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Abstract: Coronaviruses are a group of enveloped viruses with nonsegmented, single stranded, and 

positive-sense RNA genomes. Coronaviruses belong to the “Coronaviridae family” which causes various 

diseases, from the common cold to SARS and MERS. In March 2020 the World Health Organization 

declared the SARS-Cov-2 virus a global pandemic. We performed a review to describe existing literature 

about Corona Virus Disease 2019 (COVID-19) history, Symptoms, Transmission, Epidemiology and 

pathogenesis, Clinical features, Clinical manifestations, Diagnosis, Treatment, Prevention, super 

spreading events, Disease specifically reproductive rate, Severity, Risk groups, Immunity, Geographical 

distribution, Period of infective, Indian approach in vaccine development. 
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I. INTRODUCTION 

The human body is exposed to a variety of infectious microorganisms, such as viruses, bacteria, fungi, protozoa, and 

helminths, which cause tissue damage through different mechanisms. Viruses are unique among these five types of 

infectious organisms in that they can manipulate the host-cell machinery in a unique way and continuously evolve to 

survive and prosper in all species. 

COVID-19 is the disease caused by a new coronavirus called SARSCoV-2. WHO first learned of this new virus on 31 

December 2019, following a report of a cluster of cases of 'viral pneumonia' in Wuhan, People's Republic of China. 

Since December 2019, a novel coronavirus disease had rapidly spread throughout China, leading to a global outbreak, 

and causing considerable public health concern. World Health Organisation (WHO) announced the outbreak of 

COVIID- 19 as a global public health emergency on 30 January 2020. In India, the first case of COVID-19 was 

réported on January 27, 2020, in Kerala district. Since then, there is a wide variation in the reporting of cases across the 

country. The case reporting is based on the SARS-CoV-2 antigen testing by Real-Time Reverse Transcription 

Polymerase Chain Reaction (RT-qPCR) or by Rapid Antigen Test (RAT) . 

 

1.1 HISTORY 

The human body is exposed to a variety of infectious microorganisms, such as viruses, bacteria, fungi, protozoa, and 

helminths, which cause tissue damage through different mechanisms. Viruses are unique among these five types of 

infectious organisms in that they can manipulate the host- cell machinery in a unique way and continuously evolve to 

survive and prosper in all species. COVIID-19 is the disease caused by a new coronavirus called SARS-CoV-2. WHO 

first learned of this new virus on 31 December 2019, following a report of a cluster of cases of 'viral pneumonia' in 

Wuhan, People's Republic of China. 

Since December 2019, a novel coronavirus disease had rapidly spread throughout China, leading to a global outbreak, 

and causing considerable public health concern. World Health Organisation (WHO) announced the outbreak of 

COVIID-19 as a global public health emergency on 30 January 2020. In India, the first case of COVID-19 was réported 

on January 27, 2020, in Kerala district. 
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Since then, there is a wide variation in the reporting of cases across the country. The case reporting is based on the 

SARS-CoV-2 antigen testing by Real-Time Reverse Transcription Polymerase Chain Reaction (RT

Antigen Test (RAT) . 

Coronavirus (CeX) is clustered under the viral

novel coronavirus was named as "Corona Virus Disease 2019" (2019nCoV) by World Health Organization (WHO) in 

Geneva, Switzerland. As its RNA pattern is closer to SARS, the 2019 Coronavirus i

pandemic. It belongs to the subfamily Orthecarenavitina inside the family Coronaxitidas, order Nidevicales, and the 

realm Ribevicia. A two-dimensional view of Corona beneath a transmission electron microscopy reveals a 

characteristic look of "paying homage to a crown" around the virions. This lead to naming the virus "Corona", meaning 

"crown" or "halo" in Latin 

This is the deadly third-generation virus in Corona family preceded by severe acute respiratory syndrome (SARS) in 

2003, killed almost 10% of total affected patients (8429) across 29 international locations and Middle East Respiratory 

Syndrome (MERS) in 2012, even more lethal with a mortality rate of 30% of the infected patients.

 

1.2 ORIGIN OF THE VIRUS 

Thesource is most likely a virusspillover from an intermediary animal host into human populations. The first known 

human case had onset of symptoms from 1st December and has not been linked to the suspected market in Wuhan, 

China. Cases may have occurred as far back as midNove

were positive for the virus, concentrated in the area where wild and farmed animal trade was present The market could 

be the origin of the virus or played a role as an amplifying setting for the in

  

1.3 SYMPTOMS 

FIGURE 2. GRAPHICAL REPRENTATION OF COVID 19 SYMPTOMS
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Coronavirus (CeX) is clustered under the viral family group that causes disease in mammals and birds. A pandemic 

novel coronavirus was named as "Corona Virus Disease 2019" (2019nCoV) by World Health Organization (WHO) in 

Geneva, Switzerland. As its RNA pattern is closer to SARS, the 2019 Coronavirus is renamed as SARSCoV

pandemic. It belongs to the subfamily Orthecarenavitina inside the family Coronaxitidas, order Nidevicales, and the 

dimensional view of Corona beneath a transmission electron microscopy reveals a 

c look of "paying homage to a crown" around the virions. This lead to naming the virus "Corona", meaning 

generation virus in Corona family preceded by severe acute respiratory syndrome (SARS) in 

led almost 10% of total affected patients (8429) across 29 international locations and Middle East Respiratory 

Syndrome (MERS) in 2012, even more lethal with a mortality rate of 30% of the infected patients. 

 

ely a virusspillover from an intermediary animal host into human populations. The first known 

human case had onset of symptoms from 1st December and has not been linked to the suspected market in Wuhan, 

China. Cases may have occurred as far back as midNovember or earlier. Environmental samples taken in the market 

were positive for the virus, concentrated in the area where wild and farmed animal trade was present The market could 

be the origin of the virus or played a role as an amplifying setting for the initial spread 
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A wide range of symptoms are found in COVID-19 patients ,ranging from mild/moderate to severe, rapidly 

progressive, and fulminant disease. Symptoms of COVID-19 are non- specific and disease presentation can range from 

asymptomatic to severe pneumonia. Incidence of asymptomatic cases ranges from 1.6%to51.7% and these people do 

not present typical clinical symptoms or signs and do not present apparent abnormalities in lung computed tomography. 

The most common symptoms of COVID-19 are fever, cough, myalgia, or fatigue and atypical symptoms include 

sputum, headache, haemoptysis, vomiting, and diarrhoea. 

Some patients may present with sore throat, rhinorrhoea, headache, and confusion a few days before the onset of fever, 

indicating that fever is a critical symptom, but not the initial manifestation of infection. Furthermore, some patients 

experience loss of smell (hyposmia) or taste (hypogeusia), which are now being considered early warning signs and 

indications for self-isolation . 

 

  The most common symptoms of COVID-19 are 

  Fever. 

  Dry cough. 

  Fatigue. 

  Othersymptomsthatarelesscommonandmayaffectsome patients include 

  Loss of taste or smell. 

  Nasal congestion. 

  Conjunctivitis (also known as red eyes). 

  Sore throat. 

  Headache. 

  Muscle or joint pain. 

  Different types of skin rash. 

  Nausea or vomiting. 

  Diarchea 

  Chills or dizziness. 

  Symptoms of severe COVID-19 disease include: 

  Shortness of breath. 

  Loss of appetite. 

  Confusion. 

  Persistent pain or pressure in the chest. High 

  temperature (above 38 °C). 

  Other less common symptoms are 

  Irritability. 

  Confusion. 

  Reduced consciousness (sometimes associated with seizures). 

  Anxiety. 

  Depression. 

  Sleep disorders. 

  

More severe and rare neurological complications such as strokes,brain inflammation, delirium and nerve 

damage.People of all ages who experience fever and/or cough associated with difficulty breathing or shortness of 

breath, chest pain or pressure, or loss of speech or movement should seek medical care immediately. If possible, call 

your health care provider, hotline or health facility first, so you can be directed to the right clinic. 
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1.4 TRANSMISSION 

COVID-19is spread primarily from person to person through small droplets from the nose or mouth, expelled when a 

person with COVID- 19 coughs or sneezes. People can catch COVID-19 if they breathe in these droplets, or by 

touching objects or surfaces where the droplets have landed, then their face. 

 
FIGURE 3. COVID 19 RECOVERY RATE 

The time between infection and first symptoms (incubation period) ranges from 1 to 14 days, with an average of 5 to 6 

days. More than 97% of people experience symptoms within 14 days. 

 
FIGURE 4.Incubation period graph. 

Active viral replication occurs in the upper respiratory tract andlungs. Early studies indicate that the virus replicates in 

the gastrointestinal tract but faecal-oral transmission has not been confirmed Peak viral shedding seems to occur at the 

time of symptom onset and declines thereafter Pre-symptomatic transmission is likely to occur. However, the absence 

of a cough (a key mechanism for viral expulsion) may limit transmission. 

Zoonotic transmission initially appeared to be a plausible cause as majority of early cases had a history of exposure to 

wet markets. However, by the end of January 2020, the number of people who developed the disease without exposure 

to the market or another person with respiratory symptoms increased. The spread of the disease among persons who did 

not visit Wuhan and among healthcare workers suggested a person-to-person spread of the virus. 

The exact mode of transmission of this virus is unknown. But, as with other respiratory viruses, droplet borne infection, 

either directly or indirectly, through fomites is probably the predominant mode of transmission. At present, there is no 

evidence for airborne transmission of the virus. 12 13 Although virus particles have been detected in stool samples of 

both symptomatic and convalescing patients, the risk of feco-oral transmission is unclear. 

1.5 Super-spreading events 

Super-spreading events occur with a single person transmits the virus to an unusually large number of people. 

Aggravating situations that may contribute to a super-spreading event include: 

 
FIGURE 5. SPREADING EVENT 
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1.6 Disease specifications: reproductive rate, severity 

Basic Reproductive Rate (R0) is the average number of people infected by one person in a susceptible population. R0 

for COVID- 19 is estimated to be between 2 and 4 Clinical Onset Interval is the time between onset of symptoms in 

successive cases in a chain of transmission. In most studies, the average time is between 4 and 5 days 

 
FIGURE 6. DISEASE REPRODUCTIVITY RATE 

Case Fatality Ratio (CFR) is the proportion of episodes of illness that are fatal. The global crude CFR is 7% (Dec 2019-

May 2020) 

 

1.7 Risk groups 

1.7.1 LOW RISK 

Contact studies indicate children and young adults do become infected, and can transmit infection. However, children 

rarely progress to serious illness 

 
FIGURE 7. Risk factors No. of chronic condition with respect to percentage No. of affected persons. 

 

1.7.2 HIGH RISK 

Risk of severe disease increases with age and in those with underlying medical conditions such as hypertension, 

diabetes, cardiovascular disease, chronic respiratory disease & cancer. 

 

2. Epidemiology 

2.1. Coronavirus 

Coronavirus disease 2019 (COVID-19) is caused by the infection of a novel coronavirus (SARS-CoV-2), which is a 

positive-sense single-stranded RNA virus [2]. Coronavirus is split into four genres: Alpha (α), Beta (β), Gamma (γ), 

and Delta (δ). The Alpha and Beta subtypes are clinically relevant, as they can cause infectious diseases in humans, 
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while the Gamma and Delta subtypes mainly cause infections in birds [3]. The Alpha and Beta subtypes originated 

from bats, while the Gamma and Delta subtypes originated from birds [4]. The first human coronavirus was recorded 

back in the mid-1960s. To aviruses include 229E and NL63, which belong to Alpha coronavirus, and the OC43 and 

HKU1, which are found under Beta coronavirus [5–7]. They are viruses that can cause mild upper respiratory tract 

infections [8]. Meanwhile, there are other types of human coronavirus that can cause severe respiratory tract infections. 

They are MERS-CoV, SARSCoV, and SARS-CoV-2, which are all Beta coronaviruses [9,10]. date, there are a total of 

seven types of coronaviruses that can infect humans. Common human coronaviruses include 229E and NL63, which 

belong to Alpha coronavirus, and the OC43 and HKU1, which are found under Beta coronavirus [5–7]. They are 

viruses that can cause mild upper respiratory tract infections [8]. Meanwhile, there are other types of human 

coronavirus that can cause severe respiratory tract infections. They are MERS-CoV, 2.2. Origin of COVID-19 SARS-

CoV, and SARS-CoV-2, which are all Beta coronaviruses [9,10]. 

 

2.2. Origin of COVID-19 

The first COVID-19 outbreak dates back to December 2019, when a cluster of unexplainable cases of pneumonia were 

reported in the hospitals in Wuhan, Hubei Province, China. The first reported case was from the Huanan Wet Seafood 

Wholesale Market in Wuhan, and it then started spreading all over the world. Initially, viral pneumonia was suspected 

to be the cause [11]. It was later identified to be caused by a novel coronavirus and named severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2) [12]. SARS-CoV-2 was named after SARS-CoV due to close genetics and 

evolutionary histories [13], and SARS-CoVisthe cause of the SARSoutbreak that happened in China during 2002–2003 

[14]. The first COVID-19 outbreak dates back to December 2019, when a cluster of unexplainable cases of pneumonia 

were reported in the hospitals in Wuhan, Hubei Province, China. The first reported case was from the Huanan Wet 

Seafood Wholesale Market in Wuhan, and it then started spreading all over the world. Initially, viral pneumonia was 

suspected to be the cause [11]. It was later identified to be caused by a novel coronavirus and named severe acute 

respiratory syndrome coronavirus 2 (SARS-CoV-2) [12]. SARSCoV-2 was named after SARS-CoV due to close 

genetics and evolutionary histories [13], and SARS-CoV is the cause of the SARS outbreak that happened in China 

during 20022003 [14]. COVID-19 was first thought to be a zoonotic disease, as the first outbreak of SARS-CoV was 

spread from animals to humans [15]. Scientists thought SARS-CoV’s transmission source was similar to that of SARS-

CoV-2. Most of the COVID-19 patients in early 2020 had visited the fish and wild animal market, which sold live 

animals such as snakes and bats [16]. Therefore, direct contact and consumption of wild animals were suspected to be 

the transmission route [17]. As a result, the Chinese government’s first response was to shut down animal wet markets 

noted for their poor hygiene [18]. However, 

the infection kept spreading rapidly worldwide. Later, the World Health Organization (WHO) declared COVID-19 a 

global health emergency and treated it as a pandemic in March 2020. COVID-19 was first thought to be a zoonotic 

disease, as the first outbreak of SARS-CoV was spread from animals to humans [15]. Scientists thought SARS-CoV’s 

transmission source was similar to that of SARS-CoV-2. Most of the COVID-19 patients in early 2020 had visited the 

fish and wild animal market, which sold live animals such as snakes and bats [16]. Therefore, direct contact and 

consumption of wild animals were suspected to be the transmission route [17]. As a result, the Chinese government’s 

first response was to shut down animal wet markets noted for their poor hygiene [18]. However, the infection kept 

spreading rapidly worldwide. Later, the World Health Organization (WHO) declared COVID-19 a global health 

emergency and treated it as a pandemic in March 2020 What is the impact of COVID-19 on global health? Figure 1 

shows the top 10 countries with the most reported COVID-19 cases to the WHO as of 13 April 2024 [19]. As shown in 

the figure, the three most populous countries in the world had the highest numbers of reported COVID-19 cases. The 

most populated country in the world is India, and it had over 45 million cases of COVID-19, ranking third in the list 

[19]. The second most What is the impact of COVID-19 on global health? Figure 1 shows the top 10 countries with the 

most reported COVID-19 cases to the WHO as of 13 April 2024 [19]. As shown in the figure, the three most populous 

countries in the world had the highest numbers of reported COVID-19 cases. The most populated country in the world 
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is India, and it had over 45 million cases of COVID-19, ranking third in the list [19]. The second most populated 

country is China, and it had over 99 million cases of COVID-19, ranking second in the list [19]. The third most 

populated country is the US, and it had over 103 million cases of COVID-19, ranking first in the list [19]. These three 

countries occupy over 35% of the total COVID-19 cases in the world. At the end of 2023, there were over 700 million 

cases of infection and 7 million deaths worldwide. populated country is China, and it had over 99 million cases of 

COVID-19, ranking second in the list [19]. The third most populated country is the US, and it had over 103 million 

cases of COVID-19, ranking first in the list [19]. These three countries occupy over 35% of the total COVID-19 cases 

in the world. At the end of 2023, there were over 700 million cases of infection and 7 million deaths worldwide. 

 
Figure 8. Top 10 countries with the highest number of cases reported to the WHO, cumulatively (as of 13 April 2024). 

  

2.3. Routes of Transmission 

The three major types ofSARS-CoV-2transmissionaredirect contact or indirect contact (via fomites), small airborne 

droplets (aerosols), and large droplets. The first type of transmission is through direct or indirect contact. SARS-CoV-2 

affects both the upper and lower respiratory tract. In terms of direct contact, SARS-CoV-2 can be transmitted by 

contacting the mucous membrane of the eyes, ears, or mouth of a COVID-19 patient [20]. Hospital-acquired infections 

by this transmission method were common among healthcare providers during the COVID-19 pandemic period [21]. 

Healthcare providers during the COVID-19 outbreak were the most susceptible to this type of transmission as they had 

to take care of COVID-19 patients [22]. For indirect contact, SARSCoV-2 is spread through fomites that carry 

infectious viral particles [23]. The infectious viral particles spread from an infected person and can attach to any surface 

of inanimate objects. If there is another individual who touches the contaminated surface and brings the infectious viral 

particles to the mucous membrane of the eyes, ears, or mouth, he or she may be infected by SARS-CoV-2 [24]. The 

second type of transmission is by aerosols. Aerosols refer to suspensions of small particles in the air filled with the 

pathogen. Aerosols can travel through the air and enter the mucous membrane of the eyes, ears, and mouth, causing an 

infection. In a closed environment, aerosols can persist in the air for a long time [25]. SARS-CoV-2 is viable in 

aerosols for at least 3 h [26]. However, long-range transmissions by aerosols can be regulated by ventilation or air 

filtration. The aerosols are spread by the expired air from symptomatic patients through coughs and sneezes [27]. 

Asymptomatic COVID-19 patients may also spread SARS-CoV-2 by producing aerosols that contain infectious SARS 

particles [28,29]. If they perform activities that involve exhalation, such as talking, singing, or breathing, large 

quantities of aerosols may be produced [30]. These infectious aerosols can remain in the air for a long time if 

ventilation is not present. The third type of transmission is by large droplets. Large droplets harboring SARSCoV-2 

virions can be produced upon coughing or sneezing of a COVID-19 patient. These large droplets can infect any 

susceptible host if ingested or inhaled [22]. Since large droplets only travel a short distance, maintaining a minimum 

distance of 1.5 m from an infectious patient can prevent the transmission of SARS-CoV-2 by droplets [31]. 

 

2.4. SARS-CoV-2 Variant 

Since SARS-CoV-2 is an RNA virus, it has a high error rate during viral replication [32]. It causes mutations to happen 

and results in the formation of new SARS-CoV-2 variants. Table 1 shows the five major variants of concern during 

2020–2022. Each variant of SARSCoV-2 increases its infectivity and has different implications. For example, the Delta 
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variant showed increased evasiveness against neutralizing antibodies found in convalescent patients [33].Although new 

variants of SARS-CoV-2, such as XBB.1, BA.2.86.1, and JN.1, continue to arise, the severity and mortality caused by 

COVID-19 have decreased compared to the start of the pandemic [35]. The use of the vaccines reduced the severity and 

mortality of COVID-19 [36]. People have developed immunity against SARS-CoV-2 artificially through vaccination or 

naturally through recovery from the disease. Vaccination helps to lower the mortality rate of COVID-19 and, hence, the 

mortality rate has continued to decline since the early pandemic stage [37]. Moreover, diagnostic methods and new 

treatment strategies help prevent the spread and lower the severity of COVID-19. 

