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Preface

COVID-19 is a major cause of preventable deaths throughout the world. Although
four years have passed since the beginning of the COVID-19 pandemic, COVID-19

is not over. According to data from the World Health Organization (WHO) and the
Centers for Disease Control (CDC), there were more than 700 million confirmed
cases and almost 7 million deaths due to COVID worldwide as of January 20, 2024,
which is a mortality rate of 1%. COVID-19 killed around 100,000 Americans in
2023. That is much more than what would be considered a “bad” flu year. The elderly
account for most deaths and ICU hospitalizations throughout the world. It is postu-
lated that the number of COVID-19 cases may increase in the coming period due to
new variants. It is concerning that the virus may evade vaccine and disease-associated
immunity. Long COVID affects nearly every tissue of the human body, including the
neurocognitive and cardiovascular systems.

COVID-19 symptoms vary depending on the specific variant and may include sore
throat, cough, congestion, runny nose, headache, muscle/body aches, fatigue,
sneezing, fever/chills, nausea/vomiting, loss of taste/smell, diarrhea, and shortness of
breath. It is not a surprise that the number of cases increases as flu season arrives and
the weather gets colder. The increases in COVID-19 infections starting from 2023 are
also related to other subjective factors, such as declining immunity, newly emerging
variants, and delay in access to updated booster vaccines.

COVID-19 poses the greatest threat to the elderly, those with compromised immune
systems, pregnant women, or people with certain health conditions such as diabetes,
obesity, and chronic lung diseases. People with COVID-19 are infectious starting from
about two days before developing symptoms (in the presymptomatic period) or the
date of a positive test. They continue to spread the virus to other people for up to 10
days after developing symptoms or, if asymptomatic, until 10 days after the date of a
positive test. This supports that vaccines are more effective than masks for protection.

It is vital to take the necessary precautions to protect society, especially elderly and
chronic patients, from both COVID-19 and other infectious diseases, learning from
the mistakes made earlier in the pandemic. Measures should include combating
vaccine hesitancy, with the participation of society. A CDC study found that surgical
masks used in indoor public settings reduce the likelihood of contracting the corona-
virus by 66%. Thus, we should wear masks to protect ourselves and our loved ones in
crowded and poorly ventilated-places. Wearing a high-quality mask as well as getting
vaccinated and boosted will largely prevent hospitalizations and deaths.

Vaccination is our most important protection. Globally, 13.53 billion doses have

been administered, and 9614 are now administered each day. Recorded deaths are
clearly approaching zero in groups with effective vaccination. The CDC recommends
updated COVID-19 booster vaccines for everyone 6 months and older. Although there
is insufficient efficacy data for children under the age of 12, the decision to update the



booster for children was made accordingly. Updated vaccines from Moderna, Pfizer,
and Novavax have been available since summer 2023. Updating with bivalent vaccines
has been recommended in recent years for people older than 65 years. Pneumonia
vaccines for elderly patients and influenza vaccines for all risk groups should also be
brought back to the agenda. Especially in developing countries, the state can have dif-
ficulties in prioritizing vaccination and other measures for public health. Science and
open-mindedness will save the planet, as long as the state and the public act in unison
to see that the next generations remain healthy.

Ozgur Karcioglu

Department of Emergency Medicine,
Taksim Training and Research Hospital,
University of Health Sciences,

Istanbul, Turkey
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Chapter1

Multisystem Inflammatory
Syndrome in Adult (MIS-A)

Yeter Eyliil Bayram

Abstract

Multisystem Inflammatory Syndrome (MIS) is a severe medical condition that
can develop following a COVID-19 infection. It is characterized by widespread tissue
inflammation, affecting various organs such as the heart, lungs, kidneys, brain, skin,
eyes, and gastrointestinal system. A new medical condition emerged in children
during the early stages of the COVID-19 pandemic. This condition necessitated
intensive care due to symptoms like fever, abdominal pain, heart failure, and shock,
which could lead to fatal outcomes. This condition bore some similarities to Kawasaki
disease and was named ‘Multisystemic Inflammatory Syndrome in Children
(MIS-C)’ by the Centers for Disease Control and Prevention (CDC) in April 2020.
Subsequently, similar clinical conditions were reported in adults in June 2020, and
this condition in adults was defined as ‘MIS-A. MIS-A primarily affects individuals
aged 21 and older. It is characterized by persistent fever, multi-organ involvement,
elevated markers of systemic inflammation, a history of exposure to SARS-CoV-2,
and the absence of an alternative diagnosis. Early diagnosis of MIS-A is crucial, as a
delayed diagnosis can be life-threatening.

Keywords: COVID-19, adults, SARS-CoV-2, multisystem inflammatory syndrome,
diagnose, treatment

1. Introduction

In December 2019, an outbreak of pneumonia with an unidentified cause emerged
in Wuhan, China [1]. Subsequently, it was determined that a novel coronavirus was
responsible for the disease, leading to its designation as Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2). This disease became known as Coronavirus
Disease 2019 (COVID-19). The virus swiftly spread globally, prompting the World
Health Organization (WHO) to declare it a global pandemic on March 11, 2020 [2].

SARS-CoV-2 is an enveloped, single-stranded positive RNA virus belonging to the
beta coronavirus family. Its spike (S) glycoprotein binds to angiotensin-converting
enzyme 2 (ACE2), a transmembrane protein highly expressed in vascular endothelial
cells within the lungs and other organs. This interaction facilitates the virus’s entry
into host cells, triggering an immune response that includes the production of pro-
inflammatory cytokines [3]. This immune response can sometimes lead to severe
conditions such as acute respiratory distress syndrome (ARDS), multi-organ failure,
and even death in infected individuals [4].
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COVID-19 presents with a range of symptoms, varying from asymptomatic or
mild to severe. Common symptoms include dry cough, sore throat, fever, shortness
of breath, fatigue, sputum production, dyspnea, conjunctivitis, myalgia, and loss of
taste or smell [5]. The severity of the disease is categorized as mild, moderate, severe,
or critical. COVID-19 progresses through three stages: early infection with the viral
invasion of host cells, a pulmonary phase characterized by lung tissue damage due to
immune activation and proinflammatory cascades, and the most dangerous phase,
the inflammatory cell overactivation period known as the cytokine storm [6]. This
phase can result in respiratory distress, oxygen desaturation, respiratory failure, and
an increased risk of venous thromboembolism [7].

In children, COVID-19 generally follows a milder course compared to adults, and
many children may remain asymptomatic [8]. However, in April 2020, a new condi-
tion characterized by severe inflammation, like Kawasaki disease and toxic shock syn-
drome, was observed in previously healthy children who had recently been infected
with SARS-CoV-2 [9]. Affected children displayed symptoms such as high fever,
abdominal pain, hypotension, myocardial dysfunction, multi-organ failure, and the
need for intensive care. Epidemiological analysis revealed a delay of several weeks
between the peak of COVID-19 cases in the community and the highest number of
MIS-C cases. This suggests a potential link to post-infection immune responses [10].

The first reports of these cases in Europe came from the UK, and this new
condition was temporarily named Pediatric Inflammatory Multisystem Syndrome
temporally associated with SARS-CoV-2 (PIMS-TS) by the Royal College of Pediatrics
and Child Health (RCPCH). Subsequently, similar case reports emerged from the
United States, leading to the CDC and WHO defining it as Multisystem Inflammatory
Syndrome in Children (MIS-C) in April 2020 [11].

As the COVID-19 pandemic continued, similar clinical findings were reported in
adults who had previously been infected with SARS-CoV-2. In June 2020, this condi-
tion seen in adults was defined as MIS-A [12, 13].

2. MIS-A pathophysiology

MIS-A is a rare complication of COVID-19, and its pathophysiology is not yet
fully understood, but it can be potentially life-threatening. Clinically, the disease
most commonly manifests itself 2-6 weeks after infection, especially affecting young
and middle-aged patients [14]. The clinical course of the disease is highly variable,
with fever being the most important clinical sign and the most observed symptom.
Additionally, widespread organ involvement and signs of shock can occur due to
systemic inflammation [15].

The exact pathophysiology of MIS-A remains uncertain, but it is suggested
to result from a delayed and irregular immune response that occurs weeks after
recovery from COVID-19 infection. In most cases of SARS-CoV-2 infection, there
is an inflammatory immune response that activates both the innate and acquired
immune systems. However, during the recovery period, an irregular immune
response, possibly contributed to by macrophage activation, can lead to hyper-
inflammation. This results in the reactivation of both the innate and acquired
immune systems, involving B cells and T cells, along with high levels of proinflam-
matory production. Cytokines and antibodies play a role in this process. These
inflammatory cytokines lead to a multisystem inflammatory response and contrib-
ute to the development of MIS-A [16, 17].
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The exact cause of this irregular immune response that develops after recovering
from COVID-19 infection is not known, but it is believed to be related to persistent
viral antigens and autoantibodies [18].

3. Clinical symptoms of MIS-A

In MIS-A, there is a severe systemic inflammatory response accompanied by
multi-organ dysfunction, including the heart, lungs, kidneys, brain, skin, eyes, or
gastrointestinal system, along with elevated proinflammatory markers. Symptoms
can often appear 2-6 weeks after SARS-CoV-2 virus infection. The most common
symptom and clinical finding in MIS-A patients is fever. Unlike most infectious
diseases, MIS-A patients typically have persistent and prolonged fever. In addition to
fever, clinical symptoms observed in MIS-A can include abdominal pain, vomiting,
diarrhea, various skin lesions, non-purulent conjunctivitis (bloodshot eyes), short-
ness of breath, myalgia (muscle pain), headache, encephalopathy, newly developed
epileptic seizures, dizziness, and clinical symptoms of hypotension and shock. In the
case of the series, it has been reported that 100% of patients had a fever (fever being a
prerequisite for diagnosis), and skin rash was seen in 57.8% of cases. Diarrhea (51.6%)
and abdominal pain (40.6%) were also noted as the most common gastrointestinal
symptoms in MIS-A [14, 15, 17].

Characteristics of organ involvement in MIS-A include:

Multi-Organ Involvement: MIS-A can affect various organs, including the heart,
lungs, kidneys, gastrointestinal system, and skin. Patients may experience symp-
toms related to dysfunction in these organs, such as chest pain, shortness of breath,
abdominal pain, diarrhea, and skin rashes [18].

Heart: Cardiac involvement is common in MIS-A and is among the main causes of
mortality and morbidity. The most common cardiac abnormalities observed include
myocarditis (inflammation of the heart muscle), pericarditis (inflammation of the
lining around the heart), pericardial effusion, coronary artery dilatation or aneu-
rysm, echocardiographic findings indicating left or right ventricular dysfunction,
elevated levels of troponin and BNP (B-type Natriuretic Peptide), various arrhythmic
electrocardiogram abnormalities such as second and third-degree atrioventricular
(A-V) block, ventricular tachycardia, along with hypotension or cardiogenic shock.
Patients may also present with chest pain, and symptoms related to hypotension or
cardiac shock can be observed. Additionally, in previously reported cases, cardiac
involvement in MIS-A has been observed to be reversible, with improved heart func-
tion seen in follow-up assessments [17, 19].

Skin: The skin is one of the most affected organs in MIS-A. Skin rashes are typi-
cally widespread and may have a maculopapular and/or polymorphic character.
Patients may experience non-exudative conjunctivitis, periorbital edema, mucositis,
subcutaneous edema, palmar erythema, and petechial rashes. Vesicular rashes are not
expected in the MIS-A [17, 18, 20].

Gastrointestinal system: Gastrointestinal symptoms in MIS-A can include abdomi-
nal pain, vomiting, or diarrhea. In the reported case series, diarrhea (51.6%) and
abdominal pain (40.6%) were noted as the most common gastrointestinal symptoms.
While gastrointestinal symptoms tend to be dominant in MIS-C patients, traditional
Kawasaki disease (KD) symptoms like vomiting and diarrhea are rare [18, 21].

Brain: Neurological symptoms and signs may include newly developed headaches,
encephalopathy, meningeal signs, epileptic seizures, or peripheral neuropathy. Newly
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developed Guillain-Barré syndrome is also considered one of the peripheral neuro-
logical findings in the MIS-A [16, 17]. These features, along with multi-organ dys-
function and elevated proinflammatory markers, contribute to the serious systemic
inflammatory response seen in MIS-A.

It’s important to note that the observed findings in MIS-A are not specific and can
also occur in other infectious diseases and inflammatory conditions. The heterogene-
ity of clinical symptoms in MIS-A can make diagnosis challenging for clinicians. In
a patient suspected of having a multisystemic inflammatory disease with persistent
high fever and a history of exposure to the SARS-CoV-2 virus, advanced investiga-
tions are recommended if at least two of the listed findings are present to establish the
diagnosis of MIS-A [15, 17].

It’s clear from the various studies and reports you have mentioned that MIS-A
(Multisystem Inflammatory Syndrome in Adults) is a complex and serious condition asso-
ciated with previous COVID-19 infection. Here are some key findings from the literature:

1.CDC report (2020):

* In 2020, the CDC (Centers for Disease Control and Prevention) reported 27
cases that met the criteria for MIS-A.

* The patients’ ages ranged from 21 to 50 years.

* Common symptoms included fever, gastrointestinal symptoms, and ground-
glass images in some cases.

* All patients showed increased inflammatory markers, cardiac involvement,
and positive PCR or antibody tests indicating prior COVID-19 infection.

* Nine patients had no underlying medical conditions, while others had comor-
bidities like obesity, diabetes mellitus type 2, hypertension, and obstructive
sleep apnea.

* Some patients had negative PCR but positive antibody tests.

* Most patients survived, but many required intensive care [6].

2.Belay et al. study:
* The median age of 35 years in their case series.

* 65% of the patients were male.

* Most patients had a preceding COVID-19-like illness about a month before
MIS-A onset [22].

3.Kunal S et al. study:
* The review included 79 cases from 53 articles.

* Most patients were male (73.4%) with a mean age of 31.67 years.
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* Fever was the most common symptom, followed by skin rash.

* The cardiovascular system was most frequently involved, followed by the
gastrointestinal system and mucocutaneous.

* Decreased left ventricular ejection fraction was observed in many patients.
* The mean time from symptom onset to hospital admission was about 5.84 days.
» Comorbidities like hypertension and obesity were common.

* The mean time to symptom onset before MIS-A in patients with previous
COVID-19 infection was around 31.61 days [18].

4. Patel et al. review:
* A review of 221 MIS-A patients worldwide.
* MIS-A typically develops about 4 weeks after acute COVID-19 infection.

* The mean age was 21 years, with 70% being male, and 58% had no other
comorbidities.

* Common symptoms included fever, hypotension, cardiac dysfunction, dys-
pnea, and diarrhea.

* Many patients required intensive care and respiratory support.
* The mortality rate was 7% [15].

These findings collectively highlight the diverse clinical presentations and out-
comes associated with MIS-A, emphasizing the importance of timely recognition
and management of this condition, especially in individuals with a recent history of
COVID-19. Further research is needed to better understand the underlying mecha-
nisms and improve clinical management strategies [14].

4. Laboratory findings

The laboratory findings associated with MIS-A (Multisystem Inflammatory
Syndrome in Adults) typically reveal a significant increase in various inflamma-
tory markers. Here are some key laboratory findings mentioned in the provided
information:

1. Inflammatory markers:

* C-reactive protein (CRP): Elevated in most cases.

¢ Ferritin: Elevated.

¢ Interleukin 6 (IL-6): Elevated.
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* Erythrocyte Sedimentation Rate: Elevated.

¢ Procalcitonin (PCT): Elevated.

* Fibrinogen: Elevated.

e D-dimer: Elevated.

* Lactate Dehydrogenase (LDH): Elevated.

* Lymphopenia: Reduced lymphocyte count.

* Thrombocytopenia: Reduced platelet count [17, 18].
2. Cardiac evaluation:

* Electrocardiogram (ECG): Recommended for cardiac assessment.

* Cardiac enzymes:

o Troponin: Elevated in many cases.

o B-type Natriuretic Peptide (BNP) /N-terminal-prohormone of brain
Natriuretic Peptide (NT-pro BNP): Elevated.

* Echocardiography (ECHO): Recommended for assessing cardiac function.

* Left Ventricular Ejection Fraction (LVEF): Reduced in a significant percentage
of cases (LVEF<50%).

* Right Ventricular Dysfunction: Present in some cases.

* Cardiac Magnetic Resonance (CMR): Myocardial edema and pericardial effu-
sion were observed in some cases [15, 18].

3.SARS-CoV-2 testing:
* RT-PCR: Positive in some patients.
* Serology: Positive in most patients [17, 23].

These findings emphasize the importance of conducting thorough laboratory
assessments and cardiac evaluations when diagnosing and managing MIS-A.
Elevated inflammatory markers, cardiac involvement, and history of COVID-19
infection (PCR or antibody positivity) are common features in MIS-A patients.
Additionally, coagulopathy and abnormalities in inflammatory parameters
are frequently observed, underlining the systemic nature of this condition.
Early diagnosis and appropriate management are crucial for improving patient
outcomes [6, 23].
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5. Case definition

The MIS-A (Multisystem Inflammatory Syndrome in Adults) case definition
developed by the CDC (Centers for Disease Control and Prevention) in 2021 outlines
the criteria that a patient must meet to be diagnosed with MIS-A. To be classified as a
MIS-A case, a patient must:

1.Be 21 years of age or older.

2.Have an illness that resulted in hospitalization for 24 hours or longer or led to
death.

3.Meet the following clinical and laboratory criteria, with alternative diagnoses
ruled out:

o Experience subjective fever lasting for >24 hours or documented fever (>
38.0°C) within the first 3 days before or after hospitalization. If we assume the
admission date as day 0, these criteria must be met by the end of the third day.

o Exhibit at least three of the following clinical criteria, with at least one
being a primary clinical criterion:

* Primary clinical criteria:
a.Severe cardiac illness, including myocarditis, pericarditis, coronary artery
dilatation/aneurysm, or new-onset right or left ventricular dysfunction
(LVEF<50%), 2nd/3rd-degree atrioventricular (A-V) block, or ventricular
tachycardia (cardiac arrest alone does not meet this criterion).
b.Rash AND non-purulent conjunctivitis.
* Secondary clinical criteria:
a. New-onset neurologic signs and symptoms, including encephalopathy in a
patient without prior cognitive impairment, seizures, meningeal signs, or

peripheral neuropathy (including Guillain-Barré syndrome).

b.Shock or hypotension not explained by medical therapy (e.g., sedation, renal
replacement therapy).

c. Abdominal pain, vomiting, or diarrhea.
d.Thrombocytopenia (platelet count <150,000/microliter).

4.Provide laboratory evidence of inflammation AND SARS-CoV-2 infection,
which includes:

o Elevated levels of at least two of the following: C-reactive protein (CRP),
ferritin, IL-6, erythrocyte sedimentation rate, and procalcitonin (PCT).
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o A positive SARS-CoV-2 test result for current or recent infection by RT-PCR
(reverse transcription-polymerase chain reaction), serology, or antigen
detection [24].

This case definition helps healthcare professionals identify and diagnose MIS-A
in adults while excluding other potential diagnoses. It focuses on clinical symptoms,
laboratory markers, and the presence of SARS-CoV-2 infection to establish the MIS-A
diagnosis [16].

6. Differential diagnosis

MIS-A can share many clinical features with other diseases such as Kawasaki
Disease (KD), Toxic Shock Syndrome (TSS), Macrophage Activation Syndrome
(MAS), and septic shock. Therefore, among adult patients who exhibit unex-
plained shock, heart failure, and/or gastrointestinal symptoms, MIS-A should
be considered for diagnosis, even if there is no confirmed history of COVID-19
[23, 25].

Especially in children, MIS-C (Multisystem Inflammatory Syndrome in Children)
shares similarities with Kawasaki Disease [8].

7. Kawasaki disease

Kawasaki disease is a condition that typically affects children under the age of 5
and is characterized by clinical symptoms such as fever, rash, conjunctivitis, swelling
of the hands and feet, swollen neck lymph nodes, and inflammation of the mouth,
lips, and throat.

According to the CDC, the diagnostic criteria for Kawasaki disease include:

1.Rash

2. Cervical lymph node enlargement (at least 1.5 cm in diameter)
3. Conjunctival inflammation in both eyes

4.Changes in oral mucosa

5.Changes in peripheral extremities

The diagnosis of Kawasaki disease is made when at least four of these five criteria
are present along with fever. Two or three of the five main features, along with fever,
are referred to as “incomplete Kawasaki [26].

Although Kawasaki Disease is generally a self-limiting condition, serious compli-
cations such as coronary artery aneurysms, myocardial dysfunction, and thrombotic
events may develop in some children. Therefore, children diagnosed with Kawasaki
Disease are typically treated with standard methods such as intravenous immuno-
globulin and aspirin [27].
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8. Differences between KD and MIS-C

When we compare Kawasaki disease (KD), which affects children and is
extremely rare in adults, with MIS-C, we find several differences. In MIS-C cases,
the average age is higher (with average ages of 8.5 for MIS-C and 3 for KD). While
both diseases share fever as a common symptom and sign, there are variations in
other aspects [6]:

1. Skin Rash: Skin rashes are slightly more common in MIS-C compared to KD.

2. Gastrointestinal Symptoms: Gastrointestinal symptoms such as vomiting,
abdominal pain, and diarrhea tend to be more dominant in MIS-C, whereas, in
traditional KD, gastrointestinal involvement is rare.

3.Inflammatory Markers: MIS-C is associated with higher levels of inflammatory
markers such as C-reactive protein (CRP), ferritin, and D-dimer. Additionally,
MIS-C patients often exhibit more lymphopenia and thrombocytopenia.

4. Cardiac Involvement: MIS-C typically has more severe cardiac involvement.
High troponin levels, BNP (B-type natriuretic peptide), and EKG (electrocar-
diogram) changes are more common in MIS-C. Hypotension and shock are also
more frequent in MIS-C.

5.Myocardial Edema: In KD, myocardial edema is often observed without isch-
emia, whereas MIS-C can lead to more severe myocardial involvement.

6. Mortality Rate: The mortality rate for MIS-C is higher (around 2%) compared to
KD (around 0.17%) [6].

9. Differences between MIS-A and MIS-C

These distinctions are important for healthcare professionals when evaluating and
diagnosing children with these conditions to ensure appropriate management and
care. MIS-C and MIS-A are similar in many ways. However, MIS-C is more common
than MIS-A. Accompanying comorbidities, the severity of cardiac dysfunction,
incidence of thrombosis, shock, and mortality rate higher in MIS-A (Table 1) [6, 17].

We had mentioned earlier that MIS-A shares various clinical features with
other diseases such as sepsis, septic shock, or toxic shock syndrome [14, 25]. This
makes diagnosis difficult and can lead to delayed or missed appropriate treatment.
A comprehensive history, physical examination, and laboratory investigation are
necessary [14, 15]. Exposure to water sources and animals should be questioned
to assess the risk of these diseases. Bacterial infections (such as staphylococcus,
streptococcus, leptospirosis, and rickettsia) can cause toxic shock syndrome or
septic shock. Therefore, these should also be considered in the differential diagnosis.
Among common viral infections, viruses that can cause multi-system organ involve-
ment, such as enteroviruses, adenoviruses, parvovirus, rotavirus, and Epstein-Barr
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Phenotype MIS-A MIS-C
Prevalence Less common More Common
Myocarditis 54% 29%
Cardiac dysfunction 30% 15%
Arterial thrombosis, pulmonary embolism, and/or deep venous 5% 1%
thrombosis

Dermatologic findings 46% 76%
Hospital stays ~8 days ~5days
Ventilation 25% 9%
Sex 70% male 60% male
Mortality 7% 1%

Summarizing differences between MIS-A and MIS-C [6].

MIS-A shaves various clinical features with other diseases such as sepsis, septic shock, or toxic shock syndrome, making
its diagnosis challenging and potentially leading to delayed or missed appropriate treatment [17]. Bacterial sepsis is a
significant concern in patients presenting with fevey, shock, and elevated inflammatory markers. To differentiate MIS-A
from bacterial sepsis, blood cultures should be obtained from all patients with suspected serious MIS-A, and empirical
antibiotics should be administered while awaiting culture results. Some clinical charactevistics may aid in distinguishing
MIS-A from bacterial sepsis. For instance, cardiac involvement, especially coronary artery involvement, is rare in
bacterial sepsis. Additionally, microbiological tests (SARS-CoV-2 antigen/antibody/RT-PCR tests, bacterial cultures)
are necessary for differentiation [14, 17].

Table 1.
Differences between MIS-A and MIS-C.

virus (EBV), should be particularly kept in mind during differential diagnosis.
Additionally, drug-induced hypersensitivity syndrome (DIHS) and macrophage
activation syndrome (MAS), which can lead to a similar clinical picture, should also
be considered [6, 28].

High inflammatory markers and systemic involvement should also be particularly
considered in the differential diagnosis of acute COVID-19 with systemic manifesta-
tions. This is because distinguishing MIS-A with multi-organ involvement, which
can have both acute and biphasic courses, from both acute COVID-19 and the acute
sequelae of SARS-CoV-2 infection can be challenging [14, 17]. While there are some
clinical similarities in terms of symptoms and signs between MIS-A and COVID-19,
rashes and gastrointestinal symptoms are more commonly seen in MIS-A, whereas
upper respiratory symptoms such as cough and runny nose are more pronounced in
COVID-19. Since the treatment for these two diseases is different, making the correct
differentiation is of vital importance [14].

Due to the severity of the disease and the possibility of rapid progression, the cor-
nerstone of successful treatment for the patient lies in suspecting MIS-A based on the
medical history (especially recent recovery from COVID-19) and clinical symptoms,
excluding alternative diagnoses, and making an early diagnosis [14].

10. Treatment

MIS-A therapy is generally adapted from the treatment guidelines developed for
MIS-C. There is no uniform treatment strategy for MIS-A. Treatment largely focuses
on immunosuppression using steroids or other immunomodulators, and supportive
therapies (such as fluid resuscitation, inotropic support, and respiratory support) are
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used in most cases [29]. From a clinical point of view, undetected MIS-A has a high
mortality rate [14]. The prognosis of the disease depends on early recognition of the
condition and prompt administration of immunomodulatory therapy, which reduces
the risk of developing life-threatening complications [6, 30]. The published literature
on MIS-A is limited to small case series and a single observational epidemiologi-

cal study that provides little data to guide treatment decisions for MIS-A patients.
Therefore, MIS-A treatment is usually adapted from the treatment guidelines
developed for MIS-C [31]. No randomized controlled trials have compared different
treatment approaches for MIS-C. However, data from descriptive and observational
comparative efficacy studies are available to guide MIS-C treatment [31]. This section
summarizes the recommendations of the COVID-19 Treatment Guidelines Panel
(NIH, July 21, 2023) for the therapeutic management of pediatric patients with mul-
tisystem inflammatory syndrome in children (MIS-C). Includes individuals <21 years
of age, according to the Centers for Disease Control and Prevention (CDC) MIS-C
case definition [31].

Children with MIS-C are recommended to be treated in centers where a multidis-
ciplinary team consisting of experts in cardiology, hematology, infectious diseases,
intensive care, and rheumatology is available when immunomodulatory therapy is
applied. Based on previously reported cases, intravenous immunoglobulin (IVIG)
and glucocorticoids are the most used immunomodulatory treatments in children
with MIS-C. The American College of Rheumatology recommends the combina-
tion of IVIG and glucocorticoids as the first-line immunomodulatory treatment for
hospitalized children with MIS-C. The NIH (COVID-19 Treatment Guidelines Panel)
the panel also suggests the combined use of IVIG and low to moderate-dose glucocor-
ticoids in children hospitalized with MIS-C. The glucocorticoid dose considered low
to moderate is typically 1 to 2 mg/kg/day of methylprednisolone or an equivalent dose
of another glucocorticoid [31].

The IVIG dose should be administered at a dose of 2 g/kg based on the ideal body
weight and should not exceed a maximum total dose of 100 g. During the patients IVIG
infusion, heart function and fluid status should be monitored, and in cases where there
is arisk of developing fluid-related issues, the IVIG dose can be divided into 1 g/kg
doses based on the ideal body weight and spread over 2 days. When clinical improve-
ment occurs in the patient, glucocorticoid doses should be gradually reduced [31].

In children with MIS-C, the absence of fever, a decrease in inflammatory param-
eters in laboratory measurements (especially C-reactive protein, CRP, IL-6, sedimen-
tation rate, etc.), and the improvement of end-organ dysfunction are considered as
signs of clinical improvement. Studies have shown that the combined use of IVIG and
glucocorticoids provides additional benefits compared to monotherapy with gluco-
corticoids or IVIG alone. Therefore, the NIH recommends IVIG monotherapy as the
initial treatment only when steroids are contraindicated, while glucocorticoid mono-
therapy is recommended in cases where IVIG is not available or contraindicated [31].

10.1 Hospitalized children with treatment-resistant MIS-C may require
intensified immunomodulatory therapy

In general, children hospitalized with MIS-C tend to respond well to initial
immunomodulatory treatment, with clinical improvement often seen on the first
day of treatment. However, some children may not show this clinical improvement
and may experience worsening organ dysfunction alongside persistent fever and
increased inflammatory markers. In cases where children with MIS-C do not respond
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to treatment within 24 hours of the initial immunomodulatory therapy, the NIH
recommends transitioning to intensified therapy. Response to treatment is considered
as the resolution of fever, a decrease in inflammatory markers, and improvement in
end-organ dysfunction [31].

For children with NIH-defined treatment-resistant MIS-C, the NIH recommends
additional immunomodulatory therapy with anakinra, high-dose glucocorticoids,
or infliximab. There is insufficient evidence to determine which of these agents is
superior for intensified therapy in treatment-resistant MIS-C. Therefore, they are
recommended in alphabetical order [31].

In cases of severe disease resistance, combination therapy with high-dose glu-
cocorticoids and anakinra or high-dose glucocorticoids and infliximab can be used
for intensified treatment. However, anakinra and infliximab should not be used in
combination. In cases of treatment-resistant MIS-C, intensified therapy with a second
dose of IVIG is not recommended by the NIH, especially for cases that did not respond
to initial treatment. The NIH emphasizes the high risk of IVIG resistance, concerns
about fluid overload, and the potential for rapid disease progression in such cases [31].

Patients receiving immunosuppressive treatment are at a higher risk of infec-
tions. The NIH emphasizes that the risks and benefits of using these agents should
be evaluated individually for each patient, especially in immunocompromised
MIS-C patients, as there is an increased risk of secondary infections with immuno-
modulatory therapy [31].

In the case of MIS-C, positive results have been observed in patients treated with
Intensified Immunomodulatory Therapy using High-Dose Glucocorticoids. High-
dose glucocorticoid therapy is defined as the intravenous (IV) administration of 10 to
30 mg/kg/day of methylprednisolone or an equivalent corticosteroid. After 1 to 3 days
of high-dose glucocorticoids, the treatment is transitioned to low to moderate doses

(1-2 mg/kg/day) [31].
10.2 Anakinra

Anakinra has been used successfully in the treatment of IVIG-resistant Kawasaki
disease and is commonly used in other hyperinflammatory syndromes like macro-
phage activation syndrome in pediatric patients. Anakinra has a good safety record
and is the most used biological agent for the treatment of MIS-C in children in the
United States. An advantage of anakinra is its short half-life (4-6 hours), allowing it
to be quickly discontinued when necessary. High-dose anakinra (5-10 mg/kg/day) is
recommended for MIS-C patients based on its proven efficacy in macrophage activa-
tion syndrome. The duration of treatment can vary but it has been noted that it can be
used as a long-term steroid-sparing agent for up to 2 weeks [31].

NIH recommends Infliximab as an option for intensified treatment in hospitalized
MIS-C patients. A single dose of IV Infliximab (5-10 mg/kg) is suggested [31].

Furthermore, there is a consensus among the panel that low-dose aspirin should
be given as antithrombotic therapy to MIS-C patients without bleeding risk. It is also
noted that antiviral treatment is not expected to be beneficial since MIS-C is thought
to develop because of a disrupted immune response weeks after the primary SARS-
CoV-2 infection [31].

MIS-C patients are at an increased risk of developing shock, and shock management
is recommended to follow the Pediatric Septic Shock Management Guidelines [31].

According to the analysis results by Kunal et al., who investigated the treatment of
MIS-A in a total of 79 patients, steroids (60.2%) and intravenous immunoglobulins
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(37.2%) were most often used in the treatment. Only about 10% of patients required
biological treatment [18].

According to Patel’s study, which included 221 patients, anticoagulant treatment
was used in 110 of 193 patients receiving MIS-A treatment, corticosteroids were
used in 152 of 205 patients, and IVIG treatment was used in 112 of 205 patients.
Immunomodulators were used in 42 of 203 patients. Shock or hypotension developed
in 51% of the patients, 115 of the 201 patients were admitted to the intensive care unit,
and 15 of the patients (7%) died [15].

11. Conclusion

Multisystem inflammatory syndrome in adults (MIS-A) is a rare and not fully
understood post-infection complication of COVID-19, potentially life-threatening,
and has been reported in a limited number of cases worldwide. From a clinical
perspective, undiagnosed MIS-A has a high mortality rate. The prognosis of the
disease relies on early recognition of the condition and the immediate application
of immunomodulatory treatments (such as steroids, immunoglobulins, etc.) that
reduce the risk of life-threatening complications. Due to the risk of rapidly develop-
ing decompensation and critical illness, patients require urgent medical intervention.
MIS-A should be considered in cases of sudden cardiac symptoms of unknown cause.
Therefore, increasing awareness among clinicians about this emerging disease is
essential. More research is needed to better understand the pathophysiology of the
multisystem inflammatory syndrome and optimize its treatment.
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Chapter?2

Omicron: A SARS-CoV-2 Variant

Khushi Gandhi

Abstract

COVID-19 is a viral disease caused by SARS-CoV-2. Various variants of
SARS-CoV-2 were responsible for causing havoc worldwide resulting in approximately
6.9 million deaths across the globe to date. Since the end of 2021, Omicron (B.1.1.529)
has been the recent most variant to be studied and understood to a greater extent.
Omicron was found to be the most mutated variant, which enhanced its pathogenic
characteristics. Its highly contagious nature and the ability to evade immunity have
made it a cause of global concern. The variant also poses a serious risk of reinfec-
tion. Furthermore, vaccines developed in response to COVID-19 were found to be
less successful with Omicron infections. For the development of targeted vaccines
and efficient therapeutic methods, it is necessary to understand the pathogenesis of
Omicron. Numerous studies have been conducted to analyze the molecular properties
of this variant. This chapter summarizes the biological and molecular properties of
this variant and its successive mutations. Further, the clinical traits of the variant,
including its pathogenicity, transmissibility and response to body’s immune actions
and vaccines are discussed. Precisely examining the mechanisms through which the
variant infects and propagates inside the host can aid in preventing the illness and
lead to successful management of its global spread.

Keywords: Omicron, SARS-CoV-2, COVID-19, mutation, transmission, pathogenicity,
immune evasion

1. Introduction

Coronavirus disease (COVID-19) caused by the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) first emerged in Wuhan, China in December 2019.
The patients infected with virus showed symptoms similar to severe acute respira-
tory syndrome (SARS) and Middle East respiratory syndrome (MERS), including
cough, fever and chest discomfort. In January 2020, the whole genome sequence was
performed on the novel coronavirus. The outbreak then reached its peak in China in
February and later spread worldwide [1, 2]. Since then, there have been 770+ million
confirmed cases and 6.9 million deaths globally [3]. Coronaviruses are RNA viruses
belonging to the family Coronaviridae and order Nidovirales. Nidovirales are known to
have large genomes, high replicative rate and exhibit various enzymatic activities [2].

Mutations are a natural phenomenon commonly seen during the course of rep-
lication. SARS-CoV-2 has a great capacity of undergoing mutations and resulting
in antigenic changes over time. It is known to evolve at the rate of one substitution
approximately every 11 days [4]. New variants of SARS-CoV-2 have hence emerged
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through accumulation of these mutations. These variations, however, contribute to
increased transmissibility, disease progression and reduced treatment efficacy among
other concerns [5]. Specific strains of SARS-CoV-2 have been declared as variants of
concern (VOC) due to their highly infectious nature and ability to cause re-infections.
These VOCs tend to have mutations that lead to alterations in receptor binding, higher
transmissibility, reduced antibody neutralization, decreased therapeutic effects and
potentially increased disease severity [6].

The first emerged VOC of SARS-CoV-2 is the Alpha (B.1.1.7) variant. It was first
detected in the UK in September 2020. It showcased 14 non-synonymous mutations
and three deletions. Eight of these were on the spike protein, resulting in increased
affinity towards the ACE2 receptors through which the virus entered the host’s cells.
The variant also showed higher viral load and mortality [4, 5, 7]. The Beta (B.1.351)
variant was the next VOC, emerging in South Africa in October 2020. It too possessed
nine mutations on the spike protein, with three being on the receptor binding domain
(RBD). It exhibited increased transmissibility; however, similar effects were not
seen in terms of disease severity and fatality [7-9]. The Gamma (P.1 or B.1.1.28), first
detected in Brazil in January 2021, showed 10 mutations on the spike protein, with
three on the RBD. The gamma variant significantly reduced treatment efficiency with
previously used monoclonal antibody (mAb) cocktail showing reduced neutraliza-
tion [5, 8, 10]. Fourth VOC of SARS-CoV-2—the Delta (B.1.617.2) emerged in India in
May 2021. It had several mutations at the spike protein. Interestingly, along with the
RBD, N-terminal domain (NTD) region of the spike protein also showed numerous
amino acid alterations. This was not seen in the earlier variants. The Delta variant too
showed reduced susceptibility to priorly used antibodies and exhibited a high trans-
missibility rate [8, 11, 12].

Omicron (B.1.1.529) is the recent most VOC of SARS-CoV-2. It was first reported
in South Africa in November 2021. Omicron exhibited far more mutations than any
other variant that emerged before it. It also demonstrated a very high transmission
rate and by the beginning of December, it had spread worldwide, becoming the
dominant variant of SARS-CoV-2. It contributed to 99.7% of the confirmed cases in
the months of February and March 2022. Omicron could not only successfully escape
immunological responses but also alter them. Antibodies formed from previous
infections or vaccines offered little to no protection against the variant. Moreover,
Omicron posed a high risk of reinfection. The only relief was the reduced severity of

Figure 1.

Evolution of the VoCs of SARS-CoV-2. Mutations in the structural proteins, especially S protein of the SARS-
CoV-2 led to the emergence of different variants, which because of their threatening nature, were titled variants of
concern. SARS-CoV-2, severe acute vespiratory syndrome [17].
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illness and hence reduced mortality. Over time, sub-variants of Omicron too emerged
[4, 13-16]. Specific mutations on structural proteins enabled Omicron to exhibit

such attributes. Omicron’s molecular structure, mutations and pathogenic traits are
discussed in detail later (Figure1).

2. Omicron at the molecular level

The novel Beta coronavirus, SARS-CoV-2, is an enveloped virus with a single-
stranded RNA as the genetic material [18, 19]. It primarily consists of four structural
proteins—the membrane (M) protein, the envelope (E) protein, the spike (S) protein
and the nucleocapsid (N) protein [20, 21]. The E protein aids in the formation of
pentameric ion channels in the virus’s body while the M protein acts as the fundamen-
tal structural protein [20, 22]. The N protein plays an essential role in the packaging
of the viral RNA in the helical nucleocapsid and formation of the liquid enveloped. It
further interacts with the other structural proteins during virion assembly and aids
in the virus’s replication [21]. S protein is made up of two subunits—S1 (head) and S2
(stem) [20, 22].

It is the S protein that plays the central role in the binding of the virus with the host’s
ACE2 receptors, causing the integration of the membranes of the virus and the host cell
[20]. The M protein, through the association with the host’s endoplasmic reticulum,
aids in the formation of viral particles, which is performed by the virus’s RNA by using
the host’s resources [23]. Thus, the structural proteins (found in the spike, membrane,
envelope and the nucleocapsid) contribute to the virulence of SARS-CoV-2 and aid in
higher pathogenicity and infectivity [5]. Other than this, the viral genome codes for
16 non-structural and 9 accessory proteins. The non-structural proteins (NSPs) are
involved in the replication and translation of the viral RNA while the accessory proteins
(ORFs 3a, 3b, 6, 7a, 7b, 8, 9b, 9c and 10) regulate the virus’s interaction with the host
and aid in immunity evasion and virulence enhancement [20, 24].

The Omicron variant (B.1.1.529) of SARS-CoV-2, upon genome sequence
analysis, was found to have numerous synonymous and non-synonymous muta-
tions [25]. It has been the most mutated variant reported to date, with more than
60 substitutions, deletions and insertions [5, 26]. Most of the mutations were
observed in the S protein—with 28 amino acid substitutions, 3 deletions and 1
insertion in the Omicron 21 K lineage [16, 26, 27]. The key mutations in the spike
protein are: A67V, del69-70, T95I, del142-144, Y145D, del211, L2121, ins214
EPE, G339D, S371L, S373P, S375F, K417N, N440K, G446S, S477N, T478K, E484A,
Q493R, G496S, Q498R, N501Y, Y505H, T547K, D614G, H655Y, N679K, P681H,
N764K, D796Y, N856K, Q954H, N969K, L981F [16, 25]. Figure 2 illustrates the
mutations observed in the proteins of the Omicron variant.

These mutations in the S protein have been correlated with disease severity, infec-
tivity and immune evasion [5]. Two mutations have been associated with S protein’s
enhanced affinity to ACE2 receptors, thus improving the virus’ attachment to the host
cell. Three mutations near the cleavage site may aid in boosting Omicron’s transmissibility
[16, 28]. Moreover, 15 of these mutations have been discovered to be in the RBD (resi-
dues 319-541), which is the key target of the neutralizing antibodies (nAb) [16, 25, 29].
However, some studies showed that the current nAb will still bind with the mutated spike
protein and the mutated RBD of Omicron had a low predisposition towards the antibod-
ies. Hence, antibodies produced by previous SARS-CoV-2 infections or vaccines may
still offer some protection against the Omicron variant [16, 30]. Interestingly Omicron
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Figure 2.

