminating residual viral spike proteins present in the
bloodstream [88,89].

At the convalescent stage, T cell responses have been noticed [90]. The common symp-
toms of sequelae include anosmia, dysgeusia, fatigue, post-exertional malaise, respiratory
problems such as cough, shortness of breath, and tightness of chest, neurological problems
such as headache, brain fog, and memory issues, as well as gastrointestinal problems such
as diarrhea and nausea [74]. Statistics in the US showed that one in five of previously
infected people developed long COVID [91]. Recently, a comprehensive multi-omic study
of post-acute sequelae of COVID-19 was reported [34]. This study reported proteomic,
metabolomic, and single-cell measurements of a cohort of patients at the diagnosis stage of
a SARS-CoV-2 infection, acute phase, and convalescence stage. It was revealed that diabetes,
SARS-CoV-2 RNA viremia, Epstein–Barr virus viremia, and specific auto-antibodies are
major risk factors for post-acute COVID-19 sequelae [34]. Interestingly, other metabolic
diseases commonly occurring in adults, such as hypertension, coronary artery disease, and
liver fibrosis, did not appear to significantly elevate the risk of sequelae [34]. The molecular
characteristics at the acute stage are correlated with long COVID [92]. In long COVID, the
production of cytokines can become dysregulated, leading to chronic inflammation and the
persistence of symptoms such as fatigue, muscle aches, and difficulty breathing.
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3. Discussion

We added the convalescent stage to the natural history model of SARS-CoV-2 infection
to incorporate the complex and multi-faceted long COVID condition, which we believe
is an important part of the disease which should not be overlooked. Long COVID has
the following characteristics and impact on the patients. First, long COVID has a diverse
range of respiratory, neurological, cardiovascular, and gastrointestinal symptoms that
persist beyond the acute phase of the illness. These diverse symptoms and their occurrence
months after the initial infection make them difficult to identify precisely. Nevertheless, the
prolonged physical and mental discomfort associated with long COVID can significantly
impact the quality of life of the affected individuals. The symptoms, such as fatigue,
cognitive difficulties/brain fog, and persistent pain, can hinder daily activities and reduce
overall well-being. Yet, widespread vaccination could reduce the rate of infection, thereby
mitigate the overall impact of long COVID on a population level.

During the early infection stage of COVID-19, oral antiviral treatments such as
Paxlovid and molnupiravir are recommended for high-risk populations, including el-
derly individuals and patients with metabolic syndrome, to effectively manage the disease.
However, this population is often afflicted by age-related chronic illnesses and may be
taking medications such as blood thinners, cholesterol-lowering drugs, and medications for
urinary incontinence. Given that these individuals are on multiple medications simultane-
ously, it is crucial to evaluate potential interactions with the anti-SARS-CoV-2 drugs. This
evaluation falls under the realm of pharmacogenomics, which addresses variations in drug
responses and potential drug–drug interactions based on an individual’s genetic makeup.
For instance, one of the key components of Paxlovid, ritonavir, is known to inhibit major
cytochrome P450 isoforms 3A4 and 2D6, thus affecting liver metabolic activity [93].

Solid organ transplant patients, who often receive immunosuppressants to prevent
organ rejection, face an increased risk of severe COVID-19 and mortality due to their
compromised immune response to infections and vaccines. A recent study demonstrated a
potential solution by harvesting autologous T cells from these patients and stimulating them
with a SARS-CoV-2 antigen outside the body. These T cells can be genetically engineered to
develop resistance to the commonly used immunosuppressant tacrolimus. This approach
aims to provide protection against COVID-19 for immunosuppressed patients, ensuring
their safety and well-being [94].

4. Conclusions

Due to the evolving nature of the SARS-CoV-2 virus, its continued coexistence with the
human population for an extended period is expected. We illustrated the multi-stage natu-
ral history of COVID-19, encompassing early infection, pulmonary involvement, thrombotic
complications, hyper-inflammatory responses, and a convalescent phase which includes
long COVID. This comprehensive model aids in delineating treatment strategies and care
protocols to address the varying clinical manifestations and prolonged effects of the disease.
We reviewed the disease in the light of the viral life cycle of SARS-CoV-2. By focusing
on these crucial disease characteristics and treatment options, healthcare providers can
better address the various risks associated with COVID-19, ultimately improving patient
outcomes, and reducing morbidity and mortality rates. Paxlovid and molnupiravir are
suitable for managing high-risk patients during the acute infection and pulmonary stages,
whereas dexamethasone is an option for hospitalized patients experiencing the hyper-
inflammatory stage.
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