Table 1. Five WHO-labeled parent lineage variants of concern during 2020–2022 (outbreak.info, 2024) 

 
On 5 May 2023, the director general of the WHO characterized COVID-19 as an ingrained and ongoing health issue, 

no longer seen as a Public Health Emergency of International Concern [38]. This indicated that the management of 

COVID-19 had switched toward long-term monitoring and management. With every passing year, more new variants 

of SARS-CoV-2 emerge. As of 5 June 2024, there are three variants of interest (VOI) noted by the 

WHO.TheyareEG.5,BA.2.86, andJN.1, whichall originated from the primary Pango Lineage of Omicron (B.1.1.529). 

Compared to the 2020–2022 period, 2023 and 2024 had no Omicron variant that was listed as a variant of concern 

(VOC), which by definition requires major public health interventions [39]. VOCs have potential mutations that can 

cause changes in virulence and infectivity and affect vaccine effectiveness. Also, VOCs can potentially spread in a 

community and cause transmission across multiple countries [39]. Most sub-lineages of Omicron infect the upper 

respiratory tract, as opposed to the lower respiratory tracts for the previous VOCs [39]. Lower respiratory tract 

infection is generally more severe than upper respiratory tract infection, since lower respiratory tract infection 

mayaffect lung functions in the case of pneumonia[40]. 

NewOmicronvariantspredictedtobedominantintheUSareKP.2,KP.3,andLB.1,and they all emerged from JN.1 [1]. KP.2 

and KP.3 are also listed as variants under monitoring, which means these variants may mutate and lead to changes in 

virulence, infectivity, and affect vaccine effectiveness [39]. The Centers for Disease Control and Prevention (CDC) in 

the US predicts KP.2, KP.3, and LB.1 to be the three most dominant variants of SARS CoV-2 [1]. They were expected 

to account for over 70% of the infection cases over June [1]. In terms of genetic mutation, KP.2 and KP.3 have 

acquired a new substitution of spike protein, while LB.1 and KP.2.3 acquired a deletion at the 31st position in addition 

to the previous substitution on spike protein [41]. Scientists have performed Lentivirus-based pseudo-virus assays and 

neutralization assays to characterize the virological features of KP.2, KP.3, and LB.1 [41]. Pseudo-viruses are 

recombinant viruses. KP.2 and KP.3 showed increased immune evasion compared to their parental lineage JN.1 

because of the newly acquired substitution [41]. LB.1 and KP.2.3 showed enhanced immune evasion and greater 

infectivity because of the deletion [41] 

 

2.5. SARS-CoV-2 Updated Infection Rate and Mortality across Different Regions 

Figures 2 and 3 show the newly confirmed COVID-19 cases and mortality rates across the three different WHO regions 

from 24 September 2023 to 26 May 2024 [42]. The WHO has classified the world into six WHO regions for analysis. 

They are Africa, America, Eastern Mediterranean, Europe, Southeast Asia, and Western Pacific. All data are collected 

and counted every month from the WHO. 

Only the top three WHO regions with the highest COVID-19 cases and deaths are shown [42]. According to Figure 2, 

Europe and the Western Pacific in the period of 24 September 2023 to 26 May 2024 had many more COVID-19-

confirmed cases compared to America. The rise of new COVID-19 cases was either concentrated at the end of the year 

or the start of a new year. As shown in Figure 3, America had the highest number of deaths when compared to Europe 
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or the Western Pacific, although it had far fewer COVID-19-confirmed cases than the latter two regions. Most of the 

deaths in the American region were contributed by the US. Over the last 28 days from 19 May to 16 June 2024, 1800 

people died around the world, with 1200 deaths originating from the US [43]. However, only 22.5% of adults (above 18 

years old) in the US have received the 2023–2024 updated COVID-19 vaccines, such as from Pfizer-BioNTech, 

Moderna, or Novavax [44]. In comparison, Portugal had the most deaths (164 deaths) in the Europe region from 19 

May to 16 June 2024 [43]. Portugal has over 40% of the elderly (aged at least 60 years old) receiving the new COVID-

19 vaccines [45]. For the elderly over 80 years old in Portugal, over 60% of them have received the new COVID-19 

vaccines [45]. Although the elderly may have higher chances to contract COVID-19 due to having weaker immune 

systems, Portugal has much lower death rates than the US. This is because of the differences weaker immune systems, 

Portugal has much lower death rates than the US. This is because of the differences in receiving the new COVID-19 

vaccines, especially for the elderly. The US had 10,811 infected cases while Portugal had 7398 infected cases from 19 

May to 16 June 2024 [1,46]. The mortality rate from 19 May to 16 June 2024 was 11.10% (1200/10,811) for the US 

and 2.22% (164/7398) for Portugal. Vaccination offers protection against death from COVID-19, as indicated by the 

differences in vaccination and mortality rates between the US and Portugal. 

 
Figure 9. New COVID-19-confirmed cases from 24 September 2023 to 26 May 2024. 

 Only the top three WHO regions with the highest COVID-19 cases and deaths are shown [42]. According to Figure 2, 

Europe and the Western Pacific in the period of 24 September 2023 to 26 May 2024 had many more COVID-19-

confirmed cases compared to America. The rise of new COVID-19 cases was either concentrated at the end of the year 

or the start of a new year. As shown in Figure 3, America had the highest number of deaths when compared to Europe 

or the Western Pacific, although it had far fewer COVID-19-confirmed cases than the latter two regions. Most of the 

deaths in the American region were contributed by the US. Over the last 28 days from 19 May to 16 June 2024, 1800 

people died around the world, with 1200 deaths originating from the US [43]. However, only 22.5% of adults (above 18 

years old) in the US have received the 2023–2024 updated COVID-19 vaccines, such as from Pfizer-BioNTech, 

Moderna, or Novavax [44]. In comparison, Portugal had the most deaths (164 deaths) in the Europe region from 19 

May to 16 June 2024 [43]. Portugal has over 40% of the elderly (aged at least 60 years old) receiving the new COVID-

19 vaccines [45]. For the elderly over 80 years old in Portugal, over 60% of them have received the new COVID-19 

vaccines [45]. Although the elderly may have higher chances to contract COVID-19 due to having weaker immune 

systems, Portugal has much lower death rates than the US. This is because of the differences weaker immune systems, 

Portugal has much lower death rates than the US. This is because of the differences in receiving the new COVID-19 

vaccines, especially for the elderly. The US had 10,811 infected cases while Portugal had 7398 infected cases from 19 

May to 16 June 2024 [1,46]. The mortality rate from 19 May to 16 June 2024 was 11.10% (1200/10,811) for the US 

and 2.22% (164/7398) for Portugal. Vaccination offers protection against death from COVID-19, as indicated by the 

differences in vaccination and mortality rates between the US and Portugal. 
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Figure 10.. New deaths caused by COVID-19 from 24 September 2023 to 26 May 2024 

  

2.6. SARS-CoV-2 

New Transmission Pattern Wastewater viral activity is continuously monitored in the US. It is used to detect infectious 

diseases, such as COVID-19, and acts as an early warning [47]. Figure 4 depicts the trend of SARS-CoV-2 viral 

activity levels in wastewater from the US. A baseline was cal culated using the 10th percentile of the log-transformed 

data collected from the wastewater sampling site [47]. The calculation is the number of standard deviations above the 

baseline, transformed to the linear scale [47]. The viral activity level is considered high when higher than 4.5 and very 

high when above 8 [47]. As shown in Figure 4, the wastewater viral activity surged at the beginning of 2022 and then 

fell off. It started to peak again in late peak again in late summer and dropped again. It then began another surge during 

the end of the year and the start of the next year [47]. In this sense, COVID-19 infection is probably more common 

during late summer and the end of the year. With the rise of the new Omi cron variants, a new surge is assumed to 

occur in the late summer, around August and September of 2024. 

 
Figure 11. National trends of SARS-CoV-2 viral activity levels in wastewater from the US (accessed on 26 June 2024). 

2.7. SARS-CoV-2 Reinfection Rate 

With new mutations arising from different variants of SARS-CoV-2, enhanced infectiv ity and the ability of immune 

escape of variants can cause reinfection, particularly with the Omicron variants [48]. Reinfection refers to the scenario 

whereby an individual has ob tained their first positive COVID-19 testing result followed by another positive COVID-

19 testing result after at least 90 days from the date of the first positive testing result. The rein With new mutations 

arising from different variants of SARS-CoV-2, enhanced infec tivity and the ability of immune escape of variants can 

cause reinfection, particularly with the Omicron variants [48]. Reinfection refers to the scenario whereby an individual 

has obtained their first positive COVID-19 testing result followed by another positive COVID 19 testing result after at 

least 90 days from the date of the first positive testing result. The reinfection rate varies among different variants of 

SARS-CoV-2, and the combined rein fection rate across different variants is around 0.94% [49]. The reinfection rate of 

Omicron variants has been considerably increased compared to all of the previous variants [50]. Whereas less than a 

0.6% reinfection rate was found before the emergence of Omicron variants, Omicron variants have a 4.1% reinfection 
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rate [49]. fection rate varies among different variants of SARS-CoV-2, and the combined reinfection rate across 

different variants is around 0.94% [49]. The reinfection rate of Omicron variants has been considerably increased 

compared to all of the previous variants [50]. Whereas less than a 0.6% reinfection rate was found before the 

emergence of Omicron variants, Omicron variants have a 4.1% reinfection rate [49]. 

 

• United States 

In the State of New York, from January 2021 to August 2023, there were over 6 million cumulative first infections and 

over 660 thousand cumulative reinfections [51]. The reinfec tion rate was 9.8%. The reinfection rate peaked in 

December 2021, which was probably due to the emergence of the SARS-CoV-2 Omicron variant. 

 

• United Kingdom 

In the United Kingdom, a study was conducted across multiple Omicron variant waves [52]. It found that from April 

2020 to March 2023, over 96.7% of the first rein fections were caused by various Omicron variants, including BA.1, 

BA.2, BA.4/5, and BQ.1/CH1.1/XBB.1.5 [52]. The percentage of the second reinfection caused by various Omicron 

variants further increased to 99.6%, and all third reinfections were caused by the Omicron variants [52]. The reinfection 

was also found to be less symptomatic, and a lower viral load was found in the patients [52] 

 

• Austria 

In Austria, from June 2020 to December 2023, serological screenings were conducted to find out the reinfection rate of 

COVID-19 [53]. A 1.7% rate of reinfection was found during the Alpha and Beta periods, 4.4% of reinfection was 

found in the Delta variant period, and 38.5% of reinfection was found in the Omicron variant periods [53]. The 

reinfection rate started to decline at the end of 2023 when EG.5 was the dominant SARS-CoV-2 variant, as compared 

to the beginning of the Omicron variant period, where BA.1, BA.2, BA.4/5, and XBB were the dominant SARS-CoV-2 

variants [53] 

  

• Mexico 

In Mexico, from March 2020 to February 2023, clinical data for COVID-19 were collected from patients who were 

treated in Mexico [54]. The reinfection rate peaked at 40% in the Omicron variant period, where BA.2 and BA.4/5 were 

the dominant SARS-CoV-2 variants at the time [54]. In all the reinfection cases, 40% of the reinfection occurred in un 

vaccinated patients, while 36.4% of reinfection occurred in patients who had received two doses of vaccines [54]. 

Patients who had received additional vaccine doses only accounted for 20.1% of the reinfection cases [54]. This 

indicates that vaccination lowers the risks of reinfection when compared to non-vaccination. As the general public has 

gained immunity against COVID-19 by either vaccination or recovery from infection over the previous years of the 

COVID-19 pandemic, COVID-19 has now transitioned from the pandemic phase into the endemic phase. Endemicity 

refers to the pathogen being maintained at a stable and low prevalence rate, such as influenza [55]. The endemic phase 

means that the transmission of the virus is under control, unlike the pandemic phase, which has a widespread and 

uncontrolled transmission. If one of the SARS-CoV-2 variants mutates, increasing the immune escape property and 

infectivity, a new pandemic phase for COVID-19 could occur. Close monitoring of new variants of SARS-CoV-2 from 

public health organizations and governments is still needed to reduce the recurrence chance of the pandemic. 

3. Pathogenesis 

SARS-CoV-2 is made of four structural proteins. They are the spike, envelope, mem brane, and nucleocapsid proteins 

[56]. The spike protein has two functional domains, called S1 and S2 [57]. The S1 domain facilitates receptor binding, 

while the S2 domain facilitates viral membrane fusion with the cell [58]. The S1 domain is further classified into the N-

terminal domain (NTD) and receptor-binding domain (RBD). The RBD is the most variable part and is the part that 

interacts with cell receptors [59]. Based on the fact that SARS-CoV-2 and SARS-CoV have high genetic similarity 

[60], scientists identified that angiotensin-converting enzyme 2 (ACE2) receptors are used by SARS-CoV-2 to enter 
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host cells. Transmembrane serine protease 2 (TMPRSS2) is crucial for the proteolytic processing of the S protein, 

which is important for membrane fusion and entry [61]. ACE2 is abundant in the intestine, lungs, kidney, and heart 

[62]. When the spike protein of SARS-CoV-2 binds to the ACE2 receptor, the virus starts to infect the cell, and various 

symptoms may be developed based on the location of the ACE2 receptor that the virus binds to [63]. For example, lung 

inflammation may happen when SARS-CoV-2 binds to the ACE2 receptor located in the lungs [64]. Similarly, 

myocarditis may happen when SARS-CoV-2 binds to the ACE2 receptor located in the heart [65]. The innate immune 

response to SARS-CoV-2 is inflammation. When SARS-CoV-2 enters the cells, it triggers the pattern recognition 

receptor (PRR) to detect the pathogen associated molecular patterns (PAMPs), which are responsible for stimulating an 

innate antiviral response [66]. The host immune cells then produce proinflammatory cytokines (IL 6) and 

chemokines(CCL2) against the virus[67]. Type1interferons (IFN-1) are also released upon there cognition of PAMPs 

by PRR[68]. IFNs are responsible for antiviral reactions [69]. IFN-1 can trigger the release of enzymes that can degrade 

viral nucleic acids or produce proteins that block the release of viral particles from infected cells [69]. However, SARS 

CoV-2 can counteract the innate immune response from IFN-1 by inhibiting the synthesis of IFN-1. 

Viral nonstructural proteins from SARS-CoV-2 can block the signaling pathway for IFN-1 synthesis and 

degrade the mRNA coding for IFN-1 [70]. If SARS-CoV-2 causes the release of excess proinflammatory cytokines, 

such as IL-6, a cytokine storm occurs. Cytokine storm is considered a poor prognostic marker, as it is commonly found 

in critically ill COVID-19 patients [71]. The interaction between the viral spike protein and the ACE2 receptor on 

macrophages can lead to cytokine storms [72]. Consequently, tissue damage in different organ systems (heart, liver, 

and kidney) and organ failure may happen due to the cytokine storm [73]. Adaptive immune responses to SARS-CoV-2 

include the production of antibodies and the killing activity of CD8+ lymphocytes. Besides, CD4+ lymphocytes can 

coordinate the humoral immune response against SARS-CoV-2 [74]. This leads to the production of IgM, IgG, and IgA 

antibodies for SARS-CoV-2 [74]. Neutralizing antibodies against SARS-CoV-2 can bind to viral spike protein or RBD 

and prevent the virus from infecting host cells [75]. Nevertheless, antibodies also contribute to antibody-dependent cell-

mediated cytotoxic effects and cellular phagocytosis [76]. 

 

3.1. Infection Stage of SARS-CoV-2 

The infection of SARS-CoV-2 can be split into three stages. The first stage is the incubation period, where the person is 

infected by SARS-CoV-2. At this stage, viruses start replicating and symptoms are usually not developed. The second 

stage is the dissemination stage, in which acute pneumonia along with other symptoms, such as cough and fever, may 

develop in the patients [77]. Some patients who have diabetes or cardiovascular disease may experience more severe 

symptoms, such as hypoxia[78]. If the patient does not recover from the second stage, stage three, which is the most 

severe stage, will happen. Patients in stage three may have systemic hyperinflammation, including kidney injury, 

hepatocellular injury, and gastrointestinal injury [79,80]. 

One of the major causes of death among patients with COVID-19 is comorbidity. Comorbidity means having a medical 

condition in addition to the primary diagnosis of disease in a patient. Common comorbidities include hypertension, 

diabetes, obesity, cardiovascular diseases, and kidney diseases. Comorbidity is a significant risk factor that can increase 

the chance of mortality [81]. As comorbidities upregulate the expression of ACE2, the chance of getting COVID-19 

and the severity of the disease in individuals with comorbidities would increase correspondingly [81]. Moreover, some 

patients have more than one comorbidity, which is multimorbidity. It was found that the mortality rate for patients with 

multimorbidity is doubled compared to those without multimorbidity [82]. 

 

3.2. Long COVID 

3.2.1. Definition of Long COVID 

For some COVID-19 patients, they are unable to fully recover and suffer persistent symptoms [83]. In this sense, they 

suffer from long COVID. Long COVID refers to the persistent symptoms that occur after the initial acute phase of 

COVID-19. No clear definition for long COVID has been established. The United Kingdom classified long COVID as 
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having persistent symptoms after 12 weeks of the initial onset of symptoms and referred to it as chronic COVID [84]. 

Another classification is after three weeks of the initial onset of symptoms and is referred to as post-acute COVID [85]. 

Both post-acute COVID and chronic COVID belong to long COVID. 

  

3.2.2. Epidemiology of Long COVID 

The diagnosis of long COVID is difficult. It cannot be dependent on each individual’s viral status, as most of the long 

COVID patients have negative results on PCR diagnosis [86]. Different individuals infected with SARS-CoV-2 have 

different recovery times based on the severity of the illness and their immune systems. One reason is that some of the 

individuals who were infected by SARS-CoV-2 did not develop any symptoms. The diagnosis of long COVID in 

asymptomatic individuals without any COVID-19 diagnostic testing is relatively difficult [87]. The occurrence of long 

COVID is estimated to be about 10 to 30% for non-hospitalized patients and 50 to 70% for hospitalized patients [88]. 

Only 10 to 12% of the vaccinated patients were diagnosed with long COVID [89]. 

The symptoms of long COVID differ for every individual and can affect different organ systems, including respiratory 

tracts, gastrointestinal tracts, joints, central and peripheral nervous systems, bone marrow, and the endocrine system 

[90]. Most general symptoms include headache, depression, and fatigue [91]. Myalgicencephalomyelitis/chronic fatigue 

syndrome (ME/CFS) is another syndrome that has similar symptoms to long COVID, such as fatigue and post-

exertional malaise [92]. 

 

3.2.3. Pathogenesis of Long COVID 

One potential explanation for fatigue and hypoxia in tissues is that SARS-CoV-2 induces the platelets and endothelial 

cells for hypercoagulation [93]. This blocks the blood vessels and affects oxygen delivery to the tissues. The spike 

protein from SARS-CoV2 can increase inflammatory signaling by activating platelets [94]. It can also increase 

fibrinogen aggregation, which forms micro-clots [95]. If the fibrinolysis for the micro-clots is unsuccessful, hypoxia 

occurs. 

Another possible reason for long COVID symptoms is the disruption of mitochondrial function. Mitochondrial 

dysfunction in peripheral blood mononuclear cells in COVID-19 patients correlates with the severity of the disease 

[96]. Due to mitochondrial dysfunction, cells may not generate sufficient ATP to carry out their normal function. It 

causes the normal cellular energy metabolism to be altered and potentially causes a wide variety of symptoms of long 

COVID. 

For neurological symptoms caused by long COVID, such as anosmia, magnetic resonance imaging has shown damages 

in the olfactory bulb and mucosa [97]. Acute COVID-19 can cause irreversible damage to olfactory stem cells, as they 

express the ACE2 receptors [98]. The loss of the olfactory stem cells negatively affects the repairing of the olfactory 

epithelium [99]. Persistent anosmia remains even after recovery from COVID-19, as the loss of olfactory stem cells 

renders olfactory repairing ineffective. 