Omiicron (B.1.1.529) mutation profile. S protein was found to be heavily mutated. Mutations depicted in ved

are known to enhance the binding affinity with ACE2 receptors, resulting in an increase in the infectivity of the
variant. Mutations in green aid in immune evasion while mutations in blue promote viral replication leading to
a high viral load and virulence. ORF, open reading frame; NTD, N-terminal domain; RBD, receptor binding
domain; RBM, receptor binding motif; SD 1 and 2, sub-domains 1 and 2; S1/S2, Furin cleavage site; E, envelope;
M, membrane; N, Nucleocapsid proteins [25].

exhibited no mutations in the accessory proteins, which are immunological regulators
and are often heavily altered. This indicated the selection pressures on Omicron [31].
Further, while comparing the nucleotide changes in Omicron with other variants, Alpha
variant was found to be the closest with an identity percentage of 99.63% [16, 32].

2.1 Subvariants of Omicron

Omicron is further classified into four sub-strains by WHO—BA.1, BA.1.1, BA.2
and BA 3. Each sub-strain has different properties with respect to their transmissibil-
ity, pathogenicity, growth and infectivity. BA.1 and BA.2 have significant differ-
ences in their mutations contributing to virulent attributes. Out of the two, BA.2 is
the more transmittable (33% higher rate) and has a significant growth advantage.
Five different mutations in the RBD of the spike protein are responsible for this

Attributes BA.1 Sub-variant BA.2 Sub-variant
Unique mutations in RBD G496S T376A, D405N,
the S protein region R408S,
Non-RBD A67V, HV69-, T95I, VYY143-, NL2111, T191, LPP24-26-/
region 215EPE, T547K, N856K, L981F A27S, V213G,
Transmissibility and infectivity Lower Higher (33%)
Replication efficacy Lower Higher (1.4-fold)
Pathogenicity Lower Higher
Case severity Similar
Therapeutic and vaccine efficacy Similar

Certain differences in the mutations on the S protein of the sub-variants were observed, which resulted in differences in
specific characteristics. This included a higher infectivity rate and pathogenicity in BA.2 sub-variant. However, both the sub-
variants vesulted in similar severity in cases and had a similar vesponse against various vaccines and treatments [35-38].

Table 1.
Comparative analysis between the Omicron sub-variants BA.1 and BA.2.
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enhancement [5, 33, 34]. Table 1 summarizes and compares the key characteristics of
BA.1and BA.2 sub-variants.

Even though all the sub-variants emerged around the same time, BA.1 dominated
the cases worldwide. The reason still remains unclear, although some researchers
attribute this to the spike protein variations, which regulate the virus’s entry into the
host cell and its further propagation [39]. BA.3 has been predominantly observed
in hospitalized patients, indicating higher disease severity. However, it caused the
lowest number of cases out of the three [40]. BA.4 and BA.5 have also been identified
as Omicron sub-variants [41]. All these variants are under study to understand the
immunological resilience of Omicron [5].

3. Transmission of Omicron

SARS-CoV-2 transmits primarily through two methods—direct viral spread or
droplet infection [5]. Omicron, similar to the other variants, infects the host cells in
the similar fashion. However, it has a greater infectivity rate [27]. Numerous studies
reported its high transmissibility, for instance, a study from South Africa reported
doubling times of 3.38 d, while a study from the UK reported doubling times of 2-2.5
d, with the basic reproduction number more than 3 [42-44]. With respect to the
Delta variant, Omicron is reported to have a 3.2 times higher transmission rate, with
an average of 3 days as the doubling time [35, 45]. The mutations in the spike protein
have been thought to contribute in making Omicron extremely contagious [16].

Various pieces of evidence have been provided by different studies to substantiate the
above-made claim. For instance, an iz vitro Chinese study used an Al model to show that
the mutations at locations N440K, N501Y and T478K directly contributed to increased
infectivity, with tenfold increase in Omicron with respect to the original SARS-CoV-2
variation and a double increase with respect to the Delta variant [46]. Another study
found the combination of mutations N501Y and Q498R significantly enhance the S
protein’s binding affinity to the ACE2 receptors [47]. Other mutations such as the N679K,
D614G and P681H have also been associated with higher infectivity [16, 48].

4. Pathogenicity of Omicron

SARS-CoV-2 infects humans through different cell types of the respiratory system
such as the airway and alveolar epithelium cells, the vascular endothelial cells, etc. by
binding to the ACE2 receptor [5, 49]. This binding, as discussed earlier, is facilitated
by the spike protein. Studies even found high Omicron infection in cells possessing
high number of ACE2 receptors [50]. However, Omicron has been found to follow
a different route. Omicron enters through the endosomal pathway, instead of the
plasma membrane followed by the other variants. This pathway is enhanced by
cathepsins instead of TMPRSS?2 [51, 52].

A study found that the infection by Omicron was more significant in the cells,
which exhibited a lower TMPRSS2 expression. This further indicated that Omicron
followed the endosomal entry pathway [53]. This altered entry pathway has been
associated with better success in the virus’s replication in the upper respiratory
tract [54]. Omicron has also been observed to have a lower cleavage efficiency in
comparison to the other emerged variants such as the Gamma and the Alpha variant.
Mutations like the N679K and H655Y are the primary cause of the same [35, 55].
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Figure 3.

Cogmparison of observed viral load in omicron with the SARS-CoV-2 wild type. The Omicron variant tends to
accumulate in the upper respivatory tract, exhibiting higher vival load in the nasal region and larynx. While, the
SARS-Cov-2 wild type as well as the other variants settle in the lower respiratory tract, resulting in a higher viral
load in the lungs. SARS-CoV-2, severe acute respiratory syndrome [35].

Other mutations in the N and S proteins have been linked to the variant’s enhanced
cellular permeability. These mutations also aid in more efficient capsid assembly,
found to be three-fold better than the Delta variant [56]. The sub-variants of Omicron
(BA.1and BA.2) do not form syncytia (normally produced at the boundary of S1 and
S2 during the processing of the S protein), owing to the numerous changes in the S
protein. These alterations, combined with the altered entry pathway result in differ-
ent cellular tropism [35, 54].

Viral load may also be associated with Omicron’s high transmissibility and growth
rate. A higher viral load was reported in the upper airway (specifically the nose,
trachea and throat). This aggregation of the viral particles in the upper respiratory
tract may result from higher growth and increased viral load [35]. Figure 3 illustrates
the difference in observed viral load in Omicron in comparison to the other variants.

Omicron also has the ability to cause reinfection [42]. Data from South Africa
showed that the reinfection rates increased significantly during the Omicron wave in
comparison to the Beta and Delta waves [57]. In the UK, it was reported that there was
6 times higher risk of reinfection with Omicron with respect to the Delta variant. A
prior COVID-19 infection provided 80% protection against the Delta variant, how-
ever, only 19% protection was observed against the Omicron variant [44]. The good
news is that fewer cases of Omicron infections required hospitalization, while the
frequency of severe cases was more in Alpha and Delta infections [25].

5. Body’s response to infection

Upon infection with SARS-CoV-2, the innate immune cells, primarily consisting
of the neutrophils and the macrophages, identify the virus and activate the immune
response. Cytokines and chemokines such as Interleukin-6 (IL-6), monocyte chemoat-
tractant protein-1 and Interferon y (IFN-y) are then secreted by these immune cells.
Monocytes, neutrophils and macrophages, attracted by the released chemicals, reach
the site of infection and release cytotoxic chemicals to kill the virus. The virus is fought
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by cytotoxic CDB* T cells, CD4" T helper cells and B cells. The CDB* T cells eradicate
the virus through cytotoxins while the B cells produce nAb. The cellular reaction is effi-
cient and long-lasting and also triggers immuno-protective memory [5, 58-61]. A study
identified the 14 neutralizing IgG antibodies from SARS-CoV-2 infected patients, with
BD-368-2 being the most potent [62]. Other antibodies recovered were Igl and IgM.
These antibodies were specific to RBD suggesting that anti-RBD antibodies can be used
as clinical interventions against SARS-CoV-2 infections [63].

The Omicron variant triggers exactly the same immune reactions as that seen
in the wild type of SARS-CoV-2 variant. The infection results in the production of
cytotoxic and follicular T helper cells, along with RBD and spike-related IgG+ B cells
and memory B cells. The cytotoxic T cells - CDB" T cells produce proteases and induce
apoptosis in infected cells. On the other hand, the B cells derived from the pool of live
memory cells interact with the spike protein [5, 35, 53, 64].

5.1 Clinical manifestations of Omicron

Clinical symptoms of the Omicron infection were different from the earlier variants.
Most prevalent symptoms included a cough, nasal congestion, sore throat and fatigue.
Loss of smell and taste, fever, dizziness, headaches, etc. were less prevalent with respect
to the Delta variant [65, 66]. The virus also affects the organs, which extensively express
ACE2 such as glandular cells of the gastric, duodenal and rectal epithelium [67]. A
study found that the acute symptoms lasted for fewer days in the Omicron outbreak
with an average of 6.87 days, while during the Delta wave, they lasted for an average of
8.89 days [68]. Omicron infection was also suggested to exhibit milder symptoms with a
lot of the cases being asymptomatic and majority requiring no hospitalization. In total,
2.6% of the Delta variant infected patients were admitted to hospitals while only 1.9%
of Omicron-infected patients required hospitalization [35, 68, 69]. A study found that
out of the Omicron-infected individuals, 36.1% did not exhibit any antibody response,
while 62.7% produced IgG and only 1.2% produced IgM along with IgG [70]. Omicron-
infected patients exhibited various hematological disorders such as lymphocytopenia,
neutrophilia, anemia, erythrocytopenia, thrombocytopenia etc. These can be used as
biomarkers in Omicron infections for a better prognosis [71].

5.2 Severe cases of Omicron infection

In vivo investigations revealed that lower viral load, smaller lung damage and
lower mortality rates were observed in Omicron infections in comparison to the other
variants [72, 73]. As discussed earlier, the viral load tends to settle in the upper respi-
ratory tract and not so much in the lungs [74]. However, severe cases of Omicron can
result in pneumonia and respiratory failure and can even be fatal [75, 76]. Significant
comorbidities, including hypertension, bronchitis and diabetes, have been observed
in Omicron infections [35].

The major damage to the tissues in COVID-19, however, is caused majorly by
the host’s immune reactions and not directly by the virus itself. The host’s immune
reactions are crucial in the pathophysiology of COVID-19 and are directly connected
with the disease’s progression. Severe SARS-CoV-2 infections have been shown to
dysregulate the host’s normal immune responses. As discussed earlier, the infection
leads to numerous hematological disorders such as leukocytosis, lymphocytopenia
and a high neutrophil-lymphocyte ratio (NLR). This is the first sign of immunologi-
cal dysregulation, resulting in uncontrolled inflammatory reactions. These processes
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lead to immune cells’ damage and exaggerated responses by macrophages, eventually
resulting in cell death and tissue damage due to the release of cytotoxic substances. Its
manifestations are also seen as cytokine storms and organ failures [5, 71, 77-79].
Cytokine release syndrome (CRS) is often observed in severe cases of COVID-19.
CRS is a hyperinflammatory condition resulting from augmented release of inflamma-
tory cytokines such as tumor necrosis factor (TNF), IL -1, —6, —12, —18, — 33 and
IFN -I and -II, along with certain chemokines, including CCL -2, —3, —5 and CXCL -8,
-9, 10 [77, 80, 81]. CRS results in acute respiratory distress syndrome, characterized by
alveolar epithelial and endothelial destruction in lungs followed by breathing difficulty,
hypoxemia and pulmonary oedema. This causes organ failure and also becomes fatal in
severe cases [5, 82, 83].

5.3 Immune evasion by Omicron

Omicron has exhibited the ability to alter the host’s immune responses. Some
mutations enable the variant to weaken the T cells’ capacity to identify and destroy
the infected cells. In some instances, Omicron has also been observed to escape the
nAb produced from previous infections or vaccines. However, the existing nAb still
provides protection against severe illnesses [16, 84, 85]. Certain viral proteins such as
the Orf3 and Orf6 were also observed to alter the T cell responses, which affected the
IFN activations. Omicron also brought on T cell immunity decline through immu-
nological fatigue and memory deficits. All this resulted in easier reproduction and
propagation of the variant [16, 86, 87].

The understanding of the immunopathogenesis of SARS-CoV-2 aided in develop-
ing efficient treatment therapies. However, the precise mechanisms through which
the Omicron infection progresses are unclear. For the development of Omicron-
specific immunological therapies, it is necessary to analyze the distinct pathophysiol-
ogy during Omicron infections [5, 88].

6. Omicron diagnosis

Provisionally, the infection can be diagnosed according to the symptoms. It is
confirmed using reverse transcription polymerase chain reaction (RT-PCR) or other
nucleic acid tests. Serological assays can be used to detect a past infection. They
detect the antibodies that were produced by the body in response to the infection.
Other laboratory tests can further help in detecting the severity of the infection such
as lactate dehydrogenase (LDH), C-reactive protein (CRP), ferritin and IL-6 levels.
Along with laboratory testing, chest CT scans may be helpful to diagnose COVID-19
in individuals with a high clinical suspicion of infection [89, 90].

For the Omicron variant, RT-PCR still remains the gold standard. The RT-PCR
diagnostics kits primarily focus on the E, Rp, Rd. and N genes. The S gene muta-
tion observed in the case of Omicron variant may or may not cause a positive test
[5, 91, 92]. To identify and classify the variant, next generation sequencing (NGS)
is required. NGS also aids in determining the origin of SARS-CoV-2. It also has the
opportunity to rebuild whole viral genomes. However, unlike PCR, NGS is expensive,
time-consuming and requires expertise for interpretation [5, 93, 94]. Serological
assays use S or N protein-specific antibodies. These assays also provide insights into
the disease severity—with higher amounts of IgG, IgM and IgI antibodies being
reported in severe cases [95].
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7. Omicron treatment and prevention

Important therapeutics for SARS-CoV-2 infection were mAb cocktails such as
casirivimab-imdevimab, bamlanivimab-etesevimab that aided in preventing severe
disease or hospitalization. These antibodies target the spike protein for neutraliza-
tion because, as stated before, it is the spike protein that is responsible for the virus’s
entry into the host cells by binding to the ACE2 receptors. However, 15 key mutations
in the RBD area on the S protein in the Omicron variant may prevent the antibodies
from binding with the virus [16, 42]. RBS-A, RBS-B, RBS-C, CR302 and S309 are
some of the key targets of the nAb which were replaced in the Omicron variant [96].
This caused scientists worldwide to question the efficacy of such antibodies. In vitro
studies too suggested that the Omicron variant is successful in completely escaping
neutralization by these antibodies. Nevertheless, mAbs that target sites beyond the
RBD, such as sotrovimab and cilgavimab/tixagevimab, have been reported to still
remain effective against Omicron in similar studies. Another authorized mAb—beb-
telovimab too retained its in vitro activity against the Omicron sub-strains BA.1 and
BA.2 [16, 42, 97-99].

Other antiviral options have also been inspected for emergency use in severe
Omicron cases to reduce mortality. Some antivirals proposed are Molnupiravir,
Remdesivir, Ensovibep and Camostat. Upon assessment of the above-mentioned and
other antiviral molecules against Omicron and its sub-variants, three compounds
were found to be particularly efficient. They were Remdesivir, Lufotrelvir and
Molnupiravir. Currently, the best antiviral option against omicron is a combination of
Nirmatrelvir-Ritonavir. Numerous studies have corroborated the same by analyzing
its activity against the variant [35, 100].

7.1 Booster vaccines

The proposal of using booster vaccines was first suggested when iz vitro studies
found an increase of neutralizing antibody titers against omicron in the serum of
individuals provided with the booster dose. Vaccines like BNT162B2/mRNA-1273
(Moderna) and Ad26.COV2.S vaccines were given as boosters which resulted in
increase of the nAb titers from 122-fold/44-fold lower against omicron to 4—/sixfold
lower. Simultaneously, half of the population in the UK were also given booster doses.
These booster doses aided in increasing the vaccine’s effectiveness against symp-
tomatic infections. They also helped in bringing down severe cases, which required
hospitalization. Usually, the nAb response used to wane after a couple of months after
the second does. This was restored by the booster vaccine [35, 101, 102].

The Technical Advisory Group on COVID-19 Vaccine Composition (TAG-CO-
VAC) advised on globalized access of existing COVID-19 vaccines for booster doses,
in light of the transmission of Omicron Variant of Concern (VOC). They suggested
the vaccine makers to generate and share data on the vaccine’ efficacy against the
Omicron variant specifically, along with the other variants. To make the booster doses
effective and timely available, the TAG-CO-VAC authorities collaborated with WHO
and its expert groups [16].

7.2 Need for new vaccines

As discussed earlier, the Omicron variant is known to escape the mAb, which was
effective against the previous variants. Individuals without the booster dose were not
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able to protect themselves against the variant. Moreover, the booster vaccine also only
provided partial protection against it. This indicated the decreasing efficacy of the
existing vaccines. Prevalent mutations in Omicron such as Q498R, S477N, Y505H,
G496H, T478K, N501Y and E484K are primarily responsible for altering the antige-
nicity and providing the variant with the capability to evade immune responses. The
extensive alterations on the S protein induce stearic hindrance, which in turn affect
the antigen-antibody binding. Further, these alterations are unprecedented, making
antigen recognition difficult for the antibodies [35, 103-105].

Hence, several researchers advocated the need for development of novel vaccines,
particularly targeting the Omicron variant. Numerous vaccines, predominantly
bivalent and RNA vaccines, have since been developed by different researchers or
pharmacological companies [17, 35]. A few of the clinical trials working on Omicron
vaccines are summarized in Table 2.

These vaccines show potential in providing protection against Omicron and its
sub-variants. Currently, they are under clinical trials for safety and efficacy testing.
Numerous studies are under different phases of trials to create a potent vaccine which
not only offers protection against the omicron variant but also prevents the need for
booster doses [16, 35].

S.No. Biological Countryof  Phase Clinical trial Study title
interventions origin number

1 Comirnaty® France 11 NCT05749926 Immunogenicity and
BNT162b2/Omicron Reactogenicity of the Beta-
BA .4-5 vaccine variant Recombinant Protein
(Pfizer-BioNTech) Booster Vaccine (VidPrevtyn
VidPrevtyn® Beta Beta, Sanofi) Compared to
vaccine (Sanofi/GSK) aBivalent mRNA Vaccine

(Comirnaty Original/Omicron
BA 4-5, BioNTech-Pfizer) in
Adults Previously Vaccinated
With at Least 3 Doses of
COVID-19 mRNA Vaccine

2 Omicron COVID-19 China 11 NCTO05374954  Study on Sequential
Vaccine (Vero Cell), Immunization of Omicron
Inactivated Inactivated COVID-19
COVID-19 Vaccine Vaccine and Prototype
(Vero Cell), Inactivated Inactivated COVID-19

Vaccine in Population Aged
18 Years Old and Above

3 Bivalent BNT162b2 Republicof I NCT05970887 Immunogenicity and
mRNA original/omicron  Korea Safety of Concomitant
BA 4-5 vaccine Administration of Bivalent
Quadrivalent influenza COVID-19 Vaccines With
vaccine Influenza Vaccines

4 Drug: NVX-CoV2515 Australia 11 NCT05372588 Phase 3 Boosting Study for
Drug: NVX-Cov2373 the SARS-CoV-2 rS Variant
Drug: NVX- Vaccines
CoV2373+NVX-

CoV2515

Drug: NVX-CoV2540
Drug: NVX-
CoV2373+NVX-
CoV2540
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S.No. Biological Countryof Phase Clinical trial Study title
interventions origin number

5 BIBP Omicron Hong Kong  III NCT05382871 Sequential Immunization
Inactivated COVID-19 of Two Doses of Inactivated
vaccine COVID-19 Vaccine
WIBP Omicron (Omicron) in Vaccinated
Inactivated COVID-19 Population Aged 18 Years and
vaccine (Vero Cell) Above

COVID-19 Vaccine
(Vero Cell), Inactivated

6 SCTV01C UAE III NCTO05323461 A Study to Evaluate the
SCTVO1E Immunogenicity and Safety
Sinopharm inactivated of Two Recombinant Protein
COVID-19 vaccine COVID-19 Vaccines in
Comirnaty Population Aged >18 Years as

Booster Vaccines

7 ABO1020 Indonesia II/11 NCT05636319 A Study to Evaluate the

Placebo Efficacy, Safety, and
Immunogenicity of SARS-
CoV-2 Variant (BA .4 /5)
mRNA Vaccine

8 BNT162b2 vaccine Israel v NCT05231005 Fourth BNT162b2 COVID-19

Vaccine Dose
9 mRNA1273 vaccine Israel 111 NCT05230953 Fourth COVID-19 Vaccine
Dose- mRNA1273

10 mRNA-1273 USA 11 /111 NCT04649151 A Study to Evaluate the
Placebo Safety, Reactogenicity, and
mRNA-1273.222 Effectiveness of mRNA-1273

Vaccine in Adolescents 12
to <18 Years Old to Prevent
COVID-19

Table 2.
Phase 1II and IV clinical trials studying novel vaccines against the omicron variant. All of these studies are
currently active and not recruiting [106].

8. Conclusion and future prospects

The COVID-19 pandemic resulted in a global public health emergency. The virus’s
capability to mutate and evolve rapidly became a threatening concern. To keep up
with the pace of the virus, the scientific community had to work round the clock for
better diagnosis, precise vaccines and treatment methods. While the new Omicron
variant exhibited a reduced disease severity, it posed its own set of challenges. Higher
transmissibility, increased infectious rate, immune evasion and partial resistance to
monoclonal as well as vaccine-induced antibodies are the key challenges that were to
be faced. These complications necessitated the development of new technology and
alternate approaches to eradicate the virus.

New variants of SARS-CoV-2 were expected to emerge and the virus is still mutat-
ing, each time presenting new risks and challenges. Only traditional approaches are
not enough to face this challenge, alternate methods have to be incorporated such as
the use of bioinformatics and nanotechnology for development of better drugs and/
or vaccines. New data are being generated every day by numerous ongoing studies;
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however, data interpretation and application require time. Persistent and continued
research is necessary for a better understanding of the pathogenesis of the new
variants, which will eventually lead to the development of efficient preventive and
treatment methods.
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Abstract

The emergence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
variants has been considered responsible for the prolonged continuation of the
coronavirus disease 2019 (COVID-19) pandemic. The fast dissemination of these
variants presents a challenge for current vaccines. Next-generation vaccinations
must be manufactured and distributed quickly to stop the pandemic. To combat
existing variations and stop the development of new ones, coordinated surveillance,
the designing of new vaccines, and broad-scale immunization are required. Clinical
trials are still being conducted to assess the efficacy of the vaccination against various
SARS-CoV-2 variants.

Keywords: mutant, variants, serology, omicron, SARS-CoV-2, COVID-19

1. Introduction

Since its emergence, coronavirus disease 2019 (COVID-19) has resulted in
520,912,257 and 6,272,408 confirmed cases and deaths, respectively. Scientists have
been reported to produce a variety of vaccines, with 198 in preliminary stages of
development and 156 in worldwide clinical trials. There have been 11,713,606,779
doses of vaccine provided since May 16, 2022. The total number of confirmed infec-
tions has dramatically grown after October 11, 2021, yet there has not been a discern-
ible change in the COVID-19 incidence since that date. As a result, there is now a
greater chance of developing new mutations, such as variants of concern (VOC) and
variants of interest (VOI), which have a greater potential of spreading and infecting
others while being less likely to be recognized by host antibodies. This chapter will
keep track of the most recent SARS-CoV-2 variations and mutations, provide an
overview of therapeutic studies, and discuss current pandemic-fighting issues and
potential solutions.
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Figure 1.

Natural origin of SARSCoV2 lineages.

2. Origin of SARS-CoV-2

Severe acute respiratory syndrome coronavirus 2 (SARSCoV2) shares approxi-
mately eighty percent (79%) homology with SARS-CoV, and other highly deadly
human coronaviruses have been zoonotic in origin. A significant quantity of antibod-
ies against SARS-CoV-2 were discovered in isolates of the virus of Himalayan palm
tree civets and raccoon dogs. Bats serve as a major reservoir for several SARS-like
viruses due to their infection with SARS-CoV-2 and other ancestors of the SARS
virus. Horseshoe bats that had taken up residence in caverns in the Yunan region of
mainland China were found as the first reservoir for the emergence of SARS-CoV-2.
The distance in time and space between the ancient Yunnan caves and the initial
appearance of SARS-CoV-2, however, emphasizes how challenging it is to find out the
virus transmission pathways. SARS-CoV-2 originated in China in 2019, disseminated
through dense populations of live animals that may have been infected with SARS-
CoV2, and is now globally transmitted through human-to-human transmission, with
higher susceptibility in carnivores such as cats, ferrets, and raccoon dogs. Further
investigation is needed to determine its potential in animal populations. The natural
origin of SARS-CoV-2 lineages is depicted in Figure 1.

3. SARS-CoV-2 and evolutionary lineages

A ribonucleic acid (RNA) virus called SARS-CoV-2 possesses a 3-to-5 exonuclease
enabling high-fidelity reproduction. Asa consequence of the COVID-19 pandemic,
nearly three thousand (2920) genomes were collected between December 2019 and April
2022, and these variants of the SARS-CoV-2 virus are unique. These genetic lineages
have been identified and followed using Nextstrain, Pango, and the Global Initiative
on Sharing All Influenza Data (GISAID). The World Health Organization (WHO)
has named two VOIs and VOCs using Greek alphabet letters to prevent confusion.
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Figure 2.
Emergence of SARS-CoV-2 variants.

Despite mutations, it replicates efficiently, with an evolution rate of 2 mutations per
month between 2019 and 2020. The 614G variant of SARS-CoV-2 has gained global
attention due to its superior viral entry and replication efficiency and its higher fitness
compared to the 614D variant. Consequently, variants of concern (VOC) have emerged.
The ecological behavior of SARS-CoV-2 emphasizes the potential for cross-species
transmission, evident in cases involving farmed minks, dogs, cats, and lions in zoos.
When animals are infected, the virus has the opportunity to evolve and adapt, as
observed in minks in the Netherlands and Denmark. Infections in animals carry-
ing the human SARS-CoV-2 strain might lead to recombination events, potentially
giving rise to hybrid viruses with pandemic potential. The newly discovered VOCs
and VOIs of SARS-CoV-2 have been reported to indicate worse clinical symptoms,
higher transmissibility, diagnostic detection challenges, escape from vaccine-induced
or innate immunity, and adverse therapeutic responses. The most important variants
are Alpha, Beta, and Gamma. The Delta variant’s frequency increased rapidly, with
Omicron currently accounting for 5% [1]. Detailed information regarding the dates
and countries of emergence of SARS-CoV-2 variants have been depicted in Figure 2.

4, SARS-CoV-2 variants and their characteristics

Current COVID-19 vaccines elicit broad immune responses, protecting new virus
variants such as Omicron; more research is needed to determine their effectiveness.
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Variants are divided into several classes by the WHO and the Center for Disease
Control and Prevention (CDC). A SARS-CoV-2’s VOI differs from earlier strains of
the virus in that it has alterations that are possibly to blame for the virus’s enhanced
transmissibility and the capacity to elude diagnostic tests, evade immunity, or cause
severe illnesses. A VOC is potentially transmissible and more likely to induce new
infections. This category includes the delta and omicron versions. A high-impact
variant is one from which current immunizations do not offer protection. There are
no any SARS-CoV-2 variants in this category right now. The WHO classified VOCs

of SARS-CoV-2 with enhanced virulence, transmissibility, and resistance to current
therapeutic vaccines, diagnostics, and other such medical techniques. Notable VOCs
include alpha (o), beta (B), gamma (y), delta (3), and omicron. The SARS-CoV-2 life-
cycle begins with the S1 receptor-binding domain (RBD) and angiotensin-converting
enzyme 2 (ACE2) interacting, causing the S protein to divide into S2 subunits. The

S protein is degraded by the furin that further triggers the virus particles to enter

the cellular membrane of the host cell. Sixteen nonstructural proteins are produced,
which are followed by their translation into replicase protein and their destruction by
proteases. Double-membrane vesicles (DMVs) aid in RNA replication, whereas E, M,
and S proteins create mature virions for infection. The mechanism of SARS-CoV-2
infection is depicted in Figure 3.

Figure 3.

Mgchanistic pathway of SARS-CoV-2 infection: The replication process of SARS-CoV-2 involves the development
of DMVs (double-membrane vesicles) in host cells. Viral RNAs are vetained in DMVs and transferred for
assembly or translation to the cytosol. Structural proteins form viral particles, whereas sgRNAs encode auxiliary
proteins. N protein and RNA synthesis occur in the cytoplasm, wheveas E, M, and S proteins are produced in the
ER (endoplasmic veticulum). Two thirds of the genome’s replicase genes are translated into two big polyproteins,
ppia and ppiab, and from there, sixteen types of nonstructural proteins (NSP) are produced. The viral RNA-N
complex, E, M, and S proteins then enter the ERGIC, where mature virions ave assembled. The ERGIC further
undergoes significant N-glycosylation, controlling protein folding, stability, infectiousness, and immunological
evasion [2]. *ppia, ppiab: Large polyproteins; ERGIC: Endoplasmic reticulum-Golgi intermediate compartment.
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The initial stage in replication is the development of DMVs (vesicles with double
membranes) in a host cell brought by the COVID-19 infection. NSP3 and NSP4 stimu-
late the replication of both sgRNA (subgenomic RNA) and gRNAs (genomic RNAs)
and cause the endoplasmic reticulum’s (ER) reorganization into DMV [3]. The viral
RNAs are retained in DMVs and either transferred via double-membrane-spanning
pores for the viral assembly or to the cytosol for translation [4]. Structural proteins
assemble gRNA into viral particles, whereas sgRNAs encode auxiliary and conserved
structural proteins. RNA and N protein synthesis takes place in the cytoplasm,
whereas S, M, and E proteins are produced in the endoplasmic reticulum, or ER,
and transported to the Golgi system. The SARS-CoV-2 genome consists of replicase
genes translated into ppla and pplab polyproteins, processed into 16 NSPs, and
assembled in the ERGIC compartment. These virions then escape the Golgi apparatus
and cell membrane. In the ERGIC, the S protein monomer undergoes substantial
N-glycosylation modification as well. In addition to controlling protein folding, gly-
cosylation of virus proteins additionally influences virus stability, infectiousness, and
immunological evasion (Figure 3). Studies have discovered 26 mutations, which tend
to include six of interest (K417T, N501Y, P681H, L452R, and L18F), with a prevalence
rate of more than 75% in at least one lineage across VOCs (five) and VOIs (two).
These mutations were found in at least 20% of countries, with N501Y, E484Q , K417N,
T478K, S477N, L452R, and E484Q associated with increased ACE2 binding.

4.1 Alpha (a-variant lineage-B.1.1.7)

In 2020 and 2021, three variant strains B.1.351, P.1 COVs, and B.1.1.7, first appeared
in the UK (United Kingdom), South Africa, and Brazil. Increased transmission and
decreased neutralization that may tend to have an impact on monoclonal antibodies
are well-known characteristics of the alpha and beta versions. Mortality and hospital-
ization to the intensive care unit have risen with alpha variants. Alpha is significantly
protected against by the BNT162b2 vaccine; however, the mRNA-1273 vaccine
exhibits less neutralization. Gamma variations are less susceptible to therapies and
past vaccines and convalescent-serum neutralization.

B.1.1.7, first discovered in September 2020 in the UK and later in the US, has 17
mutations in its genome. Notably, there were eight mutations in the spike protein of
the Alpha version, including the deletion of D1118H, N501Y, T716I, A570D, P681H,
S982A, D144, and D69-70. The B.1.1.7 protein undergoes amino acid changes that
improve ACE2 affinity and RBD accessibility, which may become the reason for
enhanced transmissibility.

The protein SARS-CoV2-S is destabilized by the N501Y mutation, which also
increases RBD-ACE2 affinity and accelerates the propagation of SARS-CoV-2.
Additionally, compared to those infected with other variations, those exposed to the
variant lineages of B.1.1.7 suffered from a considerably severe illness and had a greater
risk of dying.

4.2 Beta (f- variant lineage 20H and/or B.1.351)

Beta variant has been found responsible for the emergence of the second wave of
COVID-19 in the Bay of Nelson Mandela. It was discovered in South Africa (SA) by
the end of 2020 [5].

The B-form of the spike protein has nine mutations, which include L18F, N501Y,
R246I, E484K, D215G, K417N, A701V, D614G, and D80A. It has been reported
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that there have been three changes made to the receptor binding domain (RBD) to
enhance receptor affinity.

The E484K mutation alters antibody binding to the receptor-binding domain,
whereas the N501Y substitution is found in fast-expanding lineages. These mutations
play critical roles in disease transmission and outbreaks, increasing compatibility
towards human ACE2, and their combination enhances this attraction.

The Beta variant of SARS-CoV-2 has a unique amino acid alteration, P71L, in its E
protein, linked to illness severity and death rate, but its impact remains uncertain. It
may have a selective advantage.

4.3 Gamma (y-P1lineage)

Eleven mutations in spike protein and three mutations in the region of the recep-
tor-binding domain resulted in the emergence of y -P.1 variant lineage, which was
initially discovered in January 2021 in the United States of America (USA) [6].

Eleven mutations, including L18F, R190S, T10271, N501Y, K417T, and E484K,
D138Y, P26S, H655Y, V1176, and T20N, have been found in the variant’s spike protein.
In addition, three changes (K417N, L18F, and E484K) in the RBD of the Gamma (y)
version are comparable to those in the Beta (f) variant.

4.4 Delta (8-variant lineage B.1.617.2)

Since its discovery in India in 2020, the Delta (-B.1.617.2) mutant lineage
has quickly expanded and boosted transmissibility in homes and indoor sports.
Additionally, it lessens the neutralization of monoclonal emergency use authorization
(EUA) antibody therapies. The efficiency of the Delta vaccine is just 33%, whereas the
efficacy of the ChAdOx1 and BNT162b2 nCoV-19 vaccines after two doses is still more
than 67%. In April 2021, it was discovered that it had a major effect on the COVID-19
pandemic’s second wave. The Delta variety, which was discovered for the first time in
the United States (US) in March 2021, is extremely contagious and prevalent in many
nations. It has 11 mutations in the spike protein. It possesses eleven mutations in the
protein known as spike [6].

4.5 Omicron (SARS-CoV-2 variant lineage B.1.1.529)

The latest SARS-CoV-2 variant, VOC “Omicron” was first reported in November
2021 in the South Africa (SA) region. This variant has exhibited 50 mutations, thirty-
two of which were targeting spike protein and three of which affect the cleavage site
of furin and so increase infectivity. The lineage B.1.1.529VOC variant is considered the
most contagious form identified and may resist immune defenses provided by current
vaccinations or prior infections. According to GISAID, the virus had 6950 cases
and had spread to 86 nations and territories by December 16, 2021. Recent research
revealed that following immunization with the Pfizer-BioNTech (BNT162b2) vaccine,
serum’s neutralization activity against the Omicron variation was forty-one (41.4)
times below the original strain; however, the escape was only partially successful. The
Omicron variant has a significant capacity to overcome previous infection-related
immunity (Ferré etal., 2022).

Since its discovery in November 2021 in South Africa, the Omicron variety has been
found in more than 100 nations and areas worldwide. The WHO classified it asa VOC
and categorized it among those variants under monitoring. Omicron has 50 mutations,
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30 on the surface S protein, 20 novels in the S1 domain, eight in neglected tropi-

cal diseases (NTDs), and 15 in RBD. These modifications may improve RBD-ACE2
interaction and accelerate transmission. Omicron’s 3-day incubation time and cold-like
symptoms are attributed to its insertion sequence. Omicron, unlike typical influenza,
exhibits distinct symptoms such as smell and taste loss, persists in the body, and can
reactivate, potentially leading to fatalities. The CDC detected the omicron virus in
New York City’s wastewater 10 days before the US first reported illness and South
Africa confirmed its presence. Researchers in California, Texas, and France also identi-
fied variants. The discovery of omicron presence in certain areas during a specific
period holds significant implications for the detection and spread of the virus [7].

4.6 Lambda (- C.37 variant lineage) and mu (p- B.1.621 variant lineage)

The WHO has identified two variants as Lambda (A) and Mu (p) lineage variants.
The L452Q mutation within RBD of the spike protein, which was initially found in
C.37 in Peru and Chile in 2020, improves the virus’s virulence, transmissibility, and
infectivity. Recent research demonstrates lower susceptibility to neutralization by
convalescent sera and the monoclonal antibody REGN10987 as well as a three (3.05)
time reduction in neutralization as compared to the wild-type virus. When compared
to the WA1 strain, B.1.621, which was discovered for the first time in January 2021 in
Colombia, had a 2.3-fold lower neutralizing antibody response.

5. Major physiological differences among mutant strains

There are now 4 SARS-CoV-2s VOCs, that is, a- (B.1.1.7), - (B.1.351), y - (P1), and
(8) delta (B.1.617.2). They have shown D614G mutation, which confers higher infectiv-
ity, most likely because of alterations in receptor binding or fusion. The N501Y muta-
tion is carried out by a, B, and y, boosting their receptor-binding efficacy and cellular
entrance. Fortunately, combining mutations may result in more conformational altera-
tions and different alterations. VOCs, for example, have varying receptor-binding sites.
Separation from the receptor requires the most effort, followed by p/y or delta.

5.1 Plaque sizes

In Vero E6 cells, all these variations had a distinct plaque size. Beta had the great-
est mean plaque size, next to gamma, delta, and alpha. In Vero E6 Transmembrane
Protease, Serine2 (TMPRSS2) cells, a comparable result with varied plaque diameters
was found. There are various variables of plaque size, including receptor-binding
affinities heat stability and viral reproduction rate. If a variation is more stable at
physiological temperatures and produces more offspring viruses, it creates larger
infectious viral particles, attacking a greater number of cells and raising plaque size.

5.2 Thermal stability

The beta version is the most stable of the 4 VOCs at 4, 24, and 37°C. With a
half-life nearly double that of y or delta, § has the strongest thermal stability. Except
for alpha, there is a link between heat stability and plaque size. Interestingly, despite
its small plaque size, alpha has a relatively extended half-life, implying an alternate
process.
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5.3 Viral replication rates

Although there are no substantial changes in viral RNA replica number, Alpha has
fewer pathogenic particles than the other versions. Furthermore, alpha and gamma
intracellular viral RNA concentrations are substantially lower than those of the other
VOCs. Alpha’s viral replication rate is probably inadequate, which contributes to its
limited plaque size [8].

6. How to control novel varieties and recurrent outbreaks?

Controlling the pandemic is challenging because of recurrent outbreaks and novel
varieties. Effective vaccinations and antiviral therapies are crucial in the early stages,
but anti-inflammatory and immunomodulatory therapy could be more effective in later
stages. SARS-CoV-2 infection suppression requires monoclonal antibodies, nanobodies,
recovered plasma, mini proteins, soluble ACE2, and receptor ACE2 traps, targeting host
proteases like furin and TMPRSS2 [9]. The development of a disease is greatly influ-
enced by immune responses, and the SARS-CoV-2 evasion pathways are still poorly
known. Immunomodulators have antiviral effects, but their effectiveness in treating
COVID-19 remains uncertain. Traditional Chinese medicine effectively combats viruses
through immune modulation, whereas vaccine development involves selecting anti-
gens, enhancing sequences, screening nucleotides, evaluating the immune response,
and conducting safety tests, with RNA vaccines being the most effective [10]. The
mechanistic pathways indicating various mechanisms of antiviral CoV19 therapeutics
by inhibiting SARS-CoV-2 entrance, preventing SARS-CoV-2 replication, application of
immunomodulators, and vaccine development have been shown in Figure 4.

Inhibiting the initial stages (i.e., attachment and penetration) of SARS-COV-2
infection is crucial for disease prevention. Primary S protein inhibitors include
human soluble ACE2, ACE2 receptor trap compounds, nanobodies, miniproteins,
convalescent plasma, and monoclonal antibodies [11]. Coreceptors, which block
SARS-CoV-2 infection, have been identified as potential therapeutic targets for
COVID-19 treatment, with inhibitors and generic particles potentially reducing
infection (Figure 4A). SARS-CoV-2 enters host cells through endosomal or receptor-
mediated membrane fusion, requiring protease inhibitors like furin and TMMPRS?2 to
prevent fusion entrance. SARS-COV-2 infection has been demonstrated to be reduced
to variable degrees by both TMPRSS2 and furin inhibitors (Figure 4A).

Antiviral therapy uses blocking viral proteins and RNA synthesis to reduce
viral replication. Mpro and PLpro, proteases crucial for viral replication, have
potential therapeutic targets. Mpro inhibitors are now in various phases of
preclinical and clinical research (Figure 4B) [12]. The immune system’s role in
SARS-COV-2 evasion is not fully understood, and the therapeutic benefits of
immunomodulators such as ivermectin and interferon on COVID-19 are debatable.
The first CoV19 antibody developed by China fetched international approval in
December 2021. It has been given commercial approval under the name BRII-196/
BRII-198 (Figure 4C) [13, 14].

There are currently almost 340 vaccines widely available against the SARS-CoV-2.
One hundred and twenty-two are being applied in various clinical trials. Thirty
vaccines, however, are regularly being used worldwide. Primary types include
inactivated, attenuated live, DNA/RNA, vector-based, and unidentified forms.
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Antiviral CoV19 therapeutics. A) Inhibition of SARSCoV2 entrance, B) inhibition of SARSCoV2 replication,
C) Immunomodulators, and D) vaccine development. * pp1a, ppiab: Large polyproteins; Mpro:Main protease
inhibitor; Plpro:Papain-like protease.

