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Preface

Emerging and reemerging zoonoses continue to represent one of the most pressing
challenges to global health, security, and sustainable development. Diseases that pass
from animals to humans, whether viral, bacterial, parasitic, or fungal, have repeat-
edly disrupted societies, economies, and healthcare systems worldwide. In recent
decades, we have witnessed the steady rise and resurgence of zoonotic threats such
as Ebola, avian influenza, SARS-CoV-2, mpox, Rift Valley fever, and new rickettsial
infections. These events reveal the complexity of pathogen dynamics at the interface
of humans, animals, and the environment, highlighting the urgent need for inte-
grated approaches to prevention and control.

Current Topics in Emerging and Reemerging Zoonoses brings together experts from
multiple fields to explore the drivers, mechanisms, and consequences of zoonotic
diseases in the twenty-first century. This volume integrates perspectives from
epidemiology, veterinary medicine, clinical practice, microbiology, ecology, and
One Health, while also considering the social, economic, cultural, and political
factors that shape zoonotic risks. It examines both long-recognized zoonoses that
continue to reappear in new contexts and novel pathogens that test the limits of our
preparedness.

In addition to reviewing the current body of scientific knowledge, this book
emphasizes the practical implications of zoonotic research. It discusses how to
improve surveillance, expand laboratory capacity, strengthen interdisciplin-

ary collaboration, and translate findings into policies and interventions at local,
national, and global levels. In a world where ecological disruption, climate change,
and human mobility accelerate the emergence of new pathogens, such insights

are essential for building resilient systems capable of anticipating and mitigating
future crises.

We hope this volume will serve as a valuable resource for researchers, clinicians,
veterinarians, and public health professionals, while also inspiring students, policy-
makers, and other stakeholders to participate in the shared responsibility of address-
ing zoonotic threats. By learning from past experiences and engaging with current
challenges, we can strengthen our ability to respond to future zoonotic outbreaks and
reduce their impact on both human and animal health.

Considering these issues, this book presents research and clinical topics related to
what has been learned about reemerging and emerging zoonoses. The book’s six
chapters are organized in two major sections: “Epidemiology” and “Clinical Aspects,
Diagnostics and Miscellaneous”.



Commissioning this book by IntechOpen is partly related to my long commitment to
tropical and emerging diseases, mainly vector-borne, zoonotic, and neglected tropi-
cal diseases. I am a member of the Council of the International Society for Infectious
Diseases (ISID) (2020-2026), and Past President of the Colombian Association of
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well as of the Committee on Tropical Medicine, Zoonoses and Travel Medicine of the
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ing consultation with the most recent available evidence for informed diagnostic and
treatment decisions.

I want to extend my heartfelt gratitude to IntechOpen, particularly Elvira
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Chapter1

Introductory Chapter: Emerging
and Reemerging Zoonoses — A
Challenge in the Post-Pandemic
World

Alfonso J. Rodriguez-Morales

1. Introduction

Emerging and reemerging zoonoses continue to rank among the most formidable
health challenges of the twenty-first century [1]. More than 60% of human infectious
diseases are zoonotic in origin, and nearly three-quarters of emerging pathogens
originate from animals, underscoring the pivotal role of the human-animal-
environment interface in disease ecology [2]. Whether through the reappearance
of classical infections such as rabies, plague, and anthrax in specific regions, or
through the global spread of novel viral threats like avian influenza, Nipah virus, and
most recently SARS-CoV-2 (severe acute respiratory syndrome coronavirus 2) and
monkeypox (Mpox) [3-5], zoonotic pathogens have repeatedly demonstrated their
potential to destabilize health systems, disrupt economies, and challenge societies at
every level [6]. The growing pace and diversity of these events underscore the urgent
need for comprehensive strategies to predict, prevent, and control them [7].

Several interrelated drivers are fueling the emergence and recurrence of zoonotic
diseases. Expanding globalization, deforestation, intensive agricultural practices,
and climate change are reshaping ecosystems and facilitating greater contact between
humans and wildlife reservoirs [8-10]. Urban expansion into previously undisturbed
environments and the international wildlife trade further increase opportunities
for spillover. At the same time, modern transportation networks allow outbreaks
that begin locally to spread with remarkable speed across regions and continents.