 

3.2.4. Treatments for Long COVID 

Treatments for long COVID are different among patients, as each of them may have different symptoms. Clinical 

assessment should be conducted carefully to detect whether the individual has developed long COVID. Treatment 

should be in different directions, such as providing symptomatic treatment, psychological support, occupational 

therapy, and physiotherapy [85]. One approach is to provide treatment based on the identified symptoms and interfere 

with the related mechanisms [100]. 

The most effective way to prevent long COVID is by vaccination. A study conducted in the United Kingdom, Spain, 

and Estonia found that vaccination consistently reduced the risks of developing long COVID symptoms, particularly 

for adults [101]. Another study found that vaccination before infection with SARS-CoV-2 is associated with a lower 

incidence of long COVID [102]. If the patients have ongoing long COVID, vaccination cannot assist in resolving the 
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symptoms of long COVID [102]. Therefore, vaccination is a prevention method for reducing the probabilities of 

developing long COVID and should be conducted as soon as possible. 

Metformin is a drug used for the treatment of diabetes. It was found that metformin can be used in patients with 

COVID-19 and diabetes to lower the risk of developing long COVID[103].Moreover, in July of 2023, two RECOVER 

clinical trials were held by the US National Institutes of Health to test the effectiveness of the treatment for long 

COVID [104]. One of the RECOVER clinical trials was called RECOVER-VITAL, and it aimed to use Paxlovid as a 

potential treatment for long COVID [104]. Another RECOVER clinical trials was called RECOVER-NEURO [105]. It 

aimed to use three different treatment methods to help long COVID patients with neurological symptoms. It consisted 

of two online training programs and one non-invasive electrical stimulation program for the brain [105]. As of June 

2024, two more RECOVER clinical trials are launching. They are RECOVER-SLEEP and RECOVER-AUTONOMIC 

[106,107]. RECOVER-SLEEP aims to test the efficacy of modafinil and solriamfetol for the treatment of hypersomnia. 

It also aims to test the efficacy of melatonin and light therapy for treating complex sleep disturbances [107]. 

RECOVER AUTONOMIC aims to test the efficacy of Gamunex-C and Ivabradine against an autonomic nervous 

system disorder, called Postural Orthostatic Tachycardia Syndrome [106]. Through all these clinical trials, more 

potential treatment options are opened to patients suffering from long COVID. 

The chronic symptoms for patients with long COVID add another burden to the healthcare system. If people are 

unwilling to get vaccinated in response to the new variants of SARS-CoV-2, more people will be infected and 

hospitalized by COVID-19. Those people can also develop long COVID after recovery from COVID-19, which adds 

extra burdens to the healthcare system. People should get vaccinated with the latest booster dose to keep up with the 

constant mutating variants of SARS-CoV-2 to remove some burden on the healthcare system. 

 

4. Diagnostic 

Methods Considering the challenges that COVID-19 can spread in the community through asymptomatic and pre-

symptomatic transmissions [108,109], respiratory droplets, and direct and indirect contacts, as the primary means for 

the transmission between individuals [110], it is possible for coronavirus carriers to unknowingly infect nearby people. 

To prevent further transmission of disease by unaware carriers and suspected COVID-19 patients, reliable diagnostic 

techniques are required for early patient identification and better infection control. As such, there was a rapid bloom of 

research starting from the early stage of the COVID-19 pandemic, which aimed to provide insights into the diagnostic 

technologies for SARS-CoV-2 infection. However, not all the suggested techniques have been applied in clinical 

settings or generally accepted for diagnosis. Now, there are two primary categories of diagnostic techniques for SARS-

CoV-2 infection recommended by the WHO and FDA. These are nucleic acid amplification tests (NAAT) and 

serological tests for viral antigens [111,112]. 

 In the following, relatively popular techniques within these two diagnostic categories will be discussed. The 

characteristics of some featured diagnostic techniques are summarized and shown in Table 2. 

 
Table 2. A summary table of featured COVID-19 diagnostic methods 

4.1. Nucleic Acid Amplification Test (NAAT) 

4.1.1. RT-qPCR 

RT-qPCR is the most stand-out technique used for detecting SARS-CoV-2 in the cate gory of NAATs [25]. It is the 

most used method and is considered the gold standard for detecting SARS-CoV-2 by the World Health Organization 

(WHO) [113,114]. One of the rea sons contributing to the prevalence of this method is its high sensitivity and 
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specificity [113]. The result generation time of RT-qPCR can vary due to different primers and fluorescence probe 

designs. As reported previously [115], with the refinement in primers’ design to make their Tm value closer to the 

optimal elongation temperature of Taq polymerase and shortening the distance between the fluorophore and quencher 

in the fluorescent probes, scientists could reduce the time required for RT-qPCR SARS-CoV-2 detection from 74 min 

to 26 min [116]. Several types of patient samples are acceptable for RT-qPCR, which include posterior oropharyngeal 

saliva, nasopharyngeal swabs, oropharyngeal swabs, and sputum [113]. The nasopharyngeal swab is regarded as the 

gold-standard sample for SARS-CoV-2 detection [117], probably due to its wide application in the detection of other 

respiratory pathogens and ease of acquisition [117,118]. As such, it is more prevalent to use nasopharyn geal swabs 

over other upper respiratory tract samples for the diagnosis of COVID-19 using RT-qPCR. Lower respiratory tract 

samples, such as sputum, can be an alternative specimen for the diagnosis of COVID-19. 

Some studies have proved that RT-qPCR using sputum has a higher clinical sensitivity compared to 

nasopharyngeal swabs [11,56]. However, there is a problem associated with sputum sampling. As stated by Akowuahet 

al. [119], not all COVID-19 patients produce sputum spontaneously. Although sputum induction can be applied to these 

patients, it requires a longer sampling time and extra medical staff to look after patients compared to nasopharyngeal 

swabs. Considering the heavy workload of medical staff over the course of the COVID-19 pandemic, induced sputum 

sampling may be less preferred or impractical. The difficulty in sampling might have limited sputum’s prevalence for 

SARS-CoV-2 detection via RT-qPCR. Yet, scientists suggested that sputum can be used for performing a diagnosis of 

those with a wet cough [120], radiologically or epidemiologically suspected COVID-19, but with a negative 

nasopharyngeal swab result [121]. 

The detection of SARS-CoV-2 via RT-qPCR encompasses three major steps, which are reverse transcription, 

polymerase chain reaction, and fluorescence detection. The general workflow and setup of an RT-qPCR are depicted in 

Figure 5. As a single-stranded RNA virus [122], the genomic content of SARS-CoV-2 cannot be directly amplified 

through PCR. As such, a reverse transcription step is added before amplification. This is achieved by using an RNA-

dependent DNA polymerase, which converts the single-stranded RNA into complementary DNA [123]. In terms of 

DNA amplification, scientists spotted conserved sites in the genome of SARS-CoV-2 to produce primers that are usable 

for more virus variants. Three conserved sites were found in the SARS-CoV-2 genome, which are the RdRP (RNA-

dependent RNA polymerase) gene, the E (envelope protein) gene, and the N(nucleocapsid protein) gene [123]. 

Depending on the region, different combinations of genes are used for the detection of SARS-CoV-2. Except for the 

three genes mentioned above, there are also S (spike protein), ORF1a, and ORF1b genes, which may be targeted for 

DNA amplification [114,123]. With the genes of SARS-CoV-2 being successfully probed and amplified, PCR products 

will be labeled with fluorescent dyes or probes during thermal cycling and the qPCR machine will measure the changes 

in fluorescence intensity over time. The number of threshold cycles (Ct) aids in identifying whether a patient is infected 

with SARS-CoV-2 and his or her viral load [124]. However, the Ct value can vary due to several reasons, including the 

genes and platforms used for detection, the source of the specimen, and its degradation [113]. As such, there is no 

universal guideline for interpreting the Ct values obtained from RT-qPCR of all specimen types. Countries or regions 

may define their own set of Ct values by considering the gene panels used and the specimen types to determine the 

infectiousness of the tested individual. They may also consider whether follow-up tests and infection control actions are 

required based on the result. From a Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 13 of 53 general perspective, for 

nasopharyngeal samples, Ct values that fall into the range of <20, 20–25, <30, and 30–33 signify a very high 

viral load, high viral load, moderate to low viral load, and very low transmitting risk, respectively [113] 

However, for such a popular and high-credibility SARS-CoV-2 detection method, it possesses 

shortcomings, too. One of the risks with the use of RT-qPCR is a higher chance of obtaining false-positive and false-

negative results. In terms of false-positive results, they may be obtained if there are problems such as suboptimal 

handling and contamination, even at a small amount. For instance, trace amounts of nucleic acids retained from 

previous tests in the PCR machine may be amplified and lead to false-positive results [113]. 
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 Figure 12. General workflow for a two-step RT-qPCR for the detection of SARS-CoV-2 virus. This figure was created 

with BioRender (https://biorender.com; accessed on 11 June 2024). 

For However, for such a popular and high-credibility SARS-CoV-2 detection method, it possesses shortcomings, too. 

One of the risks with the use of RT-qPCR is a higher chance of obtaining false-positive and false-negative results. In 

terms of false-positive results, they may be obtained if there are problems such as suboptimal handling and contamina 

tion, even at a small amount. For instance, trace amounts of nucleic acids retained from previous tests in the PCR 

machine may be amplified and lead to false-positive results [113]. For false-negative results, their root causes can be 

poor collection, handling, and transit [123]. Ordering an RT-qPCR test at inappropriate time points may also yield false 

negative results. Ideally, the test provides reliable results three days after the manifesta tion of symptoms and until the 

fourteenth day [125]. The reason is that the low viral loads at the beginning of COVID-19 infection and in the recovery 

stage are potential causes of false-negative results. As such, RT-qPCR has a high requirement on the experience and 

techniques of laboratory personnel [123], as well as a clean and well-planned working environment that can ensure a 

low contamination rate for the samples [126]. Clinicians should also order the RT-qPCR test after considering the 

patient’s exposure time to the virus. false-negative results, their root causes can be poor collection, handling, and transit 

[123]. Ordering an RT-qPCR test at inappropriate time points may also yield false-negative results. Ideally, the test 

provides reliable results three days after the manifestation of symptoms and until the fourteenth day [125]. 

The reason is that the low viral loads at the beginning of COVID-19 infection and in the recovery stage are potential 

causes of false-negative results. As such, RT-qPCR has a high requirement on the experience and techniques of 

laboratory personnel [123], as well as a clean and well-planned working environment that can ensure a low 

contamination rate for the samples [126]. Clinicians should also order the RT-qPCR test after considering the patient’s 

exposure time to the virus. 

Besides, RT-qPCR urges for rigorous primer design for good performance. As the major criteria for assessing assay 

performance, sensitivity and specificity of RT-qPCR depend on primer quality. A previous study demonstrated that the 

use of N-gene-targeting in-house designed primer sets (iNP) for SARS-CoV-2 detection had a higher sensitivity than 

the N1-, N2-, or N3-gene-targeting primer sets recommended by the Centers for Disease Control and Prevention (CDC) 

when the cycle threshold was set as 35 (i.e., 94.8% vs. 57.9–63.2% for sputum samples and 69.6% vs. 65.2–69.6% for 

nasopharyngeal samples) [127]. While the differences between the iNP and CDC primer sets were primer sequences 

and the amplification temperatures differed by 2 ◦C, it was likely that the difference in target regions on the N gene 

contributed greatly to the variance in analytical sensitivity between the iNP- and CDC-suggested primers. Besides, 

cross-reactivity with other respiratory pathogens, such as influenza A virus, SARS-CoV, and Staphylococcus aureus, 

was found with the use of CDC-recommended primer sets [127], while the iNP primer set did not have false reactive 

results on the cross-reactivity panel. It is possible that the imprecise design of the CDC primer sets resulted in the 

detection of undesired targets. 
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Aside from the primer design, specimen type may affect the clinical sensitivity of RT-qPCR assays. As observed by 

Lawrence Panchalietal. [127], using iNP for detecting SARS-CoV-2 in sputum could achieve 94.8% sensitivity; 

however, sensitivity was greatly reduced when nasopharyngeal swabs were used (i.e., 69.6%). This may be explained 

by the detection principle of RT-qPCR and viral distribution in the respiratory tract. RT-qPCR detects viral genes, and 

the amount of these genes is proportional to viral abundance. If a sample contains a scarce amount of virus, the viral 

gene copies may be below the limit of detection and, hence, cannot be reliably detected, leading to false negatives. As 

Bello-Lemus et al. commented [128], the detection sensitivity of viral genes ‘decreases with the decrease in the 

patients’ viral load’. Regarding viral distribution, several studies have reported that the viral load in the lower 

respiratory tract samples (i.e., sputum) is generally higher compared to upper respiratory tract samples (i.e., 

nasopharyngeal swabs) at the beginning of the disease [129,130]. This difference in viral distribution may be attributed 

to a higher density of angiotensin-converting enzyme-2 (ACE2) receptors and less exposure to the external 

environment in the lower respiratory tract [130]. The high RNA viral load in the lower respiratory tract can be easier to 

detect, leading to a higher clinical sensitivity for SARS-CoV-2 detection when using sputum samples. Furthermore, 

some studies have suggested that the viral shedding time may be longer in the lower respiratory tract than the 

upperrespiratory tract [118,130,131]. This prolonged viral shedding in the lower respiratory tract could result in a 

persistent positive result for SARS-CoV-2 using sputum samples, even though nasopharyngeal swabs have turned 

negative [118,130]. 

 All things considered, there are various measures to ensure high-quality results for RT qPCRresults. Every medical 

practitioner involved in sampling, processing, and storing of patient samples for RT-qPCR should strictly adhere to 

established guidelines to avoid faulty results. Besides, the diagnostic kit in use should be regularly evaluated by 

laboratories. For instance, literature reviews of recent studies on analytical performance can show whether the kit is 

capable of detecting important and up-to-date SARS-CoV-2 variants. Moreover, the reliability of results may be 

validated through external quality-assurance programs. Using more than one brand of diagnostic kits for result cross-

checking can also ensure the results’ reliability. Regarding variation in clinical sensitivity across sample types, it may 

be necessary to standardize the sample used for virus detection, or different guidelines for result interpretation can be 

established for different specimen types. 

4.1.2. Multiplex RT-qPCR Assays for Detecting SARS-CoV-2 and Other Respiratory Pathogens 

The invention of multiplex RT-qPCR respiratory panels was are markable technological advancement during the 

COVID-19 pandemic. Since the start of the pandemic, over 200 RT-qPCR commercial diagnostic kits have been 

granted emergency use authorization (EUA) from the FDA. However, only a small proportion of the were designed as 

multiplex assays, which allow for simultaneous detection of SARS-CoV-2 and other respiratory pathogens. To date, 

three out of seven RT-PCR diagnostic kits are multiplex assays and had their EUA issued and updated this year [132]. 

They are Cobasliat SARS-CoV-2, Influenza A/B and RSV nucleic acid test, ePlex Respiratory Pathogen Panel 2, and 

PKamp Respiratory SARS-CoV-2 RT-PCR Panel 1. While there is a lack of studies evaluating the performance of the 

newly approved Cobasliat kit (received FDA-EUA approval on 7 June 2024), the latter two assays were reported to 

have 100% sensitivity and specificity for SARS-CoV-2 detection [133]. Besides, these two assays were found to have 

100% concordant results with the CDC 2019-nCoV RT-PCR diagnostic panel [134], and slightly higher detection rates 

for SARS-CoV-2 in nasopharyngeal swabs and saliva samples compared to another SARS specific FDAEUA 

assays[135], respectively. These multiplex assays serve an important role in assisting clinicians in making accurate 

diagnoses and providing appropriate treatment to patients. As reported previously [136], co-infection with other 

respiratory pathogens was discovered in some COVID-19 patients. Moreover, the application of multiplex assays 

enables efficient testing, since fewer runs and machines are required for detecting and differentiating multiple 

pathogens in a sample. 

4.1.3. RT-dPCR 

During the COVID-19 pandemic, consecutive negative results from RT-qPCR testing have been one of the 

considerations for hospital discharge or the end of quarantine for infected individuals [118,137]. Ensuring the accuracy 
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of RT-qPCR results was particularly important during that period, as faulty results could have led to the wasteful use of 

medical resources on recovered individuals, and the potential exacerbation of the pandemic due to the continued spread 

of infectious virus particles from patients who had not fully recovered. Acknowledging the shortcomings of RT-qPCR, 

scientists suggested using RT-dPCR as an alternative to RT-qPCR because of its improved sensitivity and accuracy 

[138]. 

To apply dPCR in the detection of SARS-CoV-2, a reverse transcription step is required to produce cDNA from the 

viral RNA. With the cDNA successfully generated, a PCR mixture has to be prepared, of which the ingredients are 

similar to that of qPCR. 

. The PCR mixture is then partitioned into thousands of droplets, each containing none or one to multiple nucleic acid 

molecules. Each droplet is a PCR reaction, in which nucleic acids will be amplified in the same way as qPCR. 

Following the amplification cycle, the PCR machine will detect the presence of target nucleic acids with the help of 

fluorescence probes. The number of droplets with fluorescence signals will be counted, and then the concentration of 

target nucleic acid molecules will be determined using Poisson statistics. 

Compared to qPCR, dPCR was found to have a higher sensitivity and tolerance to interference. In terms of analytical 

sensitivity, a previous study affirmed that the limit of detection (LoD) of droplet dPCR is 1.8 copies/reaction and 2.1 

copies/reaction for the N gene and ORF1ab gene, respectively [139]. Meanwhile, for qPCR, the LoD for the N gene 

and ORF1ab gene is 873.2 copies/reaction and 1039 copies/reaction, respectively. Based on these findings, droplet 

dPCR was 500 times more sensitive compared to qPCR. Dong et al. [138] also affirmed the high clinical sensitivity of 

dPCR with their experimental data. In their study, 61 previously negative or equivocal samples tested with RT-qPCR 

were later confirmed to be positive with RT-dPCR. Through clinical symptoms, resampling, and retesting with RT-

qPCR, these 61 patients were later diagnosed with COVID-19. For these 61 patient samples, the average viral loads 

were 25, 26, and 31 copies/reaction for the N, E, and ORF1ab genes, respectively. Meanwhile, high viral loads were 

observed in another 29 positive samples tested by RT-qPCR. The average viral loads for these 29 samples were 1099, 

2594, and 998 copies/reaction for the N, E, and ORF1ab genes, respectively. These results suggested the potential 

application of dPCR in detecting SARS-CoV-2 at a low abundance. Except for its high sensitivity, dPCR was also 

expected to have a higher tolerance to PCR inhibition due to the partitioning of the reaction mixture [138]. 

While dPCR seemed to be a promising technique for combating the COVID-19 pan demic, there were 

some concerns with its widespread use. For partitioning a PCR mixture, specialized machines and dPCR chips are 

required, which could be a financial burden for poorer or resource-limited laboratories. Also, the production of dPCR 

chips is time consuming [140]. At the peak of COVID-19 testing demands, it was challenging for manufacturers to 

produce and distribute sufficient dPCR chips to laboratories worldwide. In addition, the WHO later removed the 

requirement of receiving consecutive negative RT-qPCR results for patient discharge from its guidelines [141]. The 

reason was that for patients with symptoms manifesting for more than eight weeks, their nasopharyngeal swabs may 

still give out positive results due to prolonged viral shedding, while the me dian recovery time is only about 14–15 days 

after symptoms appear [141]. Since then, the demand for a highly sensitive yet more expensive NAAT, such as dPCR, 

was reduced, as its results were no longer critical for making infection control decisions. 

 

4.1.4. Other NAATs 

Aside from RT-qPCR, in the mid-phase of the COVID-19 pandemic, there was the suggestion of using isothermal 

nucleic acid simplification technologies, such as LAMP (loop-mediated isothermal amplification) 

[142] and CRISPR-based assays [143]. LAMP is the most well-established isothermal amplification technique [114]. 

Compared to RT-qPCR, RT-LAMP does not require thermal cycling and the result generation time ranges from 5 to 13 

min [123]. 

