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Abstract

The COVID-19 pandemic, caused by the novel coronavirus SARS-CoV-2, has been an unprecedented
global health crisis of the 21st century. First identified in late 2019 in Wuhan, China, the virus spread
worldwide in early 2020, prompting the World Health Organization (WHO) to declare a Public Health
Emergency of International Concern in January 2020 and a pandemic in March 2020. Over the next three
years, COVID-19 caused widespread morbidity and mortality, with more than 775 million confirmed cases
and over 7 million reported deaths globally (and far more by excess mortality estimates). Nations
implemented extraordinary public health measures — from lockdowns and travel restrictions to mass
testing and masking — to curb transmission. The pandemic overwhelmed healthcare systems, spurred a
race to develop treatments and vaccines, and led to the fastest vaccine development in history, with
vaccination campaigns beginning by December 2020. Beyond the direct health impact, COVID-19
precipitated severe social and economic disruptions, including the sharpest global recession since the
1930s. This article provides a comprehensive overview of the pandemic, covering the virology and origin
of SARS-CoV-2, the epidemiological progression and major variants, clinical manifestations and
management (including the advent of effective therapies and vaccines), public health responses, and the
broad societal impacts. We also discuss the current status of COVID-19 as the acute emergency phase
subsides, with the disease transitioning toward an endemic state, even as challenges like long COVID
persist.

1. Introduction

The coronavirus disease 2019 (COVID-19) pandemic is a global outbreak caused by the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2). The crisis began with a cluster of unexplained
pneumonia cases in Wuhan, Hubei Province, China in December 2019." Investigations identified a novel
coronavirus as the etiologic agent, which was subsequently named SARS-CoV-2 due to its genetic
similarity to the SARS-CoV virus that caused the 20022003 SARS outbreak." Within weeks, infections
spread beyond China to multiple continents, aided by international travel. On January 23, 2020, Chinese
authorities took the unprecedented step of placing the city of Wuhan (population ~11 million) under
lockdown in an attempt to contain the outbreak."" Despite aggressive local measures, the virus had already
seeded outbreaks overseas. By late January 2020, cases were reported across Asia, Europe, and North
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America. Recognizing the growing threat, the WHO declared a Public Health Emergency of International
Concern on January 30, 2020, and on March 11, 2020, with COVID-19 confirmed in over 110 countries,
the WHO characterized the situation as a pandemic. These early weeks marked the beginning of a global
health emergency unprecedented in modern times.™"

COVID-19 has since affected virtually every nation, resulting in profound health, economic, and societal
impacts. As of 2025, cumulative confirmed infections number in the hundreds of millions, and confirmed
deaths exceed 7 million worldwide, though the true toll (accounting for excess mortality) is estimated to
be several times higher." It is the deadliest pandemic since the 1918 influenza. This overview article
summarizes key aspects of the pandemic. We first describe the virology and origins of SARS-CoV-2, then
outline the global spread and major epidemiological features of COVID-19. Clinical characteristics and
disease management are discussed, including the development of effective treatments and vaccines. We
review the public health interventions deployed to mitigate spread and examine the wide-ranging societal
consequences of the pandemic. Finally, we consider the current status of COVID-19 and future outlook,
including the challenges posed by viral variants and long-term sequelae such as long COVID. By
compiling these developments, we aim to provide a cohesive narrative of the COVID-19 pandemic
grounded in evidence from the past several years.

Virology and Origins of SARS-CoV-2

SARS-CoV-2 is a novel member of the coronavirus family, which are enveloped positive-sense RNA
viruses. Coronaviruses are divided into several genera (Alpha, Beta, Gamma, Delta); SARS-CoV-2 is a
Betacoronavirus, the same genus that includes the original SARS-CoV and MERS-CoV. Prior to 2019,
six coronaviruses were known to infect humans — four of these (229E, NL63, OC43, HKU1) generally
cause mild, common-cold-like illnesses, while two (SARS-CoV and MERS-CoV) caused severe
respiratory syndromes with high fatality rates. SARS-CoV-2 is the seventh human coronavirus, and like
SARS-CoV and MERS-CoV, it has demonstrated the capacity for severe disease in humans.""

Genomic analysis suggests SARS-CoV-2 shares a high sequence identity with coronaviruses found in
bats, indicating a likely zoonotic origin." The earliest COVID-19 cases in Wuhan were epidemiologically
linked to a live animal market (the Huanan seafood market), raising suspicions that the virus jumped from
an animal host to humans at that site.™* It is hypothesized that bats are the original reservoir (as with
SARS-CoV), possibly with another intermediate animal host facilitating transmission to humans.X In
response to the outbreak, Chinese authorities swiftly shut down the implicated market and banned wildlife
trade, reflecting concerns about a zoonotic spillover.X" Alternate hypotheses, including the possibility of
a laboratory-related incident, have been debated, but comprehensive investigations to date have not found
definitive evidence of a non-natural origin, and the prevailing scientific view points to a natural spillover
event.X" The exact proximal origin of SARS-CoV-2 remains under study, but the emergence pattern
mirrors prior zoonotic coronavirus outbreaks.

Structurally, SARS-CoV-2 virions are spherical particles (approximately 100 nm in diameter) studded
with spike glycoproteins that give coronaviruses their characteristic crown-like appearance. The spike
protein (S) mediates attachment and entry into host cells via the angiotensin-converting enzyme 2 (ACE2)
receptor, which is abundantly expressed on human respiratory epithelial cells. The virus’s genome encodes
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not only the spike but other structural proteins (envelope E, membrane M, nucleocapsid N) and
nonstructural proteins that orchestrate replication and modulate host responses. Early in the pandemic, the
genetic sequence of SARS-CoV-2 was rapidly shared by researchers in China in January 2020, enabling
the development of diagnostic tests and accelerating vaccine research. Genomic sequencing has since
played a crucial role in tracking viral evolution and the emergence of new variants.
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Figure 1: An illustration of the ultrastructural morphology of SARS-CoV-2, the virus that causes
COVID-19.

Global Spread and Epidemiology

Early Spread: After its emergence in Wuhan, SARS-CoV-2 spread internationally with astonishing
speed. By the end of January 2020, cases had been reported in numerous countries across Asia, Europe,
and North America, often associated with travelers from China. Human-to-human transmission was
confirmed by mid-January 2020 in China,20 and evidence soon showed that asymptomatic or pre-
symptomatic individuals could transmit the virus, complicating containment efforts. In February 2020,
large clusters emerged in South Korea, Iran, and Italy, signaling that community transmission was
underway on multiple continents. Governments began implementing travel restrictions and quarantine
measures; for instance, the United States and many others banned or limited travel from China by the end
of January 2020. Despite these measures, by March 2020 COVID-19 infections were present in over 100
countries. On March 11, 2020, with more than 118,000 cases and 4,291 deaths reported worldwide at that
time, the WHO officially declared COVID-19 a pandemic. This marked a global call to action, as health
systems braced for surges of cases.