RNA vaccines are the most effective vaccines worldwide (Figure 4D) [15, 16].
Future vaccines are expected to offer protection against both current and upcoming
SARS-CoV-2 variant strains.

7. COVID-19 vaccine effectiveness on SARS-CoV-2 variants

COVID-19 precise inoculations sanctioned under EUA are distributed into four
kinds: inactivated, viral vector, nucleic acid, and subunit. These vaccines rely on the
SARS-CoV-2’s S protein to induce neutralizing antibodies. However, the advent of
SARS-CoV-2 variants led to hurdles in vaccine improvement. Mutations on the spike
protein resulted in improved transmission, severe ailment, diminished neutraliza-
tion, and invulnerable invasion. VOCs are highly contagious and are related to greater
hospitalization rates and death.

7.1 Alpha variant and clinical vaccine trials

The vaccine ChAdOx1, tested against a-variant, showed lower neutralization
activity in contradiction to non-Alpha variants. Defensive efficiencies against
Alpha (a) and non-Alpha variants were reportedly found at 70% and 81%, respec-
tively. The NVX-CoV2373 vaccine, which was tested contrary to the Alpha variant,
exhibited an efficiency of 86.30% in contrast to o variants and 96.40% against
non-Alpha variants. The vaccine also showed a 51.0% efficiency in contrast to the p
variant. Both vaccines showed acceptable protection against o variant and non-
Alpha variants, but their effectiveness must be assessed in a greater population.
Additional investigation is required to assess the immunogenicity, efficacy, and
shelter of these vaccines [17].
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7.2 Beta variant and clinical vaccine trials

The vaccine ChAdOx1-nCoV-19 was invented by AstraZeneca followed by the
approval from the University of Oxford to check COVID-19 in adults. A South African
trial found that the inoculation’s effectiveness against the f-variant was 10.40%,
indicating a substandard shield against mild to moderate COVID-19 triggered by 8
variant. The Ad26.COV2.S vaccine, a nonreplicating human adenovirus type 26 vec-
tor, was accepted for checking COVID-19 in persons over teenage years under EUA. A
Phase 3 study assessed the usefulness and protection of this vaccine for the preclusion
of B-variant in adults aged above 18 years. In animal prototypes, the NVX-CoV2373
vaccine, which contains Matrix-M1 adjuvant, and the full-length of SARS-CoV-2’s
spike protein has shown adequate security, robust neutralizing antibodies, and cel-
lular immune reactivity. However, the efficiency of this inoculation in a situation of
continuing p variant transmission is immediately assessed.

7.3 Delta variant and clinical vaccine trials

The Delta variant of COVID-19 has become the dominant variant due to its
enlarged transmissibility in indoor game locations. Studies show that neutralizing
antibody titers decrease after BNT162b2 vaccination against Delta and p variants
compared to o variants. However, larger sample sizes are needed for verification.

A Phase 3 randomized, placebo-controlled, double-blind therapeutic trial in India
evaluated the efficacy of BBV152 vaccination against the Delta variant, achieving a
65.2% success rate [18].

8. Current challenges of combating SARS-CoV-2’s VOCs

The COVID-19 outbreak has been a notable global health emergency, and man-
agement has become more difficult as a result of the development and rapid spread
of variations of concern (VOCs). VOCs may be more suitable because they are
antigenically different from the original SARS-associated viruses that caused the first
outbreak of the disease and looked to be able to reinfect humans more successfully.
The epidemic, which also caused social and economic problems, caused millions of
deaths. There are concerns that the emergence and propagation of novel strains of
infections might indicate that our global struggle against the pandemic may need to
extend much longer than planned. The next great health disaster to impact society
may be COVID-19.

It is noteworthy that COVID-19 immunizations were approved in less than a year,
both in human history and in the area of medicine. Numerous obstacles still exist,
including the need for storage, transportation, and the universal provision of vac-
cinations to more than 7 billion people. In other countries, the lack of vaccines and
slow supplies make it more difficult to contain the pandemic and may encourage the
creation of novel varieties that might lengthen the spread of the disease.

VOCs reduce the analytical techniques’ RT-PCR-based identification sensitivity,
which results in false-negative detection. Vaccine hesitancy, an increasing worry,
may thwart efforts to combat the virus and boost societal confidence, particularly in
underserved communities. Because of their increased virulence and transmission, the
recently discovered SARS-CoV-2 VOCs provide new, global approaches to controlling
this epidemic. COVID-19 vaccines are manufactured using a variety of machines and
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stages that target spike protein and receptor-binding characteristics. Efficacy ranges
from 65-95%, with RNA vaccines having an efficacy as high as 95%. The aforemen-
tioned vaccines require two administrations with a gap of 20-30 days to be effective
to provide protection. However, because the virus is constantly changing, recently
created vaccinations seem to be ineffective. It is crucial to monitor the emergence

of the SARS-associated animal species considering the uncertainty of total eradica-
tion. The current vaccination campaign may not provide complete protection to all
individuals or subpopulations, leaving certain areas susceptible. The virus may persist
due to ongoing risks of infection and the potential for additional dispersion among
vulnerable human hosts.

9. Pragmatic future strategies

The widespread distribution of VOCs, which have enhanced transmission and
impeded the effectiveness of vaccinations and monoclonal antibodies, has worsened
the current SARS-CoV-2 epidemic. Strategies include preserving public separation,
proper sanitation, and mask use are essential to lowering morbidity and death.
Nonpharmaceutical interventions (i.e., NPIs) are another important strategy. Because
of the ineffectiveness or inaccessibility of VOC vaccinations, these techniques aid in
containing current outbreaks and preventing future ones.

As virus duplication suggests multiple experimental COVID-19 demonstrations,
antiviral medication is advised for treating mild to moderate SARS-CoV-2 disease.
Antiviral medications such as ivermectin, hydroxychloroquine, nitazoxanide,
azithromycin, chloroquine, ritonavir/lopinavir, and remdesivir can prevent viral
entry, TMPRSS?2, viral membrane fusion, endocytosis, and the RNA-dependent
RNA polymerase. Monoclonal antibodies, PAC-MAN (widely known as prophylactic
antiviral CRISPR in human cells), and designed recombinant soluble ACE2 are also
considered additional therapies for VOCs.

Genomic monitoring/surveillance of SARS-CoV-2 variations is an additional
strategy that will be used in the future to predict the pandemic at an early stage and
initiate operative strategies to stop the propagation of SARS-CoV-2 variants and pre-
vent the spread of other dangerous viruses. The effectiveness of current vaccinations
varies, with some demonstrating diminished efficiency against VOCs. For protection
against any virus or strain that belongs to a certain viral group, a universal vaccination
is required. However, manufacturing such a vaccination requires new technologies
and more investments. Identifying novel SARS-CoV-2 variants is critical for track-
ing the epidemic and viral progression. Current diagnostic assays identify specific
viral genes or protein targets; however, mutations can reduce test sensitivity. Bacillus
Calmette-Guerin (BCG) vaccination of children has been demonstrated to reduce
COVID-19 cases and mortality rates globally. The BCG vaccine has been proven to
enhance the immune systemss ability to combat other bacteria, including tuberculosis.

Since the COVID-19 epidemic is the worst in a century, nations must cooperate to
contain it. It is imperative that vaccines are distributed quickly, fairly, and with strong
international coordination, all under the direction of the WHO. To avoid human
contact and reverse zoonoses, animal immunizations are also required. It is vital to
keep track of the progression of the illness and put in place a long-lasting strategy for
the global genomic analysis of SARS-CoV-2. Because of the possibility of novel varia-
tions originating through interactions between the wild-type and vaccine strains, live
attenuated vaccinations should be avoided.

49



New COVID-19 Variants — Diagnosis and Management in the Post-Pandemic Eva

Genomic monitoring is essential for assessing new variations and experimental
statistics to calculate potential dangers. International procedures and legal frame-
works are required for quick accessibility to viral components. The development of
multivalent vaccinations against present and potential variations, the targeting of
protein sequences with low mutation risk, and the pursuit of an ideal vaccine that is
effective against all variant types, free of cold-chain restrictions, and noninjectable
are some prospective possibilities.

10. Conclusions

A significant accomplishment is the development of effective vaccines against
SARS-CoV-2 during the 16 months of the COVID-19 pandemic, with 95% effective-
ness and 8.090 billion doses distributed across 184 countries. However, the emergence
of variants, which is an indication of alarm, poses a serious challenge to tracking the
pandemic’s progress. The Omicron variant of SARS-CoV-2, along with five other
significant mutations, have made it difficult to eradicate the virus. Recovery from the
pandemic will take time because it has already had significant negative effects on the
economy and public health. High-throughput technology and innovative vaccines
will be required to address these problems, including multivalent vaccinations that
provide long-term protection from all variants.

Abbreviations

ACE2 Angiotensin-converting enzyme 2
BCG Bacillus Calmette-Guerin

DMVs Double-membrane vesicles

ER Endoplasmic Reticulum

ERGIC Endoplasmic Reticulum-Golgi Intermediate Compartment
EUA Emergency Use Authorization
GISAID Global Initiative on Sharing All Influenza Data
gRNA Genomic RNA

Mpro Main Protease Inhibitor

NPIs Nonpharmaceutical Interventions
NSP Non-structural Protein

NTDs Neglected Tropical Diseases

Plpro Papain-like Protease

ppla, pplab Large Polyproteins

RBD Receptor Binding Domain

RNA Ribonucleic Acid

SA South Africa

sgRNA Sub-genomic RNA

TMPRSS2 Transmembrane Protease, Serine2
UK United Kingdom

UsS United States

USA United States of America

VOC Variants of Concern

VOI Variants of Interest

WHO World Health Organization
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Abstract

The proposed chapter aims to provide an overview of the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) Omicron variant and its potential effects on
public health. The origins of coronavirus disease of 2019 (COVID-19) pandemic and
the SARS-CoV-2 virus evolution through time will be briefly covered at the beginning
of the chapter with an emphasis on the emergence of new variants. The next section
will present an overview of Omicron, outlining where it was first identified, the key
mutations that set it apart from prior variants, and how it has spread worldwide. In
the following section, we will briefly discuss the evidence regarding Omicron’s rapid
spread in comparison to other COVID-19 variants along with any possible implica-
tions in disease severity and hospitalization rates. The chapter also explores how
Omicron could affect natural immunity and vaccination efficiency and will provide
information on recent studies on the effectiveness of COVID-19 vaccines against
Omicron. Finally, we will discuss public health responses to Omicron’s emergence and
outline the effective strategies that can lessen its effects.

Keywords: SARS-CoV-2, Omicron, variant of concern, COVID-19, pandemic

1. Introduction

The COVID-19 pandemic, caused by the SARS-CoV-2 virus, is believed to have
originated in a seafood market in the city of Wuhan, China, in late 2019. The World
Health Organization (WHO) declared the COVID-19 outbreak a global pandemic on
March 11, 2020. The exact origin and transmission route of the virus are still under
investigation by the scientific community, but it is believed to have originated in bats
and may have been transmitted to humans through an intermediate host, possibly a
pangolin [1, 2].

The SARS-CoV-2 virus has quickly spread to other parts of China and then to other
countries around the world. The rapid and wide expansion of the virus was facilitated
by its ability to be transmitted through respiratory droplets [3], and by the fact that
infected individuals can exhibit mild symptoms or be entirely asymptomatic, thereby
complicating efforts to identify and control its spread [4].

As of May 2023, the virus has infected more than 700 million people and caused
almost 7 million deaths worldwide [5]. The pandemic has had a profound impact on
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the world, resulting in substantial disruptions across social and economic domains.
Moreover, it has underscored the critical significance of preparedness in addressing
future outbreaks of infectious diseases [6].

Like all viruses, SARS-CoV-2 can mutate as it replicates. Mutations are changes in
the virus’s genetic material (RNA) that occur randomly and can result in new variants
with different characteristics. Most of these mutations are harmless, but some may
make the virus more infectious or resistant to immune responses [7].

Since the beginning of the pandemic, numerous SARS-CoV-2 variants have
emerged, including the Alpha, Beta, Gamma, Delta, and Omicron variants [8]. These
variants differ from the original strain of the virus in key genetic changes that affect
the virus’s Spike (S) protein, which is used by the virus to infect human cells [9].

The Omicron variant was first identified in South Africa in November 2021. It
has more than 50 mutations in its S protein, including many in the receptor-binding
domain (RBD), which is the part of the S protein that attaches to human cells. Some
of these mutations are similar to those seen in other variants, such as Delta, but others
are unique to Omicron [10, 11].

These mutations are believed to make the virus more infectious and may also
help it evade the immune system, including antibodies generated by vaccination or a
previous infection [12]. According to preliminary findings, the Omicron variant has
a greater risk of re-infection than the other variants. In South Africa, hospitalization
rates are increased, and fewer people who needed oxygen support were presenting
less severe symptoms as compared to previous variants [13].

It is important to note that SARS-CoV-2 will continue to evolve and mutate over
time, and new variants may continue to emerge. Therefore, ongoing surveillance
and research are critical to understand the impact of these variants and to develop

effective strategies in order to control the spread of the virus and protect public
health [14].

2. Overview of Omicron

Omicron (B.1.1.529) was first identified in Botswana, South Africa, and was
classified on November 26, 2021, as a “variant of concern” by the World Health
Organization due to its high number of mutations and potential impact on public
health [10].

It was reported that Omicron was spreading at a much faster rate than Delta vari-
ant, with a basic reproduction number (RO) estimated to be 8.2. This means that each
infected person could potentially transmit the virus to eight people [15].

The emergence of the Omicron variant has caused a new wave of infections with
high hospitalization rates worldwide. This wave is distinct from those caused by ear-
lier variants, and its peak is significantly higher [16]. Apart from B.1.1.529, multiple
sub-lineages have been identified and studied, with over 100 subvariants estimated to
exist. Among these subvariants are BA.1 and its sister-variant BA.2, and other diverse
Omicron variants, such as BA .4, BA.5, BA.2.12.1, BA.2.75, BA.2.75.2, BQ.1, BQ.1.1,
and BE.7. Additionally, several recombinant subvariants of Omicron, including XBB,
XBB.1.5, and XBB.1.16, have emerged [17]. These subvariants exhibit unique charac-
teristics and have been linked to diverse epidemiological patterns [18].

Sequencing analysis revealed that Omicron variant harbors several key mutations
that differentiate it from earlier variants like Delta. BA.1 is a variant of concern due
to its high number of mutations in the S gene, particularly in the receptor-binding
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domain and the N-terminal domain. These mutations can impact ACE2 binding

and antibody recognition. The variant shares the deletion at positions S:H69- and
S:V70- with Alpha and Eta, among others. It is noteworthy that del69-70 in the S
protein is being explored as a diagnostic marker for Omicron, as the TagPath PCR
test yields negative results for the S gene in this variant but positive results for other
SARS-CoV-2 variants [19]. There is a 3 amino-acid insertion (‘EPE’) at position 214
in the S protein, which is located in an area known as an “insertion hotspot” [20-23].
A cluster of mutations at the S1-S2 furin cleavage site (S:H655Y, S:N679K, S:P681H)
may be associated with increased transmissibility. The mutation at S:E484A is also
present in other variants and mutations at this position have been linked to immune
escape. The combination of mutations S:Q498R and S:N501Y has been shown to
significantly enhance the binding affinity to ACE2 in in-vitro evolution studies

[24, 25]. Additionally, there is a three amino-acid deletion in ORFla at ORF1a:L3674-,
ORF1a:S3675-, and ORF1a:G3676-. This deletion may affect innate immune eva-

sion by compromising cells’ ability to degrade viral components [26]. The accessory
protein ORF9b has a three amino-acid deletion at ORF9b:E27-, ORF9b:N28-, and
ORF9b:A29-. ORF9b is believed to suppress the innate immune response by interact-
ing with TOM70 and NEMO, ultimately impacting interferon production [27-29].
Lastly, two ancestral mutations in the Nucleocapsid protein, N:R203K and N:G204R,
have been associated with increased subgenomic RNA expression and higher viral
loads [30, 31]. Moreover, BA.2 and BA.1 share 38 mutations in both nucleotides and
amino acids. However, BA.2 has an additional 27 unique mutations, while BA.1 has an
additional 20 unique mutations. In the S protein alone, both variants share 21 amino
acid mutations. BA.1 has 12 additional unique amino acid mutations, while BA.2

has six additional unique amino acid mutations, along with a deletion/mutation. It

is important to note that BA.2 lacks the deletion del69-70. The six additional Spike
mutations in BA.2 are S:T191, S:V213G, S:S371F, S:T376A, S:D405N, and S:R408S.
Additionally, there is a nine-nucleotide deletion (position 21,633-21,641) that leads
to the deletions and mutation S:L24-, S:P25-, S:P26-, and S:A27S. The ORF1a:L3201F
mutation has emerged multiple times within BA.2. In South Africa, where the variant
is suspected to have originated, it is mostly present in its wild-type form. However,
outside of South Africa, the ORF1a:L3201F mutation is more common. Therefore,
sub-clades of BA.2 may or may not have the ORF1a:L3201F mutation depending on
their lineage. The variant BA .4 appears to have arisen in late 2021, while BA.5 likely
arose in early 2022. Both variant sequences were predominantly from South Africa,
though now are detected globally. BA.4 and BA.5 have identical Spike proteins,
leading researchers to group them together in studies focusing on Spike alone, such as
antibody research. These variants share several Spike mutations with BA.1 and even
more Spike mutations with BA.2. In fact, the Spike mutations in BA.2, BA.4, and BA.5
are mostly identical. The only difference is that BA.4 and BA.5 lack the S:Q493R muta-
tion found in BA.2 and instead have S:L452R and S:F486V mutations. Furthermore,
they share the deletion del69-70 with BA.1, which allows BA .4 and BA.5 to be detected
through “S gene drop out” or “S gene target failure (SGTF)” in certain qPCR assays
[32]. It is noteworthy that BA.4 and BA.5 formed >50% of the subvariants during
June-July 2022 [33].

The BA.2.12.1 variant shares many Spike mutations with both BA.1 and BA.2 vari-
ants. Specifically, the Spike mutations of BA.2 and BA.2.12.1 are identical, except that
BA.2.12.1 has two additional mutations at S:L452Q and S:S704L. In terms of amino-
acid mutations outside of Spike, BA.2.12.1 does not have any additional mutations
compared to BA.2. In South Africa, where this variant is believed to have originated,
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the wild type is most prevalent. Outside of South Africa, the ORF1a:L3201F mutation is
more common. Therefore, sub-clades of BA.2 may or may not have the ORF1a:L3201F
mutation, depending on whether they are descended from a part of BA.2 carrying this
mutation. It is worth noting that the BA.4 and BA.5 variants, thought to have emerged
in South Africa, do not possess this mutation, whereas BA.2.12.1, believed to have
originated in North America, does have it. It is noteworthy that neutralizing titers
against BA.2.12.1 were lower in vaccinated individuals who received the CoronaVac
vaccine compared to BA.2. Additionally, BA.2.12.1 showed an increased affinity for
binding to ACE2 receptors compared to BA.1 and other variants [34].

The variant BA.2.75 seems to have emerged in late spring 2022, potentially origi-
nating in India. By July 2022, most of the identified sequences of this lineage were
found in India, but it has also been detected in various countries globally. BA.2.75
shares many Spike mutations with BA.1 and BA.2. It has the same Spike mutations
as its parent, BA.2, except for S:G446S and S:R493Q, and it has additional muta-
tions: S:K147E, S:W152R, S:F157L, S:1210V, S:G257S, S:G339H, and S:N460K. It
does not have the MutationS:H69- and S:V70-deletion found in BA .4 and BA.2.12.1.
Adintrevimab, bamlanivimab, casirivimab, and etesevimab were not effective against
BA.2.75, but ragdanvimab, sotrovimab, and tixagevimab were effective. However,
BA.2.75 showed higher resistance against cilgavimab and bebtelovimab compared
to BA.2 [35]. BA.2.75 is more immune-evasive than BA.4/BA.5 in areas with previ-
ous Delta infection and may escape BA.2-induced immunity. It may also have higher
ACE-2 binding affinity than BA .4/ BA.5 [36]. A study using donated blood from
Sweden did not find greater immune evasion by BA.2.75 compared to BA.5 [37].
BA.2.75 subvariant was undergoing further mutations and forming a new subvariant
known as BA.2.75.2, it comprises specific substitutions such as R346T, F486S, and
D1199N, along with S:K444T and S:N460K [38].

BQ.1 variant probably emerged in mid-2022, potentially in central or western
Africa. It gained attention in August as a notable variant and has since spread world-
wide. BQ.1 shares all the mutations found in BA.5 but also has additional mutations.
Within Spike, it has mutations at S:K444T and S:N460K, and the S:Q493R muta-
tion found in its ancestor, BA.2, is reverted to S:Q493Q in BQ.1. Outside of Spike,
it has mutations at ORF1a:Q556K, ORF1a:L3829F, ORF1b:Y264H, ORF1b:M1156I,
ORF9b:P10F, and N:E136D. There is concern that BQ.1 may have an increased ability
to evade existing immunity. Studies have shown a significant reduction in neutraliza-
tion titers against BQ.1, especially in sublineage BQ.1.1, indicating the potential for
immune escape. It can also escape certain monoclonal antibodies, making them likely
ineffective against the variant. The mutation S:N460K is associated with neutralizing
antibody evasion and is driving enhanced neutralization resistance and fusogenic-
ity in BQ.1 and BQ.1.1 lineages [39-41]. Since late September 2022, China has been
experiencing a continuous increase in COVID-19 cases, and this resurgence can be
attributed to the emergence of a subvariant known as SARS-CoV-2 Omicron BE.7
(BA.5.2.1.7), which is a subtype of BA.5. This particular subvariant has been detected
in several countries, including Belgium, China, Denmark, Norway, France, Germany,
India, Mongolia, the United Kingdom (UK), and the United States (US) [42, 43]. The
heightened transmission rate of the BF.7 subvariant can be attributed to the presence
of novel mutations in its spike protein. Molecular modeling studies have shed light on
how these mutations, namely K444T, F486S, and D1199N, affect the RBD of the spike
protein, enabling antibody-mediated immune evasion. Additionally, BF.7 carries an
additional mutation, R346T, in the spike protein, which is derived from the BA.4/5
subvariant. This specific mutation contributes to a 4.4-fold increase in resistance to
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neutralization compared to the original D614G variant. Notably, the R346T mutation
in the BF.7 variant’s spike glycoprotein, especially within the RBD, has been associated
with a heightened ability to evade neutralizing antibodies generated by vaccines or
previous infections [43].

XBB is a recombinant variant composed of genetic material from two different
parent variants, lineage BJ.1 and BM.1.1.1, parts of BA.2 and BA.2.75, respectively,
with a breakpoint in the S1 region of the Spike subunit. The initial sequences were
identified in August 2022 and originated from India. Since then, it has experienced
significant global expansion. It has unique mutations S:V445P from BJ.1 and S:N460K
from BM.1.1.1. This recombination likely occurred within a short region containing
these mutations. Before the breakpoint, XBB carries all the mutations of its B].1 parent,
and after the breakpoint, it carries all the mutations of its BM.1.1.1 parent. It also shares
common mutations with the broader BA .2 lineage. Additional mutations found in XBB
include S:V83A, S:Y144-, S:H146Q, S:Q183E, S:V213E, S:G339H, S:R346T, S:L386I,
S:G4468S, S:F486S, and S:F490S. It also has a unique synonymous mutation at A19326G.

Certain sublineages within XBB, such as XBB.1, have acquired additional amino
acid mutations S:G252V and ORF8:G8*, which raise concerns about its ability to evade
existing immunity.

Preliminary laboratory results indicate that XBB may have a higher potential to
evade immune responses. A study showed a significant reduction in neutralization
titers against XBB in vaccinated individuals while maintaining ACE2 binding affin-
ity. It was also found that clinically available monoclonal antibodies Evusheld and
Bebtelovimab are likely ineffective against XBB, and sublineage XBB.1 escaped all
NTD-targeting neutralizing antibodies tested [39].

XBB.1.5 is a recombinant variant that descends from XBB, likely arose by October
2022, possibly in North America. As a result, XBB.1.5 shares the same mutations
as XBB, along with a few additional mutations, including S:G252V and ORF8:G8*.
Additionally, XBB.1.5 has a nucleotide mutation at position T23018C, which causes
the S:F486S mutation in XBB to change to S:F486P. This change from S to P in the
Spike protein has implications for ACE2 binding. Based on the Spike protein muta-
tions in XBB.1.5, it is expected to have similar immune evasion properties as its
parental lineages, XBB.1 and XBB, but with the potential for enhanced transmission
due to the new S:F486P mutation. Studies have shown that neutralizing titers in
vaccinated individuals with breakthrough infections were comparable between XBB.1
and XBB.1.5, but ACE2 binding was significantly stronger in XBB.1.5, suggesting a
potential growth advantage for XBB.1.5 over XBB and XBB.1 [44]. Another study
found minimal differences in neutralizing titers and fusogenicity among XBB, XBB.1,
and 23A XBB.1.5 in vaccinated/infected individuals [45]. Furthermore, neutral-
izing antibody titers were similar between XBB.1.5 and XBB.1 in a study involving
bivalently-boosted mRNA vaccine recipients [46].

The variant XBB.1.16 is descended from variant XBB. It likely emerged towards
the end of 2022 or the beginning of 2023, possibly in Asia. XBB.1.16 shares the same
mutations as XBB, with additional mutations including S:G252V and ORF8:G8*, as
well as ORF1a:L3829F, ORF1b:D1746Y, ORF9b:I5T, and ORF9b:N55S.

Similar to XBB.1.5, XBB.1.16 has an additional nucleotide mutation resulting in
the S:F486S mutation in XBB becoming S:F486P. This change affects ACE2 binding.
Additionally, XBB.1.16 has unique synonymous mutations at T12730A, A14856G, and
C29386T.

Based on the Spike protein mutations, XBB.1.16 is expected to have immune eva-
sion properties similar to its parental lineages, XBB.1 and XBB, potentially enhanced
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by the S:F486P mutation and the RBD mutation S:T478R. The impact of the Spike
mutation S:E180V is less certain.

Preliminary studies suggest that XBB.1.16 may evade immunity, similar to XBB.1.5,
based on neutralizing titers against mRNA-vaccinated individuals with breakthrough
BA.2/BA.S5 infections. XBB.1.16 shows resistance to most monoclonal antibodies,
except strovimab [47]. Binding affinity to the ACE2 receptor may be lower than
XBB.1.5 but higher than XBB.1. It is estimated to have a higher reproductive number
compared to XBB.1.5 and XBB.1 [47]. Early reports from India have indicated chang-
ing demographic and clinical associations with XBB.1.16 infections, including cases of
conjunctivitis [48]. The WHO designated XBB.1.16 as a Variant of Interest (VOI) on
April 17, 2023 [49].

3. Clinical characteristics and severity

The burden of COVID-19 on hospital services is determined by the prevalence
and severity of SARS-CoV-2 variants, and modified by individual factors such as age,
frailty, and vaccination status [50, 51].

Despite Omicron displaying only mild severity, its 3.31 times greater transmis-
sion rate than the Delta variant represents a global epidemic threat [52]. The clinical
presentation of the Omicron variant differs from previous SARS-CoV-2 variants.

The most common symptoms are a cough, runny nose, congestion, and fatigue. A

sore throat and a hoarse voice were more prevalent during the Omicron outbreak.
Individuals infected with Omicron are less likely to show at least one of the three clas-
sic symptoms of COVID-19: the loss of smell, a fever, and a persistent cough, which are
associated with individuals infected with the Delta variant [53]. The Omicron variant
outbreak has also resulted in a large number of asymptomatic carriers, which may have
resulted in milder symptoms. In all age groups, respiratory discomfort is a typical sign.
Vomiting is the most typical gastroenterological symptom, and children with Omicron
infection aged 5-9 years old also frequently experience diarrhea and abdominal pains
[54]. Children in the age group of 9-11 show less severe symptoms than infants do,
which is valid for both Delta and Omicron variants [55]. The Omicron variant exhib-
ited a lower replication rate in lung and gut cell lines but replicated faster in primary
cultures of human nasal epithelial cells. Omicron has been reported to multiply faster
in human airway organoids and ex vivo bronchus explant cultures, but less efficiently
in human alveoli organoids and ex vivo lung explant cultures [56, 57]. These findings
indicated that Omicron infected the upper respiratory system rather than the lungs,
which might result in enhanced transmissibility and a better prognosis.

Across multiple studies, it has been consistently observed that Omicron-infected
patients have lower hospital admission rates compared to other variants, regardless of
their vaccination status or number of vaccine doses. Specifically, lower ICU admission
rates have been reported among Omicron-infected patients compared to other vari-
ants, irrespective of vaccination status or vaccine doses. Moreover, Omicron-infected
patients exhibit lower rates of oxygen therapies [58].

Empirical evidence from real-world scenarios indicates that vaccine effectiveness
against symptomatic disease caused by the Omicron variant is lower and tends to
deteriorate faster over time than with the Delta variant [59, 60]. However, Omicron
infection still resulted in substantial patient and public health burden and an
increased hospital admission rate of older patients with Omicron, which counteracts
some of the benefit arising from less severe disease [61-65].
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4. Immunity and vaccination

Vaccine effectiveness against severe diseases is a matter of concern. The vaccine’s
effectiveness is not largely affected by the variants. This is because of the mutations
of the variants, which hinder the neutralization potency of any vaccine. In the
Omicron case, several mutations have been noted in the nAb binding region of the
S protein, especially in RBD and NTD, which cause the nAb escape phenomenon.
Therefore, we can say that the Omicron variant possesses a partial vaccine escape
ability [23, 66].

Recent studies elucidate that the Omicron sub-lineages, BA.1, BA.2, and BA.3, are
very competent in escaping the immune system. The subjects who have taken one
or two doses of the vaccine cannot protect against these variants significantly, thus,
the neutralization efficiency of the vaccines is gradually decreasing. Most surpris-
ingly, people who had received three shots of the vaccine only have partial protec-
tion from the infection of these variants [41, 67, 68]. Moreover, certain Omicron
subvariants such as BA 4.6, BF.7, BQ.1, BQ.1.1, and BA.2.75.2 displayed some level of
enhanced neutralization resistance compared to their parental subvariants. Among
them, BQ.1, BQ.1.1, and BA.2.75.2 demonstrated the strongest resistance [69]. These
findings are consistent with another research where the sensitivity of BA.2.75.2,

BA 4.6, and BQ.1.1 to six therapeutic monoclonal antibodies (mAbs) and 72 sera
samples from individuals vaccinated with Pfizer BNT162b2 was investigated. It was
observed that Ronapreve (Casirivimab and Imdevimab) and Evusheld (Cilgavimab
and Tixagevimab) lost their antiviral effectiveness against BA.2.75.2 and BQ.1.1
subvariants, while Xevudy (Sotrovimab) exhibited limited activity. Additionally,
BQ.1.1 showed resistance to Bebtelovimab. The neutralizing titers in individuals
who received three vaccine doses were either low or undetectable against BQ.1.1 and
BA.2.75.2, four months after the booster shot. However, a breakthrough infection
with BA.1/BA.2 led to an increase in these titers, albeit remaining about 18-fold
lower against BA.2.75.2 and BQ.1.1 compared to BA.1. Conversely, a breakthrough
infection with BA.5 resulted in a more efficient increase in neutralization against
BA.5 and BQ.1.1 than against BA.2.75.2 [38]. Importantly, it was observed that the
neutralization resistance of BQ.1 and BQ.1.1 was primarily driven by the N460K
mutation, while the resistance of the BA.2.75.2 subvariant was determined by the
F486S mutation. The N460K mutation was identified to enhance ACE2 interactions,
potentially leading to increased cell-cell fusion and neutralization resistance when
introduced into BA .4/5-derived subvariants [69]. Furthermore, it has been shown
that the mutations R346T, K444T, and F486S play a crucial role in antibody recogni-
tion and potentially contribute to immune evasion through these specific alterations.
Significantly, these mutations not only conferred resistance to sera induced by 3-dose
mRNA vaccines but also to sera from individuals previously infected with BA.1 and
BA .4/5 variants [70].

Vaccine escape is a common phenomenon. Several researchers urge the develop-
ment of new vaccines against the Omicron variant. The study conducted by Pérez-
Then et al. evaluated the effect of a heterologous BNT162b2 mRNA vaccine booster
on the humoral immunity of individuals who had previously received two doses
of CoronaVac vaccine. The results showed that the heterologous CoronaVac prime
followed by BNT162b2 booster induced high levels of virus-specific antibodies and
potent neutralization activity against the SARS-CoV-2 Wuhan virus and Delta vari-
ant. However, neutralization activity against the Omicron variant was undetectable
in those who had received two doses of CoronaVac. Following the BNT162b2 booster,
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neutralization activity against Omicron increased by 1.4-fold compared to two doses
of mRNA vaccine, but the neutralizing antibody titers were still lower for Omicron
compared to Wuhan virus and Delta variant. These findings suggest that countries
using CoronaVac vaccines should consider mRNA vaccine boosters to combat the
spread of Omicron and future emerging variants [71].

Rossler et al. conducted a study to evaluate the effectiveness of COVID-19 vaccines
(mRNA-1273, ChAdOx1-S, and BNT162b2) against the Omicron variant. The results
showed that individuals vaccinated with these vaccines had much lower neutraliza-
tion levels against the Omicron variant compared to other variants (Alpha, Beta, or
Delta). However, cross-neutralization persisted in individuals who had received the
BNT162b2 vaccine or a heterologous ChAdOx1-S-BNT162b2 vaccine but not in those
who had received the homologous ChAdOx1-S vaccine. Serum samples obtained from
individuals who had received the mRNA-1273 vaccine 4-6 months after the second
dose did not show any neutralizing antibodies against the omicron variant, but the
interval between the second dose and sample collection was longer than for other
vaccination-regimen groups [72].

A test-negative case-control study found that receiving three doses of mRNA
COVID-19 vaccine was associated with protection against symptomatic infection
caused by the SARS-CoV-2 Omicron and Delta variants. The study analyzed 70,155
tests from symptomatic adults and concluded that a third dose of the mRNA vaccine
can increase the vaccine’s protective efficacy against both variants [73].

Lee and colleagues showed that previous infection in octogenarians followed by
two doses of BNT162b2 resulted in strong neutralization of the omicron variant when
compared to subjects who had only received two BNT162b2 doses [74]. In addition, a
separate study measured the neutralization potency of serum from individuals who
received two doses of mRNA-1273 or BNT162b2 vaccines or one dose of Ad26.COV2.S
vaccine against Wuhan virus, Delta, and Omicron pseudoviruses [75].

Currently, several researchers or pharmacological companies have developed
new vaccines against the Omicron variant [76]. ModernaTX has developed two
mRNA-based bivalent vaccines, notably mRNA-1273.214 [77] and mRNA-1273.222.
The safety and efficacy of the vaccine have been evaluated through a total of seven
clinical trials and was approved in 38 and 33 countries, respectively. In addition to
ModernaTX’s bivalent vaccine, Pfizer-BioNTech has also created a bivalent COVID-19
vaccine. Pfizer-BioNTech has developed the BNT162b2 (B.1.1.529) and BNT162b2
Bivalent (covid19.trackvaccines.org). A total of seven clinical trials have been con-
ducted to understand these vaccines’ safety profile, ultimately, they were approved
in more than 35 and 33 countries, respectively. These two bivalent vaccines’ safety
profiles have also been assessed in kidney transplant recipients [78].

These findings highlight the worrisome evolutionary path of the Omicron subvari-
ants, enabling their transmission in vaccinated populations, and raise concerns about
the efficacy of most available monoclonal antibodjies.

5. Public health responses

The continuous emergence of new variants of SARS-CoV-2 has consistently
raised significant global public health concerns, leading to waves of the COVID-
19 pandemic. This ongoing crisis has obliged countries to establish and maintain
comprehensive public health measures aimed at detecting and managing emerging
infectious threats. The unprecedented magnitude and duration of the pandemic have
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appropriately sparked inquiries into the key elements necessary for a strong and sus-
tainable public health response [79]. The extent of the threat posed by the Omicron
variant is primarily determined by four crucial inquiries: (i) the level of transmissibil-
ity exhibited by the variant, (ii) the effectiveness of vaccines and previous infection
in preventing a new infection, transmission, clinical illness, and mortality, (iii) the
virulence of the variant in comparison to other variants, and (iv) the population’s
comprehension of these dynamics, their perception of risk, and adherence to control
measures, including public health and social measures [80].

In order to mitigate the transmission of Omicron and other emerging variants, it
is crucial to implement proposed preventive measures diligently, taking into account
the lessons learned from previous waves of the COVID-19 pandemic. This includes
conducting widespread confirmatory diagnosis, as well as global genomic surveil-
lance and sequencing of a larger number of SARS-CoV-2 isolates. In-depth studies
are needed to understand the higher transmissibility and pathogenicity acquired by
emerging variants, focusing on SARS-CoV-2-host interactions, adaptation, evolution-
ary dynamics, and mechanisms of genomic mutation or variation. Strengthening
medical research facilities and trained staff for gene sequencing, variant identifica-
tion, and characterization is essential, along with a collaborative global approach to
update genomic and epidemiological data repositories. These efforts will contribute to
a more effective response to emerging variants [11, 81-85].

To safeguard the health of the global population and achieve herd immunity, it
is important to enhance COVID-19 vaccination drives with equitable global access,
wider acceptance, and reduced vaccine hesitancy. However, long-term protection
and the attainment of herd immunity still face threats from the adverse effects of
emerging variants on vaccine efficacy and protective immunity. The evaluation and
adequate addressing of these challenges are necessary. COVID-19 vaccines, such as
BNT162b2, mRNA-1273, CoronaVac, Sputnik V, and AZD1222, have demonstrated
varying levels of prevention and protection against severe COVID-19 caused by
VOC:s. Strategic planning should prioritize the strengthening of vaccination efforts
with highly effective vaccines and booster doses to limit the virus’ ability to acquire
mutations. This is particularly important in low-income countries, where slow or
delayed vaccination approaches could leave a larger susceptible population [86-88].

Strict adherence to recommended public health measures, including COVID-
19-appropriate behaviors such as social distancing, wearing face masks, practicing
hand hygiene, restricting movements, and avoiding mass gatherings, is crucial in
preventing SARS-CoV-2 infection and the spread of variants. Special attention
should be given to vulnerable groups, including the unvaccinated, elderly individu-
als, and those with underlying illnesses, to minimize the risk of infection and disease
transmission. Making vaccination compulsory and emphasizing the importance of
vaccination/immunization certificates for travel and crossing international borders
can act as a protective measure against community transmission of emerging variants
and mutants of SARS-CoV-2. Evaluating the transmissibility, severity, diagnostic test
sensitivity and specificity, vaccine efficacy, and treatment effectiveness will aid in
effectively addressing Omicron and future variant outbreaks [89, 90].

In response to the Omicron variant, many countries have implemented travel
restrictions and other measures to limit the importation of new cases. The WHO and
other health organizations are closely monitoring the situation and have established
a global surveillance network to track the spread of the variant and coordinate
efforts to contain the virus. Ongoing research is being conducted to understand the
characteristics of the Omicron variant and develop new strategies to prevent and
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treat COVID-19, including new vaccines and treatments specifically designed for

the variant. To support these efforts, the WHO has established a global task force to
ensure equitable distribution of vaccines and treatments to all countries, particularly
those with limited resources. Overall, the response to the Omicron variant has been a
coordinated global effort to protect public health [91].

6. Conclusion

In conclusion, the emergence of the Omicron variant in the ongoing COVID-19
pandemic has presented us with new challenges and uncertainties. Throughout this
chapter, we have explored the key aspects of Omicron, including its overview, sever-
ity, transmissibility, vaccination, immunity, and public health responses.

Omicron has demonstrated a higher degree of transmissibility compared to previ-
ous variants, leading to rapid surges in infection rates across the globe. The concerns
surrounding the Omicron variant stem from its potential to evade specific immune
responses and potentially diminish the efficacy of current vaccines. Nevertheless, it
is important to emphasize the necessity of ongoing research and analysis in order to
comprehensively grasp the implications of this variant.

The development and administration of effective vaccines remain crucial tools
in our fight against COVID-19, including the Omicron variant. Vaccination efforts
should be prioritized, focusing on optimizing booster doses and adapting existing
vaccines to enhance their efficacy against emerging variants. Continued research
and development will be essential in this pursuit, ensuring our ability to adapt and
counter future challenges.

Public health responses have played a pivotal role in mitigating the impact of the
pandemic, and this remains true for Omicron. Enhanced surveillance, testing, and
contact tracing efforts are essential for early detection and containment. Swift and
evidence-based policy decisions, including targeted restrictions and public health
messaging, can help prevent further spread and protect vulnerable populations.

Despite the challenges posed by the Omicron variant, it is important to maintain
a balanced perspective. Scientific advancements, global collaboration, and lessons
learned from previous waves of the pandemic have equipped us with valuable tools
and knowledge. By applying these insights, we can navigate this new phase of the
pandemic with resilience and resolve.