As such, less complicated machines were needed, and a shorter turn-around time could be obtained through applying 

RT-LAMP in SARS-CoV-2 detection. However, possibly due to the difficulty in designing a set of four to six robust 

primers for LAMP and the good establishment of RT-qPCR, RT-qPCR has dominated for SARS-CoV-2 detection in 
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the field of NAATs [144]. Since the beginning of the COVID-19 pandemic, the FDA has granted EUA approval to only 

17 RT-LAMP test kits, which is much fewer than that of RT-PCR (i.e., more than 200 entries) [132]. 

 

4.2. Serological Tests 

Serological tests can be divided into antibody-based or antigen-based [114]. Respec tively, they detect the presence of 

virus-specific host antibodies and viral antigens in tested individuals. However, antibody-based serological tests are not 

recommended for the diag nosis of acute SARS-CoV-2 infection [145]. Instead, its major function is to suggest whether 

an individual has been infected or recovered from SARS-CoV-2 previously [146]. The reason why antibodies cannot be 

used for diagnosis is that patients may take 1–2 weeks to give out a measurable amount of SARS-CoV-2 antibody after 

the onset of illness [145]. Therefore, antibodies cannot provide an immediate snapshot of the viral abundance in tested 

individuals. Adversely, antigen-based tests that detect particular SARS-CoV-2 anti gens have a high diagnostic value. 

This is because the presence of antigens signifies current viral infection [147]. 

The detection of SARS-CoV-2 antigen can be performed by rapid antigen test (RAT) kits or ELISA (enzyme-linked 

immunosorbent assay). These two techniques also employ capture antibodies targeting spike or nucleocapsid proteins, 

which can be regarded as the antigens of SARS-CoV-2. However, the epitopes targeted by these capture antibodies 

may vary between brands and products. This may give rise to variance in the performance of antigen-based tests 

regarding coverage and sensitivity. Similar to RT-qPCR, antigen-based tests are compatible with nasopharyngeal 

swabs, oropharyngeal swabs, or sputum samples (depending on the design of the test) [113]. 

 

4.2.1. RAT 

Most of the SARS-CoV-2 RATs are designed based on the principles of a lateral flow immunoassay (LFIA), of which 

the design is shown in Figure 6. In LFIA, a specimen is first immersed into a buffer, which may help with the flow of 

viral particles along the nitrocellulose membrane in a RAT kit. After that, droplets of analyte are added to specific sites 

on the test kit. On the nitrocellulose membrane, there are usually three types of antibodies: antibodies specific for 

SARS-CoV-2 viral proteins and tagged with substances such as gold, latex, or fluorophore [148], antibodies 

immobilized on the test line and specific to SARS-CoV-2 viral proteins, and antibodies immobilized on the control line 

and specific to part of the tagged antibodies. Analyte flows through the nitrocellulose membrane by capillary action and 

antigen–antibody complexes will be formed once there is Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 

complementary binding between antigens and antibodies. Ultimately, a positive result will 17 of 53 be visualized as a 

colored or fluorescence band depending on the tag linked to antibodies, and vice versa for a negative result. The control 

line should always show a positive result [149], as it signifies successful binding between immobilized antibodies and 

excess tagged antibodies. Otherwise, there may be problems, such as an insufficient sample volume, which makes 

tagged antibodies unable to reach the control line or components in the test kits degraded. 

The test should be repeated in this case. There is also another tagged antibodies. Otherwise, there may be 

problems, such as an insufficient sample volume, which makes tagged antibodies unable to reach the control line or 

components in the test kits degraded. The test should be repeated in this case. There is also another scenario that may 

require repeat testing. As recommended by the FDA, users who obtain a negative result using FDA-approved over-the-

counter diagnostic tests should repeat testing to lower the risk of receiving a false-negative result [150]. scenario that 

may require repeat testing. As recommended by the FDA, users who obtain a negative result using FDA-approved 

over-the-counter diagnostic tests should repeat testing to lower the risk of receiving a false-negative result [150]. 
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Figure 13. The architecture of LFIA for SARS-CoV-2 virus detection. This figure was created with BioRender 

(https://biorender.com; accessed on 11 June 2024). 

The invention of RATs has significantly promoted self-testing during the COVID-19 pandemic, as they do not urge for 

expensive reagents, laboratory equipment, multiple processing steps, and trained staff for manipulation. These 

characteristics of RATs have contributed to their lower cost compared to laboratory-based techniques, such as RT-

qPCR. The invention of RATs has significantly promoted self-testing during the COVID-19 pandemic, as they do not 

urge for expensive reagents, laboratory equipment, multiple processing steps, and trained staff for manipulation. These 

characteristics of RATs have contributed to their lower cost compared to laboratory-based techniques, such as RT 

qPCR. Furthermore, a recent meta-analysis study revealed that self-testing and profes sional testing of SARS-CoV-2 

infection using RATs could achieve similar accuracy, with a pooled Cohen’s kappa of 0.91 [151]. Additionally, RATs 

can yield results in 10–15 min [123], which is shorter than RT-qPCR, which needs one or more hours to obtain the 

results. In short, the cost effectiveness, ease of manipulation, and short result generation time of RATs have made them 

one of the invaluable tools for combating the COVID-19 pandemic. Furthermore, a recent meta-analysis study revealed 

that self-testing and professional testing of SARS-CoV-2 infection using RATs could achieve similar accuracy, with a 

pooled Cohen’s kappa of 0.91 [151]. Additionally, RATs can yield results in 10–15 min [123], which is shorter than 

RT-qPCR, which needs one or more hours to obtain the results. In short, the cost effectiveness, ease of manipulation, 

and short result generation time of RATs have made them one of the invaluable tools for combating the COVID-19 

pandemic. 

 

4.2.2. ELISA 

In terms of ELISA, its derivative, sandwich ELISA, has been reported to be used in the detection of SARS-CoV-2 viral 

proteins [113,152]. Compared to RATs, the development of ELISA-based SARS-CoV-2 antigen tests came later and 

was less common. This may be due to the reasons that ELISA requires a longer result generation time and is not 

suitable for self testing since it is a laboratory-based technique. Despite these limitations, ELISA is generally more 

sensitive than LFIA and has a lower production cost per sample [152]. The use of Int. J. Mol. Sci. 2024, 25, x FOR 

PEER REVIEW 18 of 53 ELISA may help to reduce the financial burden on public health systems. Recognizing these 

advantages, some scientists have worked on the development of ELISA for the detection of SARS-CoV-2 antigen 

[152,153]. These ELISA kits may have greater importance in a clinical setting, where numerous COVID-19 samples 

are available. While most of the SARS-CoV-2 antigen diagnostic tests are LFIA at present, it is possible that more 

ELISA-based detection [152]. The use of ELISA may help to reduce the financial burden on public health systems. 

Recognizing these advantages, some scientists have worked on the development of ELISA for the detection of SARS-

CoV-2 antigen [152,153]. These ELISA kits may have greater importance in a clinical setting, where numerous 

COVID-19 samples are available. While most of the SARS-CoV-2 antigen diagnostic tests are LFIA at present, it is 

possible that more ELISA-based detection kits could emerge in the market in the future. This is because the WHO has 
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stated that platforms other than RAT will be considered on a case-by-case basis for granting emergency use listing 

(EUL) approval [111]. kits could emerge in the market in the future. This is because the WHO has stated that platforms 

other than RAT will be considered on a case-by-case basis for granting emergency use listing (EUL) approval [111]. 

The general procedure of an ELISA-based SARS-CoV-2 antigen test is shown in Figure 7. To begin with, capture 

antibodies specific to SARS-CoV-2 viral proteins are first immobilized on a solid support. Following this, a lysis buffer 

is used to release viral particles from the specimens. If the SARS-CoV-2 virus possesses antigens that can specifically 

bind to the capture antibodies, antigen–antibody complexes will be formed. For the detection of those antigen–antibody 

complexes, enzyme-linked or fluorescently labeled detection antibodies The general procedure of an ELISA-based 

SARS-CoV-2 antigen test is shown in Figure 7. To begin with, capture antibodies specific to SARS-CoV-2 viral 

proteins are first immobilized on a solid support. Following this, a lysis buffer is used to release viral particles from the 

specimens. If the SARS-CoV-2 virus possesses antigens that can specifically bind to the capture antibodies, antigen–

antibody complexes will be formed. For the detection of those antigen–antibody complexes, enzyme-linked or 

fluorescently labeled detection antibodies with or without primary detection antibodies will be used. Additional 

substrates have to be added in case of enzyme-linked detection antibodies so that chromogenic products can be formed 

and quantified by a detector. Eventually, a detector, such as a microplate reader, can be used to measure the intensity of 

fluorescence, or the color intensity of the chromogenic substances formed. The value measured is proportional to the 

number of antigen–antibody complexes inside a well of the microplate. Users may construct a standard curve for the 

semi-quantitative measurement of the SARS-CoV-2 virus in patient samples. with or without primary detection 

antibodies will be used. Additional substrates have to be added in case of enzyme-linked detection antibodies so that 

chromogenic products can be formed and quantified by a detector. Eventually, a detector, such as a microplate reader, 

can be used to measure the intensity of fluorescence, or the color intensity of the chromogenic substances formed. The 

value measured is proportional to the number of antigen–antibody complexes inside a well of the microplate. Users 

may construct a standard curve for the semi-quantitative measurement of the SARS-COV-2 virus in patient 

 
Figure 14. General flow for using ELISA in SARS-CoV-2 viral antigen detection. This figure was created with 

BioRender (https://biorender.com; accessed on 11 June 2024) 

As commented by the Pan American Health Organization and the WHO, ELISA for detecting SARS-CoV-2 viral 

proteins has acceptable specificity and could be set as one of the confirmation criteria, together with clinical and 

epidemiological histories and case definitions. ELISA results were also useful for making public health decisions [113]. 

 

4.2.3. Shortcomings of Antigen Tests 

However, antigen tests are not as reliable as NAATs due to a lower sensitivity [147,151]. There are two possible 

reasons for the difference in performance. Firstly, antigen-based serological tests lack an amplification step. To achieve 
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a high confidence in SARS-CoV-2 detection, the tested individual should have a moderate to high viral load. 

Particularly, for RAT, its results are most reliable when the patient has a virus copy number higher than 106 per mL 

[113]. Such a great viral load usually occurs in the pre-symptomatic state, which is one to three days before the onset of 

symptoms, and the early symptomatic state [154]. While the mean latent period for SARS-CoV-2 is about 5.5 days 

[155], it is possible for an antigen-based test to yield a false-negative result when the tested individual is only infected 

by the SARS-CoV-2 virus for a short period. Probably, a low abundance of SARS-CoV-2 antigens present in the 

specimen would give rise to inadequate numbers of antigen–antibody complexes, which together cannot produce a 

measurable or observable amount of signal. While the SARS-CoV-2 antigens cannot be amplified, as nucleic acid does 

in RT-qPCR, patients with a low SARS-CoV-2 load may be omitted by the antigen-based serological tests, giving rise 

to false-negative results. 

Another reason is that mutations in the spike or nucleocapsid protein of SARS-CoV-2 may lead to detection failure in 

antigen-based tests. In recent years, SARS-CoV-2 has evolved and mutated, yielding numerous variants [156]. In these 

virus variants, their viral proteins may be altered. Although most of the single-nucleotide polymorphisms (SNP) that 

define the variants of SARS-CoV-2 occur in the spike protein [157], mutations in the nucleocapsid protein of SARS-

CoV-2 have also been reported [158]. As such, antigen-based tests may not be able to detect particular SARS-CoV-2 

variants with their spike or nucleo capsid proteins mutated. Comparatively, most of the RT-qPCR platforms target 

conserved gene sequences in SARS-CoV-2, hence they have a lower chance to overlook those newly emerged SARS-

CoV-2 variants. With that being said, companies may perform constant regulatory reviews of their RAT products to 

improve the design of capture antibodies. This may help to improve the coverage and sensitivity of RATs. However, 

this may not be a usual practice for companies due to financial burdens. As such, before making the diagnosis of 

SARS-CoV-2 infection, healthcare providers should have first gone through the packing inserts of the RAT products to 

understand what SARS-CoV-2 variants can be detected. It is also advised to use RATs that are granted EUA from the 

FDA. As of May 2022, among 577 commercialized SARS-CoV-2 RATs recorded on the FIND (http://www.finddx.org, 

accessed on 15 April 2024) website, only 38 of them have been granted emergency use authorization from the FDA 

[113]. The use of unauthorized antigen-testing kits may pro duce inaccurate results and hence affect diagnosis. If 

necessary, RT-qPCR may be used for making the diagnosis 

 

5. Ancillary Tests for COVID-19 

In addition to diagnostic tests, as mentioned above, several other techniques have been employed for monitoring the 

mutational dynamics of SARS-CoV-2 and patients’ health during the pandemic. Some important techniques will be 

reviewed below. 

 

5.1. Sequencing 

Although sequencing has limited efficacy for rapid virus screening of the general public due to the long turnaround 

time, high cost, and the requirement of expertise for data processing and results’ interpretation [159], sequencing data 

have made important contributions in the fight against the COVID-19 pandemic. Firstly, sequencing data have 

facilitated the understanding of SARS-CoV-2 biology. The original genome sequence of SARS-CoV-2 was obtained 

with metagenomic RNA sequencing. It was then promptly disclosed to the public and uploaded to the GenBank 

sequence database in January 2020 [160]. With this genomic information at hand, scientists were able to gain critical 

insights into the novel virus in the early stages of the COVID-19 pandemic. They were able to determine the virus’ 

genus, identify its genetic similarities with other Beta coronaviruses, infer the receptor it uses for cell entry, and 

recognize an insertion in the S gene that may improve the virus’ infectivity [161]. Besides, comparative genomic 

analysis provided hints about the potential animal reservoir host of SARS-CoV-2 [161]. This fundamental knowledge 

acquired from genome sequencing was instrumental for the implementation of preventive measurements targeting the 

human–animal interface as well as human-to-human transmission. Secondly, SARS-CoV-2 sequencing data have been 

of paramount importance in developing various techniques against the COVID-19 pandemic. For molecular diagnostic 
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tests, such as RT-qPCR, the genome sequences of SARS-CoV-2 are essential for the design of specific primers and 

fluorescent probes that can accurately and reliably detect the presence of the virus’ nucleic acids in patient samples 

[162]. For serological tests, the virus genome sequence enabled researchers to infer the protein sequences of viral 

antigens, such as the N and S proteins. Based on this understanding, synthetic viral antigens can be produced by 

introducing corresponding gene fragments into expression vectors [162,163]. These synthetic viral antigens can then be 

used in serological assays for the detection of host antibodies against SARS-CoV-2 antigens, and hence contribute to 

the study of a patient’s immune response and exposure to the virus. Besides, the design of COVID-19 vaccines also 

relied on the insights gained from SARS-CoV-2 genomic sequencing. Taking mRNA vaccines as an example, the gene 

fragments encoding the SARS-CoV-2 spike protein are introduced to the muscle cells of recipients [164]. As long as 

recipients’ muscle cells make copies of the spike protein, an immune response will be elicited. Similarly, for protein 

subunit vaccines, synthetic spike protein antigens are produced using expression vectors and then administered to 

recipients [162,164]. Host immune cells will recognize injected viral antigens as ‘foreign’ and initiate an immune 

response. 

Thirdly, sequencing is crucial for SARS-CoV-2 genomic surveillance. As an RNA virus, SARS-CoV-2 has a high 

tendency of genetic mutation. Consequently, there is the emergence of numerous SARS-CoV-2 variants, including 

variants of interest (VOIs) and variants of concern (VOCs). These variants, such as the Alpha, Beta, Delta, Omicron, 

and their subvariants, may gain advantages, such as increased transmissibility or the ability of immuneevasion [165]. 

Hence, it is essential to monitor the prevalence of these clinically important variants within the COVID-19 patient 

population. To identify the specific virus variant carried by the patient, sequencing is needed. Genomic surveillance is 

not just about monitoring variant proportion dynamics, it also includes the tracking of SARS-CoV-2 evolution and the 

detection of mutations within emerging variants, all of which require sequencing as well. Considering the significance 

of sequencing to genomic surveillance, some scientists have worked on modifying protocols to increase throughput and 

reduce the costs of sequencing SARS-CoV-2 [166]. To date, genomic surveillance is still ongoing, and the COVID-19 

Real-time Learning Network (https://www.idsociety.org/covid-19-real time-learning-network/diagnostics/covid-19-

variant-update, accessed on 28 June 2024) is one of the continually updated online resource centers providing the latest 

information to the public. 

 

5.2. Antibody Serology Tests 

As mentioned above, antibody testing alone is not recommended for the diagnosis of acute SARS-CoV-2 infection. 

However, it has been an approach used by clinicians to check for recent or prior SARS-CoV-2 infection in tested 

individuals [167]. For a patient infected by SARS-CoV-2, his/her immune cells will recognize the viral particles as 

‘foreign’ and initiate an adaptive immune response. This will lead to the production of antibodies, such as IgM and 

IgG, targeting viral antigens and being detectable by immunoassays. From a general perspective, once a patient has 

been infected by SARS-CoV-2, their IgM level would typically begin to rise within the first week of infection and then 

peak around two weeks after infection [159]. After that, the IgM level would start to decline slowly [168]. IgG 

antibodies may be produced simultaneously with or later than IgM [169,170]. The IgG level may peak around 3 weeks 

after infection, and the high level can persist for up to 48days[159]. Based on this pattern, IgM antibodies may signify 

recent SARS CoV-2 infection, while IgG may indicate previous exposure to the virus. Some studies reported 

contradictory findings, suggesting that seroconversion of IgG occurred earlier than IgM [169,171,172]. This discordant 

finding may be attributed to potential cross-reactivity of host antibodies developed against other human coronaviruses, 

such as HCoV-229E and HCoV-HKU1 [170]. Since the S or N protein of SARS-CoV-2 may have a similar amino acid 

sequence to those proteins in other members of the Coronaviridae family [169], both antibodies developed against 

SARS-CoV-2 and antibodies against other coronaviruses may bind to the synthetic SARS-CoV-2 antigen used in 

immunoassays. Immunoassays may not be able to differentiate between these cross-reactive antibodies, which can lead 

to faulty experimental results and, consequently, different understandings of the antibody response patterns. 
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Anti-SARS-CoV-2 IgM or/and IgG antibodies are the popular targets for these immunoassays [173]. Since the 

commencement of the COVID-19 pandemic, over 70 commercial antibody serological kits have been granted EUA 

approval from the FDA, and more than half of them detect either IgM or IgG, or both [174]. 

Various immunoassay-based technologies have been exploited for antibody testing. Some examples are the enzyme-

linked immunosorbent assay (ELISA), lateral flow immunoassay (LFIA), and chemiluminescence enzyme 

immunoassay (CLEIA). 

While the general principles of ELISA and LFIA are similar to the ones mentioned earlier, there are some 

differences in their design to specifically detect antibodies. In the case of the indirect ELISA, which is the most 

common type of ELISA exploited for some FDA EUA antibody serology tests [174], the wells of a microtiter plate are 

precoated with synthetic SARS-CoV-2 antigens instead of antibodies. The target of enzyme-conjugated detection 

antibodies changes from viral antigens to human immunoglobulins. For LFIA, antibodies on the conjugate pad are 

replaced by conjugated viral antigens. The target of immobilized antibodies on the test line becomes a portion of the 

human immunoglobulins, but not viral antigen [175]. Considering CLEIA, the principle can be similar to indirect 

ELISA, with a key difference in the detection method. In CLEIA, a chemiluminescence reaction rather than a 

colorimetric reaction is exploited for the detection of target analytes. There are also related techniques, such as the 

chemiluminescence immunoassay (CLIA) and chemiluminescence microparticle immunoassay (CMIA). The major 

differences between these techniques and CLEIA are the exclusion of enzymes from the chemiluminescence reaction, 

and the coating of synthetic viral antigens on paramagnetic beads instead of wells of a microtiter plate, respectively. 

Furthermore, chemiluminescence can also be generated through electrochemical reactions, giving rise to another 

technique, called the electrochemiluminescence immunoassay (ECLIA). Considering the wide range of developed 

immunoassay techniques, there is a great diversity of COVID-19 antibody testing kits and platforms available in the 

market at present. 