Epidemic Waves and Variants: The pandemic unfolded in waves of infections. The initial wave in early
2020 hit parts of Asia and Europe particularly hard (for example, Italy experienced a severe outbreak in
March 2020), followed by widespread outbreaks in the Americas by late spring 2020. Many countries saw
a significant first wave peak around March—April 2020, often mitigated by strict lockdowns that eventually
curbed transmission by mid-2020. However, as restrictions eased, subsequent waves occurred. In late 2020
and early 2021, the world saw a major resurgence of COVID-19 cases, often referred to as the “second
wave” in many regions.®" During this period, several new variants of SARS-CoV-2 were identified and
quickly became dominant in successive surges:

IJSAT25026205 Volume 16, Issue 2, April-June 2025 3



https://www.ijsat.org/

International Journal on Science and Technology (IJSAT)

E-ISSN: 2229-7677 e Website: www.ijsat.org e Email: editor@ijsat.org

=0

e Alpha variant (B.1.1.7): First detected in the UK in September 2020, Alpha had multiple
mutations and was estimated to be significantly more transmissible (roughly 40-80% more) than
the original strain.**' Alpha drove a large wave in the UK and spread globally by early 2021.

o Beta variant (B.1.351): First documented in South Africa in May 2020 (and recognized as a
Variant of Concern in late 2020), Beta was associated with South Africa’s second wave. "' This
variant harbored mutations (e.g. E484K) that conferred partial immune escape, reducing the
effectiveness of some vaccines and antibodies.

e Gamma variant (P.1): First identified in Brazil (in late 2020/early 2021, notably in Manaus),
Gamma also showed increased transmissibility and immune evasion. It caused a major surge in
South America in early 2021.

e Delta variant (B.1.617.2): First reported in India in late 2020, Delta proved to be highly
transmissible and virulent. By mid-2021, Delta had spread worldwide and became the predominant
strain in many places. Studies found Delta to be perhaps ~60% more transmissible than Alpha.
Delta was responsible for devastating waves, including India’s surge in April-May 2021 and a
resurgence in many countries in mid to late 2021. It was associated with increased hospitalization
rates, but vaccines (with two doses) remained effective in preventing severe disease due to Delta.

e Omicron variant (B.1.1.529): In November 2021, a heavily mutated variant was identified in
southern Africa and swiftly designated by WHO as the Omicron variant of concern.*!"" Omicron
had an unprecedented number of mutations in the spike protein, enabling significant evasion of
immunity from past infection or vaccination. It spread extremely rapidly; within weeks it
outcompeted Delta globally. Omicron caused record-high case numbers around the world in late
2021 and early 2022, though many infections were observed to be milder on average than with
Delta (due in part to increased population immunity and possibly intrinsic characteristics of the
variant). Multiple sub-lineages of Omicron (e.g., BA.1, BA.2, BA.4/5, XBB) have since circulated.
Notably, since Omicron’s emergence, no new Greek-letter variant has been designated as of 2023;
instead, Omicron and its sub-variants continue to dominate.

These variants of concern illustrate the virus’s evolution under selective pressures. Each new dominant
strain tended to be more contagious than the last, challenging efforts to control COVID-19. Nonetheless,
by late 2022 and 2023, population immunity (through vaccination and prior infection) had increased
globally, helping to decouple infection rates from deaths to some extent. As a result, later waves, while
massive in case numbers (Omicron in particular), saw lower case-fatality ratios than earlier in the
pandemic.

Confirmed Cases and Mortality: COVID-19’s global reach has been vast. By the end of 2021, the WHO
had recorded over 300 million cumulative cases and 5.5 million deaths worldwide.*™ After the Omicron
wave, by the end of 2022, reported cases exceeded 650 million and deaths 6.5 million. As of April 2025,
total confirmed cases are around 775 million and confirmed deaths about 7.06 million.” However, the
true human toll is higher; studies of excess mortality (which accounts for unreported COVID deaths and
indirect pandemic effects) estimate that COVID-19 may have caused between 19 and 36 million total
deaths globally. This massive mortality makes COVID-19 one of the worst global health disasters in a
century, comparable in impact to the 1918 influenza pandemic on a global scale. The cumulative infection
rate is also striking — some countries have likely had over half of their population infected at some point.
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Seroprevalence surveys and modeling suggest that by 2022, a majority of the world’s population had
acquired some immunity to SARS-CoV-2, whether through infection or vaccination.

Transmission Characteristics: SARS-CoV-2 spreads primarily via respiratory droplets and aerosols
expelled when infected individuals breathe, speak, cough, or sneeze." Infected persons can transmit the
virus even if they have no symptoms (asymptomatic carriers) or before symptoms develop (pre-
symptomatic transmission), which made containment difficult in the early phase. The virus can be inhaled
or can infect via contact with mucous membranes (eyes, nose, mouth). Both large droplets (which typically
travel short distances and fall to the ground) and smaller aerosol particles (which can remain suspended
in air and travel farther, especially in closed, poorly ventilated spaces) contribute to spread. v
Transmission can also occur via fomites —touching surfaces contaminated with the virus and then touching
one’s face — although over time it became clear that airborne transmission is the dominant route, and
fomite transmission is now thought to be relatively infrequent.™ The basic reproduction number (Ro) of
the original strain was estimated around 23, but variants like Delta and Omicron have had much higher
effective transmissibility, with Omicron’s Ro (without mitigation or immunity) estimated in the upper
single digits. SARS-CoV-2 is capable of rapid spread in naive populations, as evidenced by explosive
outbreaks on cruise ships, in long-term care facilities, prisons, and other congregate settings early in the
pandemic.

Several epidemiological features influenced the pandemic’s trajectory. The incubation period of COVID-
19 averages about 5 days (but can range from 2-14 days), which required relatively long quarantine
periods for exposed individuals. A significant fraction of transmissions came from individuals without
symptoms (it’s estimated that at least 20-40% of infections are asymptomatic, and these still can transmit
albeit at somewhat lower rates). ' Superspreading events — where one person infects many others at once,
often in crowded indoor gatherings — played a notable role in amplifying outbreaks. These characteristics
demanded robust public health interventions to break chains of transmission.

Demographics and Risk Factors: COVID-19 has not affected all populations equally. Early data and
subsequent studies showed that the risk of severe illness and death rises sharply with age and the presence
of certain underlying health conditions. Older adults, particularly those above 60-65 years (and especially
above 80), have been at highest risk of hospitalization and mortality. Individuals with chronic conditions
such as cardiovascular disease, hypertension, diabetes, obesity, chronic respiratory diseases, cancer, or
immunosuppression also face higher odds of severe outcomes. For example, an 80-year-old patient has
many times greater risk of death than a young adult. Men have experienced slightly higher mortality rates
than women in many regions, though the reasons (biological, behavioral, etc.) are still studied.
Socioeconomic factors and health disparities have also heavily influenced COVID-19 impact — poorer
communities, ethnic minorities, and frontline workers often had greater exposure risk and limited
healthcare access, resulting in disproportionate burdens. Children and young adults, by contrast, have
generally had milder illness, though no age is entirely spared from potential severe outcomes.
Additionally, the emergence of more transmissible variants increased infections even among groups that
initially had lower exposure, such as children, leading to higher absolute numbers of pediatric
hospitalizations during Omicron waves (though still rare relative to adult hospitalizations).
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Clinical Manifestations and Diagnosis

Acute Illness Spectrum: COVID-19 presents with a wide spectrum of clinical manifestations, from
asymptomatic infection to critical, life-threatening disease. After an incubation period (typically ~5 days
post-exposure on average), the most common symptoms that manifest are fever, cough, and fatigue. Many
patients also experience anosmia (loss of smell) or ageusia (loss of taste) in the early phase, which was a
distinctive symptom reported especially in the first waves. Other frequent symptoms include sore throat,
nasal congestion, headache, myalgia (body aches), and generally feeling unwell. Gastrointestinal
symptoms like diarrhea or nausea/vomiting occur in a subset of cases. In mild cases, these symptoms are
akin to a cold or flu and resolve within 1-2 weeks.