In conclusion, our understanding of the Omicron variant is still evolving.
Vigilance, flexibility, and a commitment to evidence-based decision-making will be
crucial in managing its impact.
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Chapter 5

Virulence and Infectivity Were
Associated with Different

Fragments in the Delta Subtype
of SARS-CoV-2

Peijun Zuo, Longlong Zuo, Zhihong Li and Liping Li

Abstract

Since 2019, the antigens from Severe Acute Respiratory Syndrome Corona Virus 2
(SARS-CoV-2) have evolved from the initial D614 wild strain in the first epidemic
wave, to D614G mutant in the second wave, to Delta mutant in the third wave, and to
Omicron mutant in the fourth wave. Were the virulence and infectivity associated
with different fragments in the Delta subtype of SARS-CoV-2? It is needed to analyze
the sequences of the virus. The longest four glycine-free antigen fragments with
tryptophan, longer or equal to 37 amino acids in length, were selected. The four
fragment sequences in D614, D614G, N148, and 1358 Omicron subtype were searched
from the National Center of Biological Information website. The standard deviation
(SD) of the molecular weight of the contained amino acids in the fragments was
calculated to be the indicator of their antigen precession. The longest fragment was
analyzed for the relationship between antigen precession and virus infectivity. On the
other hand, 10 mutations in the Delta subtype were found in eight mutated fragments,
and their antigen precession was used to analyze the correlation with virus virulence.
The longest antigen fragments determined virus infectivity. Whole mutated
fragments determined the virulence. Both were associated with different mutated
fragments with varied antigen precession in the Delta subtype of SARS-CoV-2.

Keywords: antigen, evolution, D614, Delta, SARS-CoV-2

1. Introduction

In December 2019, coronavirus disease (COVID-19), with the unmutated D614
antigen, was first reported in China [1]. The epidemic, originating in Wuhan, China,
started on December 12, 2019, causing 2794 laboratory-confirmed infections, and by
January 26, 2020, these infections had resulted in 80 deaths.

On March 1, 2020, only 9.9% of the analyzed 6244 global cases were the second
generation strain of SARS-Cov-2, referred to as D614G, but this rapidly increased to
54% by March 10, 2020, causing D614G to become the dominant strain [2]. Based on
the D614 to D614G mutation, D614G, the Delta subtype, was mutated before
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Omicron emerged, and there were 10 major mutated subtypes of SARS-CoV-2 [3].
These subtypes are shown in Table 1, and D614G is shown in bold. The SARS-Cov-2
B.1.617 lineage was found in India first [4] but quickly spread to other countries. The
lineage includes three main subtypes: B1.617.1 (Kappa), B.1.617.2 (Delta), and B.617.3
(None-typed).

B.1.617.2 (Delta) first emerged in India in October 2020 [5]. As shown in Table 1,
there were 10 common mutations, with some authors reporting five more
noncommon, giving a total number of 15 mutations for Delta emerged before Omi-
cron. The Omicron had at least 30 mutations.

The third generation of SARS-CoV-2 should be the Delta subtype. It is believed to
have been transmitted faster than any other subtype, except for Omicron. Compared
with the Alpha subtype (B.1.1.7), the sera collected from SARS-CoV-2 patients were
fourfold less powerful against the Delta subtype [6]. Some authors considered that the
antigenicity changes in the Delta subtype might not be sufficient against the current
vaccines. In another paper the same team published, they compared the antigenicity
with the H3N2 flu vaccine [7], suggesting that this may be the worst vaccine. But the
truth was that most patients of the Delta subtype were immunized with the vaccine.
We need to know why the vaccines did not work for the Delta subtype and also need
to identify good vaccines.

The mutations occur and need to avoid the protective effects of vaccines. They also
increased the limit of the detection. For example, the detection limit for the wild type
D614 SARS-CoV-2 was 21.5 copies; for Omicron, it was 14.3 copies, but for the Delta
subtype, it raised 32.0 copies [8]. The order for detection limitation was very similar
to the order of virulence: Omicron was weakest, then D614, D614G, and Delta. Not all

Pango Origin  Subtypes Spike mutations
Linage
B.1.1.7 UK Alpha H69del, V70del, E484K, S494P, N570D, D614G, P681H, T7161, S982A,
K1191N
B.1.351 S. Africa Beta D80A, D215G, L241del, L242del, A243del, K417N, E484K, N501Y,
D614G, A701V
P.1 Brazil/ Gamma L18F, T20N, P26S, D138Y, R190S, K417T, E484K, N501Y, D614G,
Japan H655Y, T10271

B.1.617.2  India Delta  TI9R, V70F , T95I', G142D, E156del, F157del, R158G, A222V", W258L",
K417N’, L452R, T478K, D614G, P681R, D950N

B.1.427/ Us Epsilon S131, W152C, L452R, D614G

B.1.429

P2 Brazil Zeta E484K, F565L, D614G, V1176F

B.1.525 UK/ Eta A67V, H69del, V70del, E484K, D614G, Q677H, Q677H, F888L
Nigeria

B.1.526 Us Iota L5F, D80G, T95I, Y144del, F157S, D253G, L452R, S47/N, E484K,

D614G, A701V, T859N, D950H, Q957R
B.1.617.1 India Kappa T951, G142D, E154K, L452R, E484Q, D614G, P681R, Q1071H
B.1.617.3 India None T19R, G142D, L452R, E484Q, D614G, P681R, D950N

"Detected in some sequences but not all.

Table 1.
Subtypes of SARS-CoV-2 mutants based on D614G.
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patients of SARS-CoV-2 reached the detection limit, with the positive ratio of patients
being as low as 47.21% [9]. Therefore, it is important to find the mutation route of
SARS-CoV-2.

Some scientists try to find the regulation or rule for Delta and Delta plus mutations
[10]. The authors analyzed the frequencies of the mutations, and the data set was
numerous.

Some scientists use “deep phylogenetic-based clustering analysis” to uncover new
and shared mutations in SARS-CoV-2 variants due to directional and convergent
evolution [11]. The phylogenetic clustering analysis needs at least three sequences.

Two main Receptor-Binding Domain (RBD) conformations have been described,
standing-up and lying-down states, with high and low affinity to ACE2, respectively
[12, 13]. The standing-up and lying-down states are also qualified data.

However, our approach is different from other authors. We analyzed the trends
of the “precession” changing in the mutated fragments, and the data were quantified.
Our “precession” method can be analyzed as less than two sequences.

In the four waves of SARS-CoV-2, there were four main subtypes: D614, D614G,
Delta, and Omicron. What caused such step-by-step evolutions of these four sub-
types? In our previous work, we found the antigens of the SARS-CoV-2 showed a
preference to evolve from most “rough” status and in a dose-dependent manner [14].
In the first two waves of SARS-CoV-2, the status of D614, caused by the first wave,
was “rough”; meanwhile, the status of D614G, caused by the second wave, was
“precise”.

Besides D614G, did the other nine confirmed mutations in the Delta type follow
the same trend as D614G, from “rough” to “precise”, after mutation? We analyzed
data to confirm if this way was true in this paper.

This paper will try to find a regulation or a rule for the longest fragments, longer or
equal to 37 amino acids in length if the mutants first happened in the position of
“rough”, but not in other positions. If the infectivity is associated with the longest
fragments. We will also examine if, after mutation, the “rough” status of mutants in
the Delta type was changed to “precise” in the fragments of N148 (E156del, F157del,
and R158G), T19R, G142D, L452R, T478K, D614G, P681R, and D950N. If the preces-
sion of the whole mutation is associated with the virulence.

2. Materials and methods
2.1 Access protein sequences

At the website https://www.ncbi.nlm.nih.gov/, select Protein in All Databases. Put
the access number to search the protein sequence of the subtype SARS-CoV-2.

The amino acid sequence of protein “QHD43416” containing D614, and the
sequences of protein “7KDK_A”, “7V8A_B”, and “7V8A_C” containing D614G.

The amino acid sequences of proteins “7V8B_A”, “/V8A_B”, and “7V8A_C”
contained the Delta subtypes, with mutations of N148 (E156del, F157del, and R158G),
T19R, G142D, L452R, T478K, D614G, P681R, and D950N.

2.2 Alignment protein sequences of the subtype SARS-CoV-2

At the website, https://www.ebi.ac.uk/Tools/msa/clustalo/, select Protein at the
Enter or paste a set of.
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Input the protein sequences of SARS-CoV-2 original sequence, D614, the D614G
mutants, and the Delta subtype and Submit.

In the alignment result of Clustal Omega, all “G” amino acids were shown in
yellow (Figures 1-4).

2.3 Select longest G-free antigen fragments longer or equal to 37 amino acids in

length

In the original D614 subtype of SARS-CoV-2, QHD43416, select the G-free antigen
fragments longer or equal to 37 amino acids. Such fragments do not contain any G,
glycine. Normally, the non-G amino acid has the mutation potential to a smaller amino
acid. Glycine is the smallest amino acid. The selected results are shown in Table 2.

2.4 Find whole mutation fragment in Delta subtype of SARS-CoV-2

In sequence of Delta subtype of SARS-CoV-2, “7V8B_A”, “7V8A_B”, and
“7V8A_C”, find the mutations of N148 (E156del, F157del, R158G), T19R, G142D,
L452R, T478K, D614G, P681R, and D950N. The fragments may contain G amino acid,
but the least rough fragments were selected. The results are shown in Table 3. The
mutations contain eight fragments and 10 site mutations in the Delta subtype. These
eight fragments were compared and shown in Figure 5.

2.5 Calculate the precession of whole mutation fragment in Delta subtype of
SARS-CoV-2

In each fragment, the molecular weight of contained amino acid were different.
The mean and standard deviations (SD) of molecular weight were calculated using
Excel. The results are shown in Tables 2 and 3. The standard deviations (SD) of
molecular weight can indicate precession. The smaller the SD, the rougher the pre-
cession, and the easier it is to be recognized by the immune system. The fragment
precession was calculated both before and after the mutation.

3. Results

3.1 The longest G-free peptide with Tryptophan (W) longer or equal to 37 amino
acids in length

3.1.1 The antigen fragment D614 in the oviginal strain, led the first wave of epidemic

As shown in Table 2, the D614 peptide has a mean molecular weight of 129.3, and
the standard deviation (SD) for the individual molecular weight of its amino acids is
25.23. This peptide contains the biggest amino acid, tryptophan (W, molecular weight,
204.2262). In the “W” contained fragments, the SD of D614, 25.23 was the smallest
among the G-free peptides. This means that the status is the “roughest” and that this
location is the most likely place for a mutation. This site has already been confirmed to
have the D614G mutation.

As shown in Figure 2, the candidates of mutant peptides are the arrowed frag-
ments. The first is D614, TNTSNQVAVLYQDVNCTEVPVAIHADQLTPTWRVYST,
37 amino acids in length. This G-free fragment contains the D614 amino acid in the
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QHD13116 MFVFLVLLPLVSSQCVNLTTRTQLPPAYTNSFTRGVYYPDEVFRSSVLHSTQDLFLPFFS 60
TVBB_A nCvilvlIplyvssqevnlrirtglppaytnsftrgyyypdky Crssyvlhstgdl (1plTs 60
TVEA B mfvflvlIplvssqevnlrtrtglppaytnsftrgvyypdkvfrssvlhstgdl f1pffs 60
TV8A C nlvllvllplyvssqevnlrirtglppaytnsftrgyyypdky Crssvlhstgdlf1plls a0
TKDK A mivflvllplvssgevnl ttrtglppayvtnsftrgvvypdkvfrssvlhstgdl f1pffs 60

QHD13116 NVTWFHA THVSGTNGTKRFDNPYLPENDGVYFASTEKSNT IRGWIFGTTLDSKTQSLLIY 120
TVEB A nvtwthaihvsgtnetkrfdnpvlpfndevvfasteksniirawifettldsktqslliv 120
TVBA_B nvtwfhaihvsgtngtkrfdnpvlpfndgvyvfasteksniirgwifgttldsktqslliv 120
784 C nvtwthaihvsgtngtkrfdnpvlpfndgvyfasteksniirgwifgttldsktgslliv 120
TKDK A nvtwfhaihvsgtnetkrfdnpvlpfndegvyfasteksniirewifgttldsktqslliv 120
N148 s
G142D———s—s—s—s
QHD13116 NNATNVVIKVCEFQECNDPELGVY YHKNNESWMESEFRVY SSANNCTFEYVSQPFLMDLE 180
TV8B_A nnatnvvikveelglendplldvyyhknnkswmes——gvyssanne L leyvvsgpl lndle 178
TVEA B matnvvikveefgfendpfldvyyhknmkswmes—gvyssannctfeyvsqpfimdle 178
TV8A C nnatnvvikveelglendplldvyyhknnkswmes—gvyssannctleyvsqpllndle 178
TKDK A matnvvikveefqfendpflgvyyvhknnkswmesefrvyssannctfeyvsgpflmdle 180
QHD13116 CKQGNFENLREFVFENIDGYFKTYSKHTPINLVRDLPQGEFSALEPLVDLPTGINTTREQT 240
7VEB A gkgenflnlrefviknidgvtkivskhtpinlvrdlpggfsaleplvdlpiginitrfqt 238
TVEA_B gkagnlknlrelvlknidgylkiyskhipinlvrdlpgglsaleplvdlpiginitriql 238
7V8A € gkaenfknlrefvfknidgyfkiyskhtpinlvrdlpggfsaleplvdlpiginitrfqt 238
TKDK A gkqgnfknlrefvifknidegyfkivskhtpinlvrdlpgefsaleplvdlpiginitrfqt 240
QHD43416 LLALHRSYLTPGDSSSCWTAGAAAYYVGYLOPRTFLLEYNENGTITDAVDCALDPLSETK 300
TVEB A llalhrsvltpgdssspwtagaaayyvegylgprtfllkynengtitdavdealdplsetk 298
TV8A_B 1lalhrsylipgdsssgwlagaaayvyvgylgprilllkynengtitdavdealdplselk 298
TVEA C Ilalhrsyltpgdsssgwtagaaayyveylqprtf]lkynengtitdavdealdplsetk 208
TEDK A 1lalhrsyltipgdsssgwtagaaayyveylgprif11kynengtitdavdealdplsetk 300
Figure 1.

The amino acids of N148 and G142D. The amino acid sequence of protein “QHD43416” contained D614,
“7KDK_A”, contained G614, “7V8B_A”, “7V8A_B”, “7V8A_C” contained Delta subtype were searched from
NCBI. The amino acid sequences of D614, the G614 mutant, and Delta subtype were compared with the online
software of Clustal Omega. In the alignment vesult of Clustal Omega, all “G” amino acids ave marked by the
yellow color. N148 and G142D were indicated by the arrows.
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QID43416 CTLESFTVERGTYQTSNFRVQPTESTVRFPNTTRLCPFGEVENATRFASVYAWNRERTSN 360
TVBB A ctlksftvekgiygtsntfrvgptesivrfpnitnlepfgevinatrfasvyasnrkrisn 358
TV8A B cllksltvekgivatsnlrvgptesivelpnitnleplgevinatrfasvyasnrkrisn 358
TV8A_C cllkslvekgiygisnlrvgptesivelpnitnleplgevinatrlasvyawnrkrisn 358
TKDK_A ctlksftvekgivatsnfrvaptesivripnitnlepfgevinatrfasvyamrkrisn 360

QHn43416 CVADYSVLYNSASFSTRECYGVSPTRLNDLCF TRV YADSFVIRGDEVROTAPGOQTGKTAD 420
TV8B A cvadysvlynsaslstlkeygvsptklndleMinvyadslvirgdevrgiapegtekiad 418
TVBA B cvadysvlynsaslstlkeygvsptklndlelnvyadsivirgdevrgiapgg lgkiad 118
TV8A C cvadvavlynsasfstfkevgvsptklndleftnvyadsfvirgdevrgiapggtekiad 118
TEDE_A cvadysvlynsaststtheygvsptkIndletftnvyadsfviredevrgiapggtekiad 420

L452R—— — —— —————T478K

QHD13116 YNYKLPDDFTGCY TAWNSNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTELYQAGSTPC 180
TV8B_A ynyklpddftgeviawnsnnldskvggnynyryrlfrksnlkpferdisteivgagskpe 178
TVBA B ynyklpddftgeviawnsnnldskvgenynyryrlfrksnlkpferdisteivgagskpe 178
TVBA_C ynyklpddttgeviawnsnnldskvgenynyvryrlfrksnlkpferdisteivgagskpe 478
TKDE_A ynyklpddltgeviawnsnnldskvegnynylyrl Crksnlkplerdisteiygagsipe 480
L Aok
T478K.
QHDA3116 NGVEGFACYIPLASYGEQPTNGVGYQPYRVVYLSFELLHAPATYCGPKKSTNLYENKCVN 510
TVBB A ngvegfneyfplasvefaptngvevgpyrvvvlsfellhapatvegpkkstnlvknkevn RE]
TVBA_B ngvegfneytplasvefgptngvevgpyrvvvlstel lhapatvegpkkstnlvknkevn BRE]
TVBA_C ngveglneylplasyvelgptngveygpyrvvylslfelThapatvegpkks tnlvknkevn 538
TEDKE_A ngveglneyplasyglaptngveyapyrvvvlslel Thapatvegpkkstnlvknkevn 510
QHD43416 FNFNGLTGTGVLTESNRKFLPFQQRGRDTADTTDAVRDPQTLETLDT TPCSTGGVSVITR 600
TVEB_A Inlfngltgigvltesnkk [ plgglerdiadt tdavrdpgtleilditpeslegvsvitp 548
TV8BA_B nlngligigyltesnkk(lplaglordiadiidavrdpgtleilditpesogvsvitp 5498
TV8A_C ningltglevltesnkkMplaalgrdiadiidavrdpatleilditpes fggvsvitp 598
TEDK A fnfngltgtgvltesnkkflpfagferdiadttdavrdpgtleilditpesfpgvsvitp 600
D614
QHD43416 GTNTSNQVAVLYQDVNCTEVPYATHADQLTPTWRVYSTGSNVEQTRAGCL IGAEHVNNSY 660
TV8B_A glntsngvav lyggvinctevpvaihadgl tplwevystgsnvlglrageligaehvonsy 658
TV8A B gtntsngvavlyagvnetevpvaihadgltptwrvystgsnviatrageligachvnnsy 658
TVBA_C gtntsngvavlvagvnetevpvaihadgl tptwrvystgsnvtgtrageligaehvnnsy 658
TKDK A glntsngvav lyggvinctevpvaihadgl tplwevystgsnyv[qlrageligaehvnnsy 660
Figure 2.

The amino acids of 1358, L452R, T478K, and D614. In the alignment result of Clustal Omega, all “G” amino
acids were marked by the yellow color. 1358, L452R, and D614 were indicated by the arrows. 1358 was mutated
in the Omicron subtype.
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QHD43416 ECDIPIGAGICASYQTQTNSPRRARSVASQSTIIAYTMSLGAENSVAYSNNSTAIPTNFTI 720

TVY8B A ecdipigagicasygtotnsrgsassvasgsiiavtmslgaensvaysnnsiaiptnfti 718

TV8A_B cedipigagicasyglolnsrgsassvasgsiiay tmslgaensvaysnnsiaipinlLi 718

TVB8A C ecdipigagicasyqtotnsrgsassvasqgsiiaytmslgaensvaysnnsiaiptnfti 718

TEDK A ecdipigagicasyglalnspgsassvasqsiiaytmslgaensvaysnnsiaiptnlLi 720
ok - % -

QHD43416 SVTTEILPVSMTKTSYDCTMY ICGDSTECSNLLLQYGSFCTQLNRALTGIAVEQDENTQE 780
TV8B A svitellpvsmikisvdetmyicgdstecsnlllgygsletgqlnral tegiavegdknige 778
TV8A B sviteilpvsmtktsvdetmvicgdstecsnlllgvgsfetglnral teiavegdkntage 778
TV8A_C svlleilpvsmikisvde tmyicgdstecsn] 1 gyvgsletqlnral Lgiavegdknige 778
TEDK A svtteilpvsmtktsvdetmyicgdstecsnlllgyvgsfetqlnral tgiaveqdkntae 780
QHD13116 VFAQVEQIYKTPPIKDFGGENESQILPDPSKPSKRSE TEDLLENKVTLADAGE TKQYGDC 8310
TVEB A vfagvkqivktppikdfegtfntsqilpdpskpskrstiedl I fnkvtladagfikayede 838
TVBA B vfagvkaivktppikdfeggfnfsaqilpdpskpskrsfiedllfnkvtladagfikayede 338
TV8A_C vfagvkaivktppikdfggtntsqilpdpskpskrsfiedllfnkvtladagfikqvede 338
TEDK_A vfagvkaivktppikdfggfnfsqilpdpskpskrsfied] | fnkvtladagfikayede 810
QHD43416 LGDIAARDLICAQKFNGLTVLPPLLTDEMIAQYTSALLAGTITSGWTFGAGAALQIPFAM 900
TVEB A lgdiaardlicagkfngltvlpplltdemiagytsal lagtitsgwtfgagaal qipfam 898
TV8A_B lgdiaardlicagklngltvlpplltdeniagytsal lagtitsgwilgagaalqiplan 898
7V8A C lgdiaardlicagkfngltvlpplltdeniagytsallagtitsgwtfgagaalqipfam 598
TEDK_A lgdiaardlicagk fngl tvlpplTidemiagy tsallagtitsgwt lgagaalqiplan 900
Figure 3.

The amino acids of P681R and F718. In the alignment result of Clustal Omega, all “G” amino acids were marked
by the yellow color. P681R and F718 were indicated by the arrows.

original strain in Wuhan, China, on December 12, 2019, which led to the first wave of
the epidemic. The precession of this fragment is 25.23, shown in Table 2.

3.1.2 The antigen fragment D614G in the Italian strain led to the second wave of epidemic

The D614 has already been confirmed as a mutated peptide. It mutated to D614G
on March 10, 2020, first emerged in Italy, and led to the second wave of the epidemic.
The precession of this fragment is increased to 26.74, shown in Table 3. This D614G
mutation remains no change in D614G, Delta, and Omicron subtype. D614G has 37
amino acids, the molecular weight is 127.7, the SD is 26.74, and it contains “W”.
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DYSON-—> > —r > s v
QHDA3116 MAYRENGLIGYTONYLYENQKL IANQENSAIGKIQDSLSSTASALGKLADVVNQNAQALN 960
TV8B_A amayringivytgnvlyvengklianglnsaigkigdslsstasalgklgnvvngnagaln 958
TV8A B amayrfngigvtanvlyengkliangfnsaigkiqdslsstasalgklanvyngnagaln 958
TV8A_C gmayrfngigytgnvlyvengklianglfnsaigkigdslsstasalgklanvvngnagaln 958
TKDE_A amayrfngigvtanvlyengkliangfnsaigkiqdslsstasalgkladvyngnagaln 960
DIGON —+ — = —— T1018—+—+—+—+—+—+—>————
QHD43416 TLVKQLSSNFGATSSVLNDILSRLDEVEAEVQIDRLITGRLASLATYVTQQLIRAAETRA 1020
TV8E 4 tlvkglssnfgaissvindilsrldppeacvgidrlitgrlgslgtyvtgqliraaeira 1018
TVBA_B tlvkglssnlgaissvindilsrldppeaevqidrlitgrlgslqtyvigqliraaeira 1018
TV8A C tlvkglssnfraissvindilsrldppeacvgidrliterlgslgtyvtoqliraaeira 1018
THDE A tlvkalssnfgaissvindilsrldkveaevaidrlitarlaslatyvtagliraaeira 1020
T1018§—=——>————
QHD43416 SANLAATKMSECVLGQSKRVDFCGKGYHLMSFPQSAPHGYVELHVTYVPAQERNFTTAPA 1080
TV8B A sanlaatkmsecvlggskrvdfegkgyhlmstpgsaphgvvt lhvtyvpageknfttapa 1078
TVBA B sanlaatkmsecevlggskrvdlegkeyhlms Cpgsaphevvl Lhv Lyvpaqeknl L tapa 1078
TV8A C sanlaatkmsecv]ggskrvdfegkgyhlmstpgsaphgvvt lhvtyvpageknfttapa 1078
TKDK_ A sanlantkmsecylggskrvdlegkgyhlms (pgsaphgvvlLThv Ly vpagekn[ L lapa 1080
Y1138——+—+——
QHD43416 [CHDGEAHFPREGVFVSNGTHWFVTQRNFYEPQI ITTDNTFVSCNCDVYIGIVANTYYDP 1140
TV8B A ichdgkahfpregvtvsngthwivtqrnfrepgiittdntfvsgnedvvigivntvydp 1138
TV8A_B ichdgkahlpregyvlvengthwlvigrnlfyepglittdntlivsgnedvvigivantyydp 1138
TV8A C ichdgkahfpregvfvsngthwivtqrnfrepgiittdntfvsgnedvvigivmntyvydp 1138
TKDE_A ichdgkahlpregvlvsngthwlvigrnlyepgiittdnilysgnedvvigivantyydp 1140
Y1138+
QID43116 LOPELDSFKEELDKYFENHTSPDVDLGDTSGINASYYNTQKE TDRLNEVAKNLNESLTDL 1200
TV8B_A lgpeldslkeeldkyknhtspdvdlgdisginasvvnigkeidrinevaknlneslidl 1198
7V8A B lgpeldsfkeeldkyfknhtspdvdlgdisginasvmigkeidrlnevaknlneslidl 1198
TVBA_C lgpeldslkeeldky knhispdvdlgdisginasvvnigkeidrinevaknlneslidl 1198
TEDE_4 lgpeldsfkeeldkyfknhtspdvdledisginasvvnigkeidrlnevaknlneslidl 1200
QHDA3116 QELGKYEQYTRWPWY TWLGFTAGLTAT —————-VMVTTMLCCMTSCCSCLEGCCSCGSCC 1254
TVEB A qelekyegelgsegeyipeaprdggayvrkdgewvl st lkpqdnsa—digh——sgrp- 1253
7V8A B gelgkvegefpsggvipeaprdggayvrkdgewvllstflkpqdnsa—digh——sgrp 12563
TVBA C qelgkyegelgsgey ipeaprdggayvrkdgewvl Lst [T kggdnsa—digh—-sgrp— 1253
TEDE A gelgkyeag———sgyipeaprdggayvrkdgewvllst[lgrslevl-—lqg——pghhh 1252
epspkelotolo L drroook . = *

Figure 4.
The amino acids of D950N. In the alignment result of Clustal Omega, all “G” amino acids were marked by the
yellow color. D950N was indicated by the arrow.
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Peptides Amino acids Mean of molecular weight SD Contains “W”

F718 43 1253 20.69 N

In the “W” contained fragments, among non-“G” peptides, the SD in D614, 25.23 is the smallest. This means

the status is most “rough”. Most likely, the mutation will happen to here. This is already confirmed by the G614
mutation. The N148 was the mutant confirmed by the Delta subtype, and the 1358 was also a mutant confirmed by
the Omicron subtype. The order was the evolution from “rough” to “precise”. These antigens were also evolved to
“precise” status.

Table 2.
The molecular weight and SD of D614, N148, 1358, and another candidate of potential mutant peptide.

Peptides Amino acids Mean of molecular weight SD Contains “W”

T19R 34 132.6 23.541 N

<

G142D 17 140.7 33.061

E156del 36 136.5 28.651 Y
F157del 36 136.5 28.651 Y
R158G 36 136.5 28.651 Y

Z

L452R 28 145.4 26.351

z

T478K 5 123.9 15.831

=<

D614G 37 127.7 26.741

P681R 30 129.5 29.491 N
R682G 30 124.3 28.511 N
R683S 30 123.9 28.681 N
R685S 30 127.2 28.571 N

D950N 24 128.6 18.64— N

Beside 10 mutants N148 (E156del, F157del, R158G), T19R, G142D, L452R, T478K, D614G, P681R, D950N in Delta
subtype, G682, S683, S685 were also mutants at least in “7V8B_A”, “7V8A_B”, “7V8A_C”. Twelve in 13 were mutated
from “rough” status to “precise”; only 1, D950N, was not changed.

Table 3.
The molecular weight and SD of D614, N148, and confirmed mutant peptides in Delta subtype.

[e]
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D950 KLQDVVNQNAQA————-LNTLVKQLSSNF————— 24
G142 GVYYHKNNKSWMESEFR 17
N148 —VYYHKNNKSWMESEFRVY——=SSANNCTFEY ———————— VSQPFLMDLE- 38
P681 TCASYQTQTNSPRRARSVASQSITAYTMSL 30
pe14  ——- TNTSNQVAVL ———- YQDVNCTEVPVATH-———— ADQLTPTWRVYST— 37
L452 —— NYNYLYRLFRKSNLEPFERDIST EIYQA—— 28
T19 MEVELVLLPLVSSQCVNLTT RTQLPPAYTNSFTR 34
T478 STPCN 5
Figure 5.

Eight fragments containing 10 confirmed mutations from the Delta subtype were selected. These fragments were
compared.

3.1.3 The antigen fragment N148 in the Indian strain, led the third wave of epidemic

The other longer G-free peptide is N148, 38 amino acids in length,
VYYHKNNKSWMESEFRVYSSANNCTFEYVSQPFLMDLE, as shown in Figure 1. This
fragment has also already been confirmed as a mutated peptide in the Delta variant. It
mutated in October 2020, in India and led to the third wave of epidemic. The precession
of this fragment is 26.92 before mutation, larger than the precession of D614 and
D614G, shown in Table 2. Its precession increased to 28.65 after the mutations on the
same base as the D614G mutant (E156del, F157del, and R158G), shown in Table 3. N148
has 38 amino acids, the molecular weight is 140.1, the SD is 26.92, and it contains “W”.

3.1.4 The antigen fragment 1358 in the south African strain led the fourth wave of epidemic

Another identified peptide is 1358, 41 amino acids in length, EVFNATRFAS-
VYAWNRKRISNCVADYSVLYNSASFSTFKCY, as shown in Figure 2. 358 mutation
confirmed by the Omicron subtype. The order of evolution was from “rough” to
“precise”, and these antigens were also shown to evolve to “precise” status.

The fragment was mutated on November 23, 2021, in South Africa, led to a fourth
epidemic. The precession of this fragment is 31.66 before mutation, larger than the
precession of D614, D614G, and Delta, as shown in Tables 2 and 3. The precession
increased also. We will show the data in another paper. This peptide was also con-
firmed as an Omicron mutant. 1358 has 41 amino acids, the molecular weight is 134.2,
the SD is 31.66, and it contains “W”.

3.2 The longest G-free peptide without Tryptophan, W

The longest G-free peptide without tryptophan, W, is F718, 43 amino acids in
length, AENSVAYSNNSIAIPTNFTISVTTEILPVSMTKTSVDCTMYIC, as shown in
Figure 3. F718 has 43 amino acids, the molecular weight is 125.3, the SD is 20.69, and
it does not contain “W”.

3.3 Whole mutated fragments in Delta subtypes D614G, N148 (E156del, F157del,
and R158G), T19R, G142D, L452R, T478K, P681R, and D950N

Ten confirmed mutations observed in the Delta subtype are listed in Table 1. They
are T19R, G142D, E156del, F157del, R158G, L452R, T478K, D614G, P681R, and
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D950N (Figure 4). Their molecular weights and SDs are shown in Table 3. The data
shown in green indicates the parameters of the antigens before mutation. All mutated
antigens, after evolution, are shown in yellow. Their SDs were shown to have
increased in nine of the confirmed mutations. Only 1 SD showed no change, but no SD
was shown to have decreased.

Beside 10 mutants N148 (E156del, F157del, R158G), T19R, G142D, L452R, T478K,
D614G, P681R, and D950N in the Delta subtype, G682, S683, and S685 were also
mutants, at least in “7V8B_A”, “7V8A_B”, and “7V8A_C”. Twelve of the 13 were
mutated from “rough” status to “precise”; only one mutant, D950N, showed no
change. At least 92.31% of the antigens had evolved from “rough” to “precise”, and
only 7.69% showed no change.

4. Discussion

4.1 The longest fragments of G-free and with W antigen longer or equal than 37
amino acid

4.1.1 First wave of COVID-19 caused by D614

COVID-19 was broken out in Wuhan, China, on December 12, 2019. The original
strain was D614,

From the sequence of D614, the four longest fragments of G-free and with W
antigen longer or equal to 37 amino acids was found. They were D614, N148, and I358.

Before COVID-19 went mutated, the D614, N148, and 1358 existed independent
from any mutation.

For proteins or antigens, the SD of the molecular weight can work as an indicator
of its “fineness”. The bigger the SD, the more the “fineness” or the more “precise” the
protein or antigen is. In contrast, the smaller the SD, the “rougher” the protein or
antigen is.

4.1.2 Second wave was caused by a mutation of D614 to D614G

The SD for D614 is 25.23. It is the smallest SD among the four longest antigens. It
was mutated first on March 10, 2020. The mutated strain was D614G. The spike
protein of SARS-CoV-2 contains about 1000 amino acids, and the D614 antigen
contains only 37 amino acids. If this antigen mutated by chance, the possibility is only
3.7%, less than 5%, a small possibility. This mutation was not by chance, then by
what?

The relationship between antigen and antibody is very similar to locker and
key. A precision key can open any low-precision locker. The precision antibody
should recognize and capture any low precession antibody. A precession key is a
little smaller than the original key; otherwise, it cannot enter the space of the
original locker. The D614G is a little smaller than D614 because G is the smallest
amino acid.

Why did the mutation occur at D614 but not in the longer fragments, N148
or [358?

The virus would like to stay in the human body as long as possible. It would not to
mutate the highest pressure status because the human body can generate the highest
precision antibody to capture and neutralize it. If this were to happen, the virus could
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survive only 14 days in a single human body. The virus can stay in the human
population for 3 months with the spread time.

The best way for the virus is to mutate to the next immediate degree. The D614G
mutation proved this, and the precession was promoted from 25.23 to 26.74.

Therefore, the structure of D614G is the result of evolution, a more “precise” or
complex status.

The human body has to generate more precession antibodies to recognize it.

The longest antigen, D614, worked as a factor to escape from the immune system;
this is a factor to increase the infectivity of the virus.

4.1.3 Third wave was caused by mutation from D614G to Delta

The precession of D614G was promoted from 25.23 to 26.74. Which fragments will
be mutated in the next immediate step?

The SD for N148 is 26.92 and the SD for 1358 is 31.66. The virus would like to
mutate the immediately next precision antigen, N148.

The third wave was caused by Delta subtype in October 2020 in India. N148 did
mutate to a new antigen with three site mutations, E156del, F157del, and R158G, in
this time and in the right order. The final precession was improved from 26.92 to
28.65. The size of the antigen was also decreased.

N148 is an antigen with 38 amino acids. If the mutation is mutated by
chance, the single-site mutation rate is 3.8%, and if the three-site mutation
happened in the N148 fragment, the mutation rate is 5.487 x 10 °. It is an
extremely small possibility and not mutated by chance. It did mutate after the
second wave of D614G, also 10 months after the first wave broke out in Wuhan,
China,

The possibility of D614 mutated D614G, then mutated to Delta is lower than
2.03 x 10°°.

The longest antigens D614 and N148, worked as a factor to escape
from the immune system; this is a factor to increase the infectivity of
the virus.

4.1.4 Fourth wave was caused by mutation from Delta to Omicron

The precession of Delta was promoted from 26.92 to 28.65. Which fragments will
be mutated in the next immediate step?

The SD for 1358 is 31.66. This is the last choice for the virus to mutate in this
antigen.

It did mutate on November 23, 2021, in the Omicron strain, leading to the fourth
wave in South Africa.

The SD and the incubation time are shown to work in a dose-dependent manner.
Such an effect is statistically significant, suggesting the order of evolution is correct
and consistent with history. The D614G mutation happened first, the Delta subtype
second, and the Omicron subtype third.

The 1358 contains 41 amino acids. If the mutation happened by chance, the possi-
bility was lower than 4.1% and a low possibility. It did not mutate by chance and
mutated by the precession improvement. The possibility of D614 mutating to D614G,
then mutating to Delta, then to Omicron is lower than 8.323 x 102,

Although the antigen precession did not predict the epidemic of the Alpha, Beta,
and Gama subtypes, the failure of the prediction did prove it is true. The Alpha, Beta,
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and Gama subtypes did not form the major wave in the world. There were no cases in
China for the three subtypes. The antigen precession can only predict the major
epidemic.

The longest antigens, D614, N148, and I 358, worked as a factor to escape from the
immune system; this is a factor to increase the infectivity of the virus.

4.2 The longest fragments of G-free and without W antigen longer or equal to
37 amino acid

The F718 fragment has an SD of 20.69, which is even smaller than 25.23. Why
did this “rough” fragment not mutate? The possible reason might be the distribution of
the amino acids as it did not contain any of the biggest amino acids, tryptophan (W).
If any peptide did not contain “W”, it might not tend to be mutated in the first order.

To exclude the non-“W” fragments as potential candidates for evolution is a
concern of statistical bias and could interfere with the SD calculations.

Tryptophan has its own biochemical functions, one being that it can be translated
from a “stop codon”. It is reported that the Thymine-Guanine-Adenine (TGA, stop)
codon in Spiroplasma is for tryptophan instead of a stop signal in other species [15].

Tryptophan may play an important role in the infectivity. It needed to be studied
further.

4.3 Whole mutated fragments determine the virulence

4.3.1 Whole mutation antigens in Delta subtype, D614G, N148 (E156del, F157del, R158G),
T19R, G142D, L452R, T478K, P681R, D950N

In the 10 mutants of the Delta subtype, nine of them evolved from a “rough” to a
“precise” status, with only one showing no change.

The 10 mutation was in eight antigens; these antigens were aligned, and the result
was shown in Figure 5.

Let us ask why the detection limit for the wild type D614 SARS-CoV-2 was 21.5 copies;
for Omicron, it was 14.3 copies, but for the Delta subtype, it raised to 32.0 copies [8].

The Delta subtype is the most difficult to detect, and this is to say the virus is most
difficult to stay in the upper respiratory tract; instead, it is easy to deep in the lungs. The
virus must have a loading amount to reach the detection limit. The increased loading
virus caused more virulence. Most of the patients need oxygen. The need required
oxygen was so huge that the news was reported about it in India in October 2020.

The possible reason for the increased virulence might be due to the Antibody
Enhanced Effects (ADE). The previously generated low precession antibody will help
the high precession antigen of Delta subtype enter the human body and cause inflam-
mation.

At least 92.31% of the whole antigens had evolved from “rough” to “precise”, and
only 7.69% showed no change. The whole antigen mutation in the Delta subtype
determined the virulence of the virus.

4.3.2 The whole mutation antigens in Omicron subtype were at least 30 site mutations

The limit of the detection for the wild type D614 SARS-CoV-2 was 21.5 copies; for
Omicron, it was 14.3 copies, but for the Delta subtype, it raised to 32.0 copies [8].
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Omicron is easy to detect; this is to say the virus is easy to stay in the mouth but not
easily deep in the lungs. Less virus loading will be found in the assays to reach the
detection limit. And the less-loading virus caused weak virulence. The virulence
should be weak in the Omicron strain. The virulence of Omicron was so weak, that
many patients did not need any treatment.

Whole mutations antigen fragment in Omicron was over 30, but for most of them,
the antigen precessions were decreased. If the majority of precessions were decreased,
the whole precession would be displayed decreased, and the virulence of the virus
would also decrease.

The previous high precession antibody will avoid the ADE when it meets the low
antigen in the Omicron subtype.

The whole antigen mutation in the Omicron subtype determined the virulence of
the virus.

4.3.3 Zevo mutated antigen in D614 original wild subtype

The distribution rate of wild type in the up respiratory tract should be between
Delta and Omicron. The distribution rate in the lung should also be between Delta
type and Omicron type. The loading virus could be between the two. The virulence
should be between those two types also.

Zero mutated D614 wild strain should have the basic virulence.

4.3.4 Whole mutated antigen in D614G subtype

This whole mutation was the same as the longest fragment mutation because it had
only one mutation. The infectivity, for sure, was increased. There was a report that the
D614G patients had a higher rate of entering the intensive care unit (ICU) than D614
patients [2].

To sum up, just like D614 mutated to D614G, the Delta subtype of SARS-CoV-2
started to conduct its evolution in “rough” status fragments. The final goal for evolu-
tion was the “precise” status.

The mutations in the Omicron types of SARS-CoV-2 also follow such rules, and we
would like to discuss this in other papers.

According to our hypothesis, the “common precise” with high precession antigens
of the SARS-CoV-2 could be designed in silicon, developed in a laboratory, and
confirmed in animal models.

Such “common precise” antigens could be used to develop “common precise”
antibodies. If the “common precise” antibodies were used in the antigen test, all the
various antigens with lower or the same precise degrees could be detected. One
antibody could detect numerous lower precession antigens, even the antigens not
mutated yet now, but will be mutated in the next 3 years.

The evolution of antigens from “rough” status to “precise”, has two meanings. The
first meaning is that, like a trip, the departure site starts first from the most “rough”
antigen and last from the most “precise” antigen. The longest fragments did this work
to determine virus infectivity. The second meaning is that the “rough” antigen’s
evolution destination to “precise” antigens. The whole mutation antigens did this
work to determine the virulence. This paper did focus on both topics. Beside for
forecast mutation, understanding such rules of evolution can also help the develop-
ment of reagents for detecting both “rough” and “precise” antigens, or even help with
the development of the vaccines against SARS-CoV-2, as well as other infectious
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diseases. And finally, this information could help to control of the Covid-19, other
epidemic infectious diseases, and tumors.