Recently, there were two studies that evaluated the performance of 35 manual serological assays (i.e., 26 rapid 

diagnostic tests (RDT) and 9 enzyme immunoassays (EIA)) and 25 automated serological assays (i.e., 4 CLEIA, 8 

CLIA, 6 CMIA, 2 EIA, 2 ECLIA, and 3 not specified) on the same set of patient samples, with potential cross-reacting 

and interfering substances [176,177]. The WHO has released Target Product Profiles (TPP), which have listed the 

acceptable and desirable performance for SARS-CoV-2-related assays. For RDT, the acceptable and desirable levels 

are ≥90% and ≥95%forsensitivity, and ≥97%and ≥99% for specificity. For higher throughput assays, the 

acceptable and desirable levels are ≥95% r sensitivity, and ≥97% and ≥99% for specificity. Among the 11 evaluated 

manual RDTs and EIAs for anti-SARS-CoV-2 IgG only or total antibodies, only 5 and 3 test kits achieved desirable 

sensitivity and specificity, respectively [176]. Meanwhile, out of 16 automated serology tests for IgG or total antibody 

against SARS-CoV-2, 8 and 15 test kits met the desirable sensitivity and specificity, respectively [177]. Regarding the 

cross only 5 and 3 test kits achieved desirable sensitivity and specificity, respectively [176]. Meanwhile, out of 16 

automated serology tests for IgG or total antibody against SARS CoV-2, 8 and 15 test kits met the desirable sensitivity 

and specificity, respectively [177]. Regarding the cross-reactivity and interference study on serology tests, 12 manual 

test kits had equal to or less than 3 false reactive results on either the interfering substances or cross-reactive samples 

panel, and only 1 test kit had no false reactive result on either panel [176]. On the other hand, no automated serology 

assay had more than three false reactive results on either panel, and eight automated assays did not have any false 

reactive results [177]. reactivity and interference study on serology tests, 12 manual test kits had equal to or less than 3 

false reactive results on either the interfering substances or cross-reactive samples panel, and only 1 test kit had no false 

reactive result on either panel [176]. On the other hand, no automated serology assay had more than three false reactive 

results on either panel, and eight automated assays did not have any false reactive results [177] 

All ages are at risk of getting the illness. This is because the ailment is transmitted through large droplets that result 

from coughing and sneezing by symptomatic individuals. 
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In some instances, the infection can happen from asymptomatic individuals and before the beginning of symptoms. As 

of March 2020, the WHO announced that there are about 87,317 cases of COVID-19 globally as well as confirmed 

cases of deaths is 2,977. 

This implies that the disease symptoms are mild as only 3.42 per cent of patients with it have died because of the virus. 

At the same time, the high number of incidences and deaths have been identified in China. It is that 92 per cent of the 

total number of occurrences have been reported in Asia, mainly China. 

Importantly, the confirmed incidences are clinically identified and laboratory-confirmed. Further, outside Asia, the 

number of cases and deaths differs due to the on-going nature of the disease, population density, degree of testing and 

reporting, and timing of reducing strategies. 

The features of COVID-19 are categorized into the host of the virus, transmission mode and incubation period. In the 

first place, the Chinese horseshoe bat is the natural hosts and the terminal hosts are humans. Also, the transmission is 

from individual to individual through aerosol droplets. 

Lastly, the incubation period varies from two to fourteen days. Therefore, COVID-19 cumulative incidence differs 

depending on the country and incidences have been confirmed in almost all continents . 

 
The epidemiology of coronavirus colds has been little studied. 

Waves of infection pass through communities during the winter months, and often cause small outbreaks finamilies, 

schools, etc. 

Immunity does not persist, and subjects may be re-infected, sometimes within a year. The pattern thus differs from that 

of rhinovirus infections, which peak in the fall and spring and generally elicit long- lasting immunity. About one in five 

colds is due to coronaviruses. 

The rate of transmission of coronavirus infections has not been studied in detail. The virus is usually transmitted via 

inhalation of contaminated droplets, but it may also be transmitted by the hands to the mucosa of the nose or eyes. 

Studies have shown higher viral loads in the nasal cavity as compared to the throat with no difference in viral burden 

between symptomatic and asymptomatic people . 

Patients can be infectious for as long as the symptoms last and even on clinical recovery. Some people may act as super 

spreaders; a UK citizen who attended a conference in Singapore infected 11 other people while staying in a resort in the 

French Alps and upon return to the UK . 

These infected droplets can spread 1-2 m and deposit on surfaces. The virus can remain viable on surfaces for days in 

favourable atmospheric conditions but are destroyed in less than a minute by common disinfectants like sodium 

hypochlorite, hydrogen peroxide etc. 

Infection is acquired either by inhalation of these droplets or touching surfaces contaminated by them and then touching 

the nose, mouth and eyes. The virus is also present in the stool and contamination of the water supply and subsequent 

transmission via aerosolization/feco oral route is also hypothesized 

. As per current information, transplacental transmission from pregnant women to their fetus has not been described . 

However, neonatal disease due to post natal transmission is described. The incubation period varies from 2 to 14 d 

[median 5d]. Studies have identified angiotensin receptor 2 (ACE) as the receptor through which the virus enters the 

respiratory mucosa . 

The basic case reproduction rate BCR) is estimated to range from 2 to 6.47 in various modelling studies. In 

comparison, the BCR of SARS was 2 and 1.3 for pandemic flu H1N1 2009 

 



I J A R S C T    

    

 

               International Journal of Advanced Research in Science, Communication and Technology 

                          International Open-Access, Double-Blind, Peer-Reviewed, Refereed, Multidisciplinary Online Journal 

Volume 6, Issue 11, May 2026 

Copyright to IJARSCT DOI: 10.48175/IJARSCT-35891   965 

www.ijarsct.co.in  

 
 
 

ISSN: 2581-9429 Impact Factor: 8.2 

 
6. Clinical Features 

The clinical features of this ailment vary, extending from an asymptomatic state to acute respiratory distress syndrome 

to septic shock and multi-organ dysfunction. Ideally, this ailment is categorized depending on its severity and this 

include mild, moderate, severe, and critical. The shared symptoms of individuals with the disease include fever (98.6 

percent), tiredness (69.6 per cent), dry cough, and looseness of the bowels. 

  

6.1 ASYMPTOMATIC INFECTIONS 

Asymptomatic infections have been well documented . One review estimated that 33 percent of people with SARS-

CoV-2 infection never develop symptoms . This estimate was based on four large population-based, cross- sectional 

surveys, among which the median proportion of individuals who had no symptoms at the time of a positive test was 46 

percent (range 43 to 77percent), and on 14 longitudinal studies, among which a median of 73 percent of initially 

asymptomatic individuals remained so on follow-up. However, there is still uncertainty around the proportion of 

asymptomatic infections, with a wide range reported across studies. Additionally, the definition of "asymptomatic" may 

vary across studies, depending on which specific symptoms were assessed. The range of findings in studies evaluating 

asymptomatic infections is reflected in the following examples: 

In a COVID-19 outbreak on a cruise ship where nearly all passengers and staff were screened for severe acute 

respiratory syndrome coronavirus 2 (SARSCoV- 2), approximately 19 percent of the population on board tested 

positive; 58 percent of the 712 confirmed COVID-19 cases were asymptomatic at the time of diagnosis . In studies of 

subsets of those asymptomatic individuals, who were hospitalized and monitored, approximately 77 to 89 percent 

remained asymptomatic over time. 

• In a smaller COVID-19 outbreak within a skilled nursing facility, 27 of the 48 residents (56 percent) who had a 

positive screening test were asymptomatic at the time of diagnosis, but 24 of them developed symptoms over the next 

seven days Other studies, particularly those conducted among younger populations, have reported even higher 

proportions of infections that are asymptomatic. As an example, in an outbreak on an aircraft carrier, a quarter of the 

crew, among whom the mean age was 27 years, tested positive for SARS-CoV-2 . Among the 1271 cases, only 22 

percent were symptomatic at the time of testing and 43 percent remained asymptomatic throughout the observation 

period. High rates of asymptomatic infection have also been reported among pregnant women presenting for delivery . 

Patients with asymptomatic infection may have objective clinical abnormalities . As an example, in a study of 24 

patients with asymptomatic infection who all underwent chest computed tomography (CT), 50 percent had typical 

ground-glass opacities or patchy shadowing, and another 20 percent had atypical imaging abnormalities . Five patients 

developed low-grade fever, with or without other typical symptoms, a few days after diagnosis. In another study of 55 

patients with asymptomatic infection identified through contact tracing,67percent had CT evidence of pneumonia on 

admission only two patients developed hypoxia and all recovered .As above, so me individuals who are asymptomatic 

at the time of diagnosis go on to develop symptoms ( ie. they were actually pre symptomatic).In one study, symptom on 

set occurred a median of four days (range of three to seven) after the initial positive RT-PCR test. 

 
Figure 15. Severity of Symptomatic Infection 
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6.2 SPECTRUM OF INFECTION SEVERITY 

The spectrum of symptomatic infection ranges from mild to critical; most infections are not severe . Specifically, in a 

report from the Chinese Centre for Disease Control and Prevention that included approximately 44,500 confirmed 

infections with an estimation of disease severity : 

• Mild disease (no or mild pneumonia) was reported in 81 percent. 

• Severe disease (eg. with dyspnea, hypoxia, or >50 percent lung involvement on imaging within 24 to 48 hours) was 

reported in 14 percent. 

• Critical disease (eg, with respiratory failure, shock, or multiorgan dysfunction)was reported in 5 percent. 

• The overall case fatality rate was 2.3 percent; no deaths were reported amongnoncritical cases. 

Similarly, in a report of 1.3 million cases reported to the United States Centers for Disease Control and Prevention 

(CDC) through the end of May 2020, 14 percent were hospitalized, 2 percent were admitted to the intensive care unit 

(ICU), and 5 percent died The risk of severe illness varied by age and underlying comorbidities. 

  

6.3 INFECTION FATALITY RATES 

The case fatality rate only indicates the mortality rate among documented cases. Since many severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2) infections are asymptomatic and many mild infections do not get diagnosed, 

the infection fatality rate (i.e., the estimated mortality rate among all individuals with infection) is considerably lower 

and has been estimated in some analyses to be between 0.15 and 1 percent, with substantial heterogeneity by location 

and across risk groups 

 

6.3.1 FATALITY RATES AMONG HOSPITALIZED PATIENTS 

Among hospitalized patients, the risk of critical or fatal disease is high . In a study from early in the pandemic that 

included 2741 patients who were hospitalized for COVID-19 in a New York City health care system, 665 patients (24 

percent) died or were discharged to hospice Of the 647 patients who received invasive mechanical ventilation, 60 

percent died, 13 percent were still ventilated, and 16 percent were discharged by the end of the study. The in-hospital 

fatality rate associated with COVID-19 has been higher than that for influenza .As example, in an analysis of hospital 

data from the United States Veterans 

Health Administration, patients with COVID-19 were five times more likely to die during the hospitalization than 

patients with influenza (21 versus 3.8 percent) Over the course of the pandemic, declining in-hospital fatality rates have 

been reported .As an example, in a retrospective study of a national surveillance database in England that included over 

21,000 critical care patients with COVID-19, ICU survival improved from 58 percent in late March 2020 to 80 percent 

by June 2020 . The reasons for this observation are uncertain, but potential explanations include improvements in 

hospital care of COVID-19 and better allocation of resources when hospitals were not overburdened. In resource-

limited settings, in hospital mortality rates may be higher than those reported elsewhere. As an example, in a study 

from 10 countries in Africa, where there was a median of two intensive care specialists in each hospital and a minority 

of facilities did not have pulse oximetry, the in-hospital 30-day mortality rate following critical care admission was 48 

percent . Mortality was associated with underlying comorbidities as well as resource shortages. 

 

6.4 EXCESS DEATHS DURING THE PANDEMIC 

Neither the case fatality rate nor the infection fatality rate account for the full burden of the pandemic, which includes 

excess mortality from other conditions because of delayed care over burdened healthcare systems and social 

determinants of health . 

 

6.4.1 INCUBATION PERIOD AND SERIAL INTERVAL 

The mean or median incubation period of the disease ranges from 5 to 6 days .Lauer et al estimated that 2.5% of the 

patients will develop symptoms within days (95% CI,1.8 to 2.9 days) and 97.5% of patients will develop symptoms 
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within11.5 days (95%CI, 8.2–15.6 days).Serial interval refers to the time interval between the onset of symptoms in the 

primary case and the secondary case. The mean serial interval is estimated to be approximately 4 to 5 days. 

By analysing data from 468 infector–infectee pairs, Due to noted that 59 secondary cases had symptoms earlier than 

their primary case. This suggested that there is a possibility that the transmission of the disease occurred during the 

asymptomatic phase of illness in this group of patients . 

 
7. Treatment Strategies 

Currently, there are no antiviral drugs licensed for treating COVID-19. Research is ongoing to determine if existing 

drugs can be re-purposed to effectively treat COVID- 19 WHO is coordinating the large multi-country Solidarity Trial 

to evaluate four promising candidate drugs/regimens: 

 
Figure 16. Drugs used in COVID-19 

Initially, early in the pandemic, the understanding of COVID-19 and its therapeutic management was limited, creating 

an urgency to mitigate this new viral illness with experimental therapies and drug repurposing. Since then, due to the 

intense efforts of clinical researchers globally, significant progress has been made which has led to a better 

understanding of not only COVID-19 and its management but also has resulted in the development of novel 

therapeutics and vaccine development at an unprecedented speed. 

AccordingtoFigure8, antiviral therapy, immunomodulators, andcell therapy werethe potential treatments for COVID-19 

in the early outbreak. Most of the treatment strategies were derived from the previous treatments against SARS and 

MERS, which share similar properties, making those drugs potential candidates for SARS-CoV-2 treatments. 

Currently, According to Figure 8, antiviral therapy, immunomodulators, and cell therapy were the potential treatments 

for COVID-19 in the early outbreak. Most of the treatment strat egies were derived from the previous treatments 

against SARS and MERS, which share similar properties, making those drugs potential candidates for SARS-CoV-2 

treatments. Currently, many antiviral and anti-inflammatory agents are well studied in clinical trials, and some of them 

are approved by the FDA or recommended by COVID-19 guidelines, such as Baricitinib, Paxlovid, and Remdesivir. 
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On the other hand, cell therapy is an emerg ing strategy for treating COVID-19 and, currently, numerous phase I–II 

clinical trials are in progress. manyantiviral and anti-inflammatory agents are well studied in clinical trials, and some of 

them are approved by the FDA or recommended by COVID-19 guidelines, such as Baricitinib, Paxlovid, and 

Remdesivir. On the other hand, cell therapy is an emerging strategy for treating COVID-19 and, currently, numerous 

phase I–II clinical trials are in progress 

  

6.4.2 PERIOD OF INFECTIVITY 

The duration for which a patient with COVID-19 remains infective is unclear. Viral load in the oropharyngeal 

secretions is highest during the early symptomatic stage of the disease The patient can continue to shed the virus even 

after symptom resolution. In a study from China, the median duration of virus shedding was 20 days (interquartile 

range [IQR] 17.0–24.0) amongst the survivors .A study of viral dynamics in mild and severe cases revealed that mild 

cases tend to clear the viruses early, while severe cases can have prolonged viral shedding. 

Data from studies using twin respiratory and fecal sampling have shown viral shedding can persist in stools for more 

than 4 weeks even when respiratory samples are negative. 

Transmission during the asymptomatic phase has also been reported. In a study from Singapore, 6.4% of the 157 

locally acquired cases of COVID- 19 were attributed to transmission during the asymptomatic phase of the disease . 

 
 Figure 17. The treatment strategies for COVID-19 patients. This figure was created with BioRender 

(https://biorender.com; accessed on 6 July 2024) 

 

7.1. Antiviral Therapy 

7.1.1. Remdesivir Remdesivir 

Remdesivir Remdesivir (GS-5734) is a nucleotide prodrug, which targets the viral RNA-dependent RNA polymerase 

(RdRp) of SAR-CoV-2. Remdesivir (GS-5734) was synthesized by adding an aryloxy-substituted phosphoryl group 

and an amino acid ester to its nucleoside GS 441524 [61]. After entering the body, Remdesivir is transformed into its 

nucleoside GS 441524, Remdesivir triphosphate, which acts as the analogue of adenosine to compete for the binding to 

RNA chains, resulting in the chain termination [178]. The mechanism of Remdesivir exhibits broad antiviral activity 

against several RNA viruses, including the Middle East respiratory syndrome (MERs)-related coronavirus, SARS-CoV, 

and influenza A[179]. The effect on SARS-CoV made Remdesivir a potential drug for treating COVID-19, and the 

FDAgranted an emergency use authorization (EUA) for COVID-19 in 2020. 
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Various clinical trials have been performed on the antiviral activity of Remdesivir against SAR-CoV-2 [180]. One 

randomized, double-blind study (n = 562) indicated that Remdesivir (200 mg on day 1 and 100 mg on days 2 and3) 

could lower the risk of death or hospitalization by 87% when compared to a placebo [181]. A random clinical trial (n = 

1062) showed that Remdesivir (200 mg loading dose on day 1, followed by 100 mg daily for up to 9 additional days) 

had clinical benefits when compared to a placebo or standard care, which shortened the median recovery time from 15 

days to 10 days in adults [182]. In addition, several clinical studies suggested that the effect of Remdesivir depends on 

the viral replication stage, where Remdesivir will be effective in the early stage of infection [181,183]. Conversely, 

random clinical trials revealed the efficacy of Remdesivir still remains unclear in in-hospital patients. The DisCoVeRy 

phase III trial on COVID-19 patients (n = 857) who were admitted to the hospital indicated that no clinical benefit was 

observed with the use of Remdesivir in patients who were hospitalized, required oxygen support, and were 

symptomatic for more than 7 days [184]. The Solidarity random trial on COVID-19 patients (n = 14,221) found that the 

use of Remdesivir had no significant effect on COVID-19 patients who were ventilated, while the effect of Remdesivir 

on delaying the need for ventilation or death was observed in both clinical trials [184,185]. Moreover, researchers 

demonstrated that the combination of Remdesivir and baricitinib improved the clinical symptoms and shortened the 

recovery time [186]. However, a double-blind, randomized phase III trial indicated that the combined use of interferon 

beta-1a and Remdesivir did not improve the time to recovery in hospitalized COVID-19 patients when compared to the 

placebo plus Remdesivir group, and even led to a worse outcome in patients who required high-flow oxygen at baseline 

[187]. Due to the massive consumption of Remdesivir during the pandemic, concerns about the possible resistance 

were raised. Studies found that the mutation in the RNA-dependent RNA polymerase (RdRp) components, non-

structural protein 12 (Nsp 12), developed a low level of resistance to Remdesivir [188]. Another study on a phase III 

adaptive COVID-19 treatment Trial I (ACTT-1) revealed that Remdesivir remains effective against the different Nsp 

12 substitutions [189]. In addition, Remdesivir was found to be effective in vitro against the SAR-CoV-2 Omicron 

variants, XBB.1.9.1 and XBB.1.5, and other variants of concern, which may be due to the highly conserved RdRp 

among the variants [190–192]. More clinical trials have been carried out to solve its shortcomings of low oral avail 

ability and stability by developing prodrugs for oral intake, for example, GS-5245 and VV116 [11,183,193]. Recently, 

a double-blinded, phase III, randomized controlled study on mild-to-moderate COVID-19 patients (n = 1369) in China 

indicated that the use of VV116 significantly reduced the time to sustained clinical symptom resolution in comparison 

to the placebo group [194]. Another phase III randomized trial found that the use of VV116 was non-inferior to 

Paxlovid in terms of the time to sustained clinical recovery in the Omicron outbreak [193]. 