However, a significant minority of patients develop more severe disease. Approximately 15-20% of
symptomatic cases develop pneumonia and hypoxemia (low blood oxygen levels). This typically occurs
about a week after symptom onset, when some patients suddenly worsen after an initial mild phase.
Hallmarks of moderate to severe COVID-19 include persistent high fevers, worsening cough, shortness
of breath, and oxygen saturation dropping below normal. Imaging (such as chest X-ray or CT scan) often
shows bilateral infiltrates or ground-glass opacities in the lungs indicative of viral pneumonia.

In the most severe ~5% of cases (higher in high-risk groups), COVID-19 leads to critical illness: patients
may develop acute respiratory distress syndrome (ARDS), requiring ventilatory support; multi-organ
failure; septic shock; and other complications such as thromboembolism. Critical COVID-19 carries a
high fatality risk, especially without advanced supportive care. Risk factors for progressing to severe or
critical illness include advanced age and the comorbidities mentioned earlier. During surges, intensive
care units (ICUs) around the world were filled with COVID-19 patients suffering respiratory failure. Many
required mechanical ventilation, and a subset benefited from extracorporeal membrane oxygenation
(ECMO) when conventional ventilation was insufficient. Reported case fatality rates (CFR) varied by
location and time — early in the pandemic, overall CFRs were on the order of 2-3% of reported cases, but
this has declined to around 1% or lower in many places by 2022, due to improved clinical management
and the protective effects of vaccination.

Complications: Aside from respiratory failure, COVID-19 can affect multiple organ systems. It is now
understood as a systemic illness, not just a pneumonia. Serious complications include acute cardiac injury
(myocarditis, arrhythmias), acute kidney injury (sometimes requiring dialysis), acute liver injury, and
neurological events (such as stroke or encephalopathy). COVID-19 is also notable for causing
hypercoagulability — many patients developed blood clots (e.g. deep vein thromboses, pulmonary emboli)
due to inflammatory and endothelial effects of the virus. Inflammatory complications like multisystem
inflammatory syndrome in children (MIS-C) and in adults (MIS-A) were observed rarely after infection,
characterized by hyperinflammation and organ dysfunction weeks after the acute illness. The broad range
of complications made COVID-19 a challenging disease to manage, often requiring multidisciplinary care.

Diagnosis: Diagnosing an acute SARS-CoV-2 infection has primarily relied on detecting the virus via
nucleic acid amplification tests (NAAT), chiefly reverse-transcription polymerase chain reaction (RT-
PCR) tests on respiratory specimens (nasopharyngeal swabs, nasal or throat swabs, or saliva). By late
January 2020, scientists had published the first RT-PCR protocols, and by February 2020, PCR test kits
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were being distributed (despite some early issues with reliability in certain labs). RT-PCR tests remain the
gold standard due to their high sensitivity and specificity. Turnaround times for PCR vary, but rapid PCR
machines can give results in a few hours. In addition, rapid antigen tests were developed and deployed
widely; these tests detect viral proteins and give results in 15-30 minutes, at the cost of lower sensitivity
(especially in asymptomatic or early infection). Antigen tests became useful for screening and at-home
use, especially once abundant in 2021 and 2022. For diagnosis of past infection, antibody (serology) tests
can detect immune responses to SARS-CoV-2, though antibodies typically become detectable 1-3 weeks
after infection, so serology is not useful for acute diagnosis but rather for epidemiological surveys of who
has been previously infected.

Throughout the pandemic, timely and widespread testing was crucial for case identification, contact
tracing, and isolation to break transmission chains. Many countries struggled early on with limited testing
capacity, which obscured the true spread. By mid-2020, testing scaled up substantially worldwide. Regions
like South Korea, which managed to test and trace aggressively, saw more success in containment during
the early phase, compared to places that had testing shortages.

Public Health Interventions

To combat the rapid spread of COVID-19, governments and public health authorities implemented a range
of non-pharmaceutical interventions (NPIs). These measures aimed to reduce transmission in the
absence (or early scarcity) of vaccines and specific treatments. Key interventions included:

e Travel Restrictions and Border Controls: International and domestic travel was curtailed in
many instances. By February—March 2020, dozens of countries imposed bans or quarantine
requirements on travelers from affected regions. For example, the U.S. restricted travel from China
(Jan 31, 2020) and later from Europe in March 2020. Many countries closed borders entirely to
non-citizens for extended periods. These restrictions slowed virus importation, though once
community spread was established, internal measures were more critical.

e Lockdowns and Stay-at-Home Orders: Perhaps the most dramatic measure, many jurisdictions
enacted lockdowns — mandating the closure of schools, offices, restaurants, and other non-essential
businesses, and instructing people to stay home except for essential needs. China’s lockdown of
Wuhan (and later other parts of Hubei) in January 2020 was soon followed by nationwide
lockdowns in Italy (March 2020), Spain, France, India, the UK, and many other countries.
Lockdowns varied in strictness and length, but collectively they affected billions of people. These
measures successfully suppressed transmission in numerous instances, “flattening the curve” to
relieve pressure on healthcare systems.™"!' However, they also caused immense socio-economic
disruption (addressed in a later section). Many regions used rolling lockdowns or softer versions
(e.g. stay-home advisories, curfews, or circuit-breaker lockdowns) during surges.

« Social Distancing and Gathering Bans: Even outside full lockdowns, authorities enforced
physical distancing guidelines. Limits were placed on the size of gatherings (for example, banning
events above a certain number of people). Sporting events, concerts, conferences, and public
festivals were canceled worldwide.®"'" People were advised to maintain at least 1-2 meters
distance from others in public. Teleworking was encouraged or mandated for office workers,™
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and large portions of the workforce shifted to working from home, accelerating a trend toward
remote work.

e Mask Mandates: As evidence mounted that SARS-CoV-2 could spread via aerosols and that pre-
symptomatic individuals transmit it, face masks were recommended for the general public. By
mid-2020, many countries and localities implemented mask mandates, requiring face coverings in
indoor public spaces and sometimes outdoors in crowded areas.”™ High-grade masks (like
N95/FFP2 respirators) were prioritized for healthcare workers initially due to supply shortages,
while the public used cloth or surgical masks. Mask-wearing became a cornerstone of COVID-19
precautions and has been credited with reducing transmission when widely adopted.

e Testing and Contact Tracing: Health systems expanded testing capacity and established contact
tracing teams to identify and quarantine those exposed. Some countries employed extensive tracing
including mobile apps to alert contacts (e.g., South Korea, Singapore, later many Western
countries). Those who tested positive were often isolated in dedicated facilities or at home, and
their recent contacts were notified to self-quarantine. In countries that succeeded in suppressing
early outbreaks (e.g., China, South Korea, New Zealand, Australia), aggressive testing/tracing was
key. However, during large surges, contact tracing became less feasible as case numbers
outstripped public health capacity.

e Quarantine and Isolation: Standard protocols included a 14-day quarantine for individuals who
had been exposed (initially) and isolation of infected persons (typically 10 days or more, depending
on symptom resolution and test results). These periods were adjusted over time as more was
learned (e.g., in 2022 some guidelines shortened isolation for mild cases to ~5 days followed by
masking). Governments set up quarantine centers for travelers or those who could not isolate at
home safely. For instance, in early 2020, entire planeloads of repatriated citizens were housed in
quarantine facilities for two weeks.