5. Conclusion
The longest antigen fragments determined virus infectivity. Whole mutated frag-

ments determined the virulence. Both were associated with different mutated frag-
ments with varied antigen precession in the Delta subtype of SARS-CoV-2.
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methionine

asparagine

proline

glutamine

arginine

serine

ARS-CoV-2 Severe Acute Respiratory Syndrome Corona Virus 2

rOoTzZZ

v wn

SD standard deviation
T threonine

W tryptophan

\% valine

Y tyrosine

Key points

Question: Were the virulence and infectivity associated with different fragments
in the Delta subtype of SARS-CoV-2? Findings: The longest antigen fragments deter-
mined virus infectivity. Whole mutated fragments determined the virulence mutated
from “rough” status to “precise”, with only one in ten showing no change. Meaning:
In a SARS-CoV-2 pandemic, the SD of the molecular weight of amino acids, the
indicator of “precession”, may be used to forecast the coming mutations. The longest
D614 fragment, N148 fragment, and 1358 fragment determined the infectivity. The
whole mutations determined the virulence.
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Abstract

The COVID-19 (Corona Virus Disease of 2019) pandemic had a profound impact
on humanity, affecting over 200 million people. Among the complications associ-
ated with viral respiratory infections in COVID-19 patients, secondary bacterial
infections (SBIs) pose a significant threat to the prognosis of COVID-19 patients,
leading to increased morbidity and mortality rates. This crisis is exacerbated by the
growing antimicrobial resistance in bacteria, which limits our available treatment
options. Recently, the use of phage and phage-derived enzymes (PDEs) has emerged
as a promising alternative strategy to combat bacterial infections as they possess a
natural ability to eliminate bacteria effectively. The primary objective of this chapter
is to emphasize the prevalence of SBIs and the significance of PDEs in addressing
SBIs among COVID-19 patients. Specifically, phage-derived depolymerases and
endolysins showed considerable antivirulence potency and effectively break down
the bacterial cell wall. These enzymes have emerged as a promising class of new
antibiotics, with their therapeutic efficacy already confirmed in animal models. By
exploring this novel approach, we may discover new avenues to improve patient
outcomes and combat the challenges posed by bacterial infections in the context of
the COVID-19 pandemic.

Keywords: bacterial infection, phage enzymes, COVID-19 pathogenic, secondary
bacterial infections, patients

1. Introduction

The COVID-19 (Corona Virus Disease of 2019) pandemic has had a profound
impact on global health, overwhelming healthcare systems and resulting in sig-
nificant morbidity and mortality rates worldwide [1]. While the primary focus has
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been on managing the viral infection caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), it has become increasingly evident that secondary
bacterial infections (SBIs) pose an additional challenge in the clinical management
of COVID-19 patients [2]. Compared to pneumonia caused by other respira-

tory pathogens, severe COVID-19, resulting from infection with the severe acute
respiratory syndrome SARS-CoV-2, is known to be associated with a prolonged
duration of illness and causes SBIs [3]. These secondary infections can complicate
the course of the disease, prolong hospital stays, and contribute to adverse patient
outcomes. Patients who experience extended hospital stays face an elevated risk
of acquiring multidrug-resistant (MDR) bacterial infections within healthcare
settings [4]. These infections are often a result of nosocomial transmission and
inadequate antibiotic treatment. Furthermore, the widespread and intensive use
of antibiotics during the pandemic can contribute to a higher prevalence of MDR
bacteria [5]. Conventional antibiotics have been the cornerstone of bacterial infec-
tion treatment for decades, but their efficacy is diminishing due to the emergence
of antibiotic-resistant bacteria. The urgent need for novel therapeutic approaches
has prompted researchers to explore alternative strategies [6]. One such approach
gaining traction is the use of phage-derived enzymes (PDEs) as potential tools to
combat bacterial infections.

Phage therapy, which utilizes bacteriophages (phages) as natural predators of
bacteria, has emerged as a promising avenue for the treatment of bacterial infec-
tions [7, 8]. Phages are viruses that specifically target and infect bacteria, ultimately
leading to their destruction [9-11]. Phages have the ability to recognize and attach to
bacterial cell surfaces, inject their genetic material into the bacteria, and hijack the
host machinery to produce numerous progeny phages. As a result, phage therapy has
shown efficacy against a wide range of bacterial pathogens [12]. Phage therapy and
PDEs have not been documented in previous viral pandemics. Currently, there are
few efforts have been done on the application of phage therapy in COVID-19 patients
with secondary carbapenem-resistant Acinetobacter baumannii (CRAB) pneumonia
[13]. Adaptive Phage Therapeutics, a clinical-stage biotechnology company, has
recently initiated a study to explore the use of phages in treating COVID-19 patients
with bacterial co-infections [14]. However, there are also few drawbacks and limita-
tions of using phages as alternatives [15].

In the context of COVID-19, the significance of PDEs (endolysins and depoly-
merases) in managing SBIs is of particular interest [16]. As COVID-19 patients often
experience compromised immune responses and respiratory distress, they are suscep-
tible to SBIs, which can lead to severe complications and worsen patient outcomes [3].
Therefore, understanding the potential role of PDEs in mitigating these secondary
infections is crucial for improving therapeutic interventions and patient care. These
enzymes have specific mechanisms of action that allow them to target and eliminate
bacteria in a highly efficient manner [17-20].

This chapter aims to unravel the significance of PDEs in SBIs among COVID-19
patients. We will try to shed light on the occurrence of SBIs in COVID-19, fac-
tors that can enhance the susceptibility to SBIs. We will provide insights into the
advantages and limitations of utilizing PDEs for controlling such infections and a
practical work flow for working with PDEs as well. By shedding light on this topic,
this chapter seeks to contribute to the growing body of knowledge surrounding
the use of PDEs as a novel therapeutic strategy against SBIs in the context of
COVID-109.
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2. Fundamental concerns about high prevalence of SBIs in COVID-19
patients

COVID-19 has emerged as a potentially life-threatening infectious disease,
prompting scientists to intensify their efforts in comprehending its pathogenesis [21].
The significant morbidity and mortality rates associated with COVID-19 primarily
stem from the widespread presence of the SARS-CoV-2 and subsequent microbial
infections within the respiratory system [22]. The higher rates of SBIs in COVID-19
patients have emerged as a primary concern in the medical community. The correla-
tion between contracting COVID-19 and developing subsequent bacterial infections
has already been confirmed. There is a rising trend of simultaneous severe bacterial
infections alongside the viral disease in COVID-19 patients, leading to prolonged
hospital stays [23]. This scenario can potentially exacerbate the severity of COVID-19
illness and contribute to high mortality rates [24].

The most commonly encountered pathogens causing SBIs in COVID-19
patients include Acinetobacter baumannii (A. baumannii), Pseudomonas aeruginosa
(P. aeruginosa), Klebsiella pneumoniae (K. pneumoniae), and Staphylococcus aureus
(S. aureus). The isolation ratios of carbapenem-resistant and colistin-resistant
strains for these pathogens are as follows: A. baumannii: 83.7% of isolates were
carbapenem-resistant and 5.6% were colistin-resistant. For P. aeruginosa: 79.2%
of isolates were carbapenem-resistant and 1.7% were colistin-resistant and
K. pnewmoniae: 42.7% of isolates were carbapenem-resistant and 42.7% were
colistin-resistant [25]. While some COVID-19 patients experienced a higher
incidence of bloodstream infections (BSI) caused by Enterococcus, this was not a
general trend. Whole-genome sequencing of Enterococcus isolates revealed that the
increased rate of BSI in these patients could not be solely attributed to nosocomial
transmission [26].

In a multicenter study involving 476 COVID-19 participants, the results demon-
strated that SBIs were strongly associated with the severity of outcomes [2]. Based
on evidence from previous pandemics and seasonal flu outbreaks, it has been sug-
gested that co-infections have the potential to exacerbate viral illnesses. However,
it remains unclear whether they definitively impact patient outcomes in the case of
COVID-19. During the initial SARS-CoV outbreak in 2003, up to 30% of patients
were found to have SBIs, and co-infection was positively associated with disease
severity [27]. Another study revealed that bacterial co-infections were found in
2-65% of patients during regular influenza seasons, and these co-infections were
associated with elevated levels of illness and mortality [28]. The escalation of
bacterial co-infections during seasonal flu emphasizes the importance of investi-
gating the underlying mechanisms of pathogenicity, particularly in the context of
COVID-19.

In a retrospective study conducted by Zhou et al., it was reported that during the
ongoing COVID-19 pandemic, approximately one in seven hospitalized patients with
the illness experienced a potentially life-threatening SBIs. Among the non-survivors,
almost half of them (27 out of 54) developed a secondary infection. Additionally,

10 out of 32 patients (31%) developed ventilator-associated pneumonia, which
required invasive mechanical ventilation [29]. These findings highlight the signifi-
cant risk of SBIs in COVID-19 patients, particularly in those who require intensive
care and mechanical ventilation. Several studies have indicated that COVID-19
patients experience more severe illness and a higher fatality rate compared to patients
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with influenza [30]. In fact, the fatality rate among COVID-19 patients has been
reported to be approximately three times higher than that of influenza patients [31].
Furthermore, COVID-19 patients exhibited a two-fold increase in patient mortality
rates associated with pulmonary SBIs. In comparison to influenza infections, COVID-
19 patients require a longer duration from admission to the detection of bacterial
growth. These observations highlight the heightened risk and impact of SBIs in the
context of COVID-19, underscoring the need for effective management strategies to
mitigate their consequences. Based on a meta-analysis of 24 cohort studies involving
3338 hospitalized COVID-19 patients, it was found that 3.5% of patients (with 95%
confidence interval (CI) ranging from 0.4% to 6.7%) had bacterial co-infection at the
time of presentation. Additionally, 14.3% of patients (with 95% CI ranging from 9.6%
to 18.9%) developed SBIs [32]. These findings provide an estimation of the prevalence
of bacterial co-infections and SBIs in hospitalized COVID-19 patients, highlighting
the need for vigilance in managing these additional complications. According to the
results of microbial culture tests, a total of 92 patients (8.7%) had microbiologically
confirmed respiratory or circulatory tract infections. Among 61 patients evaluated
for respiratory tract infections, 44 patients were identified to have mono-microbial
infections, while 17 patients had poly-microbial infections [33]. These findings
indicate the presence of both single and multiple bacterial pathogens contributing

to respiratory tract infections in a subset of patients. Out of the 94 patients included
in the study, a substantial majority, approximately 68%, acquired at least one of the
studied SBIs during their stay in the intensive care unit (ICU). Among these patients,
nearly two-thirds (65.96%, n = 62) developed secondary pneumonia as a specific type
of SBI [34].

COVID-19 patients exhibited higher rates of bacterial infections compared to
other pneumonia patients, with rates of 12.6% versus 8.7%, respectively. The dura-
tion of bacterial infection was also longer in COVID-19 patients, with a median
of 4 (range 1-8) days compared to 1 (range 1-3) day in other pneumonia patients.
Notably, Gram-positive infections that developed later (more than 48 hours
after admission) were more frequent in COVID-19 patients, accounting for 28%
compared to 9.5% in other pneumonia patients [35]. Importantly, for COVID-19
patients, the presence of SBIs was associated with a 2.7-fold increased risk of
death. This highlights the significant impact of secondary infections on the prog-
nosis and mortality of COVID-19 patients. According to Zhang et al., their study
revealed that 22 out of 38 patients (57.89%) experienced secondary infections. The
likelihood of developing secondary infections was higher in patients who under-
went invasive mechanical ventilation or were in critical condition (P < 0.0001)
[36]. The presence of secondary infections was associated with lower rates of
discharge and increased mortality rates. These findings suggest that secondary
infections in COVID-19 patients can have a negative impact on patient outcomes,
leading to prolonged hospital stays, increased mortality, and potentially hamper-
ing the recovery process.

Based on several disease severity markers, it has been observed that COVID-19
patients tend to experience more severe illnesses and have worse outcomes. This is
evident from a higher percentage of patients requiring intubation for mechanical
ventilation and an increased number of deaths [37]. These markers suggest a greater
impact and high severity of COVID-19 compared to other respiratory illnesses.
Significantly, COVID-19 patients have been found to have a higher incidence of SBIs
than previously described, and these infections have been independently associated
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with death in COVID-19 cases [5]. These findings suggest that SBIs may play a
significant role in the severity of the disease in COVID-19 patients and could even be
a potential target for therapeutic interventions.

3. Major factors that can enhance the susceptibility to SBIs in COVID-19
patients

SBIs can cause severe complications in patients with COVID-19 as follows:
3.1 Prolonged hospitalization and invasive procedures

Many severe cases of COVID-19 require hospitalization, often ICUs. Prolonged
hospital stays and invasive procedures, such as intubation and mechanical ventila-
tion, central venous catheter insertion, or urinary catheterization, increase the risk
of nosocomial (hospital-acquired) bacterial infections [38]. These procedures can
introduce bacteria into the body or provide opportunities for bacterial colonization.
Additionally, COVID-19 patients who receive immunosuppressive treatments, such as
tocilizumab, anakinra, and corticosteroids, have been found to have a higher inci-
dence of BSIs [16]. This has led to increased mortality rates and a greater need for ICU
admissions among patients with BSI. Moreover, COVID-19 infection triggers patho-
logical alterations in the body, such as a compromised immune system, dysregulated
immune signaling, and diffuse alveolar damage [26]. These factors contribute to the
development of SBIs and limit the effectiveness of antibiotic treatments. The combi-
nation of COVID-19 induced immune dysfunction and SBIs poses significant chal-
lenges in the management of critically ill patients, requiring a multifaceted approach
to optimize outcomes.

3.2 Antimicrobial resistance (AMR)

The convergence of AMR crises poses significant threats when dealing with SBIs in
COVID-19-affected patients. Antimicrobial usage is crucial in the treatment of infec-
tious diseases. However, the indiscriminate use of antibiotics during the COVID-19
outbreak has exacerbated the problem of AMR. Despite the widespread administration
of antibiotic therapy, the increased prevalence of SBIs in COVID-19 patients may be
attributed to the presence of AMR bacteria in hospital settings [39]. The most frequently
identified infections in blood and mucous samples of COVID-19 patients are associated
with ESKAPE pathogens, which include Enterococcus faecium, S. aureus, K. pneumoniae,
A. baumannii, P. aeruginosa, and Enterobacter species. In the context of influenza illness,
S. aureus pathogens have been known to cause secondary pneumonia. Environmental
changes and immunological responses that create favorable conditions for S. aureus
infection are considered factors contributing to its spread to the lungs. Additionally,

A. baumannii has been associated with long-term respiratory conditions predispos-

ing individuals to influenza-like upper respiratory tract infections [40]. P, aeruginosa

is frequently encountered as an opportunistic pathogen in the respiratory system.
Nevertheless, it is also acknowledged as the predominant Gram-negative bacterial specie
linked to severe hospital-acquired infections in diverse healthcare environments [41].

Its ability to cause infections in hospital environments poses a significant concern due to
its inherent resistance to many antibiotics and its propensity for developing resistance

95



New COVID-19 Variants — Diagnosis and Management in the Post-Pandemic Eva

mechanisms. Effective control measures and judicious use of antibiotics are essential in
mitigating the impact of P. aeruginosa infections in healthcare settings. ICUs and patients
with compromised immune systems are particularly susceptible to nosocomial infections
caused by Gram-negative bacteria such as A. baumannii and K. pneumoniae, both of
which exhibit signs of MDR. Among the microorganisms isolated from blood cultures,
coagulase-negative staphylococci accounted for 31% of cases, while A. baumannii was
prominent at 27.5%. In respiratory tract cultures, A. baumannii constituted the majority
with a rate of 33.3%, followed by S. aureus and K. pneumoniae, each at 9.5%. Notably,

A. baumannii exhibited the highest level of resistance, being resistant to all antibiotics
except for colistin [33]. This highlights the challenging nature of treating infections
caused by MDR A. baumannii and the importance of appropriate infection control mea-
sures to prevent their spread in healthcare settings. Indeed, the availability of effective
antibiotic options for “superbugs” such as MDR bacteria is limited [16]. Compounding
the issue, the use of certain “last-resort” antibiotics, including colistin, is closely regu-
lated due to concerns regarding organ toxicity, disruption of normal microbial flora, and
the potential for inducing AMR [42]. This creates a challenging situation in managing
infections caused by these highly resistant bacteria, as alternative treatment options are
often limited and their use must be carefully considered to minimize adverse effects.
This highlights the urgent need for the development of new antimicrobial therapies and
the implementation of strategies to combat the spread of AMR.

3.3Impaired immune response

COVID-19 can suppress the immune system, making individuals more susceptible
to SBIs. The viral infection and the resulting inflammatory response can disrupt the
normal functioning of immune cells, impairing their ability to fight off bacterial
pathogens effectively [43, 44].

3.4 Ventilator-associated pneumonia (VAP)

COVID-19 patients who require mechanical ventilation are at higher risk of devel-
oping VAP [45, 46]. VAP caused by bacteria that colonize the respiratory tract and can
lead to serious lung infections. The use of ventilators can impair normal lung function
and create an environment conducive to bacterial growth, increasing the likelihood
of VAP.

3.5 Disruption of the normal microbiota

COVID-19 and its treatments, such as broad-spectrum antibiotics, can disrupt
the normal balance of microbial communities in the body [47, 48]. This disruption,
known as dysbiosis, can create opportunities for pathogenic bacteria to overgrow and
cause infections.

3.6 Pre-existing comorbidities
COVID-19 patients often have pre-existing health conditions, such as diabetes,
cardiovascular diseases, or chronic respiratory conditions. These comorbidities can

weaken the immune system and impair the body’s ability to combat bacterial infec-
tions effectively [49, 50].
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3.7 Viral-induced tissue damage

The SARS-CoV-2 virus primarily infects the respiratory tract, causing inflam-
mation and damage to lung tissues. This tissue damage can compromise the local
defense mechanisms and create an environment favorable for bacterial colonization
and infection [51]. Healthcare professionals take precautions to minimize the risk of
SBIs in COVID-19 patients, including appropriate antibiotic use, infection control
measures, and monitoring for signs of infection.

4. Harnessing the potential of PDEs as alternative therapeutics

Considering the sluggish pace of new antibiotic discovery, intact phages and their
proteins emerge as promising therapeutic options for antibiotic-resistant bacteria [52—-
54]. The concept of phage therapy dates back to the early twentieth century, but it has
regained interest in recent years due to the rise of AMR. Phage therapy, utilizing phages,
has gained attention as a potential alternative to conventional antibiotics [55]. Phages
have several advantages over traditional antibiotics, including their specificity to target
bacteria, ability to self-replicate, and potential to evolve alongside bacteria. Clinical trials
and case studies have demonstrated the efficacy of phage therapy in treating various bac-
terial infections, including those caused by MDR bacteria [56]. However, there are some
potential drawbacks and challenges associated with their use including AMR transfer,
emergence of phage-resistant bacteria, immunogenicity and safety concerns, complex
biology, and regulatory challenges. In this context, there has been considerable research
focused on phage-encoded proteins that show potential in combating bacterial infec-
tions. They have shown efficacy against a wide range of bacterial pathogens, including
both Gram-positive and Gram-negative bacteria. These enzymes exhibit a high degree
of specificity and can rapidly kill bacteria without harming host cells or disrupting the
normal microbiota. These PDEs included endolysins and depolymerases, use as potential
therapeutic agents [57]. Endolysins are enzymes produced by phages during the lytic
cycle. They can hydrolyze the bacterial cell wall, leading to bacterial lysis and death
[58]. Depolymerases are enzymes that degrade the extracellular polymeric substances in
biofilms, which are protective matrices formed by bacteria (Figure 1) [59].
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Figure 1.

A schematic representation of drug-vesistant secondary infections that can occur in patients infected with severe
acute vespiratory syndrome coronavirus 2 (SARS-CoV-2).
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Studies have shown that PDEs can effectively eradicate bacterial biofilms, mak-
ing them potential candidates for treating biofilm-related infections [60]. They have
demonstrated activity against antibiotic-resistant bacteria, including methicillin-
resistant S. aureus and carbapenem-resistant Enterobacteriaceae [61]. In addition to
their direct antimicrobial effects, PDEs can synergize with antibiotics, enhancing
their efficacy against bacterial pathogens [62]. These enzymes have shown promising
in various applications, including wound healing, food safety, agriculture, and the
prevention of bacterial contamination in medical devices [63]. PDEs are generally
considered safe, with a low risk of adverse effects. However, more research is needed
to fully understand their long-term safety profiles.

However, challenges regarding development and applications of PDEs include
regulatory hurdles, formulation optimization, and the potential for bacterial resis-
tance to emerge [64]. Strategies such as engineering enzymes for improved stability
and activity, as well as combination therapies with antibiotics or other antimicrobial
agents, may help overcome these challenges.

5. PDEs to act as anti-virulence agents: depolymerases & endolysins
PDEs, such as endolysins and depolymerases, possess a unique mechanisms of
action to target and eliminate bacterial pathogens (Figure 2). These enzymes have
evolved to efficiently disrupt bacterial cell walls or biofilm matrices, ultimately lead-
ing to bacterial death.
5.1 Endolysins
Endolysins are bacteriophage-encoded enzymes that target the peptidoglycan

layer of bacterial cell walls. They have a modular structure, typically consisting
of two functional domains: an N-terminal catalytic domain and a C-terminal cell

' Depolymerase
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Figure 2.
Mechanism of action of phage-derived enzymes (PDEs).
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wall-binding domain. The catalytic domain possesses enzymatic activity, such as
amidase or glycosidase activity, which can cleave specific bonds within the peptido-
glycan structure. Once the endolysin binds to the cell wall of susceptible bacteria, the
catalytic domain hydrolyzes the peptidoglycan, leading to the rapid breakdown of the
cell wall. The loss of structural integrity causes the bacteria to lyse, releasing progeny
phages into the surrounding environment [65].

5.2 Depolymerases

Depolymerases are enzymes produced by phages that target the EPS of bacterial
biofilms. Biofilms are complex communities of bacteria encased in a self-produced
matrix of EPS, which protects them from the immune system and antimicrobial
agents. Depolymerases specifically degrade the EPS components, disrupting the
biofilm matrix and rendering bacteria more susceptible to clearance by the immune
system or antimicrobial treatments. Depending on the specific type of biofilm and
bacterial species, depolymerases can degrade various components of the EPS, such as
polysaccharides, proteins, or DNA. Capsular depolymerases present a unique form
of antibiotic action: rather than killing bacteria outright, they strip the bacteria of
their protective polysaccharides, rendering them vulnerable to immune factors. This
characteristic provides a potential edge over endolysins, as depolymerases do not
cause bacterial lysis, thereby reducing the risk of inflammatory responses caused by
endotoxins [66].

To date, there is limited research about in vivo studies of PDEs, but their efficacy
has been demonstrated in animal models (Table 1). The results indicate that PDEs
have the potential to revolutionize the treatment of secondary infections in COVID-
19 patients who are unresponsive to conventional therapies.

Phage Enzyme Delivery route Model Results Reference
S. aureus LysSAP26 5-80 pg/mL Mouse model 40% [67]
phage SAP-26 injection survival
rate
S. aureus SAL200 Intranasal Lethal murine 40% [68]
phage model survival
rate
E. coli K1 Endo Sialidase Intraperitoneal Neonatal rat model 100% of [69]
from Coliphage E injection of bacteremia animals
protected
from death
Salmonella P22sTsp Oral Chicken model of Bacterial [70]
Typhimurium  endorhamnosidase administration gastrointestinal cfu
from Salmonella infection reduction
phage P22 of ~1 order
A. baumannii Ply6A3 Intraperitoneal Mouse sepsis 32.4% [71]
phage injection model killed
PD-6A3
K. K64dep capsule Intraperitoneal Mouse model of 100% of [72]
pneumoniae depolymerase from  injection bacteremia animals
Klebsiella phage protected
K64-1 from death
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Phage Enzyme Delivery route Model Results Reference
A. baumannii Abtn-4 Intraperitoneal Mouse sepsis A. [73]
phage injection model bavmannii
vB_AbaP D2 were killed
by Abtn-4
(5uM) in
2h
P, aeruginosa LKA1gp49 Injection into Galleria mellonella 20% of [15]
LPS lyase from the last pro-leg infection model animals
Pseudomonas phage protected
LKA1 from death
K. Dep_kpv79 and Intraperitoneal Mouse model 80%, [74]
pneumoniae Dep_kpv767 injection, 100%
depolymerase intramuscular
injection
A. baumannii ~ depolymerase Injection into Galleria mellonella 80% [75]
Dpo71 the last pro-leg infection model
A. baumannii Capsule — Cell line model of — [76]
depolymerase human lung
B9gp69
Proteus Phage derived- Injection into Galleria mellonella 20% [77]
mirabilis Depolymerase the last pro-leg infection model protected
from death
ESKAPE LysAm24, Injection Mouse model 40% of [78]
group bacteria  LysAp22, LysECD7, animals
and LysSi3

Table 1.

Applications of phage-derived enzymes in animal models.

6. A practical approach for PDEs regarding COVID-19

To effectively implement phage-derived therapeutics in a COVID-19-designated
hospital, a practical workflow involving different functional areas and varying levels
of personal protective equipment (PPE) can be established. The following steps
outline a feasible workflow.

6.1 Patient care and bacterial culture

Standard patient care and bacterial culture activities will predominantly occur
in the patient ward and clinical laboratory, utilizing appropriate PPE for infection

control.

6.2 Phage screening and efficiency analysis

Within the clinical laboratory, a dedicated section adhering to BSL-3 lab PPE
requirements will be designated for conducting phage screening and efficiency
analysis. This specialized area ensures safety during phage-related procedures.
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6.3 Phage amplification and vial preparation

Phages will be regularly amplified by cultivating them in the original host bacteria
within the standard microbiology laboratory. This process, carried out under appro-
priate PPE, will result in the production of ready-to-use phage vials.

6.4 Packaging facility

A packaging facility, meeting Good Manufacturing Practice (GMP) certification
standards, will be responsible for packaging the phage vials. This controlled environ-
ment ensures quality and safety during the packaging process.

6.5 Selection and delivery of therapeutic proteins

Qualified vials containing purified PDEs will be efficiently selected from the
packaging facility. These selected vials will be promptly delivered to the patient ward
for therapeutic administration. This process follows a controlled material flow, mov-
ing from lower BSL lab zones to higher BSL lab zones, accompanied by the necessary
information flow.

6.6 Phage-typing and epidemiological analysis

Bacterial isolates will undergo regular phage-typing procedures for epi-
demiological purposes. This analysis will provide valuable data to inform the
development of sufficient quantities of PDEs and the creation of broad-spectrum,
fixed-composition cocktails, particularly for emergency situations. By implement-
ing this practicable workflow, a COVID-19-designated hospital can effectively
integrate phage-derived therapeutics into its existing healthcare infrastructure,
ensuring safety, quality, and expedited delivery of these potential treatments to
patients in need (Figure 3).

7. Challenges and future prospects

Although PDEs show promise as a therapeutic strategy, several challenges
need to be addressed. This section discusses the limitations and obstacles associ-
ated with their utilization, including regulatory hurdles, bacterial resistance,
and formulation issues. Furthermore, it explores potential future directions and
advancements in the field.

7.1 Regulatory hurdles

One of the key challenges in the clinical implementation of PDEs is navigating the
regulatory landscape. Regulatory agencies may have limited experience or specific
requirements for the approval and use of phage-based therapies, which can impede
their widespread adoption. Overcoming these regulatory hurdles requires collabora-
tive efforts between researchers, regulatory bodies, and pharmaceutical companies to
establish clear guidelines and streamline the approval process [64, 79].

101



New COVID-19 Variants — Diagnosis and Management in the Post-Pandemic Eva

i ......... PPE BSi3
\PPE BSL-3  Bacterial ~_Culriog | Sampling_  patient !
| isolate | 1 :
| PREs therapy
i & monitoring |
PPEBSL3 |
: i ! PPE BSL-1&-2 H
Bacterial i Therapeutic- i
isolate i ! Efficiency determination level PDEs
3 E vial
Bacteria-
i typing
Phage Database
isolation P
Lytic phage screening Routine/de
novo PDEs
preparation
Phage
Library ] ' :
A LR b VAN RS R RSN S AT 2 Cloning —sExpression—s Purification — I vitro It‘slg
Packaging plant, GMP level

Figure 3.

Thgis study proposes a workflow for managing COVID-19 (Corona virus disease of 2019) infections [16]. It involves
using a pre-established phage libvary targeted against a specific pathogenic bacterium that has been identified

in either a patient or on a hospital surface. The process includes screening the phage library and delivering
pre-stocked phage-engyme vials for application to the patient or the affected environment. PDEs: phage-derived
engyme; PPE: personal protective equipment; BSL: biosafety level; and GMP: good manufacturing practices.

7.2 Bacterial resistance

As with any antimicrobial treatment, the potential emergence of bacterial resis-
tance to PDEs is a concern. Bacteria can evolve mechanisms to evade the activity of
these enzymes, such as modifying their cell surface receptors or producing protective
substances. Continued research is needed to understand the mechanisms of bacterial
resistance to PDEs and develop strategies to mitigate its occurrence, such as using
multiple enzymes or combinations with other antimicrobials [56].

7.3 Formulation and delivery optimization

Effective delivery of PDEs to the target site remains a challenge. Enzymes must
be formulated in a way that maintains their stability, activity, and bioavailability.
Overcoming barriers such as enzymatic degradation, poor penetration into tissues,
and immunogenicity requires innovative delivery systems, including nanoparticles,
liposomes, or hydrogels, to ensure optimal enzyme delivery and efficacy [80, 81].

7.4 Clinical trials and evidentiary support

Additional clinical trials are necessary to establish the safety, effectiveness, and
ideal dosing protocols of PDEs in treating SBIs among patients with COVID-19.
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Robust clinical evidence is necessary to demonstrate their effectiveness compared to
standard treatments, including antibiotics. Well-designed clinical trials with appro-
priate control groups and endpoints are crucial for gathering the data required to
support the integration of PDEs into clinical practice.

7.5 Personalized and precision medicine

The development of personalized treatment approaches, guided by patient-
specific bacterial profiles and susceptibilities, holds promise for optimizing the
use of PDEs. Integrating genomics and metagenomics techniques to characterize
bacterial populations and predict their response to specific enzymes could enable
tailored treatment strategies. Implementing precision medicine principles can
help optimize therapy, minimize the emergence of resistance, and improve patient
outcomes.

Overall, despite the challenges, the future prospects of PDEs in SBIs among
COVID-19 patients are promising. Addressing the regulatory hurdles, understand-
ing and countering bacterial resistance, and delivery systems, generating robust
clinical evidence, exploring combination therapy strategies, and embracing
personalized medicine approaches will contribute to realizing the full potential
of PDEs as valuable therapeutic tools in the management of SBIs in the context of
COVID-19 and beyond.

8. Conclusion

The end of the COVID-19 pandemic is expected to be a prolonged process,
despite extensive efforts made to control it. Various indicators of disease severity
have revealed that certain COVID-19 patients experience more severe illness and
worse outcomes. Additionally, our ability to combat MDR bacteria is diminish-
ing as they become more widespread, further exacerbating the complications in
COVID-19 patients. Although there have been limited clinical studies on SBIs in
COVID-19, the findings suggest that the condition might be treatable. To address
challenges like resistance, host specificity, and drug development during the puri-
fication and characterization of phage-derived antimicrobials, alternative phage-
based treatments can be utilized when the complete phage is not as effective. The
significance of PDEs in SBIs among COVID-19 patients cannot be overstated.
However, there are certain limitations and important questions surrounding the
delivery route of these phage-derived therapies and their impact on the host. This
chapter underscores the importance of understanding the mechanisms and appli-
cations of PDEs in combating bacterial infections. By harnessing their potential,
healthcare professionals can develop targeted interventions to mitigate the burden
of SBIs and improve patient outcomes.
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Abstract

Coronavirus disease 2019 (COVID-19) is an infectious disease caused by the

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2). Due to the virus
transmission and propagation since its origin, numerous mutations and variants
have occurred. The concern relies on the ability to evade natural immunity and cause
infections, even bypassing the immunity generated after the application of vaccines.
The World Health Organization classified the variants into “variants of interest”
(VOI) and “variants of concern” (VOC). From 2020 to 2021, the VOC variants were
the alpha, beta, gamma, and delta types, currently adding the omicron variant.
On the other hand, the VOI variants were the eta, iota, kappa, lambda, and mu types.
The importance of their study leads to the problem of the possible generation of new
waves of contagion, after their appearance, with a high possibility that the immunity
known as herd achieved with some previous variant does not become effective.

Keywords: COVID-19, SARS-CoV-2 variants, SARS-CoV-2, spike glycoprotein,
coronavirus

1. Introduction

The coronavirus disease 2019 (COVID-19) appeared at the end of 2019, and
the virus causing the infection was named Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-CoV-2) virus [1].

Coronaviruses come from the Nidovirales order, from the Coronaviridae family
and Coronaviridae subfamily, and the latter includes four genera: alphacoronavirus,
betacoronavirus, gammacoronavirus, and deltacoronavirus [2-4]. They infect both
mammals (alpha and betacoronaviruses) and birds (gamma and delta coronaviruses)
[4]. Currently, seven of them affect humans [5, 6].

Human coronaviruses (HCoV) have been identified for almost 50 years [7]. These
are the alpha genus HCoV-229E, HCoV-NL63, and the betacoronavirus HCoV-OC43
and HCoV-HKUI1 [8, 9]. The latest betacoronavirus found include the Severe Acute
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Respiratory Syndrome Coronavirus (SARS-CoV) and the Middle East Respiratory
Syndrome Coronavirus (MERS-CoV) [8, 9].

The SARS-CoV was identified in Guangdong, China. The reports indicate it spread
to 29 countries between November 2002 and July 2003 [10, 11]. On the other hand,
MERS-CoV received its name after being identified in Jeddah, Saudi Arabia, in 2012.
The outbreak in the Arabian Peninsula reached 27 countries by April 2012 [11].

SARS-CoV and MERS-CoV are of zoonotic origin, and bats are considered the
natural hosts, being highly pathogenic since they have caused epidemics of diseases in
the last two decades [12-15].

A new infectious disease caused by a virus recently emerged; likewise, the first
genomic sequencing data obtained from this virus did not match the previously
sequenced coronaviruses, which indicated the existence of a new coronavirus strain
(2019-nCoV) that was later assigned the specific name of SARS-CoV-2 [16, 17]. It was
detected after the report of a group of patients with pneumonia of unknown etiology in
December 2019 in Wuhan, Hubei, Province of China [18, 19]. Some of the first patients
visited a wet shellfish market, where several other wildlife species were sold [19].

Due to the severity caused by this disease and likewise its high potential for
worldwide spread, the World Health Organization (WHO) declared it a global health
emergency on January 31, 2020 [17]. On February 11, 2020, the Coronaviridae Study
Group of the International Committee on Virus Taxonomy named this new betacoro-
navirus SARS-CoV-2 [20]. On March 11, 2020, the WHO declared a pandemic state
worldwide [17].

2. Structure and pathogenesis

SARS-CoV-2 is an enveloped virus with a single-stranded ribonucleic acid (RNA)
genome of the beta-coronavirus genus. This RNA helps to encode mainly four struc-
tural proteins, these include the spike glycoprotein (S), which is one of the most
important in the pathophysiological process; likewise, the envelope protein (E),
membrane (M), and nucleocapsid (N); also, such as hemagglutinin esterase (HE) and
among other 16 nonstructural proteins such as helicase and RNA-dependent RNA
polymerase that help transcription and viral replication [21].

The spike protein (S) of SARS-CoV-2 is responsible for the entry of the virus
into the host cell. It is divided by the enzyme furin, which results in two subunits,
S1and S2. The S1 subunit contains a region called the receptor-binding domain
(RBD), which binds to the angiotensin-converting enzyme 2 (ACE-2) receptor and
thus activates the host cell entry process. The RBD part is considered the main target
of neutralizing antibodies after infection; in the same way, it is crucial for vaccine
development or another therapeutic plan. On the other hand, in the S1 subunit, there
is also a portion named the N-terminal domain (NTD), and it also plays a significant
role in antigenicity [22].

The chief transmission mechanism is through the airway, direct contact with viral
particles through flugge droplets when coughing, speaking, or sneezing; likewise,
through aerosols or by direct contact. Therefore, the onset of the pathology lies with
the interaction and fusion of the SARS-CoV-2 virus with the ACE-2 receptors that are
mainly expressed in the lungs, allowing entry and, at the same time, the release of
this viral RNA inside the cell. Then, the viral RNA initiates the translation of the viral
proteins and, in turn, the replication of the genome at the cytoplasmic level, thus
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developing virions of the SARS-CoV-2 virus, which spread, making the respiratory
tract the first line of infection and the virus entry. Therefore, it is the more affected
system, resulting in the main respiratory manifestations [21]. The ACE-2 receptors
are not only found in the respiratory system; they are widely expressed in the body in
different tissues of the apparatus and systems, such as at the cardiovascular, gastroin-
testinal, and genitourinary levels, among others, leading the organism to show a mild
disease to a multisystem compromise or death [2, 3, 21, 23].
There are four main phases in the pathogenic mechanism of COVID-19. These

phases summarize the overall pathogenic mechanism of COVID-19, from the initial
invasion to the long-term complications associated with the disease [24]. These are:

* Invasion: The SARS-CoV-2 virus uses receptors, such as ACE-2, to recognize and
infect various cells, including those that do not express ACE2. It allows it to infect
different types of cells in the body.

* Blockade of innate antiviral immunity: During this phase, the virus produces
various structural and nonstructural proteins that block the ability of the innate
immune system to fight infection. It allows the virus to replicate and evade the
body’s initial defenses.

* Activation of viral defense mechanisms: The virus develops mechanisms to evade
and suppress the body’s adaptive immune response. It implies passive and active
virus protection in the inflammatory centers and continuous virus synthesis in
the organism.

* Acute and long-term complications: At this stage, the virus can lead to the
spread of variants and trigger acute and chronic complications associated with
COVID-19. These complications can include the induction of autoimmune and
autoinflammatory responses, as the generation of mechanisms that suppress the
immune response and cause multisystem inflammation [24].

3. Evolution of the mutation of SARS-CoV-2 variants

Since the beginning of the COVID-19 outbreak and up to now, the SARS-CoV-2
virus has evolved and has produced some alarming variations. Although nowadays
there is a high increase in both natural and vaccine-mediated immunity, many coun-
tries are still experiencing resurgences of COVID-19 disease due to the appearance of
different and new variants of the SARS-CoV-2 [22].

We must remember and differentiate between mutation, variant, and strain,
specifically in the context of the epidemiology of the SARS-CoV-2 virus:

* Mutation: Refers to the change in the virus’s genetic sequence. For example, the
D614G mutation is an aspartic acid substitution for glycine at position 614 of the
virus spike glycoprotein.

* Variant: Used to describe genomes that differ in sequence from a reference

genome. Nevertheless, this term is less precise since two variants can differ in
one or several mutations.
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* Strain: Strictly speaking, a variant is a strain when it shows a demonstrably
different phenotype. It may include differences in terms of antigenicity (abil-
ity to be recognized by the immune system), transmissibility (ability to spread
between individuals), or virulence (severity of the disease it causes) [25].

In summary, a mutation is a change in the genetic sequence, a variant is a genome
that differs from a reference genome, and a strain is a variant that shows demon-
strable phenotypic differences. These distinctions are important for understanding
the epidemiology and characteristics of the SARS-CoV-2 virus.

Mutations often offer evolutionary benefits at the molecular level, such as
increased recognition by the target cell, more effective entry into cells, or the ability
to evade the immune system, tend to persist and can establish themselves in each
virus lineage [26].

We refer to clinically and epidemiologically significant variants as those that, due
to one or more mutations, can evade natural immunity and cause reinfections, evade
immunity generated after vaccination and cause infections in vaccinated persons,
evade the effectiveness of treatments such as antivirals, monoclonal antibodies, and
convalescent plasma; on the other hand, they influence the severity of the disease
with greater virulence, alter the transmission dynamics with a greater capacity to
infect, and affect the accuracy of diagnostic tests [27].

RNA viruses, such as coronaviruses, come to present a considerably higher
evolution rate than DNA viruses. The reason is its high susceptibility to replication
errors caused by RNA polymerase or reverse transcriptase; furthermore, the higher
viral population and its rapid replication rate also contribute to this accelerated
evolutionary process [24, 28]. Although viruses commonly have a high mutation
rate, SARS-CoV-2 has an enzyme — the RNA-dependent RNA polymerase — able to
correct mistakes. This feature could explain why SARS-CoV-2 has a lower mutation
rate than other RNA viruses [27]. However, the mutations that manage to emerge
depend on a process of natural selection: only those that give the virus greater
transmission capacity or the ability to evade the immune system persist in the
population. Genetic analysis of the virus at the epidemiological level allows us to
observe this evolution [27].

4. New variants and their nomenclature

As SARS-CoV-2 has been transmitted and spread, numerous mutations and vari-
ants have occurred. Over time, these have emerged and, in turn, have been organized
and classified [27]. Given their classifications, the genetic changes of the virus, the
increase in the speed of contagion, and aggressiveness are considered, besides the
reduction in the effectiveness of public health measures, diagnoses, vaccines, and
available treatments [26].

The UK Institute of Public Health has its own terminology, calling variants of
concern those having a significant epidemiological impact. They also use the term
Variants Under Investigation (VUI) to refer to those that can become variants of
concern (VOC). The United States Centers for Disease Control (CDC) and Prevention
and the World Health Organization (WHO) have adopted the definition of “variants
of care” and have introduced the term “variants of interest” (VOI) -with an interpre-
tation equivalent to VUI- and recommend its use globally [27].
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In June 2020, the WHO Task Force on Viral Evolution was established, specifi-
cally focused on SARS-CoV-2 variants, their phenotype, and their impact on control
measures. This group later became the Technical Advisory Group on the Evolution
of the SARS-CoV-2 Virus. At the end of 2020, with the appearance of variants that
represented a greater risk to public health worldwide, the WHO began to character-
ize some of them as VOI and VOC with the aim of the objective of setting priorities
in surveillance and research globally and guiding the response to COVID-19. In May
2021, WHO began assigning simple, easy-to-pronounce names to main variants. In
March 2023, WHO updated its surveillance system and working definitions for vari-
ants of concern, variants of interest, and variants under monitoring (VUM) [29].

5. SARS-CoV-2 variants
5.1 Alpha (B.1.1.7)

In the United Kingdom, in December 2020, the detection of a new variant of the
SARS-CoV-2 virus, known as B.1.1.7 according to the Pango lineage nomenclature
system, was reported. The WHO designated it the alpha variant. It was the first VOC
identified. Retrospective analysis revealed that this VOC was already in circulation in
September 2020 in the UK. The B.1.1.7 lineage spread rapidly in the UK and became
the predominant variant in early 2021. It has subsequently spread successfully to most
European countries. As of November 2021, local transmissions of this lineage have
been recorded in 175 countries [30].