 

7.1.2. Nirmatrelvir–Ritonavir (Paxlovid) 

Nirmatrelvir–ritonavir (Paxlovid) is a combination of Nirmatrelvir, a protease inhibitor, and ritonavir, a cytochrome 

P450 3A4 (CYP3A4) inhibitor. Paxlovid was granted an EUA in 2021, and the FDA approved it for the treatment of 

mild-to-moderate COVID-19 in adults that are at high risk of death or hospitalization [195]. Nirmatrelvir is a protease 

inhibitor that targets the SARS-CoV-2 main protease (Mpro). The SARS- 

CoV-2 Mpro, together with papain-like protease (PLpro), mediates the cleavage of pp1a and pp1ab polyprotein, leading 

to the formation of non-structural protein (NSP) 1–16, and hence the formation of RdRp for RNA replication [196]. 

Previously, nirmatrelvir was used to target the SARS-CoV Mpro. However, researchers revealed that the structure of 

SARS-CoV-2 Mpro washighly similar to SARS-CoV Mpro, with a 96% sequence similarity, making it a potential 

candidate for SARS-CoV-2 [197]. The combination of nirmatrelvir and ritonavir can improve the half-life of 

nirmatrelvir by inhibiting CYP3A4, which is responsible for the metabolism of nirmatrelvir [178]. A phase II–III 

double-blind, randomized clinical trial (n = 2246) demonstrated that nirmatrelvir–ritonavir can lower the risk of 

progression to severe COVID-19 by 89% [198]. Another study suggested that treatment with nirmatrelvir ritonavir on 

day 0–1 after the onset of symptoms significantly reduced the risk of 28-day all-cause mortality and hospitalization 

when compared to the delayed treatment of more than two days [199]. 
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On the other hand, another team found that Paxlovid was only effective against patients who are >65 years old, while 

no significant effect was observed in younger patients in the Omicron surge [200]. This raised the concern of possible 

drug resistance of the SARS-CoV-2 variant, especially Omicron variants, to Paxlovid. A study was performed to 

evaluate the effect of nirmatrelvir on Omicron-infected Calu-3 cells. The group found that nirmatrelvir can completely 

suppress replication of the SARS-CoV-2 wildtype, but Omicron still replicated at a low level [201]. However, the 

group indicated that nirmatrelvir can suppress the residual replication of Omicron [201]. Moreover, several in vitro and 

cohort studies found that the efficacy of nirmatrelvir was lowered with the SARS-CoV-2 variant. However, it was still 

considered to be effective against the variants of concern (VOCs), including BA.1, BA.2, BA.4, BA.5, BA.2.75, and 

XBB sub-lineages [202–209]. It is also effective against the recent variant of interest, BA.2.86, in vitro [35]. In a large 

scale in vitro experiment, 53 independent viral lineages with mutations at 23 different residues of the 3CL protease 

(also known as Mpro) of SARS-CoV-2 revealed that several mutation pathways with precursor mutations of T21I, 

P252L, or T304I led to a low-level resistance to Paxlovid. The strongest resistance was found to be associated with the 

E166V mutation, where 100-fold changes in the IC50 value were observed when compared to wildtype, but such 

mutation will result in a loss of viral replicative fitness [210]. With the aid of the structural method, the same group 

demonstrated the possible alternations in the substrate-binding pocket of M protease of SARS-CoV-2 that leads to the 

resistance of Paxlovid. Alternation in the S1 and S4 subsites can lower the inhibitor-binding level, while alternations in 

S2 and S4’ subsites can enhance the activity of M protease [211]. 

Despite the treatment effect of Paxlovid, cases of viral rebound were found 2–8 days after the completion of Paxlovid 

[212]. The viral rebound had a positive result in viral antigen or quantitative reverse transcriptase polymerase chain 

reaction (RT-qPCR) tests after treatment. A retrospective cohort study of electronic health records from a database in 

the US with a study population of 13,644 patients, who were treated with Paxlovid (n = 11,270) or Molnupiravir (n = 

2374), reported a 7-day and 30-day rebound rate of 3.53% and 5.40%, and symptom rebound rate of 2.31% and 5.87% 

after Paxlovid treatment, respectively, and the team found no significant differences in rebound rates between Paxlovid 

and Molnupiravir [213]. A phase II–III, double-blind, randomized, controlled trial was conducted with 2246 

unvaccinated patients that were treated with Paxlovid or placebo [214]. A rebound rate of 2.3% and 1.7% was observed 

in the Paxlovid group and placebo group, respectively. In addition, retrospective cohort studies on viral rebound in 

Hong Kong indicated that the viral load rebound rates were similar in patients with or without antiviral treatment, and 

there was no association between the rebound rate and adverse clinical outcomes [215,216]. Although the mechanism 

of rebound is still unclear, researchers proposed that it is more likely to be the timing of receiving Paxlovid and 

variation in pharmacokinetics than the resistance to Paxlovid causing the rebound [215,217]. Studies have shown that 

no Paxlovid resistance has yet been identified in the rebound individuals, suggesting that a longer drug exposure may 

be needed [217–219]. 

 

7.2. Immunomodulators 

7.2.1. Baricitinib (JAK Inhibitor) 

Baricitinib is a Janus Kinase (JAK) inhibitor, which inhibits JAK1/2 in the JAK/STAT signaling pathway. The FDA 

approved Baricitinib for treating COVID-19 in hospitalized adults requiring supplemental oxygen, extracorporeal 

membrane oxygenation, or non invasive or invasive mechanical ventilation in 2022. The JAK/STAT signaling pathway 

plays an important role in the immune response, the T-cell differentiation, the proliferation of CD8 T-cells, and 

interleukin signaling pathways [220,221]. Although it reduces the hyperinflammatory condition caused by the 

infection, inhibiting the JAK/STAT pathway can prevent the patient from hyperinflammatory conditions that may lead 

to death. Initially, it was used for treating immune-mediated diseases, such as rheumatoid arthritis. However, 

Baricitinib can reduce the COVID-19 hyperinflammation condition after drug repurpos ing [178]. The administration of 

Baricitinib is commonly 4 mg/day, but no recommended dosage was suggested. However, renal impairment would 

greatly affect the dosage of Baricitinib, as the kidney is the major route of excretion. Another study suggested that the 
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dosage should be reduced to 2 mg when the estimated glomerular filtration rate (eGFR) is 30–60, while Baricitinib 

administration should be stopped when eGFR is lower than 30 [222]. 

Clinical studies have been performed to assess the efficacy and safety of Baricitinib in COVID-19 patients. Phase III 

randomized studies demonstrated the safety and effi cacy of Baricitinib in COVID-19 patients with a reduction in 

mortality of hospitalized adults [223,224]. Moreover, researchers found that Baricitinib reduced the absolute mortal ity 

rate of older adults aged >70 who suffered from severe COVID-19 pneumonia [225,226]. 

The safety concern is mainly due to the immunosuppressive effect of Baricitinib as a JAK inhibitor, causing patients to 

be more susceptible to new infections. Randomized trials examined the safety of Baricitinib use in combination with 

Remdesivir. The ACTT-2 randomized trial indicated that the combination of Baricitinib plus Remdesivir in hospital 

ized COVID-19 patients had fewer adverse events and improved efficacy over Remdesivir alone [186]. Another 

randomized trial, ACTT-4, revealed that the combination of Baric itinib plus Remdesivir had significantly fewer 

adverse events than the Dexamethasone plus Remdesivir group in hospitalized COVID-19 patients [227]. However, the 

National Institutes of Health (NIH) indicated that these clinical trials only revealed the safety use of Baricitinib in the 

short term, and they lacked information on significant safety signals. In addition, the Bari-SolidAct trial on critically ill 

COVID-19 patients, including 

vaccinated patients, found a possible safety signal of Baricitinib in vaccinated patients who were older, with more 

comorbidities [228]. In addition to Baricitinib plus Remdesivir, a recent cohort study compared the efficacy of 

Baricitinib plus 6-methylprednisolone pulses and standard of care, Dexamethasone plus Remdesivir, on critically ill 

COVID-19 patients [229]. The Baricitinib group significantly reduced the mortality, with a lowered inflammatory 

marker level, which suggested another combination strategy for the hyperinflammatory COVID-19. 

 

7.2.2. Tocilizumab (IL-6 Inhibitor) 

Tocilizumab is a repurposed humanized immunoglobulin G1K subclass monoclonal antibody, which targets both the 

interleukin 6 (IL-6) soluble receptor and IL-6 membrane receptor, inhibiting the IL-6 receptor-mediated signal 

transduction pathways [230,231]. Previously, Tocilizumab was used for treating rheumatoid arthritis, giant cell arteritis, 

and systemic juvenile idiopathic arthritis, and was found to be effective in alleviating the cytokine release syndrome 

(CRS) [230–232]. Tocilizumab administration can be injected either intravenously (IV) or subcutaneously (SC) in other 

treatments. On 21 December 2022, the FDA approved the IV injection of Tocilizumab for in-hospital COVID-19 

patients who were receiving systemic corticosteroids and required mechanical ventilation, non invasive ventilation, etc. 

A single IV dose of 400–800 mg and an initial weight-based dose of 8 mg/kg for COVID-19 patients is recommended 

by the NIH. However, the dosing strategies still varied in different studies and based on the clinicians’ decisions [230]. 

A cohort study compared the efficacy in terms of administration strategies and dosing of Tocilizumab, and no 

significant difference was found between the fixed-dose, 400 mg IV, and 162 mg SC of Tocilizumab [233]. However, 

the efficacy between weight-based dosing and fixed dosing is still unclear [234]. During the COVID-19 pandemic, 

researchers found that the IL-6 was correlated to the severity of COVID-19, and the disruption of the IL-6 and its 

receptor binding can reduce the inflammatory response and cytokine release in COVID-19 patients [235]. In a 

randomized clinical trial (n = 4116), patients with hypoxia and systemic inflammation were administered Tocilizumab 

or usual care, and Tocilizumab enhanced the 28-day hospital discharge with a reduced rate of reaching the composite 

endpoint of invasive mechanical ventilation or death [236]. A randomized, multifactorial, adaptive platform trial was 

performed on adult patients (n = 755) with COVID-19 and organ support in the intensive care unit, and Tocilizumab, 

sarilumab, or standard care was administered [237]. Tocilizumab was shown to improve the survival rate in the 90-day 

survival analysis. This indicates the importance of IL-6 and COVID-19 disease severity and mortality, and the IL-6 

inhibitor is the potential therapeutic strategy for severe COVID-19 patients. 

Recently, a cohort study demonstrated that the use of Tocilizumab significantly re duced delirium or coma 

in critically ill COVID-19 patients (n = 253) [238]. The study was developed based on the preclinical studies performed 

by the same group, which revealed the association of IL-6 levels and a delirium-like phenotype in animal models [239–
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241]. The study also proposed that the IL-6 trans-signaling pathway contributes to delirium pathogenesis. However, 

future studies are needed to evaluate the contribution, as prior studies have demonstrated a strong association between 

acute lung injury and the risk of delirium [242,243]. 

Moreover, there were concerns regarding the safety of Tocilizumab administration, including secondary infection, 

thrombosis risk, and increased D-dimer levels [244–246]. Regarding thrombosis risk, a multicenter cohort study was 

performed on critically ill COVID-19 patients (n = 867) who were admitted to the ICU, and patients were divided into 

2 sub-cohort groups based on the Tocilizumab use within 24 h. The study reported no significant differences in the 

thrombosis events and D-dimer levels betweentheTocilizumab and control groups [247]. Moreover, the study indicated 

that the use of Tocilizumab significantly reduced the fibrinogen level, 30-day, and in-hospital mortality when compared 

to the control group [247]. In addition, it is expected that the use of Tocilizumab would inhibit the immune system, as 

IL-6 mediates the proliferation and differentiation of T cells and Bcells. However, evidence of Tocilizumab 

administration and secondary infection was inconsistent among different studies [248–250]. A cohort study performed 

in Taiwanese hospitals (n = 453) indicated that the higher prevalence of secondary infection may be due to the tendency 

to prescribe Tocilizumab to older patients who are more susceptible to a secondary infection [251]. The same group 

also found that heavy drinkers and females with COVID-19 were more vulnerable to secondary infection; however, 

further studies are needed to confirm these findings [251]. 

 

7.3. Cell Therapy 

7.3.1. T Cell Therapy 

T cell therapy uses T cells to recognize viral proteins or mediate the immune response. Figure 9 shows three types of T 

cell therapy, which are SARS-CoV-2-specific T cells that cells that target the structural antigen of the membrane 

protein, chimeric antigen receptor (CAR-T) cells that target the antigen N protein, and the regulatory T cells that 

suppress the hyperinflammation condition caused by COVID-19 [252]. Previously, adoptive therapy using the virus-

specific T cells (VST) was shown to be effective against viral infection in immunocompromised patients, including 

patients under immunosuppressive therapy, or post-transplantation [253,254]. The common ap proaches are to produce 

the CD45RA memory T cells and SARS-CoV-2-specific cytotoxic T lymphocytes. The SARS-CoV-2-specific T cells 

can be produced either by using the interferon-γ (IFN-γ) cytokine capture system (CCS) or ex vivo expansion. 

In the IFN-γ Previously, adoptive therapy using the virus-specific T cells (VST) was shown to be effective against viral 

infection in immunocompromised patients, including patients un der immunosuppressive therapy, or post-

transplantation [253,254]. The common ap proaches are to produce the CD45RA memory T cells and SARS-CoV-2-

specific cytotoxic T lymphocytes. The SARS-CoV-2-specific T cells can be produced either by using the in terferon-γ 

(IFN-γ) cytokine capture system (CCS) or ex vivo expansion. In the IFN-γ CCS, the peripheral blood mononuclear 

cells (PBMC) of convalescent COVID-19 donors are stimulated with viral proteins; hence, the IFN-γ CD4 and CD8 T 

cells are identified by flow cytometry and enriched by using the CCS with a rapid production in 12–24 h [255]. In the 

ex vivo expansion, SARS-CoV-2-specific T cells are obtained by exposing the do nor’s CD4 and CD8 T cells to 

SARS-CoV-2 antigens, including nucleocapsid protein, spike protein, envelope protein, and membrane antigens, then 

interleukins 2/4/7 are added to enhance the proliferation of specific T cells. CCS, the peripheral blood mononuclear 

cells (PBMC) of convalescent COVID-19 donors are stimulated with viral proteins; hence, the IFN-γ CD4 and CD8 T 

cells are identified by flow cytometry and enriched by using the CCS with a rapid production in 12–24 h [255]. 

In the ex vivo expansion, SARS-CoV-2-specific T cells are obtained by exposing the donor’s CD4 and CD8Tcells to 

SARS-CoV-2 antigens, including nucleocapsid protein, spike protein, envelope protein, and membrane antigens, then 

interleukins 2/4/7 are added to enhance the proliferation of specific T cells. 
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Figure 18. Three types of T cell therapies. (A) SARS-CoV-2-specific T cells, (B) CAR-T cells, and (C) regulatory T 

cells. This figure was created with BioRender (https://biorender.com; accessed on 11 June 2024). 

Several criteria should be considered regarding the effect and safety of the manu factured T cells. Regarding the safety 

of the adoptive transfer, researchers indicated that the donor–recipient compatibility, including the human leukocyte 

antigen (HLA) match, in graft-versus-host disease (GVHD) are associated with the safety and efficacy of the Several 

criteria should be considered regarding the effect and safety of the manufac tured T cells. Regarding the safety of the 

adoptive transfer, researchers indicated that the donor–recipient compatibility, including the human leukocyte antigen 

(HLA) match, in graft-versus-host disease (GVHD) are associated with the safety and efficacy of the ther apy, while 

one of the approaches to reduce the GVHD is to deplete the naive CD45RA T cells [255,256]. Immunologic memory is 

another consideration, which can determine the duration of the therapy [257]. therapy, while one of the approaches to 

reduce the GVHD is to deplete the naive CD45RA T cells [255,256]. Immunologic memory is another consideration, 

which can determine the duration of the therapy [257]. 

Several clinical trials had been performed on SARS-CoV-2-specific T cells. A random ized (2:1) phase I/II clinical trial 

of partially HLA-matched, SARS-CoV-2-specific T cells, in combination with standard care, on patients with severe 

COVID-19 was shown to be safe and feasible. However, the study also suggested that a larger scale of trial is needed to 

support the clinical benefit on severe COVID-19 patients [258]. A phase II randomized, multi-center study on memory 

T cells in COVID-19 patients (n = 84) with severe acute respiratory syndrome found that the adoptive therapy can 

modulate the immune system, leading to acceleration in total lymphocyte recovery on days 3 and 14 [259]. The group 

also reported that no adverse events and a decrease in CXCL10 levels were observed in the experimental group. In 

addition, the findings in terms of safety and efficacy were consistent with the randomized trial mentioned above 

[258,259]. Recently, another phase I/II clinical trial used SARS-CoV-2-specific T cells from the previous trial in 2020 

to treat 13 adult and pediatric COVID-19 patients, demonstrating a shorter time to viral clearance with the SARS-CoV-

2-specific T cells when compared to comparator cohorts on Remdesivir in the same study period and hospital [260]. 

The group also indicated that the response of SARS-CoV-2-specific T cells may vary depending on the donor and 

recipient’s HLA match. 

Other than the efficacy of the therapy, its effectiveness against the SARS-CoV-2 variants is also 

considered. Researchers found that the majority of T cell epitopes were highly conserved among the different variants, 

while 72% of CD4 cell epitopes and 86% of CD8 cell epitopes were still completely conserved in the Omicron variant 

[261]. In addition, the selection of desired donors who were vaccinated or convalescent allowed the yield of functional 

and specific T cells against the newly found variants [260]. 

Previously, CAR-T therapy used receptor-modified CAR-T cells to target cancer cell antigens. However, it is proposed 

that CAR-T cells can be designed to target viral antigens, especially the N protein of SARS-CoV-2 [262]. The same can 

be applied on the regulatory T cells, where the regulatory T cells are modified with CAR. It is proposed that the CAR 
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regulatory T cells can exhibit an immunosuppressive effect in specific sites [263]. Preclinical models of CAR 

regulatory T cell therapy on autoimmune diseases were shown to be effective [264–266]. In addition, a clinical trial on 

CAR-regulatory T cells in renal transplant recipients is still ongoing (NCT04817774), while this approach has not been 

used for treating COVID-19 patients. 

Regulatory T cells play an essential role in suppressing the immune response and preventing autoimmune disease 

through the maintenance of self-tolerance. Researchers observed that the balance between Th17 and regulatory T cells 

may modulate the COVID 19 disease. In addition, Th17 cells initiate the release of IL-17, leading to the initiation of a 

proinflammatory cytokine cascade and the attraction of neutrophils and macrophages to the site [267,268]. Studies 

reported that COVID-19 patients had a decrease in regulatory T cells, while an increase in Th17 cells was associated 

with the disease progression of COVID-19 [269,270]. 

Regarding the protective effect of the regulatory T cells, the adoptive therapy of regulatory T cell transfer has become 

the potential therapy to modulate the immune response in severe COVID-19 patients. Clinical trials have been 

performed to evaluate the effectiveness and safety of this therapy. A randomized and double-blinded phase I trial 

demonstrated the safety and efficacy of using allogenic cord blood regulatory T cells, CK0802, for COVID-19-

associated acute respiratory distress syndrome [271]. In this trial, the circumstances in patients with acute respiratory 

distress syndrome (ARDS) were improved, with lowered proinflammatory cytokine levels, and no significant HLA 

associated reaction was observed. Another clinical trial (NCT06052436) on the use of allogeneic regulatory T cells 

from thymic tissue to treat severe COVID-19 and ARDS is still ongoing. 

Besides the infusion of regulatory T cells, low-dose IL-2 therapy has been used in clinical trials in autoimmune diseases 

[272–274]. The IL-2 plays a role in the maturation and development of the regulatory T cells through the STAT5 

signaling pathway [263,267]. The trials have shown the effect of low-dose IL-2 in enhancing the development of 

regulatory T cells. Based on that, several clinical trials have been performed to evaluate the effect of IL-2 on COVID-

19 patients (NCT04724629 and NCT04357444). However, researchers found that there is a high concentration of 

soluble IL-2 receptors in severe COVID-19 patients, which mayrestrict the development of regulatory T cells and the 

effect of IL-2 [275]. The clinical benefit of regulatory T cells is still under investigation, and more clinical trials and 

studies are needed for this potential therapeutic strategy. 