e School and University Closures: Because respiratory viruses can spread easily in schools, most
countries closed educational institutions during intense outbreak periods. In April 2020, at the
height of the first wave, an estimated 1.6 billion students (over 90% of the world’s learners) were
out of school due to closures in more than 190 countries. Many schools shifted to online instruction
(with varying degrees of success and accessibility). School closures, while potentially reducing
transmission among children and from children to household members, had deleterious effects on
learning and child welfare. Later in the pandemic, schools often were among the first institutions
reopened with precautions, recognizing the importance of in-person education.

o Hygiene Measures: Public health campaigns promoted frequent hand washing, use of alcohol-
based hand sanitizers, avoiding face-touching, and respiratory etiquette (covering coughs/sneezes).
Enhanced cleaning of high-touch surfaces in public spaces was encouraged (though we now know
fomite transmission is limited). Ventilation of indoor spaces gained attention in 2021 as an
important factor — businesses and schools invested in better ventilation and air filtration to reduce
airborne spread.

e Targeted Restrictions: In later phases, rather than broad lockdowns, many places utilized more
targeted measures: e.g., closing high-risk settings like bars, nightclubs, indoor dining during
surges, instituting capacity limits, or “vaccine pass” systems (allowing only vaccinated individuals
into certain venues). These approaches aimed to strike a balance between controlling spread and
allowing some social/economic activity.
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The implementation and public adherence to these interventions varied widely by country and culture.
Some nations achieved strong control (e.g., China’s strict “zero-COVID” approach, which used aggressive
lockdowns, centralized quarantine, and border controls to keep cases near zero until late 2022).°*! Others
had more limited or delayed responses, sometimes due to political and social factors, resulting in higher
cumulative infections. By 2022, most countries began lifting many NPIs as vaccines became widely
available and as the focus shifted to treating COVID-19 as endemic. Nonetheless, NPIs such as masking
in healthcare settings and isolation of cases remain important tools, especially if new variants cause future
outbreaks.

Healthcare System Response: Hospitals worldwide had to rapidly adapt to surges of COVID-19 patients.
This included expanding ICU capacity, repurposing wards for COVID care, procuring ventilators and
oxygen supplies, and protecting healthcare workers with adequate personal protective equipment (PPE).
Early in the pandemic, many hospitals were overwhelmed (notably in Wuhan in Jan 2020, Lombardy
region of Italy in March 2020, New York City in April 2020, etc.), which prompted urgent measures like
building field hospitals or temporary ICU wards (e.g., conversion of convention centers to hospitals,
deployment of hospital ships). Elective surgeries and routine care were postponed to free resources for
COVID-19. Healthcare workers faced tremendous strain; tragically, many thousands of healthcare
providers contracted the virus and lost their lives in the line of duty. Shortages of PPE in early 2020 led
to calls to ramp up manufacturing and distribution. Over time, protocols for COVID-19 patient
management (such as proning of ICU patients, avoiding early intubation when possible, anticoagulation,
etc.) improved outcomes. The health system responses, combined with NPIs, were aimed at preventing
the worst-case scenario of healthcare collapse.

Therapeutics and Clinical Management

In the absence of a cure, the early clinical management of COVID-19 was largely supportive care:
providing oxygen therapy for those with hypoxemia, ventilation support for respiratory failure, and
treating complications (e.g., antibiotics for secondary bacterial pneumonia, dialysis for kidney injury, etc.).
However, as the pandemic progressed, researchers around the globe launched hundreds of trials to identify
effective treatments for COVID-19. This led to several evidence-based therapies that improved survival:

Corticosteroids: A breakthrough came in June 2020 with the results of the RECOVERY trial in the UK,
which showed that the steroid dexamethasone (6 mg daily) reduced mortality by about one-third in
hospitalized patients requiring oxygen or ventilation.*" Dexamethasone and other corticosteroids help
dampen the hyperinflammatory “cytokine storm” phase of severe COVID-19. Following this evidence,
the WHO and national guidelines quickly recommended dexamethasone (or equivalent glucocorticoids)
for patients with severe or critical COVID-19.°¥" This relatively cheap and widely available drug became
a standard of care for severe cases and has saved numerous lives.

Antiviral Therapies: Researchers investigated both repurposed drugs and novel antivirals. Early
candidates such as remdesivir, an intravenous nucleotide analog that inhibits viral RNA polymerase,
showed modest benefits — remdesivir was found to shorten hospital recovery time in a U.S. trial (ACTT-
1) and received Emergency Use Authorization by the FDA in May 2020. Its impact on mortality, however,
was marginal. Other repurposed antivirals like lopinavir/ritonavir (an HIV drug combo) and
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hydroxychloroquine were tested and ultimately showed no benefit in rigorous trials.**V By 2021-2022,
new oral antivirals were developed: nirmatrelvir/ritonavir (Paxlovid) and molnupiravir. Paxlovid, in
particular, when given to high-risk outpatients in the first 5 days of illness, reduced progression to severe
disease and hospitalization by ~89% in trials. It was authorized in late 2021 and became a key outpatient
therapy for early COVID-19, especially valuable for unvaccinated individuals or those with risk factors.
Molnupiravir had a more modest efficacy (~30% reduction in severe outcomes) and was used in certain
scenarios for patients who couldn’t take Paxlovid. The development of these oral antivirals provided, for
the first time, a convenient at-home treatment to prevent mild cases from worsening.

Monoclonal Antibodies: Another strategy was using lab-produced monoclonal antibodies targeting the
SARS-CoV-2 spike protein to neutralize the virus. In 2020-2021, several antibody cocktails (e.g.,
casirivimab/imdevimab by Regeneron, bamlanivimab and others by Lilly, sotrovimab, etc.) were
authorized for high-risk outpatients with mild COVID-19 to prevent hospitalization. These antibodies
could reduce progression to severe disease by a significant margin when given early. They were also used
for post-exposure prophylaxis in some cases. However, one challenge was that viral mutations (especially
in Omicron) often rendered many monoclonal antibodies ineffective, as the spike protein changes
prevented antibody binding. By late 2022, many earlier antibodies lost efficacy against new Omicron
subvariants and were phased out of use. Efforts continue to develop broader monoclonals or other
immunotherapies.

Immune Modulators: Besides steroids, other immunomodulatory treatments have been employed for
severe COVID-19 characterized by excessive inflammation. For example, tocilizumab, an IL-6 receptor
blocker, when added to standard care (including steroids), was shown in trials (RECOVERY, REMAP-
CAP) to improve survival in critically ill patients by reducing inflammatory damage.™ It gained
inclusion in treatment guidelines for patients with rapid deterioration or high inflammatory markers.
Similarly, baricitinib, a JAK inhibitor (originally for rheumatoid arthritis), demonstrated a mortality
benefit in hospitalized patients and was authorized. These drugs help by blunting the overactive immune
response that can cause lung injury.

Anticoagulation: Given the high incidence of blood clots in COVID-19, prophylactic anticoagulation
(blood thinners) became standard for hospitalized patients. Trials investigated therapeutic dose
anticoagulation; results suggest that in moderate cases (ward patients not in ICU), therapeutic
anticoagulation can be beneficial, whereas in ICU patients it may not improve outcomes due to bleeding
risk. Protocols were adjusted accordingly.