In Mexico, the B.1.1.7 lineage was identified for the first time in December 2020.
Since then, a gradual increase in its circulation frequency was observed, reaching its
peak in May 2021, but without becoming the predominant variant [30].

The data suggests that this variant is between 43% and 90% more contagious
than previously existing lineages in the UK. Concerning the severity of the disease,
although some reports have not shown clear evidence of an increase in mortality
associated with the alpha variant, others have shown its connection with more severe
diseases [22].

5.2 Beta (B.1.351)

The beta VOC variant shows three RBD mutations (N501Y, E484K, and K417N), as
well as some NTD mutations, except for the 69/70 deletion. It was identified in South
Africa in October 2020, and cases have since been detected elsewhere outside South
Africa. There is no conclusive evidence to suggest increased mortality associated with
this variant. Nevertheless, some reports indicate that the E484K mutation may affect
neutralization by various monoclonal antibodies, including casirivimab, bamla-
nivimab, and etesevimab. In addition, the beta variant has shown higher resistance to
the neutralizing activity of convalescent plasma and sera from individuals immunized
with the mRNA-1273, BNT162b2, and AZD1222 vaccines [22, 28].

5.3 Gamma (P.1)

RBD mutations were detected in the gamma variant, which was cataloged as VOC.
On January 6, 2021, the gamma variant was identified in four Japanese citizens who
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arrived in Tokyo after traveling to the Amazonian region of Brazil a few days earlier.
This variant caused an increase in infection in the Manaus region of Brazil, where
most of the population had already been infected by SARS-CoV-2. This variant is
associated with increased transmissibility, risks of reinfection, and mortality. Like the
beta variant, the gamma variant shows resistance to neutralization by various mono-
clonal antibodies, convalescent plasma, and vaccine sera [22, 28, 31].

5.4 Delta (B.1.617.2)

The delta variant, a VOC, was identified in India in early 2021. This variant exhib-
its the L452R mutation in the RBD and the P681 mutation in the furin cleavage site.
In addition, it has several additional mutations in the spike protein (T19R, R158G,
T478K, and D950N), as mutations in the orf3, orf7a, and nucleocapsid genes. The
delta variant quickly displaced the alpha variant in multiple countries and became
the dominant VOC globally. The delta variant has increased transmissibility due to
possible mechanisms such as a higher infectious viral load, a longer virus shedding
duration, and a higher reinfection rate due to antibody escape. The susceptibility
of the delta variant to convalescent plasma and the sera of persons vaccinated with
BNT162b2 and AZD1222 is reduced. Nevertheless, one study showed that BNT162b2
offers higher protection against the delta variant than AZD1222. In addition, the
delta variant can resist bamlanivimab and some other monoclonal antibodies
(mAbs) [22, 28, 31].

5.5 Omicron (B.1.1.529)

The omicron variant of the SARS-CoV-2 virus was first detected in South Africa
in November 2021 and has spread to more than 50 countries. Omicron has different
subvariants, BA.1 being the most transmissible and globally dominant, displacing the
delta variant. BA.2 then emerged and replaced BA.1 in some countries. In addition,
other subvariants such as BA.4/5 and BA.2.12.1 have been identified, which have a
higher transmission capacity than BA.2 [22].

Omicron has more than 30 mutations in its spike proteins, some of which can
affect the sites where antibodies bind to neutralize the virus. These subvariants have
shared mutations, such as E484, K417N, T478K, N501Y, and P681H, associated with
increased transmissibility and antibody evasion. However, each subvariant also has
unique mutations [22].

Studies have shown a decreased ability of vaccine and convalescent sera to neutral-
ize omicron subvariant BA.1. However, sera from persons vaccinated with boosters or
previously infected showed antibodies that can still neutralize BA.1. The efficacy of
vaccinations and boosters is similar for BA.1 and BA.2 [22, 32].

Limited cross-reactions have been observed between the different subvariants of
omicron and other coronaviruses. Some therapeutic monoclonal antibodies, such as
bamlanivimab, imdevimab, casirivimab, and etesevimab, have decreased efficacy
against omicron subvariants. However, sotrovimab maintains some activity, albeit
reduced, against BA.2, BA.4/5, and BA.2.12.1. Other monoclonal antibodies, such
as tixagevimab/cilgavimab and adintrevimab, are partially active against BA.2 and
BA .4/5 [22, 33].

In summary, the omicron variant of SARS-CoV-2 has generated different subvari-
ants with mutations in spike proteins, which may affect the neutralization capacity
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of antibodies. Even as vaccines and therapeutic antibodies show less efficacy against
omicron, boosters, and prior infection may provide only some protection against the
identified subvariants.

6. Epidemiology of COVID-19 in Mexico

The global impact caused by the pandemic has been uneven in different parts of
the world. Latin America has experienced a high impact due to the disease, presenting
higher mortality rates than Western European countries. Mexico has been especially
vulnerable due to underlying risk factors in its population, such as cardiovascular
diseases such as dyslipidemia, hypertension, and type 2 diabetes. This combination
of factors has generated greater severity, where poverty and limiting social factors,
such as access to medical care, have been determining factors in the epidemiological
outcome [26].

In May 2020, a mutation in the SARS-CoV-2 spike protein known as D614G
occurred, which became prevalent in virus genomes worldwide. This mutation gave
rise to lineage B — named as in the Pango nomenclature — which has remained the
predominant lineage in the phylogenetic landscape. This lineage presents a greater
infection capacity, competitiveness, viral load, and transmission in human and
animal models. So far, five main VOCs have been identified at different stages of the
pandemic in Mexico; alpha, beta, gamma, delta, and omicron. However, the omicron
lineage is the most dominant, presenting more than 50 mutations, of which more
than 30 are in the spike (S) protein [26].

In the last update on the epidemiology of COVID-19 in Mexico at the national
level, updated in July 2023, published by the General Directorate of Epidemiology,
7,633,355 confirmed cumulative cases were reported. The distribution by sex of the
confirmed cases was 53.66% for women and 46.34% for men. The general hospitaliza-
tion percentage was 9.57%. The most frequent and chief comorbidities are hyperten-
sion at 11.90%, obesity at 9.59%, diabetes at 8.74%, and finally smoking at 5.41% [34].

On the other hand, in negative cases, a total of 11,638,267 have been registered.

In suspected cases with a total of 830,243, recovered cases with 6,885,378, and active
cases with 3558 [34].

7. SARS-CoV-2 (COVID-19) variants in Mexico

Despite the constant work against COVID-19 in the public health and research
context, there have been severe resurgences in the number of cases, where the differ-
ent variants of the virus are currently found, with the omicron variant predominating.
Keeping infected people isolated from the onset of symptoms is one of the best alter-
natives since scientific findings suggest a shorter transmission and incubation period
than other variants [35]. Over time, all kinds of information have changed because all
viruses change with time, as does SARS-CoV-2, the virus that causes COVID-19 [29].

Although the COVID-19 pandemic began at the end of 2019 and the beginning of
2020, the Mexican government, through the Secretary of Health of Mexico, began the
analysis and specific report of the genomic surveillance of the SARS-CoV-2 virus in
Mexico’s National and State Distribution of variants since August 30, 2021, and which
is currently under development and in constant updating report [35].
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From 2020 to 2021, the VOC variants were classified with the alpha, beta, gamma,
and delta types; while, to the VOI variants with the eta, iota, kappa, lambda, and
mu types. Besides, the genomic analysis in Mexico during 2020-2021 COVID-19
was documented through the global exchange initiative from genomic surveillance
data for influenza viruses and SARS-CoV-2 (GISAID). Until October 18, 2021, up to
epidemiological week 40, 32,081 sequences were reported [35].

The WHO classification of the variants was maintained early in 2022.
Nevertheless, at the same time, a different variant named “omicron” was identi-
fied. Therefore, during the year, the omicron variant was classified as VOC with
its respective classification with Subvariants of omicron under monitoring (from
November 20, 2022) BA.5, BA.2.75, BA 4.6, XBB, and BA.2.3.20. VOI and VUM
were maintained and, as additional data, the variants BQ.1, BW.1, and DL.1 were
reported in this type [35].

In turn, during the year 2022, there was a high difference between the beginning
and the end of the year. From April 4, 2022, to December 30, 2022, the reported
sequences by GISAID increased from 57,823 to 81,429 [35].

Regarding 2023, from January 16, 2023, to May 4, 2023, the number of sequences
reported by the GISAID increased from 81,914 to 87,447 [35].

Table 1 shows the information published through the global initiative for sharing
data on the GISAID. It is worth mentioning that, for greater understanding, the
VUM reports were excluded since they are constantly modified daily. The order by
prevalence in 2021 is the following: delta, gamma, alpha, and beta. During 2022,
the most prevalent VOCs were delta, with 25,434, followed by omicron, with 23,681.
On the other hand, during 2023, the only predominant VOC was omicron, with a total
of 34,499. The only exception added as a VOI was the last reported on May 4, 2023,
because a type of lineage descendants of omicron reported as XBB.1.5 and XBB.1.16.

Year Date Kind of variants Variant name Total National from each variant
From August 30 to October VvOC Alpha 1759
18,2021 Beta 19
Gamma 2711
Delta 12,697
From April 4 to December VvoC Delta 25,434
30,2022 Omicron 23,681
From January 16 to May voC Omicron 34,499
4,2023
From May 4 to June 30, VOI Omicron 1032
2023 (XBB.1.5)
Omicron 1
(XBB.1.16)
Total 101,833

VOC: Variants of Concern, VOI: Variants of Intevest.
Source: With data obtained from the public database GISAID hitps://www.gisaid.org/

Table 1.
Summary of the evolution of the variants of concern of COVID-19 in Mexico.
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8. Epidemiological impact

The mutation D614G was identified in January 2020. Two montbhs later, it came
to present greater infectivity. In June, it became the predominant one in the world.
Currently, 100% of the active variants have this mutation [27]. Thus, the importance
of the impact of these variants and the possible generation of new waves of contagion.
After their appearance, the immunity achieved with some previous variants could not
be effective [27].

9. Vaccines and new variants

As we continue to learn more about this new virus, it remains an unprecedented
event in world history [36]. The emergence of the pandemic led to the discovery of
ways to achieve herd immunity and reduce the harmful effects of COVID-19 through
vaccines. Remembering that the development of vaccines must go hand in hand with
genomic surveillance [27]. Nowadays, these efforts have shown valuable results and
are under implementation in all nations. Because it was necessary to synthesize the
evidence of the effectiveness of vaccines against VOCs of SARS-CoV-2, various stud-
ies were carried out [36].

Baoqi Zeng et al. [37] conducted several pieces of research, including random-
ized controlled trials (RCTs), cohort studies, and case-control studies that evaluated
vaccine effectiveness over our continuing-study variants of concern (alpha, beta,
gamma, delta, or omicron), making a cut until March 4, 2022.

The variants of concern have mutations in their spike protein. Zeng B et al. [37]
found that the complete vaccination of the COVID-19 vaccines was effective against
the alpha, beta, gamma, delta, and omicron variants, with an effectiveness of 88.0,
73.0, 63.0, 77.8, and 55.9%, respectively. Also, it was found that the delta and omicron
variants presented 95.5 and 80.8%, respectively, of effectiveness with the booster
dose. Finally, mRNA vaccines (BNT162b2 or mRNA-1273) have higher effectiveness
against variants of concern than other vaccines [37].

In other in vitro studies involving the Pfizer and AstraZeneca vaccines, decreased
antibody titers against the delta variant were shown [27].

10. Signs and symptoms of COVID-19

The signs reported by individuals suffering from COVID-19 differ between those
experiencing mild symptoms and those facing more severe illness. Symptoms can
appear within 2 to 14 days after contact with the virus. Symptoms can vary in inten-
sity, from mildly to severely [38, 39].

The most common symptoms of COVID-19 are the following:

* Fever

e Shaking chills

¢ Sore throat
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Other accompanying symptoms:

* Muscle pain

* Severe fatigue or tiredness

* Severe runny, stuffy nose, or sneezing
* Headache

* Eye pain

* Dizziness

* New and persistent cough

* Tightness or pain in the chest

* Respiratory distress

* Hoarsely

* Numbness or tingling

* Nausea, vomiting, abdominal pain/stomachache, or diarrhea
* Loss of appetite

* Loss or change of taste or smell

* Difficulty breathing.

Symptoms of severe illness from COVID-19 and needing urgent medical attention
include:

* Difficulty breathing, especially at rest, or an inability to speak in full sentences.
* Confusion

* Drowsiness or unconsciousness

* Persistent pain or pressure in the chest

* Cold or clammy skin or pale or bluish skin

* Loss of speech or mobility.

This previous enumeration does not cover all the possible signs. Symptoms may

change their presentation with new variants of COVID-19 and may differ depend-
ing on vaccination status. The CDC continually updates this list as more COVID-19
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Wave Predominant Confirmed Case Hospitalizations Clinical data
variants cases fatality (%) predominant
rate (%)
First B.1, 809,387 123 251 Headache
(March to B.11, Fever
September B.11.222 Myalgia
2020) Arthralgia
General malaise
Odynophagia
Second B1.1.222 1,538,110 8.7% 16.4% Headache
(September B.1.1.519 Fever
2020 to April Odynophagia
2021) Myalgia
Arthralgia
Third Alpha 1,439,463 4.2 9.8 Cough
(November Delta Fever, Headache
2021 to March Gamma Rhinorrhea
2022) Odynophagia
Fourth Omicron BA.1 1,722,625 1.2 34 Cough
(December Headache
2021 to March Fever
2022) Odynophagia
Rhinorrhea

Source: Taken from [40].

Table 2.
Waves of COVID-19 in Mexico (Mavch 2020-March 2022) by predominant vaviants and clinical data.

information piles up. Older people and those with preexisting conditions such as
heart disease, lung disease, or diabetes are at higher risk of experiencing severe
complications from COVID-19 [38, 39].

Regarding Mexico, Loza A. et al. [40] reported four waves of COVID-19 from
March 2020 to March 2022. Table 2 shows the data about the predominant variants,
the clinical manifestations, and figures about hospitalization and deaths. It is noted
that hospitalization decreased with each wave, and so did the case fatality rate.

11. Conclusion

SARS-CoV-2 has generated different variants. These variants have been
characterized as having specific genetic changes that may affect their transmissibil-
ity, disease severity, response to vaccines, and available treatments. Some variant
has been shown to be more transmissible than the original strain of the virus and has
raised global concerns due to their ability to spread rapidly.

The study of new SARS-CoV-2 variants supports the public health efforts for
COVID-19 pandemic containment. It provides valuable information about the pos-
sible consequences of new scenarios. It is important to note that besides transmissibil-
ity, clinical manifestations play a crucial role in assessing the potential impact of new
SARS-CoV-2 variants since they can cause a significant strain on health services. In
the case of Mexico, the number of cases grew, but the CFR and the percentage of hos-
pitalizations were lower in each successive wave driven by the predominant variants.
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Finally, COVID-19 is a subject of active and constantly evolving research.
Nowadays, additional research is underway to understand all the mechanisms
involved and thus develop more effective and specific treatments. Although there is
currently high natural and vaccine-mediated immunity, outbreaks continue to occur
in some countries due to the different and constant variants of SARS-CoV-2.
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Chapter 8

Spontaneous Hemorrhage in
COVID 19 Patients

Fuad Pasi¢

Abstract

Much has been said and known of the possible occurrence of thromboembolism in
various organ systems as part of Covid 19. The following Chapter discusses spontane-
ous hemorrhage in Covid 19 cases. Comparably to potential thromboembolism, it is
found in a lesser percentage of patients, yet with serious repercussions on outcomes
in the treatment of Covid 19 patients suffering from spontaneous hemorrhage. The
Chapter examines and weighs in on the most optimal approaches to diagnosis and
treatment of spontaneous hemorrhage in Covid 19 infection.

Keywords: Covid 19, respiratory virus, spontaneous hemorrhage, serious
repercussions, treatment

1. Introduction

COVID-19 is a multisystem disease that can affect any organ — from the lungs,
through the brain, skin, kidneys, digestive and nervous systems — since SARS-CoV-2
coronavirus is not merely a respiratory virus, but also pleiotropic.

In some patients with SARS-CoV-2 coronavirus infection no symptoms are
registered (asymptomatic form); it can, however, be manifested by mild problems
with the upper respiratory tract, such as common cold, but also pneumonia of various
degrees of severity (from mild to severe) to life-threatening. Covid 19 is a highly
prothrombogenic disease. Much has been said and known of the possible occurrence
of thromboembolism in various organ systems. The Chapter focuses on spontaneous
hemorrhage found in Covid 19 patients. It is found in lesser percentage of patients,
yet with serious repercussions on treatment outcomes.

1.1 Human population and infectious diseases throughout history

Over 8 billion people live on planet Earth. The human population shares its living
space with multiple other species. The planet is overpopulated. Clearly, humans live
side by side with countless other pathogenic organisms of microscopic size, such as
viruses, bacteria, parasites, fungi or other unconventional agents. Common diseases
are found both in humans and animals.

The emergence of new diseases with pandemic potential has become one of the
global medical challenges. Our knowledge of such diseases, if any, is very limited

129 IntechOpen



New COVID-19 Variants — Diagnosis and Management in the Post-Pandemic Eva

initially, forcing us to learn to curb such diseases in the most effective way. Viral
Covid 19 infection of 2019 is one such disease. At one time, Covid 19 pandemic
literally brought to stop numerous processes and flows on planet Earth. It brought
scare to human race on across the continents and regardless of the development level
of the country where it was recorded. It took time to gather relevant data and optimal
algorithms for the treatment of this new viral infection reaching pandemic propor-
tions. It took a while for this “intelligent and insidious” virus to become familiar with
the human species and vice versa.

According to the World Health Organization (WHO), around 75% of emerging
diseases affecting human population in the last decade are caused by pathogenic
organisms originating from animals or animal products. Zoonoses have been known
for many centuries, with more than 200 described to date [1].

In its 2020 conclusion, the UN Expert Commission on Biological Diversity warns
that “in absence of preventive strategies, pandemics will break out more often, spread
faster, kill more people and affect the global economy with more unprecedented
devastating effects”

According to estimates published in the Journal of Science, there are 1.7 mil-
lion unknown viruses among mammals and birds, of which 540,000 to 850,000
can infect humans. There is evident space for further scientific research, including
points of concern, such as the emergence of new unknown diseases, pandemics
and the like. In the 20th century, smallpox epidemic alone accounts for 300 to 500
million deaths. Smallpox is believed to be responsible for the death of 10% of the
human population over the last thousand years [2]. The Spanish flu pandemic broke
out in 1918, killing 21.5 million according to most referenced literature. More recent
additional research after looking at the data and registers of developing countries
says that between 50 and 100 million died from the Spanish flu [3-5]. Plague was
synonymous with disease, hardships and suffering. People died from the plague
in terrible agony. The plague epidemic marked the entire period of the late Middle
Ages and part of the early Middle Ages. It is been long since the plague disappeared
from Europe, but it is still smoldering in hotspots around the world such as Asia,
Africa, North and South America [6]. Dubbed as the queen of diseases, malaria
has been known since ancient. Some believe that it is largely responsible for the
downfall of the Roman Empire. In the 20th century alone, it accounts for between
150 and 300 million deaths. Malaria still affects 228 million in different parts of
the world, with as many as 405,000 deaths, especially in the poorest countries [7].
Epidemic typhus is louse-born by sucking the blood of a patient in the rickettsemia
phase. The largest known epidemic of typhus hit Napoleon’s army during the
Russian campaign, killing half a million [8].

According to the most recent data from the World Health Organization, one
and a half million still die from tuberculosis in the world today, and about ten
million fall ill every year [9]. Leprosy is one of the oldest and most terrible diseases
affecting people, synonymous with stigma and discrimination due to large bodily
deformations. It has been known since ancient times as ‘death before death’. Despite
therapy, it is still endemic in some countries. Annually, 200,000 new cases are
diagnosed [10].

Syphilis has been a constant and unwanted companion of mankind for more
than 400 years. Since its first emergence, syphilis has been a stigmatized, shame-
ful disease. It affected the lives of millions in all walks of life. Epidemics of various

130



Spontaneous Hemorvhage in COVID 19 Patients
DOI: http://dx.doi.org/10.5772/intechopen.1002673

diseases occurred during the 19th century were quite common. Here, cholera stands
out, causing an exceptionally high mortality rate.

1.2 Human population and infectious diseases in the 21st century

In early 21st century, bird flu caused by the A/H5N1 virus subtype was recorded
in Asia in 2003. During 2009, the so-called swine flu caused by the HIN1 influenza
virus emerged. The disease began to spread human to human, rising to the level of
pandemic. SARS-CoV appeared in China 21 years ago (2002), as a severe viral respira-
tory disease that can cause death of up to 15% of the infected. In 2012, a new global
threat emerged in Saudi Arabia, a disease called MERS-CoV, causing severe respira-
tory illness. Although most patients are geographically associated with the Arabian
Peninsula, MERS-CoV has also been detected in other parts of the world. In 2013,
global concern grew over the emergence of the Ebola virus disease in West Africa.
Millions were at risk, and thousands fell ill.

The above overview portrays a series of very serious and severe diseases leaving
significant and profound consequences on the evolution and development of the
human population. In philosophical terms, a war is being waged on planet Earth as to
who the real ruler of our living space is. Logically, man as a ‘rational being’ should be
the one running the processes on the planet Earth. But looking at the adaptability of
animals and other species, bacteria, viruses and many other microscopic organisms
show that humans are in no position to claim the title of ‘genuine managers’ or the
main stakeholders of the planet Earth in full capacity. Old and new diseases with old
and new causative agents have led to the emergence of more resistant and more adapt-
able disease causative agents. Finding the most adequate patterns in the treatment of
old and emerging diseases has become a genuine medical challenge.

2. Covid 19 and hemorrhage
2.1 Coronaviruses

Coronaviruses (lat. corona: wreath, crown < Greek. xopdvn: curved or rounded
eend of something, ring + virus), are a group of viruses from the Coronaviridae
family. The viral particle is spherical in shape with a diameter of 120 to 160 nm, and
the spiky transmembrane glycoprotein outgrowths on the envelope with a length of
12 to 24 nm resemble a crown. The genome consists of single-stranded positive RNA
composed of 26 to 32 thousand nucleotides, which ranks coronaviruses among the
RNA viruses with the largest genomes. The viral particle consists of four to six struc-
tural polypeptides, with four viral proteins: the so-called spike protein (S-protein),
nucleocapsid protein (N), membrane protein (M) and envelope protein (E). The
virus enters the cytoplasm of the host cell by fusion of the viral envelope and the
cytoplasmic membrane, mediated by the S-protein. Coronaviruses are not newly dis-
covered viruses, but come with their own history. These viruses were first described
in the sixties of the last century, as the isolates of the HCoV-229E and HCoV-OC43
viruses, highly widespread and common around the world. They appear sporadically,
seasonally and possibly in smaller epidemics in the winter, and lead to an acute febrile
illness of the upper respiratory system much like a common cold.
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2.2 Who are Covid 19 patients susceptible to develop thromboembolic
complications

Most frequent patients include bed-ridden, elderly, adipose, male, patients
previously suffering from thrombosis and cancer patients. They are also patients with
other significant comorbidities and those who are hospitalized in the intensive care
unit and have medium-severe and severe forms of Covid 19. In patients with throm-
bosis, blood coagulation is increased, there is damage to the endothelium of blood
vessels by the SARS-CoV-2 virus itself and multiple inflammatory processes. In Covid
19, the activities of several blood clotting factors (factor VIII, von Willebrand factor,
fibrinogen and D-dimer) are also elevated (Figure1).

Axial HRCT images of a 38-year-old man with COVID-19 ARDS admitted to ICU
at the same level, performed at different times: baseline scan (A) and 7-month follow-
up (B). The baseline scan (A) shows typical imaging features indicative of severe
COVID-19 pneumonia, including extensive bilateral parenchymal consolidations,
mainly affecting the posterior regions of lower lobes, bilateral focal ground-glass
opacities in the anterior regions and patchy consolidation, peripherally distributed,
resembling pulmonary fibrosis. The 7-month scan (B) shows a complete resolution of
the parenchymal consolidations and the apparent fibrotic abnormalities.

2.3 Covid 19 patients with spontaneous hemorrhage

According to data, hemorrhage-related complications in elderly patients on
anticoagulant therapy are estimated at around 5%, with an incidence of spontane-
ous hematomas of around 0.6% [11]. In cases of formation of large hematomas with
hemodynamic instability, the prognosis is poor with multiple failure and organ
failure [12], reaching a mortality of 30 to 50% [13, 14]. It has been proven that the
COVID-19 infection causes a disorder of hemostasis [15], with a procoagulant state.
This has led to the inclusion of thromboprophylactic (anticoagulant) therapy in most
treatment protocols. There are also studies related to heparin-induced thrombocy-
topenia [16, 17]. The rationale behind is that a certain number of patients develop
kidney failure due to coronavirus infection. This results in a prolonged half-life of
heparin, which then circulates longer in the plasma. All this leads to ‘pseudo overdose),

Figure 1.
Covid 19 pneumonia.
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Figure 2.
Spontaneous hepatic hematoma as part of Covid 19.

increasing the risk of hemorrhage [18]. The incidence of hematoma in patients
with COVID-19 due to coagulation disorders caused by the infection, together with
thrombocytopenia due to heparin and overdose in patients with renal failure will be
the subject of further research (Figure 2).

In patients with spontaneous hematoma or hemorrhage, (CT), computed tomog-
raphy and (CT) angiography are absolutely needed and highly sensitive procedures
to adequately diagnose the resulting hematomas, allowing for the size, location and
artery responsible for the hemorrhage to be determined in full. It also identifies the
location or vascular origin of hemorrhage in 95.2% of cases [19].

According to the available relevant papers, hemorrhages occurred in 2.22% of
patients in the total number of those hospitalized with Covid 19 infection, that is, in
7.88% of the total number of patients hospitalized in ICU. Hemorrhage occurred in
most cases in patients on anticoagulation, more so in men with multiple comorbidi-
ties, aged between 60 and 79 years. It mostly occurred in one anatomical region
(especially retroperitoneal), with the most extensive hemorrhage in the chest wall
[20]. This complication was diagnosed on average 16.7 days after admission and
hospitalization. It occurred most often in severe forms of Covid 19 in patients who
underwent invasive mechanical respiratory support, that is, cyclic pronation-supina-
tion measures. Hematomas were active in slightly less than half of the cases. The vast
majority of patients were treated conservatively and survived [20].

COVID-19 is a highly prothrombogenic disease and therefore thromboprophylaxis is
mandatory in hospitalized COVID-19 patients in order to improve treatment outcomes.

2.4 Thrombocytopenia

Zimmerman was the first to discover platelets in 1860, and their role in blood
clotting was further elaborated in 1878 by Zimmerman and Hayran [21]. In short,
platelets are essential for maintaining the integrity of the vascular endothelium
and controlling bleeding from injury to small blood vessels through the formation
of platelet plugs [22]. It is known thrombocytopenia is found in 2.5 percent of the
normal population (Table 1) [23].
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Mild: 100,000-150,000/pL

Moderate: 50,000-100,000/pL.

Severe: <50000/pL.

Table1.
Classification of thrombocytopenia.

Thrombocytopenia is not a disease, but a diagnosis. Effective interpretation of
thrombocytopenia requires gathering detailed information from the patient or the
patient’s family, followed by thorough examination and lab tests. Thrombocytopenia
can occur with recently introduced new drugs or drugs taken only occasionally. Recent
infections and previously diagnosed hematological diseases are mentioned as a pos-
sible reason for its occurrence. There are also non-hematological diseases that are
known to reduce the number of platelets (eclampsia, sepsis, DIC, anaphylactic shock,
hypothermia, massive transfusions). It is also found in cases of prior family history of
hemorrhage, recent vaccination with live virus, in patients with poor nutritional status,
pregnancy, recent organ transplantation from a donor sensitized to platelet alloanti-
gens, and recent transfusion containing platelets in an allosensitized recipient. Possible
alcohol consumption and risk factors for HIV should also be looked into. For asymp-
tomatic patients with low platelet count, the physician should initially try to rule out
artifactual or pseudothrombocytopenia as the etiology. Thrombocytopenia also requires
that family history in terms of congenital thrombocytopenia is also looked at [24].

2.5 Thrombocytopenia and Covid 19

According to referenced literature, mild thrombocytopenia is present in 45 to 55%
of patients positive for COVID-19 [25], but also, thrombocytopenia is found in 95%
of patients with a severe form of Covid 19 infection [26]. Viral infection caused by
Sars CoV-2 can vary from asymptomatic clinical forms to severe respiratory forms
with acute respiratory distress. The hematopoietic system can also react to COVID-19
in several ways, from mild forms to life-threatening forms [27]. Moderate and severe
forms of the disease can lead to the formation of thrombus and pulmonary embo-
lism [25]. Usually, thrombocytopenia occurs 10 to 14 days after the onset of disease
symptoms [28]. It becomes a potential biomarker of negative prognosis in COVID-19
patients [29]. The most frequently mentioned pathophysiological mechanism is that
the SARS-CoV-2 virus causes hyperinflammation and hypercoagulability.

Risk factors for thrombocytopenia are older age, male, high APACHE II
score, neutropenia, lymphopenia, elevated CRP and low PaO 2 /FiO 2 ratio.
Thrombocytopenia can also be caused by a decrease in thrombopoietin (a regulator of
megakaryopoiesis and platelet production) following hepatocyte damage in SARS-
CoV-2 infection. In the bone marrow, viral infection of megakaryocytes can induce
apoptosis and reduce platelet maturation. However, several cases have been presented
in the medical literature showing that COVID-19 infection is associated with the
onset or recurrence of immune thrombocytopenia (ITP), characterized by isolated
thrombocytopenia, without any tendency to thrombosis [30]. Another possible
interpretation is that the formed antibodies and immune complexes can enhance the
removal of platelets in the circulation and that excessive activation of platelets can
cause their increased removal in spleen and liver. Some patients may develop con-
sumptive thrombocytopenia [30-32].
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2.6 Coagulopathy in COVID-19

Development of consumptive coagulopathy (a blood clotting disorder in which
coagulation factors and then platelets are consumed) is one of the most significant
indicators of a poor outcome in COVID-19. An analysis of patients with COVID-19
pneumonia showed that abnormal coagulation tests at hospital admission were
associated with a higher risk of death.

Here we have raised a real issue that requires additional efforts by doctors to
understand these processes, since in consumptive coagulopathy or disseminated
intravascular coagulation, there is simultaneously an increased risk of both hemor-
rhage and thrombosis, which is all associated with a high risk of fatal outcome in
patients [33].

2.7 Guidelines for thromboprophylaxis in COVID-19

Numerous international medical associations have published recommendations
on thromboprophylaxis for patients with COVID-19. Thus, the International Society
on Thrombosis and Hemostasis (ISTH) notes that all hospitalized COVID-19 patients
should receive medicinal thromboprophylaxis, the so-called low molecular weight
heparin, unless suffering contraindications (for example, active hemorrhage or low
platelet values - less than 25%109/L). Similar are the recommendations and guidelines
of the American Society of Hematology (ASH), CHEST and ACC (American College
of Cardiology) [34].

To highlight, if the patient is already on anticoagulant therapy for other reasons,
the patient can continue with the existing chronic therapy unless contraindicated due
to a change in the patient’ clinical status (for example, the inability to administer
drugs orally, developed an increased risk of hemorrhage, etc.). In such cases, the pref-
erence is to change the method of administration to low-molecular-weight heparin,
administered as a subcutaneous injection.

2.8 Mechanism of spontaneous hemorrhage in Covid 19 patients

Covid 19 patients can develop spontaneous hemorrhage, but the mechanism of its
occurrence has not yet been fully understood in all aspects. The most plausible expla-
nation is that it is most likely due to a cascade of possible reasons that individually or
combined cause the hemorrhage to occur. Coagulopathy, Cytokine storm, systematic
inflammation, low platelet count, endothelitis with endothelial dysfunction, almost
always accompanying cough associated with pneumonia with frequent changes in
intratocacal and intra-abdominal pressure are some of the most frequently men-
tioned reasons for the occurrence of spontaneous hemorrhage in Covid 19 patients.
Pronation maneuvers, treatment with anticoagulants, obesity, increased vascular
sensitivity determined by a pro-inflammatory state, barotrauma from C-PAP ventila-
tion, and cough with consequent increase in intra-abdominal pressure are among the
risk factors for hemorrhage in patients with COVID- 19.

2.9 Who are the patients at risk for spontaneous hemorrhage?

It is important to detect patients who are at absolute risk of hemorrhage and for
whom prescribed anticoagulant therapy may cause more harm than good. These are
patients with DIC, thrombocytopenia, or previous hemorrhage tendencies. Patients
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who are already being treated for intracranial and genitourinary hemorrhages,
epistaxis, and patients with tracheostomy should also be kept in mind.

2.10 Can we be more efficient in the detection and treatment of patients
susceptible to spontaneous hemorrhage

Due care is needed in the projections of possible benefit and harm in patients with
mild to moderate form of Covid 19 infection. Patients should be examined in the
broader context of the patient’s health.

It is imperative to detect patients at risk for hemorrhage by taking a very detailed his-
tory with detailed insight into the previous medical records of the patient with Covid 19.

Covid 19 can develop and manifest itself in several forms of illness (mild, medium
and severe) but also in several variants with predominant symptoms (respiratory,
gastrointestinal, neurological and other).

In a patient with Covid 19 with a moderate and severe form of infection, it is
essential to consider a personalized modulated therapy with low molecular weight
heparins, which will be optimized depending on the possible improvement or deterio-
ration of the patient’s general condition and health.

* Multidimensional assessment of the patient’s condition will include the analysis
of laboratory findings, blood count, renal parameters, inflammation parameters
and assessment of the patient’s general condition, especially in the period 10
to 14 days after hospitalization, as this is the time when the largest number of
spontaneous hemorrhage occurs.

Several points to bear in mind in case of Covid 19 infection.
* It may not be possible to establish adequate contact with the patient.

* Concerned family and other accompanying members may not give all but
only partial information about previous illnesses or if the patient is prone to
hemorrhage.

* The patient but also the patient’s family can be an important factor in obtaining
relevant data essential for treatment. In the case of mass and other forms of illness,
we need to simulate the most difficult scenarios and situations should be run.

Clinical situation in case.

The patient is in a very serious general condition on controlled mechanical ven-
tilation with a severe Covid 19 form. The patient has family living in another city or
country with no possibility of contact. It may be useful to reiterate:

If we already have a CT angio examination of a patient diagnosed with hemor-
rhage, clear information should be obtained on the following:

* Whether or not the patient is actively bleeding,

* Exact localisation, blood vessel, size of the bleed area, approximately calculated
possible amount of blood in the hematoma,

* Run a clinical and biochemical assessment of the patient’s condition,
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Whether active treatment is required in a patient who is hemodynamically unsta-
ble. Assessment of methods to stop hemorrhage.

* Interventional radiology — Surgery

Preference is given to interventional radiology due to better results, faster and more
effective targeted treatment of bleeding and faster overall recovery.

* In order to stratify and improve results and outcomes in treatment in a personal-
ized approach to patients, medical professionals should have all fully functional
and easily accessible IT tools at their disposal.

* Emerging diseases, unknown or partially known in their forms of manifestation,
will require genuine commitment but also great knowledge of doctors and other
medical workers in order to treat them successfully.

* The oft-repeated phrase of ‘Personalized Medicine’ will be in future tested in
reality to see to what extent can we independently manage these new diseases
that we have yet to become familiar with.

Speaking of spontaneous hemorrhage in narrow terms, the actual number of
small or hidden hemorrhages can only be speculated. This area will need to be further
defined. It is also important to say that there are several adopted revised protocols for
the medical treatment of Covid 19 patients. What is common to all these protocols is
the use of anticoagulants, which reduce the mortality rate.

3. Conclusion

Historical overview and analysis stand as a reminded that human population had
been exposed to numerous mass diseases, pandemics and temptations accounting for
hundreds of millions of lives. Some of these diseases have been largely eradicated, yet
some are still smoldering with the emergence of bran new, utterly unexplored and
fully undefined diseases.

More and more diseases noticeably originate from the same causative agents,
affecting the health of both humans and animals, as well as other species with which
we share the planet Earth.

Speaking of the Covid 19 pandemic, “we are still getting to know Covid 19
and the virus is getting to know the human population”. We have gained loads of
useful scientific knowledge about this disease, but the process is not fully final-
ized. In consideration of spontaneous hemorrhage as part of the Covid 19 infec-
tion, our activities should go along the lines how to improve the final outcomes
in the treatment of this complication. It is very important to answer the following
questions:

* How to prevent the possible hemorrhage.
* How to detect it timely and precisely.

* How to treat most adequately.
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Spontaneous hemorrhage can be prevented by a well-trained doctor after con-
ducting a solid interview, obtaining relevant anamnestic data and objectively inter-
preting the obtained laboratory findings. Mindful of all these elements gathered, a
polymorphic disease such as Covid 19 will require dedicated medical professionals,
personalized modulated therapy and optimized diagnostic and therapeutic treatment
especially in patients at risk of hemorrhage.

Early or timely detection of a patient suffering from hemorrhage as part of the
Covid 19 disease will be all the more complicated as it is most common in patients
with severe forms of this disease. Repeated clinical examinations, the search for
hidden areas of bleeding, more detailed monitoring of laboratory findings and the
hemodynamic state of the patient will be a guarantee of better results.
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Chapter 9

Posterior Segment Ocular Findings
in Critically 111 Patients with
COVID

Rosa Maria Romevo Castro, Gabriela Gonzdlez Cannata
and Ana Sdanchez Tlapalcoyoatl

Abstract

To describe ophthalmological fundoscopic findings in patients with COVID-19
admitted to the intensive care unit (ICU) of the largest third-level referral center
for COVID-19 in Mexico City. In this cross-sectional single-center study, consecutive
patients admitted to the ICU with a diagnosis of COVID-19 underwent fundus
examination with an indirect ophthalmoscope. Clinical photographs were taken using
a posterior-pole camera. We explored the association between ocular manifestations
and demographic characteristics, inflammatory markers, hemodynamic factors, and
comorbidities. Of 117 patients examined, 74 were male; the median age was 54 years
(range: 45-63 years). Forty-two patients had ophthalmological manifestations (uni-
lateral in 23 and bilateral in 19), and 10 of these patients had more than one ophthal-
mological manifestation. Ocular findings were papillitis (n = 13), cotton-wool spots
(n = 12), retinal hemorrhages (n = 5), retinal nerve fiber layer edema (n = 8), macular
whitening (n = 5), retinal vascular tortuosity (n = 4), papillophlebitis (n = 3), cen-
tral retinal vein occlusion (n = 1), and branch retinal vein occlusion (n = 1). Ocular
fundus manifestations were not associated with demographic characteristics, inflam-
matory markers, hemodynamic factors, or comorbidities. Over one-third of patients
with severe COVID-19 had ophthalmological manifestations. The most frequent
fundoscopic findings were optic nerve inflammation, microvasculature occlusion,
and major vascular occlusions. We recommend long-term follow-up to prevent
permanent ocular sequelae.

Keywords: chorioretinal vasculopathy, uveitis, retinal vein occlusion, optic neuritis,
acute retinal ischemia, SARS-CoV-2, Covid-19, PAMM

1. Introduction

The COVID-19 pandemic was declared on March 11, 2020, by the World Health
Organization (WHO). As is already known, the coronavirus belongs to the genus
Betacoronavirus and the family Coronaviridae [1, 2].

The coronavirus causes a severe acute respiratory syndrome (SARS), which was
responsible for the death of approximately 6,881,955 people worldwide, according to
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the Johns Hopkins University as of March 10, 2023 [3]. For the virus to enter human
cells, it uses the angiotensin-converting enzyme 2 (ACE2), which is expressed in the
lungs, heart, central nervous system (CNS), adrenal glands, and in the ocular globe.
The structures that have this enzyme include the cornea, conjunctiva, sclera, ciliary
body, retina, aqueous humor, vitreous humor, and iris [4, 5]. This explains the wide
range of clinical manifestations that can occur in COVID-19 infection.

It has been found that the cluster of differentiation 147 (CD147) is expressed in
the corneal and conjunctival epithelia and plays an important role in severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) infection [6], along with ACE2,
which has been identified in the Miiller cells of the retina, mainly in the inner nuclear
layer [7], as well as in endothelial cells. This is where the theory of SARS-CoV-2 entry
into the retina arises, which begins on the corneal and conjunctival surface and then
spreads hematogenously to reach the choroid plexus, leading to the breakdown of the
blood-retinal barrier mediated by CD147, facilitated by an inflammatory microenvi-
ronment [8-10].

The clinical findings of the anterior segment commonly described in COVID-19
infections occur in a range of 2-32% [11-13]. There are very few reports of posterior
segment manifestations in hospitalized patients. A review of the literature showed
amean age of 47.4 + 14.8 years [14], and ocular manifestations have been reported
in 36% [15] of patients in the Intensive Care Unit (ICU) within a range of 4-55 days
after the onset of the initial symptoms.

The exact role that SARS-CoV-2 plays in the retina during the infection is still not
known for certain. Studies have been conducted using immunohistochemical analy-
sis, where no RNA or spike protein was found in biopsies from deceased COVID-19
patients [16, 17]. On the other hand, Menuchin demonstrated in three-dimensional
(3D) retinal tissue cultures, referred to as retinal organoids, evidence that SARS-
CoV-2 can actively replicate in the retina [18].