 

7.3.2. Mesenchymal Stem Cell (MSC) Therapy 

MSC is an adult stem cell that can be isolated from umbilical cord blood and the placenta. MSC exhibits various 

properties, such as immunomodulatory effects to suppress hyperinflammation and enhance the development of 

regulatory T cells, promoting tissue regeneration and antiapoptotic effects in COVID-19 patients [276]. The safety and 

efficacy of MSCtherapy were demonstrated by clinical trials in various diseases, such as autoimmune disease, 

cardiovascular disease, and graft-versus-host disease [277–279]. 

Moreover, the MSC can be derived from different sources, including the umbilical cord (UC), placenta, Wharton’s 

jelly, bone marrow, and adipose tissues. Various clinical trials have been carried out on the efficacy and safety of MSC 

from different sources in COVID-19 patients [280–284]. 

In a phase I clinical trial, the use of UC-MSC therapy on COVID-19-induced ARDS patients (n = 20) was shown to be 

safe and effective in enhancing the SPO2/FIO2 and serum C-reactive protein (CRP) levels when compared to the 

standard care group [285]. Another randomized clinical trial (n = 40) reported that the use of UC-MSC improved the 

survival rate by 2.5 times when compared to a control group without any MSC-related adverse events [283]. In contrast 

to the above clinical trials, a randomized, double-blind trial (n = 100) showed no significant difference between the 

MSC group and placebo group in terms of SPO2/FIO2 [286]. In addition, a one-year follow-up study on severe 

COVID-19 patients who received MSC therapy showed that the symptoms and levels of KL-6 were significantly lower 

when compared to the control group over one year [287]. However, the effect of MSC therapy was not significant when 

the treatment time was extended to two years [288]. Findings from clinical studies suggest that MSC infusion is a safe 
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and potential therapy for COVID-19 patients; however, larger clinical trials and studies are needed for further 

evaluation of MSC [289]. 

Besides the therapeutic effect, the limitations of MSC therapy should also be considered. The treatment efficacy of 

MSC depends on the viability of MSC at the disease site. Several risk factors can contribute to the viability of MSC, 

including the handling during in vitro expansion, immune response, and undesired differentiation [276,290]. 

 

8. Vaccines 

8.1. Impact of Vaccines on Epidemiology of COVID-19 

Initially, the primary strain of SARS-CoV-2 was isolated, and clinical trials of the COVID-19 vaccines were conducted. 

The mRNA vaccine BNT162b2 showed up to 95% of protective efficacy of preventing symptomatic infection, while 

the protein subunit vaccine showed 90% [291,292]. Both vaccines showed almost full protection against hospitalization 

and death [291,292]. However, the constant mutation of SARS-CoV-2 forms newer SARS-CoV-2 variants that cause 

breakthrough infections. Maintaining a high neutralizing antibody titer is the key to providing protection based on 

clinical trials, but the titer degrades rapidly over time [293,294]. One of the more recent Omicron variants of SARS 

CoV-2 is JN.1, and it has demonstrated the ability to evade neutralizing antibodies [295]. It indicates that the vaccine 

efficacy is diminished. However, a new mRNA Omicron XBB.1.5 booster was approved and found to elicit a 

significant increase in the neutralizing antibody titer to the JN.1 variant of SARS-CoV-2 [296]. The new vaccine 

booster can counteract the rising variants of SARS-CoV-2. Moreover, the hospitalization and death rates have been 

stable in the vaccinated population. A study conducted in the US between the Alpha-predominant period to the 

Omicron BA.4/BA.5-predominant period showed that the number of hospitalized patients greater than 75 years old 

increased from 11% to 33%[297]. In the same period, hospitalized patients suffering from immunocompromised 

conditions increased from 17% to 28% [297]. These patients have increased risk factors for having severe COVID-19 

in the rise of the Omicron variant [298]. However, the overall disease severity and death have decreased over time after 

vaccination [297]. This proves that vaccination can reduce the severity and mortality of COVID-19. 

 

8.2. Disparities in COVID-19 Response between High-Income and Low-Income Countries 

Vaccination is crucial in defending against COVID-19. Wealthy countries, such as the US, have no financial problem 

in accessing vaccines. The US can afford to have mass vaccination sites and have massive stocks of vaccines for US 

citizens [299]. Moreover, the US has the technology to support digital tools for analyzing geographical distribution, 

vaccination status in real time, and demographic information [300]. 

This allows for efficient distribution of vaccines. However, not every country can afford the high cost of vaccines set 

by the manufacturers, especially the low-income countries in Africa. To aid the vaccine distribution in low-income 

countries, COVID-19 Vaccines Global Access (COVAX) was created [301]. By the end of 2023, COVAX had 

successfully delivered 2 billion doses of COVID-19 vaccines and prevented 2.7 million deaths in low-income countries 

[302]. Although the problem of securing the supply of vaccines is solved, low-income countries still encounter a 

handful of problems. One major problem is the distribution of vaccines. As African countries have variable 

infrastructures in healthcare, the variance can impact the efficiency in the distribution of vaccines. To adapt to this 

difficulty, the COVID-19 vaccines are incorporated into routine immunization programs in healthcare centers and 

community clinics [303]. Utilizing the existing healthcare networks can help distribute vaccines and make vaccines 

accessible even in remote areas [303]. Another problem is the transportation of vaccines. The diverse geography of 

Africa poses challenges in transportation. The limited road infrastructure in remote and rural areas requires specialized 

transportation [304]. Collabo ration with non-governmental organizations (NGOs) and the use of mobile vaccination 

units can overcome these transportation challenges [305,306]. Collaboration with NGOs can facilitate transportation 

and help with delivering vaccines to different areas [306]. The mobile vaccination units can be moved freely and 

assembled at any time as vaccination production hubs [305]. These two solutions help solve the transportation 

challenges faced in Africa. 
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8.3. Pfizer-BioNTech COVID-19 Vaccine (mRNA Vaccine) 

Due to the emergence of the pandemic, the companies Pfizer and BioNTech together initiated the development of the 

mRNA vaccine in 2020. The most clinically advanced vaccine of Pfizer/BioNTech is the BNT162b2vaccine, which 

consists of nucleoside-modified mRNA(Wuhan-Hu-1) that encodes a full-length transmembrane spike (S) glycoprotein 

with modification S(K986P/V987P) to ensure it is in the prefusion conformation, formulated in lipid nanoparticles 

[307,308]. The BNT162b2 vaccine was selected from the BNT162 vaccine candidates based on the efficacy and safety 

in several preclinical studies and early-phase clinical trials. Phase I/II clinical trials in Germany (NCT04380701) and 

the US (NCT04368728) with potential vaccine candidates indicated that both BNT162b1 and BNT162b2 showed 

promising effects on eliciting antibody responses above the convalescent serum and increased Th1 CD4+ T helper cells 

[309,310]. No serious adverse events were reported, while adverse events were resolved spontaneously in both trials. 

Moreover, BNT162b2 with a dose of 30 µg was then selected for phase II/III studies due to the lowered incidence and 

severity of systemic reactogenicity events. The global phase II/III clinical study that randomized 43,548 participants 

aged 16 years old or above indicated that 2 doses of BNT162b2 can offer 95% protection against COVID-19 in 

participants, with a similar incidence of serious adverse events to the placebo group [291]. However, a gradual decline 

in vaccine efficacy and a few cases of withdrawal due to adverse events were observed over six months of follow-up 

after the clinical study, which suggests the need for a booster [311]. After the evaluation of the efficacy and safety of 

BNT162b2, the first EUA was granted in December 2020 for individuals aged 16 years old or older. The protection of 

the BNT162b2 and homologous booster against variants was evalu ated in various studies in different countries. 

evaluation of the efficacy and safety of BNT162b2, the first EUA was granted in December 2020 for individuals aged 

16 years old or older. The protection of the BNT162b2 and homologous booster against variants was evalu ated in 

various studies in different countries. The effectiveness of BNT162b2 was found to be retained against the Beta and 

Delta variants in several observational studies. The studies conducted in Qatar and the US indicated that the 

effectiveness reached the highest point, over 90%, against hospitalization after the administration of the second dose of 

BNT162b2 during the Delta (B.1.617.2) and Beta (B.1.351) dominance [312–315]. However, a lower effectiveness 

(~70%) was estimated against the infection with a rapid waning to 20% after 4–5 months. A retrospective cohort study 

was performed to assess the effectiveness of the BNT162b2 booster in comparison to the two-dose primary series 

during the Omicron (B.1.1.529) outbreak in Qatar [316]. The effectiveness of the booster against symptomatic Omicron 

infection and hospitalization was estimated to be 49.4% and 76.5%, respectively. Moreover, the vaccine effectiveness 

in the Omicron surge was found to be 53% against Omicron in adolescents with two-dose BNT162b2 in Norway, while 

it was estimated at 30.9% against Omicron-related hospitalization in people with three-dose vaccination in the 

UK[317,318]. The studies indicated that the booster effect was less effective against the Omicron infection; however, 

the protection effect was still retained against hospitalization and death. In addition to the three-dose BNT162b2, a 

randomized phase III clinical trial (n = 10,125) reported that the efficacy of third-dose administration was 95.3% 

against the B.1.617.2 variant, with only low-grade reactogenicity events observed [319]. 

Due to the emergence of the Omicron variants, BioNTech/Pfizer developed several variant-adapted 

vaccines as boosters, such as monovalent (BA.1), bivalent (wildtype, BA.1), and another bivalent (wildtype, 

BA.4/BA.5) vaccines [320]. Moreover, the FDA granted EUAinSeptember 2023 to the updated version of BNT162b2 

(2023–2024 formula), which is effective against the Omicron XBB.1.5 strain for people who are at least six months 

old. According to the CDC, individuals aged five years and older should receive one dose of the updated BNT162b2 

vaccine. Additional doses should be administered to children aged 6 months to 4 years and adults aged 65 years and 

older. The second dose should be administered at least 3 weeks after the first dose, and the third dose should be 

administered at least 8 weeks after the first dose [321]. 

Back in 2022, BioNTech/Pfizer had developed and started a phase II/III clinical trial of monovalent and bivalent 

vaccines against BA.1 variants in adults (n = 1846) aged 55 years old or above who had previously received 3 doses of 

BNT162b2 [322]. The result indicated that variant-adapted BNT162b2 against BA.1 had a similar safety profile to the 

original BNT162b2 and elicited substantial neutralizing antibodies against the BA.1 and ancestral strain with a dosage 
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of 60 µg [322]. Despite the safety, the vaccine efficacy of this trial was not available due to the insufficient case 

numbers. However, the clinical trial and other studies reported that neutralizing antibody titers were low against the 

BA.4/BA.5 variants, indicating the inadequate efficacy of this vaccine against the later strains [323,324]. 

Regarding this, BioNTech/Pfizer developed the bivalent BNT162b2 vaccine against the wildtype and BA.4/BA.5. A 

phase II/III clinical study was conducted in adults who had received three doses of BNT162b2 to receive either the 

original or the bivalent (wild type/BA.4/BA.5) BNT162b2booster[325]. The study indicated that the bivalent 

BA.4/BA.5 vaccine as a booster elicited a higher neutralizing response against the BA.5 and BA.2, as well as their sub-

lineages BA.4.6, BQ.1.1, BA.2.75.2, and XBB.1, than the original vac cine [325]. A nationwide cohort study indicated 

the bivalent BA.4/BA.5 or BA.1 as a fourth-dose booster can 

reduce the rate of hospitalization [326]. Another study in the US estimated that the relative effectiveness of the bivalent 

BA.4/BA.5 booster provided an additional 50% and 39% protection against the BA.4/BA.5-related critical illness and 

hospital admission when compared with those who received two-dose wildtype BNT162b2 [327]. The relative 

effectiveness against XBB-related infection was 56% for hospital admission and 34%against emergency department 

admission when compared to BA.4/BA.5-related infection. Moreover, an in vitro study indicated that the bivalent 

vaccine did not elicit a robust neutralization against the new variants, BA.2.75.2, BQ.1.1, or XBB.1, indicating the urge 

to develop a vaccine booster against the new variants [328]. 

In response to the XBB and sub-lineages, the monovalent XBB.1.5 vaccine was developed and granted the EUA. A 

phase II/III clinical trial (NCT05997290) is underway to evaluate the safety and immunogenicity of this vaccine in 

participants who received three doses or a previous BA.4/BA.5-adapted vaccine. In addition, one-month studies on the 

ongoing phase II/III clinical trial indicated that the overall geometric mean fold rises in neutralizing titers from baseline 

to one month of the XBB.1.5-adapted vaccine recipients were slightly higher than BA.4/BA.5-adapted vaccine 

recipients for XBB.1.5 (7.6 vs. 5.6), JN.1 (3.9 vs. 3.5), and BA.2.86 (4.8 vs. 4.9) [329,330]. In addition, a similar safety 

profile to the original BNT162b2 in recipients was observed. Studies evaluated the XBB.1.5-adapted vaccine’s 

effectiveness at around 70% against hospitalization and ICU admission in the XBB.1.5 surge [331,332]. In contrast, 

cohort studies estimated a lowered vaccine effectiveness, to around 40%, in the JN.1 predominance [333,334]. These 

findings indicated the need to develop the vaccine against the recent variants. 

Other than the efficacy of BNT162b2, the related adverse effects were also considered. In the global phase II/III 

clinical study of BNT162b2, mild-to-moderate effects, such as fatigue, headache, and pain at the injection site, were 

common among the recipients [291]. However, serious adverse events, such as right axillary lymphadenopathy, 

paroxysmal ventricular arrhythmia, and right leg paresthesia, were also reported, as well as two deaths due to 

arteriosclerosis and cardiac arrest, which were not considered to be related to the vaccine. 

In terms of cardiovascular complications, myocarditis and pericarditis were most common among younger males who 

received BNT162b2. Several studies have been per formed to assess the incidence of myocarditis and pericarditis in 

recipients with different doses of BNT162b2. In Israel, a study based on the database of Clalit Health Services was 

conducted with around 2.5 million vaccine recipients, and the incidence of myocarditis in people with 1-dose 

BNT162b2 was estimated at 2.13 cases per 100,000 persons; however, the highest incidence of 10.69 cases per 100,000 

persons was reported in male recipients aged 16–29 years old [335]. Moreover, the European Medicines Agency 

(EMA) reviewed two European epidemiological studies conducted based on the French national health system and 

Nordic registry data that estimated the excess risk in younger males after the administration of the second dose of 

BNT162b2 [336]. The French study indicated that there were around 0.265 extra cases of myocarditis within 7 days 

after the second administration in 12–29-year-old males per 10,000 when compared to unexposed. Regarding the 

Nordic study, in a period of 28 days after the second dose, there were 0.56 extra cases of my ocarditis in 16–24-year-

old males per 10,000 when compared to unexposed. Another study conducted based on the data from Vaccine Safety 

Datalink (VSD) indicated that, in a period of 7 days after the second dose of BNT162b2, the incidence of myocarditis 

and pericarditis was 14.3 times higher than the comparison interval, and there were 22.4 extra cases in 18–39-year-old 

recipients per million doses [337]. In addition, the study also revealed that mRNA-1273 had a higher incidence rate 
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when compared to BNT162b2 and 31.2 extra cases of myocarditis and pericarditis per million doses [337]. However, 

various studies and the CDC indicated that vaccine-associated myocarditis had a better clinical outcome and less 

severity when compared to other causes of myocarditis [338–340]. 

On the other hand, blood-coagulation-related adverse events were also reported post-BNT162b2 vaccination. Rare 

adverse events, such as cerebral venous thrombosis (CVT), thrombocytopenia, and arterial/venous thrombotic events, 

were reported in various studies. Regarding the arterial and venous thrombotic events, a study observed that 1197 

thrombotic events were reported for BNT162b2 recipients of 361,734,967 people who received COVID-19 vaccination, 

including BNT162b2, mRNA-1273, and AZD1222, while an imbalance of venous (31.8%) and arterial (67.9%) 

thrombotic events was found. In addition, the incidence of CVT was 0.4% of the 1197 thrombotic events reported in 

BNT recipients [341]. Regarding thrombocytopenia and hemorrhage, 439 hemorrhagic cases were reported 

withBNT162b2andmRNA-1273outofaround110millionvaccinatedpeople in the US, while 60 and 34 cases of 

thrombocytopenia were reported with the BNT162b2 vaccination in the UK and US, respectively [342]. It was also 

postulated that BNT162b2 can induce the spike glycoprotein interaction, causing platelet activation, aberrant activation 

of alternative pathways of complement, or disruption of endothelial homeostasis, leading to immuno-thrombosis [343]. 

Moreover, studies indicated that the rates of thrombotic events and CVT were rare for BNT162b2 when compared to 

other vaccines, such as ChAdOx1 nCoV-19 and Ad26.COV2.S; however, the safety of the vaccine should still be taken 

into consideration [344–346]. 

Other than the concerns for normal-health individuals, the adverse effects of BNT162b2 in immunocompromised 

patients were also evaluated by several studies. A cohort study conducted in 136 kidney transplant recipients who 

received 2-dose BNT162b2 found that the most common side effect was local pain (52.2%), and systemic symptoms 

(19.2%) were also reported [347]. Similar findings were indicated by another study on 187 trans plant recipients who 

were vaccinated with either BNT162b2 or mRNA-1273, in which no unexpected adverse events were found [348]. In 

addition, a larger cohort study with 1002 immunocompromised patients with 2-dose BNT162b2 reported no rejection, 

graft versus-host disease, or allergy in those immunocompromised patients, including transplant recipients and patients 

with HIV or lymphoma, while more adverse events were reported in those immunocompetent participants [349]. A 

recent systematic review of 24 articles including 2838 immunocompromised patients found that no serious adverse 

events were reported after the fourth dose of BNT162b2 or mRNA-1273 in 13 studies [350]. Collectively, further 

studies with larger sample sizes should be conducted to examine the rare adverse events, while the above studies also 

suggested that immunocompromised patients shared a similar safety profile as the general population. 

 

8.4. Novavax COVID-19 Vaccine (Protein Subunit Vaccine) 

During the COVID-19 pandemic, Novavax developed an adjuvanted protein subunit vaccine for SARS-CoV-2. The 

vaccine candidate was assigned the codename NVX-CoV2373. In 2021, NVX-CoV2373 was granted emergency use 

listing (EUL) from the WHO and was later sold under the brand names Nuvaxvoid and NOVAVAX [351]. NVX-

CoV2373 is now available in more than 45 countries worldwide and is being used either as a two-dose primary 

vaccination series or as a booster dose [352]. It is noteworthy that possibly due to the prevalence of the Omicron 

XBB.1.5 subvariant in the US during 2023 and the reduced neutralizing antibody response induced by prototype 

COVID-19 vaccines against XBB subvariants [353], the FDA amended the EUA approval of the Novavax vaccine in 

October 2023 [354]. Since then, only the vaccine with an updated formula (original spike protein designed from 

Wuhan-Hu-1 isolate replaced by spike protein of XBB.1.5 [355], codename NVX-CoV2601) is authorized to be used in 

individuals with an age of 12 years old or older in the US. In June 2024, Novavax submitted an application for EUA 

approval of its latest JN.1 vaccine (codename NVX-CoV2705) [356]. This vaccine was claimed to be effective in 

stimulating the production of broad cross-neutralizing antibodies against multiple variants, including JN.1, KP.2, and 

KP.3, based on nonclinical data support [356]. Further studies are required for assessing the performance of the latest 

Novavax COVID-19 vaccine. 
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The Novavax COVID-19 vaccine encompasses two major components, recombinant SARS-CoV-2 spike proteins and 

the Matrix-M adjuvant. The spike proteins are produced by introducing a full-length spike gene into baculovirus, and 

then expressing the gene by infecting SF9 moth cells with the recombinant baculovirus [357]. The injection of these 

synthetic spike proteins into recipients can lead to an adaptive immune response, due to the ‘foreign’ nature of the 

proteins introduced. The Matrix-M adjuvant is injected along with the recombinant spike proteins. It comprises 

saponin, phospholipids, and cholesterol [357]. The major functions of Matrix-M are recruiting antigen-presenting cells 

to the inoculum site and facilitating antigen presentation in lymph nodes [358,359]. 