Other Supportive Advances: Clinicians improved ventilation strategies over time. Early in the
pandemic, many patients were intubated early. Later, it was found that high-flow nasal oxygen and non-
invasive ventilation (CPAP/BIPAP) could sometimes stave off intubation. Patients with ARDS from
COVID-19 benefited from prone positioning (lying on the stomach) to improve oxygenation. ECMO was
used as a rescue in some refractory cases. The management of COVID-19 thus evolved, integrating all
these approaches.

By mid-2021, with these interventions, the fatality rate for hospitalized COVID-19 had dropped
significantly compared to early 2020, reflecting better treatments and experience. Nonetheless, a key point
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is that treatments are complementary — preventing severe disease through vaccination (discussed next)
remains paramount, as no therapy completely eliminates risk once someone is severely ill.

It should be noted that some early touted treatments did not pan out. For example, hydroxychloroquine
and ivermectin were subjects of significant public attention and politicization, but large high-quality trials
showed they provided no meaningful benefit in treating or preventing COVID-19.4 These findings
reinforced the importance of rigorous clinical research during the pandemic to discern effective remedies
from ineffective ones.

Vaccine Development and Vaccination Campaigns

Perhaps the most remarkable scientific achievement during the pandemic was the rapid development,
testing, and deployment of effective COVID-19 vaccines. Vaccines traditionally take years to develop,
but the urgent need spurred unprecedented collaboration and funding which compressed the timeline to
under a year for the first approvals. By leveraging prior research on coronaviruses (like SARS and MERS)
and novel platforms, scientists had vaccine candidates in trials within months of the virus’s discovery.

Vaccine Platforms: Multiple vaccine technologies were pursued in parallel:

« mMRNA Vaccines: These include the Pfizer-BioNTech (BNT162b2) and Moderna (MRNA-1273)
vaccines. They use lipid nanoparticles to deliver a piece of mRNA encoding the SARS-CoV-2
spike protein into human cells, which then produce the spike protein internally and trigger an
immune response. MRNA vaccines were a new technology that proved extraordinarily successful
— in Phase 3 trials in late 2020, both showed around 94-95% efficacy at preventing symptomatic
COVID-19.4 They were authorized in the US, EU, and elsewhere by December 2020.

o Viral Vector Vaccines: These use a harmless adenovirus as a vector to carry the spike protein
gene. Examples are Oxford-AstraZeneca’s ChAdOx1 nCoV-19 (AZD1222) and Johnson &
Johnson’s Janssen (Ad26.COV?2.S) vaccine, as well as the Russian Sputnik V (which is a two-dose
adenovirus vector regime). The AstraZeneca vaccine showed ~70% efficacy in trials (with some
variation) and was approved in the UK in late 2020 and widely used globally, particularly in early
2021.° The J&J single-dose vaccine showed ~66% efficacy against moderate to severe COVID-
19 and was authorized in early 2021.

e Protein Subunit Vaccines: These include Novavax (NVX-CoV2373) and others, which contain
the spike protein (or a key part of it) along with an adjuvant to stimulate immunity. Novavax’s
vaccine demonstrated ~89-90% efficacy in trials and was authorized in mid-2021 in some places
and by early 2022 globally.

e Inactivated Virus Vaccines: Traditional approach using chemically inactivated whole SARS-
CoV-2. Examples: Sinovac’s CoronaVac and Sinopharm’s BBIBP-CorV, both developed in
China, which showed around 50-79% efficacy in various trials. These were widely used in China,
Asia, and Latin America from early 2021.

e Others: DNA vaccines (e.g., Zydus Cadila’s ZyCoV-D approved in India), and various other
platforms were also developed.
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The first vaccine for the general public was administered on December 8, 2020 (a 90-year-old in the UK
received the Pfizer-BioNTech shot, in what was dubbed “V-Day”). V!l By the end of December 2020,
multiple countries had initiated vaccination programs, prioritizing healthcare workers, the elderly, and
vulnerable groups. In the United States, the vaccination campaign began on December 14, 2020, after the
FDA authorized Pfizer’s vaccine (and a week later Moderna’s).

Global Vaccination Progress: The rollout of vaccines accelerated in 2021. COVAX, an international
initiative co-led by WHO, aimed to ensure equitable vaccine distribution, especially to low- and middle-
income countries. Vi By mid-2021, however, vaccine access was highly uneven — wealthy nations
secured the majority of doses early, while many poorer countries lagged (vaccine inequity became a major
concern). Despite these challenges, production scaled up and more vaccines gained approval, improving
the situation later in 2021 and into 2022.

By the numbers, the worldwide effort has been immense. More than 13 billion vaccine doses have been
administered globally as of early 2023.*™ This translates to roughly 70% of the world’s population
receiving at least one dose of a COVID-19 vaccine.! Some countries achieved over 90% vaccination rates
in adults, whereas others struggled to reach even 20% due to supply or hesitancy issues. The vaccines
have drastically reduced rates of severe illness and death. It’s estimated that in 2021 alone, COVID-19
vaccines saved over 14 million lives worldwide by preventing deaths that would have occurred in
unvaccinated populations. This makes vaccination arguably the single most effective life-saving
intervention of the pandemic.

Efficacy and Adaptation: Real-world studies confirmed high effectiveness of vaccines in preventing
severe outcomes. However, with the evolution of variants (especially Omicron, which could partially
evade immune protection), breakthrough infections in vaccinated individuals became more common.
Despite that, the vaccines continued to protect well against hospitalization and death. Booster doses were
introduced: a third dose (booster) was recommended about 6 months after the primary series to raise
waning immunity, particularly in older or immunocompromised people. Many countries launched booster
campaigns in late 2021. When Omicron struck, a fourth dose was advised in some jurisdictions for high-
risk groups. Moreover, updated bivalent vaccines (targeting Omicron variants and the original strain) were
rolled out in late 2022 to broaden immunity.

Safety: The vaccines underwent rigorous trials and ongoing safety monitoring. They have proven to be
very safe for the vast majority. Some rare adverse events were identified: for instance, mMRNA vaccines
had a very rare association with myocarditis (mostly in young males, typically mild inflammation); the
AstraZeneca and J&J vaccines were linked to an extremely rare clotting disorder (VITT/TTS) in roughly
1-2 per 100,000 recipients; these findings led to recommendations for age-specific vaccine preferences in
some places. Overall, the risk of serious adverse effects from vaccines is minuscule compared to the risks
of COVID-19 itself. Global health agencies continuously monitor vaccine safety and have reaffirmed that
benefits far exceed risks.X"

Public Uptake and Challenges: Vaccinating billions of people is a monumental logistic challenge. Some
countries built mass vaccination centers, drive-through clinics, and even used sports stadiums to inoculate
people efficiently. Cold-chain requirements for mRNA vaccines (initially needing ultracold storage at —
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70°C for Pfizer) were a hurdle overcome by special freezers and thermal shippers. Community outreach
and combating vaccine misinformation became crucial. Unfortunately, vaccine hesitancy and
misinformation hindered uptake in some communities.! Nonetheless, as of 2023, many countries have
high vaccination coverage, which has fundamentally altered the pandemic’s course by greatly reducing
the frequency of severe COVID-19 and allowing societies to reopen more safely.

The rapid deployment of vaccines has been the pivotal factor in turning COVID-19 from an overwhelming
acute threat into a more manageable health challenge. As booster programs continue and next-generation
vaccines are developed (including nasal vaccines aiming to induce mucosal immunity, and pan-
coronavirus vaccines targeting multiple strains), vaccination remains the cornerstone of long-term
COVID-19 control.