2. Posterior segment ocular findings
2.1 Optic neuritis

The SARS-CoV induces neuronal death in the medullary respiratory center
through the upregulation of inflammatory markers or through direct autophagy. The
same hypothesis has been proposed for SARS-CoV-2, in which the virus infects a
peripheral neuron and travels retrograde to the brain via synaptic transport [19].

The most common ocular finding reported by Romero [15] was inflammation
of the optic nerve, including papillitis and papillophlebitis, in hospitalized patients.
The reason why ganglion cells and the optic nerve are affected by COVID infection
is explained by Menuchin’s study [18] with retinal organoids, which suggests that the
ganglion cell layer had a higher probability of being infected by SARS-CoV-2, up to
40%. It concluded that progenitor cells are less susceptible to infection than neurons.
However, the pathophysiology is still not clear and may be related to vascular dys-
function caused by hypercoagulability or a process similar to viral infection-induced
vasculitis in severely ill patients [20]. Neuro-ophthalmic manifestations in COVID-19
infection include optic neuritis, acute transverse myelitis, viral encephalitis, toxic
encephalopathy, leukoencephalopathy, and acute disseminated encephalomyelitis [21].

Optic neuritis is defined as an inflammatory demyelinating condition that causes
acute visual loss, generally monocular, and rarely binocular, very few cases of optic
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neuritis have been reported days after the onset of symptoms in patients with mild
disease. Mechanisms responsible for these neuro-ophthalmic manifestations have
been postulated, such as neurotropism and molecular mimicry, where viral antigens
trigger a host immune response directed toward central nervous system myelin pro-
teins [22, 23]. It can be associated with the spectrum of neuromyelitis optica, a disease
associated with myelin oligodendrocyte glycoprotein [23], or infectious disease.

The latter is more common in children, with common organisms being Mycoplasma
pneumoniae and viruses, including SARS-CoV-2 [24].

Oculomotor paralysis of cranial nerves III, IV, or VI and VII [24-26] can result
from direct viral infection or neurological complications, such as Guillain-Barré
syndrome, Miller Fisher syndrome [27], or acute disseminated encephalomyelitis,
and can occur in isolation or as polyneuropathies.

The prone position can cause anterior or posterior ischemic neuropathy, since this
position has been shown to increase intraocular pressure to more than 40 mmHg [28].
On the other hand, this position has shown improved survival in patients with acute
respiratory distress syndrome (ARDS) [29].

2.2 Retinal vascular occlusions
2.2.1 Central retinal vein occlusion (CRVO)

Central retinal vein occlusion (CRVO) is a common manifestation of the disease
when it comes to posterior segment abnormalities. This was reported by Fonollosa,
who found that 25 out of 35 patients presented with central retinal vein occlusion, and
in some cases, it occurred bilaterally. CRVO occurs more frequently in the acute stages
of COVID-19 infection, and it has been shown that it does not necessarily involve
thrombotic and occlusive lesions in other organs but can be limited to the retina [30].

The involvement of retinal vasculature in COVID-19 infection can be explained
by the state of hypercoagulability during the acute phase, leading to endothelial
damage [31].

CRVO is characterized by painless visual loss accompanied by intraretinal hemor-
rhages in a flame-shaped pattern across the retinal surface, unlike branch retinal
vein occlusion where hemorrhages are localized to the affected vessel’s course. Other
features may include cotton-wool spots and, in some cases, macular edema.

Risk factors associated with the development of CRVO include age over 50 years
(in 90% of cases), systemic arterial hypertension, diabetes mellitus, and hyperlip-
idemia [32, 33]. These risk factors also predispose individuals to severe COVID-19
infection. In a large cohort of patients with a history of COVID-19 and CRVO, 68%
of patients were under 40 years of age and had mild disease compared to the typical
age of presentation. However, 36% of them had cardiovascular risk factors, and the
procoagulant state during the acute phase of the disease increased the risk of ischemic
events in this cohort [32, 33].

2.2.2 Central retinal artery occlusion (CRAO)

Thrombotic events in COVID-19 infection have been reported in 39% of patients
[34]. Central retinal artery occlusion (CRAO) tends to develop frequently in patients
during the acute phase of COVID-19 infection. For example, Acharya [35] reported
the first case in a 60-year-old patient with acute respiratory distress syndrome,
who had comorbidities, such as hypertension, dyslipidemia, stable coronary artery
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disease, and chronic obstructive pulmonary disease (COPD). After being placed on
mechanical ventilation, the patient experienced sudden and painless vision loss, and
ophthalmological examination revealed a cherry-red spot with retinal whitening.
While hypercoagulability is a leading cause of ischemic alterations, it’s essential to
recognize that this patient had comorbidities that increased the risk of such an event.
Macular whitening has also been reported as a finding in the posterior segment
of hospitalized COVID-19 patients [15], likely due to cilioretinal artery hypoperfu-
sion, believed to be secondary to vascular dysfunction caused by elevated levels of
D-dimer, prothrombin, fibrinogen, partial thromboplastin time, and patient comor-
bidities such as hypertension and obesity.

2.3 Acute paracentral middle maculopathy (PAMM) and acute macular
neuroretinopathy (NMA)

Acute paracentral middle maculopathy (PAMM) and acute macular neuroretinopa-
thy (NMA) are caused by microvascular alterations in the deep retinal vessels [36-38].

Cases of concurrent NMA and PAMM with a COVID-19 diagnosis have been
reported. Castro [37] reviewed the literature on reported cases and noted that all
patients were under 55 years of age, predominantly female, without prior comorbidities,
and that these conditions occurred 1 month after the diagnosis of SARS-CoV-2 infection
as the sole systemic complication. These findings are significant because PAMM was pre-
viously known to predominantly occur in patients with cardiovascular risk factors [39].

A decrease in macular capillary density by 8% has been demonstrated in severe
COVID-19 patients, as well as a decrease in the density of intermediate and deep
retinal capillary plexuses in patients without previous comorbidities. There appears to
be a correlation between the severity of the disease and the decrease in retinal vessel
density [40].

2.4 Vascular alterations

The mechanism by which COVID-19 can affect retinal vasculature is still
unknown, but several theories have been proposed. The angiotensin-converting
enzyme 2 (ACE2) is believed to play a significant role in producing vasoconstriction,
triggering thrombogenicity by increasing platelet and leukocyte adhesion [41]. It has
been reported that COVID-19 infection can cause alterations in retinal microvascula-
ture up to 8.86 times more [42].

Ivernizzi [43] evaluated the diameter of retinal veins 30 days after the onset of
systemic symptoms and found that the diameter of both retinal veins and arteries was
increased compared to the control group. Furthermore, the diameter was even larger
in the more severe cases, leading to the conclusion that the dilation of retinal and
pulmonary vessels could be secondary to increased blood supply due to the inflam-
matory response and endothelial damage. This theory about endothelial damage is
supported by a study that observed decreased vessel density in the superficial capil-
lary plexus, deep capillary plexus, and choriocapillaris, along with an increase in the
foveal avascular zone, through optical coherence tomography (OCT) in a six-month
follow-up after COVID-19 infection [44].

The use of retinal lesions as a biomarker for assessing the extent of COVID-19%
impact on the brain has been proposed by de Figuereido [9]. This is based on theories
about the mechanism of SARS-CoV-2 entry into the eye and its proximity to the
central nervous system (Figure1).
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Figure 1.
Color fundus photograph showing tortuosity of vessels, hemorrhages in the temporal vascular arches and cottony
exudates in the inferior temporal vascular arch with macular edema.

2.5 Vasculitis

Kawasaki-like [45] manifestations have been reported in association with
COVID-19. The exact cause of this condition is still uncertain, but the most accepted
theory is an aberrant immune response to a pathogen in genetically predisposed
patients [46]. Endothelial cells can also be affected by COVID-19, leading to inflam-
mation, apoptosis, and dysfunction [47].

There have been investigations regarding coronaviruses within the coronavirus
family, such as the New Heaven virus identified in respiratory secretions of children
with Kawasaki disease [48]. However, this finding has been highly debated, because the
series of cases reported as Kawasaki-like has occurred in patients older than the usual
age, with respiratory and gastrointestinal involvement, as well as meningeal and cardio-
vascular signs [46]. These clinical manifestations have also been reported in COVID
patients, making it difficult to determine the exact etiology of these alterations.

Another form of vasculitis reported in the literature is seen in pediatric patients
with chilblains and areas of vasculitis. Although no other abnormalities were found
in these patients, vasculitis presentation is believed to be an autoimmune response
in COVID-19 patients, possibly triggered by interferon type 1 (IFN), leading to acral
skin lesions and vasculitis [49].

2.6 Retinal abnormalities

The exact route of SARS-CoV-2 infection to the retina is not known with certainty.
It could occur through hematogenous dissemination or via nerve fibers through the
optic nerve, potentially causing changes in the optic nerve and retina [21].
Cotton-wool spots have been reported in various series [15, 21, 50, 51] and
have been referred to as retinal microangiopathy associated with COVID-19 [52].
These cotton-wool spots are not exclusive to COVID-19, as they have been observed
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in conditions like hypertension, human immunodeficiency virus (HIV) retinopathy
[53], diabetic retinopathy [54], and giant cell arteritis [55]. Cotton-wool spots have
been proposed as an indicator of some acute vascular event [56] or as a biomarker
of systemic vascular disease [52]; however, imaging studies have not conclusively
identified whether these cotton-wool spots are secondary to patients’ comorbidities
or simply the result of the treatments used [51].

However, cotton-wool spots have not only been reported in patients with severe
illness. Landecho [52] and Pereira [56] observed these findings in asymptomatic
patients 43 days after the onset of the first symptoms. The location can vary, either
appearing on the surface of the retina or following the course of venous or arterial
vessels.

In a study of hospitalized patients, cotton-wool spots, retinal nerve fiber layer
edema, and retinal hemorrhages were the second most common ocular findings [15].
These findings are consistent with previous reports where flame hemorrhages were
seen in 22.2% and peripheral retinal hemorrhages in 11.1% of severe patients [56] and
support the hypothesis that the retinal tropism of SARS-CoV-2 is associated with the
disruption of the blood-retinal barrier [9].

Zago [57] and Costa [36] reported the presence of localized white-yellowish points
in the outer retina that were self-limiting and did not result in visual sequelae. Optical
coherence tomography (OCT) revealed hyporeflectivity in the pigment epithelium of
the retina and the ellipsoid layer, as well as a discontinuation of the outer segments of
photoreceptors. Notably, these findings were observed in patients who had recovered
from COVID-19 within an average time of 82 + 36.4 days after the onset of their initial
symptoms. Of this group, 51.5% had a severe disease course and 37.5% had a critical
illness.

2.7 Choroidal abnormalities

It has been suggested that the retina and the choroid could be key sites for
ocular infection due to the presence of angiotensin-converting enzyme, which
is expressed in both the choroid and the retina. Among the observed changes, a
decreased choroidal thickness has been reported in the subfoveal, temporal, and
nasal quadrants in recovered patients without anticoagulant or antiplatelet therapy
[58]. This is speculated to be linked to an exaggerated immune response during
the early stages of the disease, leading to an increase in choroidal thickness [59],
followed by a subsequent decrease due to endothelial damage, resulting in reduced
choroidal thickness [60].

Irregular, wall-less dark holes among choroidal vessels have been reported in 21%
of severe COVID-19 patients. These findings are similar to those seen in conditions
like geographic atrophy and pachychoroid. These holes may represent a new drain-
age pathway for choroidal vessels through the lymphatic system or spaces filled with
lipids that regulate the inflammatory process [61].

148



Posterior Segment Ocular Findings in Critically Ill Patients with COVID
DOI: http://dx.doi.org/10.5772/intechopen.1004050

Author details

Rosa Maria Romero Castro*, Gabriela Gonzdilez Cannata

and Ana Sinchez Tlapalcoyoatl

Infectious Diseases Research Center, National Autonomous University of México,
Toluca, Mexico

*Address all correspondence to: rromerocastro@yahoo.com

IntechOpen

© 2024 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

149



New COVID-19 Variants — Diagnosis and Management in the Post-Pandemic Eva

References

[1] Chilamakuri R, Agarwal S. COVID-19:
Characteristics and therapeutics. Cells
[Internet]. 2021;10(2):206. DOI: 10.3390/
cells10020206

[2] Sharma A, Ahmad Farouk I,

Lal SK. COVID-19: A review on the
novel coronavirus disease evolution,
transmission, detection, control

and prevention. Viruses [Internet].
2021;13(2):202. DOI: 10.3390/v13020202

[3] COVID-19 map [Internet]. Johns
Hopkins Coronavirus Resource Center.
Available from: https://coronavirusjhu.
edu/map.html [Accessed: October 3,
2023]

[4] Yaguchi S, Ogawa Y, Shimmura S,
Hatou S, Nakamura S, Inaba T, et al.
Presence and physiologic function
of the renin-angiotensin system in
mouse lacrimal gland. Investigative
Ophthalmology & Visual Science
[Internet]. 2012;53(9):5416.

DOI: 10.1167/i0vs.12-9891

[5] Senanayake PD, Drazba J, Shadrach K,
Milsted A, Rungger-Brandle E,
Nishiyama K, et al. Angiotensin II and its
receptor subtypes in the human retina.
Investigative Ophthalmology & Visual
Science [Internet]. 2007;48(7):3301-
3311. DOI: 10.1167/iovs.06-1024

[6] Hamashima K, Gautam P, Lau KA,
Khiong CW, Blenkinsop TA, Li H,

et al. Potential modes of COVID-19
transmission from human eye revealed

by single-cell atlas [internet]. bioRxiv.
2020. DOI: 10.1101/2020.05.09.085613

[7] Tikellis C, Johnston CI, Forbes JM,
Burns WC, Thomas MC, Lew RA,

et al. Identification of angiotensin
converting enzyme 2 in the rodent
retina. Current Eye Research

150

[Internet]. 2004;29(6):419-427.
DOI: 10.1080/0271368049051794 4

[8] Zhang Y, Stewart JM. Retinal and
choroidal manifestations of COVID-19.
Current Opinion in Ophthalmology
[Internet]. 2021;32(6):536-540.

DOI: 10.1097/icu.0000000000000801

[9] de Figueiredo CS, Raony I, Giestal-
de-Araujo E. SARS-CoV-2 targeting
the retina: Host—virus interaction and
possible mechanisms of viral tropism.
Ocular Immunology and Inflammation
[Internet]. 2020;28(8):1301-1304.
DOI: 10.1080/09273948.2020.1799037

[10] Varga Z, Flammer AJ, Steiger P,
Haberecker M, Andermatt R,
Zinkernagel AS, et al. Endothelial

cell infection and endotheliitis

in COVID-19. Lancet [Internet].
2020;395(10234):1417-1418.

DOI: 10.1016/S0140-6736(20)30937-5

[11] Ulhaq ZS, Soraya GV. The prevalence
of ophthalmic manifestations in
COVID-19 and the diagnostic value of
ocular tissue/fluid. Arbeitsphysiologie
[Internet]. 2020;258(6):1351-1352.

DOI: 10.1007/s00417-020-04695-8

[12] Zhou Y, Duan C, Zeng Y, Tong Y,
Nie Y, Yang Y, et al. Ocular findings
and proportion with conjunctival
SARS-COV-2 in COVID-19 patients.
Ophthalmology [Internet].
2020;127(7):982-983. DOI: 10.1016/j.
ophtha.2020.04.028

[13] Inomata T, Kitazawa K, Kuno T,
Sung J, Nakamura M, Iwagami M, etal.
Clinical and prodromal ocular symptoms
in coronavirus disease: A systematic
review and meta-analysis. Investigative
Ophthalmology & Visual Science
[Internet]. 2020;61(10):29. DOI: 10.1167/
iovs.61.10.29



Posterior Segment Ocular Findings in Critically Ill Patients with COVID

DOI: http://dx.doi.org/10.5772/intechopen.1004050

[14] Sen M, Honavar SG, Sharma N,
Sachdev MS. COVID-19 and eye: A
review of ophthalmic manifestations
of COVID-19. Indian Journal

of Ophthalmology [Internet].
2021;69(3):488-509. DOI: 10.4103/ijo.
1JO_297_21

[15] Romero-Castro RM, Ruiz-Cruz M,
Alvarado-de la Barrera C, Gonzdlez-
Cannata MG, Luna-Villalobos YA,
Garcia-Morales AK, et al. Posterior
segment ocular findings in critically ill
patients with covid-19. Retina [Internet].
2022;42(4):628-633. DOI: 10.1097/
iae.0000000000003457

[16] Casagrande M, Fitzek A, Spitzer M,
Puschel K, Glatzel M, Krasemann S, et al.
Detection of SARS-CoV-2 genomic and
subgenomic RNA in retina and optic
nerve of patients with COVID-19. British
Journal of Ophthalmology [Internet].
2022;106(9):1313-1317. DOI: 10.1136/
bjophthalmol-2020-318618

[17] Casagrande M, Fitzek A, Piischel K,
Aleshcheva G, Schultheiss H-P,
Berneking L, et al. Detection of SARS-
CoV-2 in human retinal biopsies of
deceased COVID-19 patients. Ocular
Immunology and Inflammation
[Internet]. 2020;28(5):721-725.

DOI: 10.1080/09273948.2020.1770301

[18] Menuchin-Lasowski Y, Schreiber A,
Lecanda A, Mecate-Zambrano A,
Brunotte L, Psathaki OE, et al.
SARS-CoV-2 infects and replicates in
photoreceptor and retinal ganglion cells
of human retinal organoids. Stem Cell
Reports [Internet]. 2022;17(4):789-803.
DOI: 10.1016/j.stemcr.2022.02.015

[19] Baig AM, Khaleeq A, Ali U,

Syeda H. Evidence of the COVID-

19 virus targeting the CNS: Tissue
distribution, host—virus interaction,
and proposed neurotropic mechanisms.
ACS Chemical Neuroscience [Internet].

151

2020;11(7):995-998. DOI: 10.1021/
acschemneuro.0c00122

[20] Tang N, Li D, Wang X, Sun Z.
Abnormal coagulation parameters

are associated with poor prognosis

in patients with novel coronavirus
pneumonia. Journal of Thrombosis and
Haemostasis [Internet]. 2020;18(4):844-
847. DOI: 10.1111/jth.14768

[21] Alomari SO, Abou-Mrad Z,

Bydon A. COVID-19 and the central
nervous system. Clinical Neurology

and Neurosurgery [Internet].
2020;198(106116):106116. DOI: 10.1016/j.
clineuro.2020.106116

[22] Sawalha K, Adeodokun S, Kamoga
G-R. COVID-19-induced acute
bilateral optic neuritis. Journal of
Investigative Medicine High Impact
Case Reports [Internet]. 2020;8.

DOI: 10.1177/2324709620976018

[23] Zhou S, Jones-Lopez EC,

Soneji DJ, Azevedo CJ, Patel VR.
Myelin oligodendrocyte glycoprotein
antibody-associated optic neuritis
and myelitis in COVID-19. Journal of
Neuro-Ophthalmology [Internet].
2020;40(3):398-402. DOI: 10.1097/
wno.0000000000001049

[24] Behera G, Gera P, Stephen M, Jose A,
Thabah MM, Wadwekar V. Bilateral
optic neuritis and facial palsy following
COVID-19 infection. Cureus [Internet].
2022;14(9):e28735. DOI: 10.7759/
cureus.28735

[25] Dinkin M, Gao V, Kahan J, Bobker S,
Simonetto M, Wechsler P, et al. COVID-
19 presenting with ophthalmoparesis
from cranial nerve palsy. Neurology
[Internet]. 2020;95(5):221-223.

DOI: 10.1212/wnl.0000000000009700

[26] Tonkal A, Alamri AA, AlMaghrabi §],
Mozahim NF, Mozahim SF, Alsubaie SA,



New COVID-19 Variants — Diagnosis and Management in the Post-Pandemic Eva

etal. Cranial nerve impairment
associated with COVID-19 infections:
A systematic review. Cureus [Internet].
2022;14(11):e31997. DOI: 10.7759/
cureus.31997

[27] Gutiérrez-Ortiz C, Méndez-
Guerrero A, Rodrigo-Rey S, San
Pedro-Murillo E, Bermejo-Guerrero L,
Gordo-Manas R, et al. Miller fisher
syndrome and polyneuritis cranialis
in COVID-19. Neurology [Internet].
2020;95(5):e601-e605. DOI: 10.1212/
wnl.0000000000009619

[28] Mao L, Jin H, Wang M, Hu Y, Chen S,
He Q, et al. Neurologic manifestations

of hospitalized patients with coronavirus
disease 2019 in Wuhan, China. JAMA
Neurology [Internet]. 2020;77(6):683.
DOI: 10.1001/jamaneurol.2020.1127

[29] Kharat A, Simon M, Guérin C.
Prone position in COVID 19-associated
acute respiratory failure. Current
Opinion in Critical Care [Internet].
2022;28(1):57-65. DOI: 10.1097/
mcc.0000000000000900

[30] Fonollosa A, Hernandez-Rodriguez J,
Cuadros C, Giralt L, Sacristan C,

Artaraz J, et al. Characterizing covid-
19-related retinal vascular occlusions: A
case series and review of the literature.
Retina [Internet]. 2022;42(3):465-475.
DOI: 10.1097/iae.0000000000003327

[31] Voicu S, Ketfi C, Stépanian A,
Chousterman BG, Mohamedi N,

Siguret V, et al. Pathophysiological
processes underlying the high prevalence
of deep vein thrombosis in critically

ill COVID-19 patients. Frontiers in
Physiology [Internet]. 2020;11:608788.
DOI: 10.3389/fphys.2020.608788

[32] Klein R. The 15-year cumulative
incidence of retinal vein occlusion:
The beaver dam eye study. Archives
of Ophthalmology [Internet].

152

2008;126(4):513. DOI: 10.1001/
archopht.126.4.513

[33] O’Mahoney PRA, Wong DT, Ray JG.
Retinal vein occlusion and traditional
risk factors for atherosclerosis.

Archives of Ophthalmology [Internet].
2008;126(5):692-699. DOI: 10.1001/
archopht.126.5.692

[34] Sanjay S, Srinivasan P, Jayadev C,
Mahendradas P, Gupta A, Kawali A,

et al. Post COVID-19 ophthalmic
manifestations in an Asian Indian male.
Ocular Immunology and Inflammation
[Internet]. 2021;29(4):656-661.

DOI: 10.1080/09273948.2020.1870147

[35] Acharya S, Diamond M, Anwar S,
Glaser A, Tyagi P. Unique case of central
retinal artery occlusion secondary to
COVID-19 disease. IDCases [Internet].
2020;21(e00867):e00867. DOI: 10.1016/j.
idcr.2020.e00867

[36] Costa IF, Bonificio LP, Bellissimo-
Rodrigues F, Rocha EM, Jorge R,

Bollela VR, et al. Ocular findings among
patients surviving COVID-19. Scientific
Reports [Internet]. 2021;11(1):11085.
DOI: 10.1038/s41598-021-90482-2

[37] Castro CS, Ferreira AS, Silva NP,
Lume MR, Furtado MJ. Paracentral acute
middle maculopathy after COVID-19
disease: Multimodal evaluation. Retinal
Cases and Brief Reports [Internet].
2022;17(6):791-796. DOI: 10.1097/
icb.0000000000001301

[38] Virgo J, Mohamed M. Paracentral
acute middle maculopathy and acute
macular neuroretinopathy following
SARS-CoV-2 infection. Eye [Internet].
2020;34(12):2352-2353. DOI: 10.1038/
s41433-020-1069-8

[39] Rahimy E, Kuehlewein L, Sadda SR,
Sarraf D. Paracentral acute middle
maculopathy: What we knew then and



Posterior Segment Ocular Findings in Critically Ill Patients with COVID

DOI: http://dx.doi.org/10.5772/intechopen.1004050

what we know now. Retina [Internet].
2015;35(10):1921-1930. DOI: 10.1097/
IAE.0000000000000785

[40] Kalaw FGP, Warter A, Cavichini M,
Knight D, Li A, Deussen D, et al.
Retinal tissue and microvasculature
loss in COVID-19 infection. Scientific
Reports [Internet]. 2023;13(1):5100.
DOI: 10.1038/s41598-023-31835-x

[41] Verdecchia P, Cavallini C,
Spanevello A, Angeli F. COVID-
19: ACE2centric infective

disease? Hypertension [Internet].
2020;76(2):294-299. DOI: 10.1161/
HYPERTENSIONAHA .120.15353

[42] Teo KYC, Invernizzi A, Staurenghi G,

Cheung CMG. COVID-19-related retinal
micro-vasculopathy - A review of
current evidence. American Journal of
Ophthalmology [Internet]. 2022;235:98-
110. DOI: 10.1016/j.2j0.2021.09.019

[43] Invernizzi A, Torre A, Parrulli S,
Zicarelli F, Schiuma M, Colombo V,
et al. Retinal findings in patients with

COVID-19: Results from the SERPICO-19

study. EClinicalMedicine [Internet].
2020;27(100550):100550. DOI: 10.1016/j.
eclinm.2020.100550

[44] Kal M, Winiarczyk M, Zarebska-
Michaluk D, Odrobina D, Cie$la E,
Platkowska-Adamska B, et al. Long-term
effect of SARS-CoV-2 infection on the
retinal and choroidal microvasculature.
Journal of Clinical Medicine [Internet].
2023;12(7):2528. DOI: 10.3390/
jem12072528

[45] Verdoni L, Mazza A, Gervasoni A,
Martelli L, Ruggeri M, Ciuffreda M,
etal. An outbreak of severe Kawasaki-
like disease at the Italian epicentre

of the SARS-CoV-2 epidemic: An
observational cohort study. Lancet
[Internet]. 2020;395(10239):1771-1778.
DOI: 10.1016/s0140-6736(20)31103-x

153

[46] Becker RC. COVID-19 update:
Covid-19-associated coagulopathy.
Journal of Thrombosis and Thrombolysis
[Internet]. 2020;50(1):54-67.

DOI: 10.1007/s11239-020-02134-3

[47] Shulman ST, Rowley AH. Kawasaki
disease: Insights into pathogenesis

and approaches to treatment. Nature
Reviews Rheumatology [Internet].
2015;11(8):475-482. DOI: 10.1038/
nrrheum.2015.54

(48] Esper F, Shapiro ED, Weibel C,
Ferguson D, Landry ML, Kahn JS.
Association between a novel human
coronavirus and Kawasaki disease.
The Journal of Infectious Diseases
[Internet]. 2005;191(4):499-502.
DOI: 10.1086/428291

[49] Quintana-Castanedo L, Feito-
Rodriguez M, Fernandez-Alcalde C,
Granados-Ferndndez M, Montero-
Vega D, Mayor-Ibarguren A, etal.
Concurrent chilblains and retinal
vasculitis in a child with COVID-19.
Journal of the European Academy
of Dermatology and Venereology
[Internet]. 2020;34(12):e764-e766.
DOI: 10.1111/jdv.16801

[50] Sanjay S, Agrawal S, Jayadev C,
Kawali A, Gowda PB, Shetty R, etal.
Posterior segment manifestations and
imaging features post-COVID-19.
Medical Hypothesis, Discovery &
Innovation in Ophthalmology [Internet].
2021;10(3):95-106. DOI: 10.51329/
mehdiophthal1427

[51] Chan AX, Ritter M, Bakhoum MF.
Bilateral cotton wool spots after
ambulatory COVID-19. International
Journal of Infectious Diseases [Internet].
2021;105:414-415. DOI: 10.1016/j.
ijid.2021.02.119

[52] Landecho MF, Yuste JR, Gdndara E,
Sunsundegui P, Quiroga J, Alcaide AB,



New COVID-19 Variants — Diagnosis and Management in the Post-Pandemic Eva

etal. COVID-19 retinal microangiopathy
as an in vivo biomarker of systemic
vascular disease? Journal of Internal
Medicine [Internet]. 2021;289(1):
116-120. DOI: 10.1111/joim.13156

[53] Jaworski C. Morphology of the
HIV versus the diabetic cotton wool
spot. Optometry and Vision Science
[Internet]. 2000;77(11):600-604.
DOI: 10.1097/00006324-200011000-
00010

[54] Akram MU, Akbar S, Hassan T,
Khawaja SG, Yasin U, Basit I.

Data on fundus images for vessels
segmentation, detection of hypertensive
retinopathy, diabetic retinopathy and
papilledema. Data Brief [Internet].
2020;29(105282):105282. DOI: 10.1016/j.
dib.2020.105282

[55] Rai AS, Freund P, Margolin EA,
Micieli JA. Numerous cotton wool
spots from giant cell arteritis. Journal
of Clinical Rheumatology [Internet].
2020;26(5):e124. DOI: 10.1097/
RHU.0000000000000995

[56] Pereira LA, Soares LCM,
Nascimento PA, Cirillo LRN,

Sakuma HT, Veiga GL da, et al. Retinal
findings in hospitalised patients with
severe COVID-19. British Journal

of Ophthalmology [Internet].
2022;106(1):102-105. DOI: 10.1136/
bjophthalmol-2020-317576

[57] Zago Filho LA, Lima LH,

Melo GB, Zett C, Farah ME. Vitritis
and outer retinal abnormalities in

a patient with COVID-19. Ocular
Immunology and Inflammation
[Internet]. 2020;28(8):1298-1300.
DOI: 10.1080/09273948.2020.1821898

(58] Hepokur M, Gunes M, Durmus E,
Aykut V, Esen F, Oguz H. Long-

term follow-up of choroidal changes
following COVID-19 infection:

154

Analysis of choroidal thickness and
choroidal vascularity index. Canadian
Journal of Ophthalmology [Internet].
2023;58(1):59-65. DOI: 10.1016/j.
jcjo.2021.06.020

[59] Bayram N, Gundogan M,

Ozsaygili C, Adelman RA. Posterior
ocular structural and vascular
alterations in severe COVID-19
patients. Arbeitsphysiologie [Internet].
2022;260(3):993-1004. DOI: 10.1007/
s00417-021-05420-9

[60] Barig Ijger M, Cevher S. How does
Covid-19 affect the choroidal structures
at the early post-infectious period?
Journal Francais D Ophtalmologie
[Internet]. 2023;46(2):106-113.

DOI: 10.1016/jjf0.2022.08.003

[61] Abdelmassih Y, Azar G, Bonnin S,
Scemama Timsit C, Vasseur V,

Spaide RF, et al. COVID-19 associated
choroidopathy. Journal of Clinical
Medicine [Internet]. 2021;10(20):4686.
DOI: 10.3390/jcm10204686



Chapter 10

Managing COVID-19 Variants:
Mapping Data from the
International Clinical Trials
Registry Platform

Duduzile Ndwandwe, Musawenkosi Ndlovu, Asanda Mayeye,
Nomahlubi Luphondo, Ndivhuwo Muvhulawa, Yonela Ntamo,
Phiwayinkosi V. Dludla and Charles Shey Wiysonge

Abstract

The COVID-19 pandemic has presented an ongoing global challenge, marked by the
emergence of multiple SARS-CoV-2 variants. Effective management of these variants
necessitates a comprehensive understanding of their clinical impact and the development
of targeted interventions. This study explores the landscape of clinical trials giving a
better understanding of the COVID-19 variants registered on the International Clinical
Trials Registry Platform (ICTRP). Leveraging data from the ICTRP, we conducted an
extensive mapping to assess basic characteristic features of registered clinical trials, while
also giving an overview of currently used therapeutics, vaccines, and diagnostic tools
specifically tailored to combat SARS-CoV-2 variants. Our analysis also provides valu-
able insights into the geographical distribution, trial design, and therapeutic modalities
targeted at these variants. By synthesizing and visualizing this data, we aim to facilitate
global collaboration, resource allocation, and evidence-based decision-making in the
ongoing fight against COVID-19 variants. This chapter underscores the significance of
the ITCRP registry for understanding the evolving pandemic landscape and highlights
the ongoing efforts to confront the challenges posed by SARS-CoV-2 variants. The
chapter also highlights essential considerations relevant to the management of COVID-19
variants in low- and middle-income countries with limited health infrastructure.

Keywords: COVID-19 pandemic, SARS-CoV-2 variants, clinical impact, targeted
interventions, clinical trials

1. Introduction

The global COVID-19 pandemic began in late 2019, where it suddenly propelled
the scientific community to come up with solutions to unravel the mysteries of the
SARS-CoV-2 virus [1]. Until this day, the COVID-19 pandemic continues to challenge
humanity in unprecedented ways, driving a need to develop effective vaccines and
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treatments to combat the virus [2, 3]. The prime example is the redefining feature of
long COVID, which occurs more often in people who had severe COVID-19 illness
[4]. In fact, it has become essential to understand the dynamic nature of SARS-CoV-2
variants as part of an ongoing battle against this virus. This includes exploring the
genetic changes that underpin the ever-evolving world of SARS-CoV-2 variants,
potentially contributing to the course of the pandemic [1].

The COVID-19 pandemic has witnessed the emergence of several distinct SARS-
CoV-2 variants, each characterized by unique genetic mutations [5]. Some of the
most notable variants include the Alpha variant (B.1.1.7), initially identified in the
United Kingdom, and known for its significantly rapid infectious rate [6]. This
variant quickly spread to numerous countries, leading to concerns about its potential
to drive surges in cases [6]. Following closely behind was the Beta variant (B.1.351),
first discovered in South Africa [7]. This variant raised considerable alarm within the
scientific community due to mutations in the spike protein that appeared to reduce
the effectiveness of certain vaccines [5, 7]. The Gamma variant (P.1), also originating
in Brazil, shared genetic similarities with the Beta variant [8]. Researchers noted that
both variants had mutations in common, particularly within the spike protein. In late
2021, the Delta variant (B.1.617.2) emerged as a dominant force among the COVID-19
variants [8, 9]. Originating in India, Delta exhibited unprecedented transmissibility,
leading to rapid and widespread infections. By now high-quality sequences of Delta
(B.1.617.2) and Delta Plus (AY.1 or B.1.617.2.1) variants have been used to uncover
the prevalence of mutations in the entire SARS-CoV-2 genome [10]. Lastly, the
Omicron variant (B.1.1.529) surfaced, characterized by an unusually high number of
genetic mutations, particularly in the spike protein [11]. Omicron’s emergence raised
concerns about its potential to evade immunity generated by previous infections or
vaccinations [11]. The appearance of Omicron underscored the need for ongoing
vigilance and adaptability in the fight against COVID-19 and its evolving variants,
especially during the fourth wave of the pandemic [5, 12].

The past few years have seen extensive research being undertaken to understand
their behavior, impact on disease severity, vaccine resistance potential, as well as rel-
evant implications for diagnostics and treatments [5, 8, 12]. Thus, it become impor-
tant to monitor and study these variants as part of the ongoing efforts to combat
the evolving COVID-19 pandemic. While much work has focused on the short-term
effects of COVID-19 variants, a significant research gap lies in comprehending the
long-term consequences of variant exposure on immunity [13-16]. These studies have
shown that different variants exhibit varying degrees of immune escape, potentially
impacting the effectiveness of vaccines and natural immunity [13-16]. However,
there is limited data on how these variants may influence the duration and strength of
immunity against subsequent infections or the longevity of vaccine-induced protec-
tion. Thus, there is a need to continuously reinforce efforts our understanding the
durability of immunity in individuals exposed to different variants, including reinfec-
tion rates, and vaccine breakthrough cases remains crucial for informing vaccination
strategies, booster campaigns, and long-term pandemic management [17-23]. This
will surely enhance the capacity ability to adapt our public health measures and vac-
cination approaches effectively as the virus continues to evolve.

This chapter seeks to contribute to the collective knowledge to effectively monitor-
ing the evolution of viral variants and their potential impact on public health. The
International Clinical Trials Registry Platform (ICTRP) holds immense significance
in the field of medical research and healthcare. It serves as a global repository for
clinical trial registrations, fostering transparency, accountability, and accessibility of
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crucial research endeavors [24]. By providing a centralized platform for researchers
to register their trials, ICTRP ensures that valuable data on clinical trials are publicly
available, enabling fellow scientists, healthcare professionals, and policymakers to
access comprehensive information. This transparency not only promotes ethical
research practices but also facilitates collaboration and the sharing of critical find-
ings, eventually advancing medical knowledge and improving patient care worldwide
[24]. In the context of public health crises like the COVID-19 pandemic, ICTRP’s

role in disseminating vital trial information is even more pronounced, allowing for
informed decision-making and the rapid development of life-saving interventions. In
this cross-sectional survey of the ICTRP database, we report on the trends in the clini-
cal trials registered on COVID-19 variants, including relevant data on clinical trials
reporting on the Alpha, Beta, Delta, Gamma, and Omicron variants. The chapter also
highlights essential considerations relevant to the management of COVID-19 variants
in low- and middle-income countries with limited health infrastructure.

2. Methodology
2.1 Source and data description

This was a comprehensive analysis of the trends in clinical trials registered
with the ICTRP (https://wwwwho.int/clinical-trials-registry-platform) [24]. This
platform collects clinical data from registries across the globe, in the process becom-
ing a one-stop portal to access clinical trial records. The study employed the World
Health Organization (WHO) classification of a clinical trial: ‘any research study
that prospectively assigns human participants or groups of humans to one or more
health-related interventions to evaluate the effects on health outcomes’ [25, 26].
An advanced search function of ICTRP was used to identify relevant clinical trials,
registered on 20 August 2023.

2.2 An approach for data analysis and management

An independent researcher (M.N.) made use of the world WHO-ICTRP portal
to download relevant data on the 20th of August 2023. During this process, data
was exported into an Excel spreadsheet before other researchers (N.M. and PV.D.)
performed quality checks. For each record, some of the critical data items collected
included the trial registry source, date of registration, recruitment status, retrospec-
tive flag, gender, trial phases, and intervention model. Additional information col-
lected were the biomarkers, symptoms, recovery time, imaging findings, viral load,
immune response, psychology, and other measures corresponding to each COVID-19
variant. Collected data items allowed for a comprehensive analysis of trends and pat-
terns across COVID-19 variants within an Excel spreadsheet.

3. Characteristics for included clinical trials

3.1 Study selection

This section reports on clinical trials conducted on the five COVID-19 variants,
including the Alpha, Beta, Delta, Gamma, and Omicron. Data was retrieved per
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428 trials extracted from the
ICTRP database (search
conducted on 26 June 2023)

8 studies excluded
Reason: duplicates
By trial ID: n=2
By public title: n=6

420 studies

2 studies excluded
> Reason: Not interventional
studies

418 Studies eligible for analysis

Figure 1.

Flowchart illustrating the process of clinical trials (n = 418) on the five COVID-19 variants, including the alpha,
Beta, Delta, gamma, and omicron. Data was retrieved per individual variant from the international clinical
trials vegistry platform on the 20th of august 2023.

individual variant from the WHO-ICTRP. Initially, the dataset included 428 studies.
However, a total of 8 duplicated studies were removed, of those, 2 were eliminated
due to sharing the same trial ID, while 6 were excluded for having identical titles.
Additionally, 2 studies were removed as they did not meet the inclusion criteria or did
not give sufficient information on COVID-19 variants. Overall, 10 studies were elimi-
nated, leaving a total of 418 studies for further analysis (Figure 1). These 418 studies
have been registered since 1999 to 2023 (Figure 1). During the year 1999 to 2004,
there were very few studies registered. The lowest being in 2001 with no registered
studies. Notably, the most significant changes occurred after 2020, where the highest
reported studies were seen between 2021 and 2022.