Regarding NVX-CoV2373, two large-scale, placebo-controlled phase III clinical trials conducted in the UK 

(NCT04583995) and in the US and Mexico (NCT04611802) have provided valuable data on the efficacy and safety of 

this vaccine. Both studies evaluated the performance of NVX-CoV2373 after a two-dose regimen administered to 

participants aged 18 years and above. 

In terms of vaccine efficacy, according to the data collected from the UK clinical trial, NVX-CoV2373 had an efficacy 

of 89.7% against virologically confirmed COVID-19 cases [360]. Specifically, it was 86.3% effective against the Alpha 

(B.1.1.7) and 96.4% non Alpha variants. For the clinical trial held in the US and Mexico, NVX-CoV2373 was reported 

to have an overall efficacy of 90.4% [292]. In particular, the vaccine efficacy was 93.6% against the Alpha variant and 

92.6% against any VOI or VOC(predominantly Beta (B.1.351), Gamma(P.1), Epsilon (B.1.427 and B.1.429), and Iota 

(B.1.526) at the times and locations where the trial was conducted). Nevertheless, scientists have expanded the scope of 

the clinical trial NCT04611802 to examine the performance of NVX-CoV2373 in adolescents aged 12 to 17 years in 

the US, following the earlier study on adult participants. The data from the adolescent trial suggested an overall 

efficacy of 79.5% against confirmed COVID-19 cases in this age group [361]. Particularly, it had an efficacy of 82% 

against the Delta (B.1.617.2) variant. These data together demonstrate the high vaccine efficacy of NVX-CoV2373 

against multiple prevalent SARS-CoV-2 variants at the time the trials were conducted. 

Aside from efficacy, safety is also an important concern when evaluating vaccine performance. Both phase III clinical 

trials conducted on adult participants reported that the solicited local and systemic adverse events experienced by 

vaccinated participants were mostly mild to moderate and transient [292,360]. The clinical trial carried out in the US 

and Mexico reported a slightly higher frequency of unsolicited adverse events in the vaccinated group compared to the 

placebo group (16.3% vs. 14.8), yet various unsolicited adverse events were balanced between the two groups. The 

clinical trial held in the UK also recorded a similar phenomenon, with elevated occurrence of unsolicited events in both 

the vaccinated and placebo groups (25.3% vs. 20.5%). The reported mortality rate (0.5%, the US and Mexico trial) or 

number of deaths (1 volunteer, the UK trial) was the same across the two groups of participants. NVX-CoV2373 was 

not only proven to be safe for use in adults, but also safe for adolescents. Data from the expanded NCT04611802 trial 

suggested that the severity and duration of solicited adverse events were mostly mild to moderate and self-limited in the 

vaccinated adolescents. Unsolicited adverse reactions were also balanced across the two treatment groups and no death 

was recorded [361]. 

In these studies, the most frequently reported solicited adverse events were injection site pain, tenderness, headache, 

and fatigue. Besides, cardiovascular complications, such as myocarditis, pericarditis, and myopericarditis, have been a 

major concern for some vaccine recipients. Indeed, these adverse events are possible after the injection of NVX 

CoV2373, and it was hypothesized that the molecular similarity between SARS-CoV-2 spike protein and the host self-

antigen alpha-myosin would lead to direct injury in the myocardium [362]. However, data from clinical trials indicated 

a low likelihood for these events to occur. Fix et al. [352] performed a benefit–risk assessment based on the results of 

the NCT04611802 and NCT04583995 trials. In their study, vaccination of NVX-CoV2373 was estimated to prevent 

1805 COVID-19 cases, while potentially causing 5.3 excess cases of the aforementioned heart inflammation types per 

100,000 vaccinated individuals. More recently, a study reported that among 69,227 NVX-CoV2373 doses delivered in 

the US, only 2 cases of pericarditis were recorded [363]. In addition, a real-world safety study held in Australia 

revealed that the reported rates of myocarditis and pericarditis per 100,000 NVX CoV2373 doses delivered were 1.9 

and 19.4 [364], respectively. Taken together, clinical trials and real-world data suggest a low incidence rate of these 
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particular heart inflammation types among NVX-CoV2373 recipients. While blood coagulation disorders, thrombotic 

events, and Guillain–Barré syndrome have also been characterized in some COVID-19 vaccine receivers [346,365], 

findings from clinical trials and real-world studies suggest that only a small number or no such cases were associated 

with the injection of NVX CoV2373[292,361,363,364]. Regarding the safety of NVX-

CoV2373inimmunocompromised patients, limited data are available, since immunocompromised populations are 

usually excluded from trials [366]. One study suggested that immunocompromised COVID-19 vaccine recipients share 

similar rates of adverse events with the general population and no additional adverse effect has been characterized 

[366]. It is noteworthy that there is an ongoing trial (EUPAS104622) that aims to evaluate the safety of using NVX-

CoV2373 in immunocompromised patients [367]. Further studies for this population are needed to gain a 

comprehensive understanding of the NVX-CoV2373 safety profile. 

While NVX-CoV2373 is not authorized to be used in the US at present, it is still available to the public as a primary 

vaccination series and a booster dose in some other countries, such as Canada [368]. In Canada, a booster dose of 

NVX-CoV2373 can be administered to recipients aged 18 years and above, about 6 months 

after the second primary vaccine dose. Several studies have evaluated participants’ immune response after receiving 

NVX-CoV2373 as a booster dose [369–371]. In common, they reported a substantial increase in recipients’ antibodies 

against SARS-CoV-2. A phase II clinical trial (NCT04368988) conducted in the US and 

Australia assessed recipients’ responses after receiving three doses of NVX-CoV2373 [369]. The clinical data 

suggested that most of the local and systemic adverse events were mild to moderate and transient in nature. Moreover, 

robust increases in IgG and mean neutralizing titer (MN50) against SARS-CoV-2 were found among the participants 

who received the booster dose. Remarkably, the IgG geometric mean titers against SARS-CoV-2 Alpha and Beta 

variants increased by 33.7-fold and 40.6-fold, respectively, within 28 days following the booster. This study also 

reported increases in functional ACE2 receptor-binding inhibition titers for Alpha, Beta, Delta, and BA.1 subvariants 

among the booster recipients. In addition, data from a phase III clinical trial (NCT05463068) revealed that the NVX-

CoV2373 booster dose could induce similar seroconversion rates across participants with different vaccination histories 

(i.e., those who had received mRNA, viral vector, or protein subunit COVID-19 vaccines previously) [371]. 

Furthermore, induced antibodies were found to behighly reactive even against the immune evasive BA.1 and BA.5 

subvariants. No severe adverse event or death was reported during the 28 days of follow-up after the booster 

administration. Collectively, these data suggested the potency and safety of NVX-CoV2373 as a booster in inducing an 

antibody response against infection caused by particular SARS-CoV-2 variants. 

Except for clinical trials, several studies have been established in various locations to assess the real-world 

effectiveness of NVX-CoV2373 in recipients aged 12 years or above. A retrospective study conducted in Germany and 

published in April 2024 reported that NVX-CoV2373 was estimated to protect about 95% of recipients (in particular, 

96% protection rate after the primary course and 93% protection rate after the booster dose) from COVID-19 [372]. 

This conclusion was made based on the results obtained from a 10-month follow-up period, and Alpha, Delta, and early 

Omicron variants were circulating during the study period. Mateo-Urdiales et al. [373] performed an observational 

study in Italy during the dominance of BA.2 and BA.5 subvariants. While they commented that NVX-CoV2373 can 

offer protection against SARS-CoV-2 infection, they reported a lower estimated effectiveness of NVX-CoV2373 as a 

primary series compared to the findings from the German study. With a follow-up median of 156 days (starting from 

the day of receiving the first dose), the adjusted estimated effectiveness of NVX-CoV2373 against notified and 

symptomatic COVID-19 was found to be 31% and 50%, respectively, in those who received full vaccination (regarded 

as 15 days or more after the second dose). The difference in estimated effectiveness of the NVX-CoV2373 primary 

course between the German and Italian studies may be attributed to various factors, including methodology 

heterogeneity, differences in the dominating SARS-CoV-2 variants, and participants’ demographics. While the current 

number of studies examining the effectiveness of NVX-CoV2373 in the general population is limited [374], further 

research is required to provide a more objective illustra tion of the performance of NVX-CoV2373 in real-world 

settings. Besides, some studies have compared the effectiveness of NVX-CoV2373 with other vaccine types, such as 
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the mRNA vaccine BNT162b2. An Australian study revealed that recipients of the NVX-CoV2373 primary series or 

booster dose had higher propensities for SARS-CoV-2 infection caused by BA.1 or BA.2 subvariants compared to 

those who received the ancestral BNT162b2 (adjusted hazard ratio: 1.70 for the primary series and 1.39 for the booster 

dose) [375]. Similarly, another study held in South Korea during the dominance of BA.1, BA.2, and BA.4/5 subvariants 

also suggested a higher SARS-CoV-2 infection rate in adolescents who had completed the NVX-CoV2373 primary 

course than those who had received BNT162b2 (incidence risk ratio: 1.46) [376]. The difference in effectiveness 

between these two vaccines was believed to be attributed to a lower induction rate of spike-specific CD8 T cells by 

NVX-CoV2373[376], which consequently led to a weaker cellular immune response against SARS-CoV-2 infection in 

NVX-CoV2373 recipients. 

Regarding the use of NVX-CoV2601 in the US, currently, the CDC recommends its use for individuals with an age of 

12 years old or above [377]. For those who are unvaccinated, a two-dose primary vaccination series can be 

administered, with an interval of three to eight weeks between the two injections. For individuals who have received 

one dose of either the original (NVX-CoV2373) or updated (NVX-CoV2601) Novavax vaccine, or any dose but 

without receiving the NVX-CoV2601 formulation, a dose of NVX-CoV2601 can be received as a booster. In addition, 

one or multiple booster doses of NVX-CoV2601 can be administered to individuals 5 through 64 years of age 

(immunocompromised), or those aged 65 years and older (regardless of their immunocompromised status). While 

numerous clinical trials (NCT05975060, NCT05973006, and NCT05925127) aiming to examine the performance of 

NVX-CoV2601 have been initiated in recent years [378–380], some of these studies are still ongoing, or data obtained 

from the trials have not yet been published in scientific journals. As a result, limited data about the performance and 

safety of NVX CoV2601 as a primary vaccination series or a booster dose are now accessible. Further studies are 

required to critically assess the use of NVX-CoV2601 and reveal the findings to the public. 

 
FIGURE 19. NOVAVAX 

 

9. Personal measures 

Hand and respiratory hygiene is important at ALL times and is the best way to protect yourself and others When 

possible maintain at least 1 meter distance between yourself and others. Some infected persons may not be exhibiting 

symptoms or their symptoms may be mild so maintaining a physical distance with everyone is important if you are in 

an area where COVID-19 is circulating . 

 
FIGURE 20. Personal Measures 
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10. Public health measures 

  Quarantine means restricting activities or separating people who are not ill but may have been exposed to COVID-19. 

The goal is to prevent the spread of disease if or when people develop symptoms. 

  Isolation means separating people who are ill with symptoms of COVID-19 and may be infectious to prevent the 

spread of the disease. 

  Physical distancing means being physically apart. WHO recommends keeping at least 1-metre distance from others. 

This is a general measure that everyone should take even if they are well. 

  Contact tracing helps to identify individuals who may have been exposed to COVID- 19 in order to quickly isolate 

them. 

  

11. Social and economic impact 

The COVID-19 pandemic and the assoicated economic crisis poses huge global and local challenges 

.The health, social and economic impact has affected all segments of the population but is particularly detrimental to 

social groups in vulnerable situations including; people living in poverty, older persons, persons with disabilities, 

youth, and indigenous peoples.Epidemics and economic crises have a disproportionate impact on these vulnerable 

groups, which can trigger worsening inequality and poverty 

.On the social side, we see a dramatic loss of employment – with a decline of almost 10.5 percent in total working 

hours, the equivalent of 305 million full- time workers. And some 1.6 billion students have been affected by school 

closures and the crisis will push an additional 40–60 million people into extreme poverty. 

 

12. INDIAN APPROACH IN DEVELOPMENT 

More than 150 COVID-19immunizationsarebeingdeveloped over the world and expectations are high to put up one for 

commercialization to the public in record time to facilitate the worldwide emergency. A few endeavors are in progress 

to help make that conceivable, including the U.S. government's Operation Warp Speed activity, which has promised 

$10 billion and intends to create and convey 300 million portions of a protected, compelling COVID- 19 immunization 

by January 2021. 

The WHO is additionally planning worldwide endeavors to build up a vaccine, with an optimization that conveying 2 

billion dosages before the finish of 2021. It can regularly take 10-15 years to offer an immunization for sale to the 

public; the quickest ever was the vaccine for mumps that took 4 years during the 1960s. Immunizations experience a 

three-stage clinical preliminary cycle before they are sent to administrative offices for endorsement, which can be an 

extensive cycle itself. Even after a vaccine is endorsed, it faces potential barricades with regards to scaling up creation 

and appropriation, which likewise incorporates choosing which populaces ought to get it first and at what cost. 

Numerous antibodies additionally remain in what's called stage four, a ceaseless phase of customary investigation . Six 

Indian organizations are taking a shot at an immunization for COVID-19, joining worldwide endeavors to locate a brisk 

preventive for the lethal disease spreading quickly over the world, says a top Indian researcher. While Zydus Cadila is 

dealing with two immunizations, Serum Institute, Biological E, Bharat Biotech, Indian Immunologicals and Mynvax 

are creating one antibody each. 

The primary methodology manages improvement of a DNA antibody against the major viral surface protein liable for 

the passage of the novel SARS-CoV-2. The plasmid DNA would be brought into the host cells, where it would be 

deciphered into the viral protein and evoke a solid insusceptible reaction interceded by the cell and humoral arms of the 

human safe framework, which assume a fundamental part in security from sickness just as viral freedom. The 

secondary methodology manages advancement of a vectored live weakened measles infection immunization against 

COVID 19. 

The recombinant measles vaccine created by invert hereditary qualities would communicate codon-improved proteins 

of the novel SARS-CoV-2 and will induce long-term specific neutralizing antibodies, which will provide protection 

from the infection . 
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The Serum Institute of India developed Novavax. The vaccine also seemed to generate T-cells, the type of immune 

cells that also help protect the body from infection, in the 16 volunteers who were randomly selected and tested for T-

cell responce. 

India-based drug organization Biological E has consented to an arrangement with Johnson and Johnson (J&]) unit 

Janssen Pharmaceutica to produce J&I's COVID- 19immunization up-and-comer, Ad26.COV2.S. Under the 

arrangement, Biological E will support creation capacities with regards to medicate substance and medication result of 

the antibody competitor presently in Phase 1/lla clinical preliminaries. COVAXIN is India's first indigenous COVID-19 

antibody by Bharat Biotech and is created in a joint effort with the ICMR-NIV. The indigenous, inactivated antibody is 

created and fabricated in Bharat Biotech's BSL-3 (Bio-Safety Level 3) high regulation office. The immunization got 

DCGl endorsement for Phase I and Il Human Clinical Trials and the preliminaries will start across India from July, 

2021 . Hyderabad-based human and animal vaccination producer Indian Immunologicals (IL)presented COVID-19 

antibody in a joint effort with Australia Griffith University. IlL and Griffith University will be working to develop 

lessened SARS-CoV-2 antibody utilizing most recent codon deoptimization technology.Mynvax is another startup that 

tried to prevent COVID-19 and initiate vaccine development in collaboration with IISc . 

 
Figure 21. COVAXIN 

13. Prevention 

Preventive measuresare the current strategy to limit the spread of cases. Early screening, diagnosis, isolation, and 

treatment are necessary to prevent further spread. Preventive strategies are focused on the isolation of patients and 

careful infection control, including appropriate measures to be adopted during the diagnosis and the provision of 

clinical care to an infected patient 

 

14. Conclusion 

As everyone across the globe is aware that there is no accurate medicine for Covid-19 till date hence it is very 

important to prevent the spread in the society. Notably COVID19 is an RNA virus that poses a threat to public health. 

Currently the disease has caused thousands of infections and deaths. The main points in preventing the spread in society 

are hand hygiene, social distancing and quarantine. As the COVID-19 pandemic continues to unfurl, the complications 

of the general public and health sector crisis are presumed to continue. 

Henceforth, the need fore normous research and meta-analysis was realized and the significant findings from those 

studies to justify the reason for viral spread, possible preventive measures and future approaches to bead opted made 

available to the general audience in the form of distinguish particles in pieces. Therefore, to save the precious time and 

effort of our readers the authors in the present review have strived to gather, compile and place every possible detail on 

COVID-19 disease from different sources and available literature in one place .By diving deep into the details shared in 

retrospective cohort studies and considering the present scenario, the current review has intensively discussed the origin 

of COVID-19,its pathogenesis, epidemiology, possible routes of SARS-CoV-2 invasion and zoonotic dissemination, 

virus variants, its implications on mental as well as on physical health, post-COVID-19 side-effects, and details on pro 

sand cons of available curatives (therapeutics and vaccines) across the globe. 

With the cooperation of scientists worldwide, early in the pandemic, we were able to gain an in-depth understanding of 

the novel coronavirus. Since then, there has been an increasing amount of new detection methods and treatment 

strategies being proposed and released to the market [381]. These have contributed to controlling the spread and 
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lowering the severity of COVID-19. Although COVID-19isnolongerclassedasapandemic, research should be ongoing 

to focus on COVID-19 vaccines and treatments’ renewal and development. This would ensure their continued 

effectiveness despite the emergence of new SARS-CoV-2 variants and prevent the deterioration of the current situation 

of the COVID-19 endemic. 

Funding: This research and APC were funded by the Lim Peng Suen Charity Foundation, grant number R-ZH6P. 

Conflicts of Interest: The authors declare no conflict of interest. 

 

15. SUMMARY 

The human body encounters many infectious microorganisms—viruses, bacteria, fungi, protozoa, and helminths—that 

can cause tissue damage through different mechanisms. Viruses are unique because they manipulate host cells and 

constantly evolve. 

COVID-19 is caused by the novel coronavirus SARS-CoV-2. The World Health Organization (WHO) first became 

aware of this virus on 31 December 2019, after cases of viral pneumonia were reported in Wuhan, China. 

By late December 2019, the disease spread rapidly across China and eventually worldwide, leading to a global 

outbreak. On 30 January 2020, WHO declared COVID- 19 a global public health emergency. 

India reported its first COVID-19 case on 27 January 2020 in Kerala. Since then, case numbers have varied nationwide. 

Diagnosis is done through RT-PCR tests or Rapid Antigen Tests (RAT). 

The history section reiterates the nature of infectious organisms and again mentions that COVID-19 originated from 

SARS-CoV-2, first reported in Wuhan on 31 December 2019. 

 

Key Achievements: 

  Testing and Surveillance: ICMR-NIV screened over 8 lakh clinical samples for SARS- CoV-2, providing critical data 

for epidemiological surveillance and control measures. 

  Genomic Surveillance: Analysis of nearly 20,000 Indian SARS-CoV-2 whole genome sequences revealed the 

predominance of the Omicron BA.2 lineage. 

  Vaccine Development: ICMR-NIV collaborated with Bharat Biotech to develop Covaxin, India's first WHO-approved 

indigenous COVID-19 vaccine. 

  Research and Capacity Building: ICMR-NIV established a pan-India network for epidemiological, virological, and 

genomic surveillance of respiratory viruses and strengthened research capabilities in neighboring countries.¹ ² ³ 
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