2. Societal and Economic Impact

Beyond the staggering health effects, the COVID-19 pandemic has caused social and economic upheaval
on a historic scale. Virtually no aspect of society has been left untouched. Here we outline some of the
key impacts:

Global Economy and Trade: The pandemic triggered the deepest global recession since World War 11.
In 2020, global GDP contracted by an estimated 3.3-4.4%, marking the worst downturn since the Great
Depression of the 1930s.60 By comparison, the 2008—09 financial crisis caused only a 0.1% drop in global
output. This economic shock was dubbed "The Great Lockdown™ as it resulted directly from deliberate
shutdowns of activity to control the virus. Whole industries were devastated: travel and tourism ground to
a halt (international tourist arrivals fell by over 70% in 2020), airlines and hospitality sectors suffered
massive losses, and millions of small businesses worldwide closed either temporarily or permanently.
Global trade volume fell sharply in early 2020 as supply chains were disrupted. Factories in many
countries had to halt production due to lockdowns and later due to shortages of raw materials. The
disruption in supply chains led to supply shortages, from personal protective equipment and medical
supplies early on to semiconductor chips and various consumer goods later. X" A notable example was the
run on items like toilet paper and hand sanitizer in the initial panic-buying phase, and later shortages of
everything from bicycles to electronics as global logistics struggled to keep up.

Governments responded with unprecedented fiscal and monetary measures. The IMF estimates trillions
of dollars were injected via stimulus packages to support individuals and businesses. Many countries
expanded unemployment benefits, provided direct cash transfers, and offered loans or grants to businesses
to prevent collapse. Even so, unemployment spiked in 2020: for instance, the United States saw its
unemployment rate soar to nearly 15% in April 2020 (up from 3.5% before) with 22 million Americans
losing jobs in March-April 2020 alone. Similar spikes in joblessness were seen globally, with hundreds
of millions of jobs temporarily lost. Informal workers and those in precarious jobs were hit the hardest,
often lacking safety nets.

The economic impact was uneven: countries like China, which controlled the virus earlier, saw a quicker
rebound — China was one of the only major economies to grow in 2020. Meanwhile, many developing
countries faced dual crises of health and debt, with less capacity to stimulate their economies. By 2021—
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2022, economies recovered significantly, but the rebound was uneven and accompanied by new challenges
like inflation. Pandemic-related supply bottlenecks and pent-up consumer demand led to rising prices. In
2022, global inflation hit its highest in decades in many regions, prompting central banks to raise interest
rates. Thus, the pandemic’s economic legacy is complex: while growth returned, it left higher public debt,
disrupted labor markets (some workers left the workforce or changed jobs in what was termed “The Great
Resignation”), and ongoing supply chain reconfigurations as companies adapted to pandemic lessons.

Education: COVID-19 caused the largest disruption of education in history. At the peak in April 2020,
as noted, over 1.6 billion learners were out of school or university due to closures. Schools in many
jurisdictions remained closed for months, with students receiving instruction remotely via online platforms
where possible. This shift to online learning exposed and exacerbated educational inequities: not all
students had access to computers or reliable internet, and many countries were ill-prepared for full-scale
remote education. Learning loss has been a major concern. Studies suggest significant setbacks in
academic progress, especially in low-income regions and among disadvantaged groups. For younger
children, early literacy and numeracy suffered; for older students, college and career readiness was
impacted. Moreover, there were psychosocial effects — students isolated at home missed out on social
development opportunities and experienced increases in anxiety and depression. By late 2020 and 2021,
many countries prioritized reopening schools with precautions (masking, pod systems, hybrid attendance,
improved ventilation) given the immense costs of prolonged closure. Nonetheless, some regions had
intermittent closures well into 2021/2022 whenever outbreaks surged. The full impact on this “COVID
generation” of students — in terms of knowledge, skills, and earning potential — is still being assessed, with
organizations like UNESCO, UNICEF, and the World Bank warning of a potential long-term impact on
human capital development.

Social and Lifestyle Changes: The pandemic altered daily life dramatically. Social distancing meant
people could not gather with friends and family freely; weddings, funerals, and holiday celebrations were
delayed or held with minimal attendance or via video call. Work culture shifted toward remote work
(telecommuting) on a previously unimagined scale — by mid-2020, huge swathes of the workforce were
working from home if their jobs allowed.*"v This had ripple effects, e.g., downtown business districts in
cities saw reduced foot traffic, and demand for larger housing (home offices) in suburbs grew.
Teleconferencing via Zoom or other platforms became ubiquitous for both work meetings and socializing.
At the same time, “Zoom fatigue” and the blurring of work-life boundaries became common complaints.

People’s behavior and habits adapted: outdoor activities and exercise saw a boom when indoor venues
were closed; cycling and walking increased. With restaurants closed, home cooking and baking became
popular (remember the sourdough bread craze). Entertainment consumption shifted — 2020 saw streaming
services and video games reach record usage, while movie theaters, concerts, and theme parks were
shuttered. Professional sports leagues paused or played in “bubbles” with no spectators, and major events
like the 2020 Tokyo Olympics were postponed by a year.

Mental Health: The prolonged nature of the pandemic took a toll on mental health globally. Surveys
recorded elevated levels of anxiety, depression, stress, and loneliness in populations under lockdown or
facing economic uncertainty.* The mental health impact was especially noted in youth (isolated from
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peers), in healthcare workers (burnout and trauma from caring for COVID-19 patients), and in those who
lost loved ones. Many countries observed increases in substance abuse and in some cases suicide rates
(though data varies). The collective trauma of the pandemic has led to calls for integrating mental health
support into pandemic recovery plans.

Vulnerable Populations: Certain groups were disproportionately affected. Residents of long-term care
facilities (nursing homes) suffered devastating losses, especially in the first waves — in some countries,
they accounted for 30-50% of deaths early on. Low-income workers in essential services (like grocery
store employees, delivery drivers, factory workers) often had higher exposure risk and less ability to work
from home, leading to higher infection rates. Migrant workers and refugees, often living in crowded
conditions, were also at high risk and faced barriers to healthcare. The pandemic exacerbated existing
inequalities; for instance, in the U.S. and UK, racial and ethnic minority communities experienced higher
hospitalization and death rates, highlighting disparities in health, occupation, and living conditions.

Public Discourse and Misinformation: COVID-19 dominated news and conversation. Unfortunately, an
“infodemic” of misinformation accompanied the pandemic.* Conspiracy theories about the virus’s
origin, false cures, and later, anti-vaccine propaganda, spread widely on social media. This sometimes
undermined public health efforts, leading to lower compliance with guidelines or vaccine uptake in certain
communities. The crisis also fueled political polarization in some countries. Debates over mask mandates,
business closures, and school reopening often split along ideological lines. In extreme cases, public health
officials faced harassment, and trust in institutions was tested. Conversely, there were also many displays
of solidarity: people applauding healthcare workers from balconies, community groups delivering
groceries to the vulnerable, and global collaborations in science and aid.

Environmental Effects: The sudden reduction in travel and industrial activity led to short-term
environmental changes. In 2020, global carbon emissions fell by around 6-7% — the largest annual drop
on record, albeit temporary. Air quality improved in many cities during lockdowns; satellite images
showed marked decreases in air pollution (NO: levels, for example) over cities like Wuhan, Milan, and
New Delhi. Wildlife was reported roaming in unusually quiet urban areas. However, these changes
reversed as activity resumed, and the pandemic also generated new environmental challenges, notably
millions of tons of medical waste (disposable masks, gloves, test kits) and a surge in single-use plastics.
The experience did spark discussions on sustainable recovery and preparedness for climate-related
disruptions.