3.2 Data on the diverse clinical trial registry sources

The WHO clearly states that access to the ICTRP is necessary to safeguard a com-
plete view of research to those involved in healthcare decision making [27]. This will
surely improve research transparency and will eventually reinforce the validity and
value of the scientific evidence base [27]. The ICTRP registry pools together or gives
access to data from different clinical trial registries. In terms of the COIVD-19 vari-
ants, the combined data pooled from the clinical trials shows that the Alpha (n = 104)
variant had the highest number of records, followed by Beta (n = 93), Delta (n = 37),
Gamma (n = 68), and Omicron (n = 116) (Table 1). The ClinicalTrials.gov remains the
predominant source of accessing data for clinical trials on COVID-19 variants, includ-
ing the Alpha, Beta, Delta, Gamma, and Omicron (Table 1). The next registry is the
Iranian Registry of Clinical Trials (IRCT), followed by the Clinical Trials Registry- India
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Trial Variants
characteristic Alpha(n =104), Beta(n =93) Delta(n =37) Gamma(n = 68) Omicron(n =116)
n (%) n (%) n (%) n (%) n (%)
Trial registry source
ANZCTR 8, (769) N/A 1, (2.70) 3, (441) 2, (1.72)
ChiCTR 11, (10.58) 1, (1.08) 6, (16.22) N/A 36, (31.03)
ClinicalTrials. 28, (26.92) 39, (41.93) 18, (48.65) 21, (30.88) 56, (48.28)
gov
CTRI 12, (11.53) 5, (5.38) 2, (541) 14, (20.59) 5, (4.31)
DRKS 3, (2.88) 1, (1.08) N/A 6, (8.82) 1, (0.86)
ISRCTN 9, (8.65) 4, (4.30) 1, (2.70) 4, (5.88) 3, (2.59)
PACTR 1, (0.96) 1, (1.08) 1, (2.70) N/A 1, (0.86)
TCTR 1, (0.96) 1, (1.08) 3,(811) N/A 2,(1.72)
IRCT 16, (15.38) 29, (31.18) N/A 7,(10.29) 1, (0.86)
RPCEC 6, (5.77) N/A N/A N/A 1, (0.86)
ITMCTR N/A N/A 4, (10.81) N/A 8, (6.90)
REPEC N/A 1, (1.08) N/A N/A N/A
SLCTR 1, (0.96) N/A N/A N/A N/A
EU-CTR 5, (4.81) 9, (9.68) 1, (2.70) 8, (11.76) N/A
JPRN N/A 1, (1.08) N/A 1, (147) N/A
REBEC 2,(1.92) N/A N/A N/A N/A
LTR N/A N/A N/A 3,(441) N/A
Date of registration
2019 N/A N/A N/A 1, (1.47) N/A
2020 60, (57.69) 56, (60.22) 1, (2.70) 25, (36.76) 1, (0.86)
2021 24, (23.08) 17, (18.28) 13, (35.14) 24, (35.29) 2,(1.72)
2022 16, (15, 38) 18, (19.35) 20, (54.05) 15, (22.06) 88, (75.86)
2023 4, (3.85) 2, (2.15) 3,(811) 3, (441) 25, (21.55)
Recruitment status
Recruiting 34, (32.69) 32, (34.41) 13, (35.14) 22, (32.35) 48, (41.38)
Not recruiting 68, (65.38) 55, (59.14) 23, (62.16) 39, (57.35) 67, (57.76)
Authorized 2,(1.92) N/A N/A 7, (10.29) N/A
Not specified N/A 6, (6.45) 1, (2.70) N/A 1, (0.86)
Retrospective flag
Yes 76, (73.08) 64, (68.82) 25, (67.57) 52, (76.47) 84, (72.41)
No 28, (26.92) 29, (31.13) 12, (32.43) 16, (23.53) 32, (27.59)
Gender
Both gender 86, (82.69) 82, (92.47) 35, (94.59) 52, (76.47) 111, (95.69)
Female 1, (0.96) 1, (1.08) N/A 1, (147) N/A
Male 1, (0.96) N/A N/A N/A N/A
Not specified N/A 6, (6.45) 2, (541) 15, (22.06) 5, (4.31)
Trial phases
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Trial Variants

characteristic Alpha(n =104), Beta(n =93) Delta(n = 37) Gamma(n = 68) Omicron(n =116)
n (%) n (%) n (%) n (%) n (%)

Phasel 6, (5.77) 4, (4.17) N/A 5, (7.81) 8, (6.90)

Phase I 24, (23.08) 24, (25) 11, (29, 80) 11, (17.19) 14, (12.07)

Phase III 19, (18,27) 36, (375) 7, (18.92) 11, (1719) 15, (12.93)

Phase IV 10, (9.62) 5, (521 N/A 3, (4.69) 6, (5.17)

Phase [-11 5, (4.81) 1, (1.04) N/A 1, (56) 2,(1.72)

Phase II-111 5, (4.81) 9, (9.38) N/A 2, (3.13) 4, (345)

Phase III-IV 1, (0.96) N/A N/A N/A 1, (0.86)

Not applicable 24, (23.08) 12, (12.50) N/A 17, (26, 56) 31, (26.72)

Intervention Model

Cross-over 5, (4.81) 9, (9.67) 1, (2.70) 2, (2.94) 2,(3)

assignment

Factorial 1, (0.96) 1, (1.08) 1, (2.70) N/A 1, (1)

assignment

Parallel 65, (62.5) 74, (79.57) 22, (59.46) 38, (55.88) 54, (76)

assignment

Sequential 1, (0.96) 2, (2.15) 1, (2.70) 1, (147) 2,(3)

assignment

Single group 4, (3.85) 1, (1.08) 1, (2.70) 1, (1.47) 4, (5)

assignment

Other 2, (1.92) 3,(3.22) 5, (13.51) 15, (22.06) 4, (6)

None (open 20, (19.23) 3,(3.22) 6, (16.22) 1, (147 4, (6)

labeled)

ChiCTR, Chinese Clinical Trial Registry; CTRI, Clinical Trials Registry-India; IRCT, Iranian Registry of Clinical
Trials; ISRCTN, International Standard Randomized Controlled Trial Number; ITMCTR, International Traditional
Medicine Clinical Trial Registry; TCTR, Thai Clinical Trials Registry, RPCEC, Cuban Public Registry of Clinical
Trials; PACTR, Pan African Clinical Trials Registry; ANZCTR, Australian New Zealand Clinical Trials Registry;
DRKS, German Clinical Trials Register; SLCTR, Sri Lanka Clinical Trials Registry, REPEC, The Peruvian Clinical
Trials Registry; LTR, Dutch Trial Registry. CAM- Complementary and Alternative Medicine.

Table1.
Characteristics of the clinical trials vegisteved for the five COVID-19 variants (alpha, Beta, Delta, gamma, and
omicron).

(CTRI), International Standard Randomized Controlled Trial Number (ISRCTN),
EU Clinical Trials Register, Chinese Clinical Trial Registry (ChiCTR), Australian New
Zealand Clinical Trials Registry (ANZCTR), and German Clinical Trials Register
(DRKS), respectively (Table 1). However, very limited data and even records are
missing for the other clinical trial registries, including the Pan-African Clinical Trials
Registry (PANCTR), Thai Clinical Trials Registry (TCTR), and others (Table 1).

3.3 Data on the clinical trial registration and recruitment status

Table 1 results also showed a year-dependent registration of clinical trials on
different COVID-19 variants, starting from 2019 to 2023. As expected, before the first
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outbreak was reported towards the end of 2019 [28], limited or no information was
available on the recorded clinical trials on all COVID-19 variants (Table 1). In fact, it
was only in 2020 that much of the clinical trials were recorded for both the Alpha (n
= 60), and Beta (n = 56) variants, because they were the first variants to emerge. The
years 2021 to 2022 recorded a steady registration of clinical trials across all COVID-19
variants (Table 1). However, more clinical trials were registered for the Omicron
variant (75%) by the year 2022 (Table 1) since it first emerged and became the most
transmissible variant towards the end of 2022 [29]. By the year 2023, the registered
trials fell significantly across the years, although the Omicron (21%) variant still
showed a higher number of registered clinical trials compared to the Alpha (3%),
Beta (2%), and Delta (8%) (Table 1). There was a decline in trial recruitment status
for all COVID-19 variants, based on the progressing years, especially lower for the
years 2023 (Table1).

3.4 Data on the gender and type of clinical trial

Table 1 also gives information on the gender of participants included within these
clinical trials and was evenly distributed across both males and females. Only a few
clinical trials included males or females only. In terms of trial phases, most records
showed predominant allocation to phase II and phase III, across all COVID-19 vari-
ants (Table 1). Meaning these clinical trials were likely to be conducted to uncover the
safety and efficacy of interventions or vaccines [30]. Interestingly, it was also appar-
ent that a few records did not specify the type of phase of other clinical trial, includ-
ing the Alpha (23%), Beta (12%), Gamma (26%), and the Omicron (26%) variants
(Table 1). Moreover, for each category, retrospective flag scored above 60% for the
Alpha, Beta, and the Omicron variants (Table 1).

3.5 Data on different interventions for COVID-19 variants

Table 2 also gives information on the different interventions or approaches that
have been used for each of the COVID-19 variants, including pharmacotherapy,
vaccine therapy, complementary and alternative medicine, and educational therapy.
Other interventions included diagnostic (devices), behavior, and dietary supple-
ments. The intervention model was mostly parallel across all COVID-19 variants
(Table 2), where the clinical study likely involved two or more groups of participants
receiving different interventions [31]. Indeed, more than 50% of clinical trials regis-
tered for the Alpha, Beta, and Gamma variants focused on pharmacotherapy inter-
vention either as mono or combination therapy (Table 2). The most common agents
studied in the registered clinical trials include Lopinavir/Ritonavir, Dexamethasone,
and Ribavirin. Vaccine therapy was also among the most studied interventions, for
the Alpha (19%), Beta (19%), Delta (22%), Gamma (15%), and Omicron (45%)
variants (Table 2). Notably, Sinocelltech (SCTV01 E&C), mRNA 1273, Comirnaty,
and BNT162b2 were among the most common vaccines used for the registered trials.
The complementary and alternative medicine investigated against the five COVID-
19 encompasses mostly Chinese medicine such as Ayurveda and Lianhua Qingwen
(Table 2). Other interventions, including those simply educational scored less in
terms of clinical trials registry (Table 2).
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Intervention Example Alpha Beta (%) Delta (%) Gamma Omicron
type (%) (%) (%)
Pharmacotherapy ~ Lopinavir/ 54, (51.92) 60, (64.52) 2,(541) 38, (55.88) 6, (6.12)

Ritonavir, Remsdivir,
Interferon beta-1a,
Interferon beta-1p,
IFN-G, Mozobil,
Paxlovid, Ribavirin,
Dexamethasone,
Anakinra

CAM Ayuderva, Herbal 4, (3.84) 4, (4.30) 6, (16.22) N/A 15, (15.31)
medicine*,
Lianhua Qingwen,
JieJiXuanFeiChuYi
Granule

Vaccine therapy SCTVO1E &C, 19, (18.27) 19, (2043) 22,(5946) 15,(22.06) 45, (45.92)
mRNA-1273,
BNT162b2, Comirnaty,
Sinopharm, RBD-
based ARVAC-CG,
NVX-CoV2373

Education Yoga modules, Mental 4, (3.84) 1, (1.08)) N/A N/A N/A
health knowledge,
psychological lessons.

Others Dietary supplements, 16, (15.09) 9, (6.68) 2, (5.41) 15, (22.06) 12, (12.24)
Diagnostic, Behavioral,
Nitric oxide gas

None N/A N/A 5 (1351) N/A 20, (20.41)

*Different herbs; mRNA vaccine (mRNA-1273), Sinocelltech (SCTVO01), Interferon beta-1a (SNG001),
Complementary and alternative medicine (CAM), Interferon-gamma human recombinant (IFN-G), NVX-CoV-
Novavax COVID-19 (NVX-CoV2373).

Table 2.
An overview of interventions corresponding to diffevent types of intervention for each COVID-19 variant.

4. Data on the different primary outcomes corresponding to each
COVID-19 variant

The devastating impact of the different COVID-19 variants on public health
and control measures underlines the need for continued vigilance and adherence to
preventive measures such as mask-wearing, physical distancing, and vaccination.
Additionally, ongoing research has focused on evaluating the efficacy of existing treat-
ments, including vaccines for their targeted impact to mitigate the associated compli-
cations. The response to the interventions made in the registered trials was measured
by the evaluation of some common primary outcomes. In Table 2, the primary
outcomes are categorized into different groups, including biomarkers, COVID-19
symptoms, respiration rate, recovery time, image findings, viral load, geometric mean
titers, and psychological effects. Notably, the most common biomarkers included
measuring several pro-inflammatory markers like interleukins, lymphocytes, tumor
necrosis factor-alpha (TNF-a), C-reactive protein (CRP), and cytokines, as well
as glucose-related markers and insulin (Table 3). These biomarkers were regularly
recorded for all COVID-19 variants. In terms of symptoms, optimal physical strength
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Primary Alpha Beta Delta Gamma Omicron
outcome
Biomarkers = CRP, PAI-1, HAS, Interleukins, CRP, CRP, serum cytokines,
TNF-a, IFN-  IFN- §, CRP, IFN-(at, B, 7), T interleukins, D blood sugar, T
a, cytokines,  insulin, IL-6, lymphocytes, dimer, Ferritin, lymphocytes, IgG,
creatinine siderophin, IgG lymphocytes,
C-peptides IFN-y
Symptoms  Vital signs Cough, fever, Physical Fatigue, muscle Clinical symptom
headache, activity, sleep strength, score, taste, social
Body weakness, nausea  stigma, sleep, fever,
temperature sore throat, fatigue,

headache, pain, cough,
Body temp, Insomnia,

diarrhea
Respiration ~ VFD, OS OS, RC, OR N/A VFD VFD
rate
Recovery NA Hospitalization ~ N/A N/A Hospitalization length,
time period CBV, VNCT, disease-
free time,
Imaging CTtscans CT-scans NA CT scan Chest CT scan, MMSE,
findings Image metrics
Viral load qPCR qPCR (CVL) qPCR (CVL) N/A CT value (qPCR)
(CVL)
Immune GMT, NAb GMT, NAb, GMT, NAb GMT, NAb GMT, NaT, NAb
response COVID-19
antibodies
Psychology ~ N/A N/A Social stigma Anxiety, SRAS, PSQI, Anxiety
Depression disorder scale 7,

Other N/A N/A Nucleic acid N/A Nucleic acid test,
measures tests, TCM CiTAS-Chemotherapy-

syndrome induced Taste

score, Blood Alteration, Pulmonary

routine function test

VED-Ventilation-free days, OS- Oxygen saturation, HSA-Human Serum albumin, CRP-C-veactive protein, PAI-1—
Plasminogen activator inhibitor-1; QPCR-quantitative polymerase chain reaction, RC-Respiratory capacity,
OR-Oxygen requirement, IL-6- interleukin 6, NaT-Neutralizing Antibody Titers; CBV- Change from baseline
vaccination, IgG-Immunoglobulin, VNCT-Virus negative conversion time, MMSE-Mini- Mental State Examination,
SRAS-Self-Rating Anxiety Scale, PSQI-Pittsburgh Sleep Quality Index, GMT -Geometric mean titers, CVL-Change of
Viral Load.

Table 3.
Primary outcomes corresponding to different types of intervention for each COVID-19 variant.

appeared to be predominantly assessed, including cough, fever, headache, body
temperature, and fatigue across all COVID-19 variants (Table 3). However, even more
clinical symptoms could be identified, including clinical symptom score, taste, social
stigma, sleep, fever, sore throat, fatigue, headache, pain, cough, body temp, insomnia,
and diarrhea (Table 3). Immune response appears to be one of the critical outcomes
post-vaccinations, measured as geometric mean titer and determination of neutral-
izing antibody titers. Some trials for the Delta, Gamma, and Omicron variants studied
the psychological response of individuals post-intervention, monitoring depression,
social stigma, and anxiety (Table 3).
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5. Discussion

In this chapter, we examine clinical data on the ever-evolving landscape of the
COVID-19 pandemic, where new variants have emerged, presenting fresh challenges
to our understanding and response. The comprehensive analysis of diverse clinical
trial registry sources, as highlighted in this study, underscores the crucial role of the
International ICTRP in healthcare decision-making and research transparency. The
registration patterns revealed that as COVID-19 variants emerged, research efforts
intensified, with the Alpha and Beta variants initially garnering significant attention
due to their early appearance. In contrast, the Omicron variant, with its remarkable
transmissibility, attracted a surge of clinical trials, reflecting the urgency in under-
standing and combating this new threat. Moreover, the study provides insights into
the gender distribution of participants and the phases of clinical trials conducted
for various COVID-19 variants. The balanced inclusion of both males and females in
trials is noteworthy, contributing to more representative findings. Most clinical trials
focused on phases II and III, indicating a primary focus on the safety and efficacy of
the assessed interventions.

Moreover, the study sheds light on the diverse interventions employed to address
COVID-19 variants, encompassing pharmacotherapy, vaccine therapy, complemen-
tary and alternative medicine, and to a lesser extent, the educational approaches.
This multifaceted intervention landscape underscores the global effort to explore
various strategies to combat the pandemic [32]. Notably, the vaccine therapy garnered
significant attention across variants, emphasizing the central role of vaccination in
pandemic management [33]. Overall, this comprehensive examination of clinical trial
registry data highlights the impact of diverse COVID-19 variants on public health and
a need to establish effective control measures or preventive strategies. Literature has
increasingly covered these strategies, including mask-wearing, physical distancing,
and vaccination, especially their instrumental role in mitigating the spread of the
virus and preventing severe outcomes [34-36]. Indeed, as the pandemic continues
to evolve, research efforts have continually assessed the effectiveness of existing
treatments and interventions, with a particular focus on vaccines designed to target
specific variants [37].

The evaluation of interventions within the registered clinical trials has been
guided by various primary outcomes, categorized into distinct groups. Biomarkers
have played a crucial role in determining immune response, with an emphasis on
pro-inflammatory markers, interleukins, lymphocytes, TNF-a, C-reactive protein,
and cytokines, which are likely to determine the severity of COVID-19 [12, 38]. In
fact, the assessed biomarkers like blood glucose levels and insulins also indicate
the surveillance of relevant risk of COVID-19 in patients with diabetes mellitus
[39]. Interestingly, these biomarkers have been consistently assessed across trials
for all COVID-19 variants, reflecting their importance in understanding the
immune response and disease progression [40-42]. Moreover, primary outcomes
related to COVID-19 have been a focal point of evaluation, with a particular
emphasis on assessing optimal physical strength, including clinical symptoms
such as cough, fever, headache, body temperature, and fatigue. However, a wide
range of clinical symptoms has been monitored, encompassing clinical symptom
scores, taste, social stigma, sleep patterns, sore throat, insomnia, diarrhea, and
more. This comprehensive approach to symptom assessment reflects the complex
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nature of COVID-19’s impact on individuals, especially in response to different
COVID-19 variants [43-45].

Consistently highlighted within this chapter, is the critical role of monitoring
the immune response, especially in the context of vaccinations. Evaluation has
included measures such as geometric mean titers and the determination of neutral-
izing antibody titers, providing insights into the effectiveness of vaccines against
different variants. Additionally, the psychological response of individuals post-
intervention has been examined in some trials for variants like Delta, Gamma, and
Omicron, with a focus on monitoring depression, social stigma, and anxiety. This
holistic approach to outcome assessment is essential in comprehensively under-
standing the impact of interventions and treatments on individuals’ physical and
mental well-being.

6. Summary

In summary, this chapter provides a comprehensive exploration of the ever-evolv-
ing landscape of the COVID-19 pandemic, characterized by the emergence of diverse
variants that pose ongoing challenges to our understanding and response. It highlights
the pivotal role of the International ICTRP in promoting healthcare decision-making
and research transparency, especially as research efforts intensified in response to
new variants like Alpha, Beta, and Omicron. The study emphasizes the significance of
balanced gender representation in clinical trials and the predominant focus on phases
IT and III, reflecting a primary concern for assessing intervention safety and efficacy.
Additionally, the chapter discusses the wide array of interventions employed to
combat COVID-19 variants, with vaccination as a central strategy. The evaluation of
interventions within clinical trials encompasses various primary outcomes, including
biomarkers crucial in assessing the severity of COVID-19.

7. Conclusions

In essence, this chapter highlights ongoing research, especially from clinical trial
registries, informing on the importance of assessing the effectiveness of existing
treatments and interventions, particularly vaccines targeting specific variants. This
in-depth analysis of clinical trial registry data significantly contributes to our evolv-
ing understanding of COVID-19 and guides evidence-based strategies for combatting
the pandemic and its myriad variants.

8. Future considerations, especially for poor health infrastructure in
low-and-middle-income countries

The emergence of new variants of SARS-CoV-2 raises particular concerns for
low- and middle-income countries (LMICs) with limited health infrastructure. These
countries often face challenges in terms of healthcare resources, testing capacity, and
access to vaccines, which can further exacerbate the impact of new variants on their
populations.
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1.Increased strain on healthcare systems: The introduction of more transmissible
variants can lead to a surge in COVID-19 cases, placing a significant burden on
healthcare systems that are already stretched thin. LMICs may struggle to cope
with the increased demand for hospital beds, oxygen supply, and medical staff,
resulting in compromised care for both COVID-19 patients and those requiring
other healthcare services.

2. Limited testing and surveillance capabilities: Rapid and widespread testing is
crucial for early detection and containment of new variants. However, LMICs
often face challenges in terms of limited testing capacities and access to advanced
genomic sequencing technologies. This can hinder their ability to monitor the
emergence and spread of new variants, potentially delaying necessary public
health responses.

3. Vaccine inequity and limited coverage: Vaccination campaigns play a critical role
in mitigating the impact of new variants. However, many LMICs face challenges
in accessing and distributing vaccines due to supply shortages, logistical hurdles,
and vaccine inequity. Limited vaccine coverage in these countries can leave
populations vulnerable to new variants, with potential implications for disease
severity and mortality rates.

4.Inequitable access to therapeutics and treatments: The emergence of new
variants may require the development and distribution of targeted thera-
peutics or treatments. However, LMICs may face challenges in accessing and
affording these interventions, leading to disparities in healthcare access and
outcomes.

5.Long-term socioeconomic impact: The ongoing impact of new variants can have
long-term socioeconomic consequences for LMICs. The disruption of essential
services, such as education, employment, and commerce, can deepen existing
inequalities and hinder economic recovery efforts, further straining already
fragile health systems.

Addressing these challenges requires international collaboration and support to
strengthen health infrastructure in LMICs. This includes increasing testing capaci-
ties, enhancing genomic surveillance, ensuring equitable access to vaccines and
therapeutics, and providing financial and technical assistance to bolster healthcare
systems. It is crucial to prioritize the needs of LMICs and ensure that they have the
resources and support necessary to effectively respond to the evolving threat posed
by new variants.
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Abstract

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection has
devastated the world with coronavirus disease 2019 (COVID-19). SARS-CoV-2 is an
RNA virus that has a high mutation rate producing a new variant with serious threats.
Recently emerged delta variant (B.1.617.2) (India), and omicron (B.1.1.529) (South
Africa) mutant makes more serious attention than others previously known. These
variants exhibit many neurological complications. The new variants of COVID-19 are
also involved in gut microbiota dysbiosis, thus enhancing inflammation process which
in then causes stroke, diabetes and thrombosis. Administering vaccines is crucial due
to continual mutation and the introduction of variants of concern. Therefore, variant
modified vaccines have been thought of as potential vaccines.

Keywords: COVID-19, gut microbiota dysbiosis, stroke, thrombosis, neurological
complication

1. Introduction

In December 2019 an outbreak of pneumonia and respiratory problems occurred
in Wuhan city of China making it a complete lockdown within months. The virus
which was associated with the outbreak was corona virus disease 2019 (COVID-19).
The coronavirus disease is brought on by the enveloped, positive sense single stranded
genome virus (++sRNA) known as SARS-CoV-2 (formerly known as 2019-nCoV).
The symptoms consist of respiratory distress, fever, cough, fatigue and overall
low immunity [1]. Thousands of people died all over the world and in 2020 WHO
declared it as worldwide pandemic. SARS-CoV-2 virus was first identified by Tyrell
and Bynoe in 1965 from the patients having common cold [2]. SARS CoV-2 has been
rapidly evolving, leading to emergence of new strain which fostered the need of
new and more adaptive diagnostic methods to tackle the strain. Every other strain
showcases different range of symptoms within infected people [2]. SARS-CoV-2
detection methods mostly focus on anti-SARS-CoV-2 antibodies (serological test-
ing), antigen specific viral protein or particular viral nucleic acid (molecular testing).
Administering vaccines is crucial due to SARS-CoV-2’s continual mutation and the
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introduction of variants of concern. The majority of SARS-CoV-2 vaccines now on
market are inactivated, live attenuated, viral vector, protein subunit, RNA and DNA
vaccines. Comirnaty, spikevox and vaxveria, the precursor COVID-19 vaccines,
received Emergency Use Authorization (EUA) in December 2020, less than a year
after the epidemic. There were 40 vated EUA worldwide as of August 2022, with
over 11 billion doses administered [3]. Despite this amazing accomplishments, fresh
issues have emerged that pose a threat to the pandemics long term control. These
issues include newly emerging viral variants with higher transmissibility and immune
escape, waning immunity over time in those who have received vaccinations and
uncommon but potentially serious vaccines associated adverse events. In this book
chapter, we will cover the molecular mechanism of COVID-19 new variants, impact
on gut microbiota and neurological complications. We will also discuss the bivalent,
nasal and oral Vaccines against COVID-19, along with the variant modified COVID-
19 vaccines.

2. Molecular mechanism of action of COVID-19 new variant

SARS-CoV-2 uses the S protein to attach to the host cell surface receptor ACE2
(angiotensin-converting enzyme 2) and enters the cell by membrane fusion using
type II transmembrane serine protease (TMPRSS2) or cathepsin L and Furin [4].
The S protein is composed of S1 and S2 subunits [5]. The S1 subunit has the RBD
(receptor-binding domain), which binds to ACE2. The S2 subunit has the transmem-
brane part of the S protein, which anchors the S protein to the membrane and helps
the viral and cellular membranes fuse together [6, 7]. Several investigations have
demonstrated that Omicron RBD binds ACE2 1.5-2.8 times better than the wild-type
[8]. Cleavage of the S protein at the S1-S2 and S2 sites is required for virus to enter
host cell. Cathepsin L and Furin are responsible for carrying this out. TMPRSS2 and
cathepsin L can cleave the SARS-CoV-2 genome at the S2 location, which results in
two distinct entry points for the virus into cells. Because it is located on the exterior
of the cell, TMPRSS?2 regulates the passage of substances via plasma membrane. The
process of entering the endosome is regulated by cathepsin L, which is located within
the endosome. [6, 9-11] Six distinct mutations on S2 (N764K, D796Y, N856K, Q954H,
N969K, and L981F) are present in the Omicron variation and have not been found
in prior VOCs [12]. Recent research has shown that the Omicron spike pseudo typed
virus prefers endosomal entrance over plasma membrane entry, and that infection
was decreased in TMPRSS2 expressing cells but enhanced in cells which promote
endosomal entry [13-15]. The Omicron variant contains three mutations in the
furin cleavage site region (P681H, H655Y, and N679K). Basic mutation P681H in the
polybasic cleavage site (PBCS), which is also found in Alpha and Gamma, has been
shown to speed up furin-mediated cleavage of the S protein, which could make the
virus more infectious [16].

3. Recent variants of COVID-19
The World Health Organisation (WHO) reported the Omicron variants as the

most recent variant of concern (VOC) that emerged on November 26, 2021. The
Omicron variant lineage is divided into the following sub-lineages: BA.1 (B.1.1.529
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and BA.1.1), BA.2, BA.3, BA 4, and BA.5 [17]. The SARS-CoV-2 spike protein of
omicron variant showed total 37 amino acid mutations, a few of which were found

in the RBD [18]. The RBD is mostly found in the S protein, which binds to the host
receptor angiotensin-converting enzyme 2 (ACE2) and may boost infectivity and
facilitate escape from neutralising antibodies brought on by vaccination [19-21]. By
February 2022, the first Omicron BA.1 lineage had been replaced by the BA.2 lineage,
which has been found in various European and Asian countries [22, 23]. The BA.2
lineage is characterized by 57 mutations, 31 of which are found in the S protein. BA.1
and BA.2 share 12 RBD mutations, including G339D, S373P, S375F, K417N, N440K,
S477N, T478K, E484A, Q493R, Q498R, N501Y, and Y505H in which BA.2 has two
distinct mutations, S371F and R408S and shares T376A and D405N with BA.3 [24].
Although the BA.2 lineage continues to develop, giving rise to new subvariants as
BA.2.12.1, BA.2.75, BA 4, and BA.5. In particular, the BA.4/5 and BA.2.75 subvariants
have sparked further diversification of the circulating SARS-CoV-2, leading to the
formation of a number of new subvariants, including the BA 4.6, BF.7, BQ.1, and
BQ.1.1 (derived from BA .4/5), as well as BA.2.75.2 [25]. In contrast to BA.2.75, the
BA.2.75.2 subvariant develops R346T, F486S, and D1199N mutations, notably those
on RBD, which have raised concerns about additional immune escape [26]. One study
also claimed that the F486S mutation substantially drives the enhanced neutralisa-
tion resistance of BA.2.75.2 [25]. In addition, BA.5 has taken over as the predominant
subvariant in several countries. It should be noted that the successors of BA.5, such
as BQ.1, BQ.1.1, and BF.7, are becoming more prevalent in more than 65 various
countries, including China, India, Brazil, and the USA. By 19 November 2022, BQ.1,
BQ.1.1, and BF.7 were responsible for 25.5%, 24.2%, and 7.8% of all cases in the United
States, respectively [27, 28]. In the whole genome of the BF.7 subvariant of Omicron,
55 mutations have been found in which 32 mutations found in S-protein encoding
gene. Furthermore, the BQ.1 and BQ.1.1 variant of omicron was also grown by N460K
and K444T mutations which increase its neutralisation resistance to antibodies.

In addition to the other mutations in the S-protein, the BQ.1.1 and BF.7 subvariant
has a fundamental mutation in a crucial location, such as R346T. This mutation

was associated with a greater capacity of the virus to evade neutralising antibodies
(nAbs) brought on by prior infection or vaccination [26, 29]. A recent study showed
that, compared to the original coronavirus, the BF.7 variant demonstrated 4.4 times
greater resistance to neutralisation [25]. When compared with D614G, the BA 4.6,
BF.7, BQ.1, and BQ.1.1 subvariants exhibited a 10.6-fold (p < 0.0001), 11.0-fold

(p < 0.0001), 18.7- fold (p < 0.0001), and 22.9-fold (p < 0.0001) higher neutraliza-
tion resistance, respectively [25].

4. Impact of COVID-19 on gut microbiota

The gut microbiota is the variety of bacteria that populate the gastrointestinal
(GI) tract as part of a complex and dynamic ecosystem [30, 31]. The term eubiosis
refers to the balance of different genus or species of bacteria that belongs to the 4
phyla which includes, Actinobacteria, Proteobacteria, Firmicutes and Bacteroidetes
[32]. Any alteration in the composition of the gut microbiota or abnormalities
with the gut microbiota’s homeostasis is given the term dysbiosis [33]. Numerous
studies have documented gut dysbiosis in patients suffering from COVID-19 [34,
35]. Patients with SARS-CoV2 infection have dysbiosis in their gut microbiome,
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which causes an increase in GI opportunistic bacteria, suggesting a potential
connection between SARS-CoV2 and gut-lung axis [36, 37]. The gut microbiome
dysbiosis reduces the beneficial commensals that are anti-inflammatory, like,
Lachnospiraceae, Faecalibacterium prausnitzii and Roseburia, Eubacterium, and
enriches the gut of the COVID-19 patients with opportunistic pathogens that cause
bacteremia such as, Bacteroides nordii, Clostridium hathewayi, Actinomyces viscosus
and Enterobacteriaceae, Enterococcus [38]. Important epithelial cells are altered by
the gut microbiome dysbiosis, as seen in K18-hACE2 mice in a study. The ileum

of infected mice had significantly more mucus-producing goblet cells and fewer
Paneth cells. A decrease in the number of Paneth cells was accompanied by abnor-
malities, like, misplaced or deformed granules, reduction in the expression of
antimicrobial factors like, serum amyloid A, lysozyme, Reg3y and defensins. This
resulted from the sharp variations in Akkermansiaceae concentration [39]. Patients
with COVID-19 also showed a depletion of bacteria that produce SCFAs (short-
chain fatty acid), such as Parabacteroides, Bacteroides, and Lachnospiraeae. In the
presence of SARS-CoV-2, metabolomic studies of animal models observed altera-
tions in SCFA synthesis, which decreased lung defenses, strengthened pathogen
colonization and the development of bacterial infection [40-42].

5. Impact of new variant of COVID-19 on neurological complications

Research is ongoing on the clinical importance of SARS-CoV-2 brain infection.
It has been discovered that brain infection and inflammation are linked to neuro-
logical symptoms in COVID-19 patients, including headache, dizziness, myalgia,
disorientation, delirium, and altered mental status [43, 44]. The introduction of
the delta (B1.617.2) mutation increased the probability of COVID-19 neurological
diagnoses (such as cognitive disability, epilepsy or seizures, and ischemic strokes)
[45]. The SARS-CoV-2 delta variant is more virulent than the early strain (Hu-1
variants) and causes severe neurotropic patterns. Histopathological examination
of the brains of K18-hACE2 mice showed that B1.617.2 infects the brains more
quickly and effectively than Hu-1. It was found that the early activation of several
signature genes in delta-infected mice involves innate cytokines, and the necrosis-
related response was more prominent than in Hu-1-infected mice [46]. The
Omicron variety has currently taken over as the dominant strain, which has led to
a pattern of development into the enduring and endemic COVID-19 [47]. Notably,
despite the fact that the initial strain led to fatal brain infections in COVID-19
mice models, [48, 49] both adult human cases and animal models infected with
Omicron allegedly did not exhibit these symptoms. However, because everyone’s
immune status varies, the severity of SARS-CoV-2 variations is complex, therefore
it’s important not to underestimate the pathogenicity brought on by the Omicron
variant [50]. Recently, a neonate with the Omicron BA.1 mutation was discovered
to have severe encephalopathy [51]. In another recent work, scientists employed
K18-hACE mice to show that the Omicron version can infect the brain. Their find-
ings demonstrated that abnormalities in lymphoid organs coexist with Omicron
infection in the brain [50]. In comparison to earlier versions, the Omicron variant
is also linked to seizures and decreased mental status in youngsters [52].
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6. COVID-19, stroke and thrombosis

Based on clinical observation and initial case series, the COVID-19 pandemic is
associated with stroke induced neurological impairment [53]. These reported neuro-
logical impairments were the anosmia, ageusia, cerebral haemorrhage and infarction
[54]. The potential mechanism of ischemic stroke in the older age COVID-19 patients
with various comorbidities and severe illness were observed. The uncommon reasons
of stroke in the COVID-19 patients are atherosclerosis, hypertension and arterial
fibrillation. SARS-CoV-2 virus binds to the angiotensin convertin enzyme-2 (ACE2)
present on brain endothelial cells and smooth muscles cells [55, 56]. ACE2 is the key
part of the renin angiotensin system (RAS) and the counter balance to the ACE1 and
angiotensin II. Angiotensin II is proinflammatory, vasoconstrictive and promotes
organ damage. Depletion of ACE2 by the SARS-CoV-2 may tip the balance in the
favour of harmful ACE1/angiotensin II axis and promote tissue injury including
stroke. Treatment with tissue plasminogen activator for COVID-19 related stroke
and low molecular weight of heparinoids may reduce the thrombosis and mortality
in sepsis-induced coagulopathy [57]. The three mechanistic pathways involved in
the incidence of stroke are hypercoagulable state, vasculitis, and cardiomyopathy.
The venous thrombosis has been reported in the patients with severe COVID-19
[58]. However, pathogenesis of hemorrhagic stroke in COVID-19 has not been fully
elucidated. It has been postulated that affinity of SARS-CoV-2 for the ACE2 recep-
tors, which are expressed in endothelial and arterial smooth muscles cells in the brain
allow the virus to mechanical damage the intra-arterial arteries causing vessel wall
rupture [55]. The COVID-19 patients, who had stroke were more likely to be older and
have hypertension, diabetes, cancer and higher level of D-dimer [59]. The diagnos-
tic investigations could not be completed in some COVID-19 patients, might have
contributed to the high rate of cryptogenic strokes. The cytokine may also damage
and result in blood brain barrier (BBB) leakage and cause hemorrhagic posterior
reversible encephalopathy syndrome. Several nutritional components such as vitamin
D and phytochemicals such as riboflavin and piperine can be essential nutraceuti-
cal components may involve in protection and prevention from the ischemic stroke

injury (Figure 1) [60-62].
Mew Variant
of COVID-19 |

Gut Microbiota Dysbiosis

Inflanymation

| l

e & N
Stroke ‘ Diabetes J

Thrombosis

N

Figure 1.
Impact of new COVID-19 variant on gut microbiota which enhances the inflammation process in various
metabolic disease as well as thrombosis.
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7. Bivalent, nasal and oral vaccines against COVID-19

A recent report from the World Health Organization (WHO) revealed that
seven vaccines (Covishield, Janssen/Ad26, Moderna COVID-19, Sinopharm,
Sinovac-CoronaVac, Pfizer/BioNtech, and COVAXIN) have been approved for use
against SARS-CoV2 in humans. Most of these immunisations are given as intra-
muscular injections [63-68]. However, it’s crucial to remember that the intramus-
cular vaccinations only cause a systemic immune response; they have no effect
on the mucous membranes. For SARS-CoV2 to be successfully neutralised in the
upper respiratory system, mucosal immunity is essential. It aids in preventing the
virus’s transmission to the lower respiratory system and the development of serious
disease. The probability of SARS-CoV2 transmission from immunised persons who
might still get the virus and disseminate it increases in the absence of mucosal pro-
tection, which entails the generation of local secretory immunoglobulin A (sIgA)
antibodies [69]. Fortunately, there has been significant progress in developing
mucosal vaccines that can be administered orally or intranasally. These vaccines
offer a non-invasive delivery method and can generate mucosal immunity, in addi-
tion to humoral and cellular immunity, effectively providing protection against
COVID-19 [70, 71]. Vaccines administered orally or intravenously can produce a
significant B and T cell-mediated immune response in addition to the intended
mucosal protection. A specific study focused on improving the mucosal vaccina-
tion for Omicron variants and developed ChAd-SARS-CoV-2-BA.5-S. This vaccine
was evaluated in both monovalent and bivalent forms for its efficacy against cir-
culating variations, including BQ.1.1 and XBB.1.5, and produces a pre-fusion and
surface-stabilized S protein of the BA.5 strain. According to the study, these vac-
cinations did not protect against the antigenically distant XBB.1.5 Omicron strain
in passive transfer tests because the serum neutralising antibody responses they
produced were insufficient. The study did, however, show encouraging outcomes
for nasally administered bivalent ChAd-vectored vaccinations. These vaccinations
offered immunity to WA1/2020 D614G and Omicron variants BQ.1.1 and XBB.1.5
in both the upper and lower respiratory tracts by inducing strong antibody and
spike-specific memory T cell responses in the respiratory mucosa [72].

8. Variant modified COVID-19 vaccines

The COVID-19 vaccine offers significant protection against both symptomatic
and severe disease. However, the efficacy of existing vaccination regimens, which are
based on the ancestor (Wuhan-like) variant, has been significantly decreased by the
introduction of antigenically unique SARS-CoV-2 variants [73]. Current vaccines,
such as those based on nucleic acids, viral vectors, subunit vaccines, and inactivated
vaccines, were developed based on the generation of potent immune responses
against the spike (S) protein of SARS-CoV-2 [74]. The increase in SARS-CoV-2
variants with novel mutations, especially those with appealing mutations collectively
referred to as variants of concern (VOCs), have been thought of as potential spike
proteins for antigen-based vaccines. The primary causes of immunological escape,
resistance to neutralising antibodies, and low efficiency of existing vaccines to
prevent infection are the subsequent appearance of SARS-CoV-2 variants bearing
novel mutations in the receptor binding domain (RBD) of spike protein [75]. A new
phase of the SARS-CoV-2 pandemic may result from Omicron sub-lineages easily
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recombining and fusing with one another, according to recent findings. As a result,
developing a multivalent vaccination can be a successful strategy for combating the
new SARSCoV-2 variants, which predominantly emerged as a result of recombina-
tion between hybrid forms. In order to offer a greater range of protection against new
SARS-CoV-2 variants, the Moderna firm recently created new multivalent vaccines,
such as mRNA-1273.351 (targeting the B.1.351) and mRNA-1273.351 (targeting the
B.1.351) [76]. Due to having a considerably larger fraction possessing important all
RBD epitopes, being much easier to make, having lower production costs, and being
more immunogenic, multivalent vaccines may be able to provide stronger immune
protection against novel SARS-CoV-2 variants [77]. According to a recent study, mul-
tivalent S2-based vaccinations offer extensive protection against VOCs. It was shown
that vaccination with S2-based constructs produced an IgG antibody response that
was broadly cross-reactive and recognized the spike proteins of VOCs. Importantly,
vaccination decreased the viral titers in respiratory tissues of animals exposed to
SARS-CoV-2 variants B.1.351 (beta), B.1.617.2 (delta), and BA.1 (omicron) [78]. The
current intramuscular COVID-19 vaccinations are at risk of losing their effectiveness
due to the emergence of SARS-CoV-2 VOCs. Researchers tested trivalent COVID-19
vaccines expressing spike-1, nucleocapsid, and RdRp antigens in mice models using
adenoviral vectors (Ad) of human and chimpanzee origin. They demonstrated that
intranasal immunisation, particularly with chimpanzee Ad-vectored vaccine, induces
a tripartite protective immunity consisting of local and systemic antibody responses,
mucosal tissue-resident memory T cells, and mucosal trained innate immunity, which
is superior to intramuscular immunisation. Such intranasal immunisation offers
defence against the two VOC, B.1.1.7 and B.1.351, as well as the ancestor SARS-CoV-2.
According to their research, an efficient next-generation COVID-19 vaccination
method to generate overall mucosal immunity against existing and future VOC is
respiratory mucosal administration of the Ad-vectored multivalent vaccine [79, 80].

9. Conclusion and future direction of therapy

The Omicron variant has garnered global attention due to its numerous muta-
tions. There are significant concerns regarding other VoCs, such as Alpha (B.1.1.7),
Beta (B.1.351), Gamma (B.1.1.28.1), and Delta (B.1.617.2), as they are associated with
higher infectivity, transmission rates, and potential immune evasion mechanisms.

A substantial percentage of COVID-19-infected patients, around 15-20%, experi-
ence a severe form of acute infection, characterized by hyperinflammatory cytokine
storms, resulting in more morbidity and mortality than the actual cytotoxicity of the
virus. Furthermore, recent findings suggest the correlation between microbial gut
dysbiosis and the severity of the COVID-19 sickness. This has prompted researchers
to investigate possible preventative and therapeutic targets including probiotics and
dietary changes. Although clinical data suggests that immunopathogenesis, neuro-
invasion, neuroinflammation, hypoxia, and neuroinflammation are all involved in
the emergence of CNS symptoms, the precise molecular mechanism of COVID-19
neurotoxicity is still not fully characterised. Additionally, a hypercoagulable condi-
tion brought on by COVID-19 infection seems to be associated with an increased risk
of thrombosis, including cases of ischemic stroke from large-vessel blockage. Given
the catastrophic effects of COVID-19 on human lives, the WHO has sped up vaccine
development to guarantee that people everywhere may obtain high-quality, safe,

and effective vaccinations against SARS-CoV2. According to a recent study, mucosal
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vaccinations given intranasally after the first intramuscular vaccination may operate
as booster doses, triggering a strong immune response that aids in preventing the
reproduction of SARS-CoV2 in the upper and lower respiratory tracts. Future exami-
nation of the vaccines now under development, including the assessment of extensive
clinical investigations and trials, may pave the way for the availability of prospective
mucosal vaccines and associated medicines. This can result in their inclusion in
international immunisation campaigns.
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distancing, mask mandates, vaccinations, and more.
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