Healthcare and Public Health Systems: The pandemic stress-tested health systems, revealing gaps in
preparedness. In its wake, many countries have committed to bolstering pandemic preparedness: investing
in disease surveillance, stockpiling PPE, reinforcing hospital capacity, and accelerating vaccine research
platforms (e.g., mMRNA technology can be adapted for future pathogens). Public health messaging and
international coordination (or lack thereof) were scrutinized. The WHO, after some early criticism, led
multiple initiatives (such as COVAX for vaccines) and is working on reforms for a faster global response
to the next threat. At the national level, inquiries and reviews are examining what policy decisions worked
or failed. The hope is that lessons from COVID-19 — bought at such a high price — will improve resilience
against future pandemics.
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In summary, the COVID-19 pandemic’s social and economic impact has been profound and multifaceted.
It caused global shock and hardship not seen in generations, but it also showcased human adaptability and
the power of science and collective action. The world that emerges post-pandemic will likely be changed
in lasting ways, from how we work and learn to how we value health and preparedness.

Long-Term Sequelae (Long COVID)

While many people recover from the acute phase of COVID-19 within a few weeks, a significant subset
experience long-lasting effects. This condition is commonly known as Long COVID, or by the clinical
term Post-COVID-19 Condition (PCC). Long COVID refers to a range of symptoms that persist or
develop after the initial SARS-CoV-2 infection, often continuing for months. These symptoms can be
diverse, spanning multiple organ systems.

Common long COVID symptoms include fatigue, chronic tiredness that is often profound; shortness of
breath or exercise intolerance; cognitive difficulties (often described as “brain fog,” involving impaired
concentration and memory); sleep disturbances; muscle and joint pains; persistent cough; loss of smell
or taste (or other sensory changes); and psychological effects like depression or anxiety. V>Vt Qyer 200
different symptoms affecting virtually every organ system have been reported in long COVID patients.™
For some, symptoms are mildly annoying; for others, they can be severely disabling, affecting the ability
to work or perform daily activities.!

Estimates of how common long COVID is vary, partly depending on definitions and population studied.
Global studies suggest that roughly 10-20% of COVID-19 cases experience lingering symptoms beyond
1 month, and about 6% of people who had COVID-19 still have symptoms beyond 3 months (meeting
one definition of long COVID)." A WHO analysis indicated that approximately 15 in 100 people who had
COVID-19 were still experiencing symptoms at 12 months post-infection."" The risk of long COVID
appears to correlate with the severity of the acute illness (those who were hospitalized or had severe initial
infection are more likely to have lasting issues), but even people with mild or asymptomatic cases can
develop long COVID.

Some identified risk factors for long COVID include: being female, middle-aged (it appears less
frequently in children, though children can get a pediatric long COVID condition as well), having certain
underlying conditions (like diabetes or autoimmune diseases), and not being vaccinated prior to
infection." People who had multiple reinfections or very severe acute illness (e.g., ICU admission) are at
higher risk. Vaccination seems to reduce (but not eliminate) the risk of long COVID - studies indicate that
fully vaccinated individuals have a lower probability of long-term symptoms if they experience a
breakthrough infection.™v

The pathophysiology of long COVID is still being researched. Leading hypotheses include: persistence
of the virus or viral remnants in the body that keep the immune system activated;" dysregulation of the
immune response (somewhat akin to an autoimmune process triggered by the infection); microclots and
endothelial dysfunction affecting blood flow (which could explain symptoms like fatigue and brain fog);
and organ damage from the acute phase (for example, lung scarring, myocardial damage) causing ongoing
symptoms. It is likely multi-factorial and may encompass several sub-syndromes under the umbrella of
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long COVID. For instance, some patients predominantly have a chronic fatigue syndrome-like picture,
others have a dysautonomia picture (e.g., POTS — postural orthostatic tachycardia syndrome — causing
dizziness and palpitations on standing),"' and others have more observable organ-specific damage.

Managing long COVID is challenging since there is no single cure. It often requires a comprehensive
rehab approach: patients may benefit from tailored rehabilitation programs, gradual exercise (carefully
monitored, as overexertion can worsen symptoms in some cases), physical therapy, cognitive
rehabilitation for brain fog, counseling and mental health support, and symptom-based medications (for
pain, sleep, etc.)."! Multidisciplinary post-COVID clinics have been established in many places to bring
together pulmonologists, cardiologists, neurologists, physiotherapists, and others to address the array of
issues.

The sheer number of people affected by long COVID means it is a significant public health concern.
Millions worldwide are estimated to be suffering from long-term consequences,"' which has
implications for healthcare systems (increased burden of chronic illness), workforce productivity, and
economic costs (as some individuals remain unable to return to full employment for months or longer).
Governments are beginning to recognize long COVID as a potential disability; for example, in the US and
UK, it can be considered a condition that qualifies for disability resources in some cases.

Research into long COVID is ongoing to better understand its causes and to develop effective treatments.
There is hope that with more time and investigation, clearer answers will emerge on how to prevent and
cure post-COVID conditions. Notably, preventing COVID-19 infections (and reinfections) in the first
place through vaccination and other measures is likely to also prevent many cases of long COVID,"™ since
it reduces the chances of experiencing the disease and perhaps mitigates severity if one is infected.

Current Status and Outlook

By mid-2023, the acute crisis phase of the COVID-19 pandemic had eased in much of the world, leading
to a sense that the pandemic is “winding down.” In May 2023, the WHO officially declared that COVID-
19 was no longer a Public Health Emergency of International Concern, effectively marking the end of the
global emergency status. This decision was made as COVID-19 had become comparatively better
controlled: population immunity was high, the rate of severe disease had fallen, and health systems were
no longer under the extraordinary strain seen in earlier phases. However, the WHO cautioned — and
continues to caution — that “ending the emergency” is not the same as ending the pandemic. COVID-19
has not disappeared; rather, we are transitioning to a stage where the virus is expected to circulate at lower,
more manageable levels, resembling an endemic respiratory infection in many places.

As of 2025, COVID-19 continues to circulate globally, with regional flare-ups still occurring. Most
countries have lifted the stringent restrictions that characterized earlier years, and societies have largely
reopened. International travel has rebounded (with remaining precautions like vaccination or testing
requirements in some cases). Mask-wearing is now generally optional outside of healthcare and a few
high-risk settings, though it remains a common personal choice during respiratory virus seasons in some
cultures. Regular testing and surveillance have scaled back in many regions, making case counts a less
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reliable metric. Instead, metrics like hospitalization rates, wastewater surveillance for virus levels, and
genomic sequencing for new variants are being used to monitor the virus.

Encouragingly, the combination of vaccination and prior infections means that the majority of people have
some immune memory of SARS-CoV-2. This “hybrid immunity” has made subsequent COVID-19
infections, on average, less deadly than at the pandemic’s start. The case fatality rate of reported cases
dropped to around ~1% or below by 2023, (varying by region and demographic) compared to higher
initial estimates, thanks to immunity and better treatments. Many governments and health experts now
treat COVID-19 as one of several respiratory illnesses to manage, alongside influenza and RSV. For
instance, some countries integrated COVID-19 vaccination into routine immunization schedules (with
annual booster recommendations for vulnerable groups, similar to flu shots). In the temperate climates,
COVID-19 has shown winter seasonality post-2021, surging in late fall and winter when people gather
indoors (though not as predictably as flu yet).

Variants and Surveillance: SARS-CoV-2 is still evolving. After Omicron’s emergence, numerous
Omicron subvariants have appeared (such as XBB.1.5, nicknamed “Kraken,” in early 2023, and others).
These have largely been incremental changes, not paradigm shifts like going from Delta to Omicron.
Scientists and public health agencies maintain surveillance for any new variant that might substantially
escape immunity or increase severity. In March 2023, WHO updated its variant tracking system, reflecting
that the virus is here to stay but must be monitored. There is cautious optimism that while the virus will
continue to mutate, the wall of immunity in the population will prevent a return to the catastrophic
mortality of 2020-2021. Still, there is uncertainty — the possibility remains that a highly divergent variant
could emerge (for example, from a chronically infected individual or an animal reservoir) that might
partially evade current immunity. Therefore, public health officials call for maintaining variant
surveillance and readiness to update vaccines if needed.

Public Health Strategy: With the emergency over, countries are moving to more sustainable long-term
management of COVID-19. This includes:

« Vaccination campaigns focusing on periodic boosters for high-risk groups (elderly,
immunocompromised, those with chronic conditions, and healthcare workers). Vaccine updates
(bivalent or new formulations) are likely to continue to address evolving strains.

o Healthcare readiness: Hospitals incorporate COVID-19 care into normal operations, keeping
protocols to rapidly scale up if a surge occurs. Antivirals like Paxlovid are being kept in adequate
supply and made accessible to treat early infections in vulnerable patients.

e Public guidance: Health agencies emphasize personal responsibility and risk assessment. People
at high risk or in outbreak areas may choose to wear masks or avoid large gatherings during spikes.
The public is also encouraged to stay home when sick (a cultural shift in some places towards not
“powering through” illness at work or school).

« Global equity: Efforts persist to improve vaccine coverage in low-income countries, as about 30%
of the world’s population remained unvaccinated as of 2024.™ Equity is not just a moral imperative
but a practical one, as uncontrolled spread anywhere can spawn variants.
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o Pandemic preparedness: Countries are drafting lessons-learned reports and strengthening public
health laws and stockpiles. There is discussion of a pandemic treaty internationally to ensure faster
data sharing and resource distribution in future pandemics.

Endemic COVID-19 and Comparison to Other Diseases: Many experts now liken the future of
COVID-19 to something akin to seasonal influenza — an endemic virus that causes recurring outbreaks,
possibly seasonal, which society manages through annual vaccination and targeted precautions for the
vulnerable. COVID-19 might settle into a pattern of causing manageable levels of severe illness, especially
as younger generations with strong immunity replace older ones and as treatments further improve.
However, COVID-19 has some differences from flu: it has proven capable of faster antigenic change (e.g.,
Omicron’s rapid emergence), and the long COVID aspect means it is not only acute outcomes that matter.
So COVID-19 will remain a distinct public health concern.

From a historical perspective, by 2023 COVID-19 ranked as the fifth-deadliest pandemic on record (after
the 14th century Black Death, the 1918 flu, HIV/AIDS, and the 1957 flu).X" The worst phase seems to be
behind us, but endemic does not mean trivial — even as an endemic disease, COVID-19 could cause
significant annual mortality. For example, if it becomes similar to flu in impact, that would still be on the
order of hundreds of thousands of deaths worldwide per year. Ongoing vigilance is required.

In addition, the healthcare community faces the challenge of addressing the backlog of non-COVID care
that was postponed during the pandemic (elective surgeries, chronic disease management) and the mental
health fallout among both providers and the public. The pandemic underscored the interconnection of
health with economic and social well-being, hopefully galvanizing investments in public health
infrastructure.

Future Outlook: The trajectory of COVID-19 from here will depend on several factors: viral evolution,
duration of immunity, global immunization efforts, and how societies balance normalcy with precaution.
There is optimism that with each passing year, COVID-19 will incrementally become more controlled.
Therapeutics may further improve (there are ongoing trials for more potent antivirals, monoclonal
antibodies that target conserved parts of the virus, and even drug treatments for long COVID). Vaccines
might move towards a pan-coronavirus vaccine to handle variants or towards mucosal vaccines that block
infection more effectively. If SARS-CoV-2’s mutations slow down (as might be the case after traversing
big jumps like to Omicron), the vaccines could catch up and provide more lasting protection.

Nonetheless, experts caution against complacency. The world was caught underprepared in 2020. The
goal is to apply the hard lessons learned to future emerging diseases. This includes maintaining strong
global surveillance systems (so that a new pathogen or variant is quickly identified and contained),85
fostering international cooperation instead of nationalist competition, and investing in public health as
national security. The rapid development of mMRNA vaccines has opened a new era for vaccinology — this
platform could be leveraged for other diseases and gives hope that future vaccine development can be
similarly swift.

As of now, COVID-19 is transitioning from pandemic to endemic, but the situation continues to evolve.
It remains critical for the public to stay informed through reliable sources and for public health messaging
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to clearly communicate any new risks or recommendations. Humanity has made great progress in taming
COVID-19, but the virus is unlikely to ever be eradicated. Instead, we will likely coexist with it, much as
we do with the flu and other respiratory viruses, armed with the tools of vaccination, treatment, and
informed precaution when needed.

3. Conclusion

The COVID-19 pandemic has been a defining global challenge of the early 21st century. In just over three
years, it has reshaped societies and spurred remarkable scientific and medical advancements. From its
origin as a mysterious outbreak in Wuhan to its spread across every corner of the globe, COVID-19 has
tested the resilience of health systems, economies, and communities. The world responded with
unprecedented public health measures, the fastest vaccine development in history, and a spirit of
collaboration — but also faced setbacks in the form of immense loss of life, economic hardship, and social
disruption. As we stand in 2025, the crisis has abated from its peak: effective vaccines and treatments have
turned COVID-19 into a more manageable disease, and the global state of emergency has ended.66 Yet,
the pandemic’s echoes will reverberate for years in the form of long COVID cases, mental health impacts,
and the lessons imprinted on our collective consciousness.

Crucially, COVID-19 has highlighted that health security is a shared global imperative. In our
interconnected world, a novel pathogen can go from a local outbreak to a worldwide pandemic in a matter
of weeks, meaning that investment in preparedness and equitable response is not optional, but essential.
While SARS-CoV-2 will likely remain with us indefinitely, humanity is far better equipped to contend
with it now. Ongoing vigilance — through monitoring for new variants, continuing vaccination efforts, and
strengthening healthcare infrastructure — will determine if we can keep COVID-19 under control in the
endemic phase.

In summary, the COVID-19 pandemic serves both as a cautionary tale and as a testament to scientific
progress. It has caused unfathomable tragedy, but it also accelerated innovations (like mMRNA vaccines)
that hold promise beyond COVID-19. It exposed vulnerabilities in our systems, but also demonstrated our
capacity for rapid action and adaptation. The collective experience of this pandemic will inform how we
face future public health emergencies. By applying the knowledge gained — from virology and
epidemiology to public health policy and communication — the global community can aim to respond even
more effectively to the next threat, hopefully preventing a crisis of this magnitude.

COVID-19’s story is still being written, but as of now, we have moved from the emergency chapter to a
new normalcy where the virus is present but largely within our power to manage. The ultimate legacy of
the pandemic will depend on how we learn from it — to bolster science, solidarity, and preparedness in
safeguarding human health in the years ahead.
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