The coronavirus disease (COVID-19) crisis starkly illustrated these dynamics but
was hardly unique; the persistence of Ebola in parts of Africa [11-20], the recent
reemergence of Mpox across continents, and recurrent epidemics of arboviruses such
as dengue, chikungunya, and Zika all serve as reminders that zoonoses remain both
persistent and unpredictable threats [21-23].

The post-pandemic landscape has revealed both advances and weaknesses in our
ability to respond to zoonotic crises. The rapid development of diagnostics and vac-
cines against SARS-CoV-2 showcased the potential of scientific innovation [24-30].
Yet, at the same time, inequitable access to these tools, widespread misinformation,
and fragile health infrastructures hindered practical control efforts. Comparable

3 IntechOpen



Current Topics in Emerging and Reemevging Zoonoses

gaps can be seen in the management of other zoonotic diseases, where insufficient
surveillance, chronic underinvestment in veterinary and public health services, and
limited international coordination have constrained preparedness and response.
Compounding these barriers are challenges, such as political instability, social inequi-
ties, and insufficient interdisciplinary collaboration, all of which intensify the risks
associated with zoonotic outbreaks [31-34].

Confronting the complexity of these threats requires a One Health framework,
which acknowledges the inextricable links between human, animal, and environmen-
tal health [35-49]. Strengthening surveillance must involve not only human popula-
tions but also livestock and wildlife reservoirs. Policy frameworks should prioritize
sustained collaboration across medicine, veterinary science, ecology, and the social
sciences. In today’s highly interconnected world, zoonoses must be recognized as
more than biomedical concerns; they are equally political, economic, and cultural
challenges that demand coordinated and inclusive solutions [35-51].

This volume, Current Topics in Emerging and Reemerging Zoonoses, brings together
experts from diverse disciplines to analyze the drivers, patterns, and responses to zoo-
notic disease. This introductory chapter aims to contextualize the global significance
of zoonoses in the post-COVID era and to emphasize the urgent need for prepared-
ness strategies that are equitable, resilient, and multidisciplinary. History leaves little
doubt that future zoonotic outbreaks are inevitable; the real challenge lies in whether
humanity can learn from previous crises and transform those lessons into meaningful
prevention, preparedness, and genuine global solidarity.

2. Epidemiology of emerging and reemerging zoonoses

The epidemiology of emerging and reemerging zoonoses involves analyzing their
distribution, determinants, and transmission patterns across human, animal, and
environmental domains. Unlike infections confined to human hosts, zoonotic dis-
eases often originate in wildlife or domestic animals before crossing species barriers.
Recognizing these patterns is essential for identifying populations at risk, anticipating
spillover events, and developing preventive strategies that target both human and
animal reservoirs [52, 53].

Zoonotic pathogens spread through diverse and often overlapping routes. Direct
contact with infected animals or their secretions underlies diseases, such as rabies and
brucellosis. In contrast, foodborne transmission from contaminated animal products
is a central factor in infections like Salmonella and Listeria. Vector-borne pathogens,
including those responsible for dengue, Rift Valley fever, and leishmaniasis, illustrate
how arthropods can act as bridging hosts. Other zoonoses, such as avian influenza or
SARS-CoV-2, may be transmitted via airborne droplets, facilitating rapid person-to-
person spread once the virus adapts. Key epidemiological parameters—including the
reproductive number (Ry), incubation period, duration of infectiousness, host range,
and reservoir dynamics—shape the course of these outbreaks and inform control
strategies [4, 23, 28, 33, 51].

Global forces are amplifying opportunities for zoonotic emergence. Deforestation,
agricultural expansion, and wildlife trade increase contact between humans and
potential reservoirs, while urbanization and climate variability reshape ecosystems in
ways that favor vectors and pathogens. At the same time, globalization and extensive
travel networks mean that localized spillover events can quickly escalate into regional
or even global crises. Recent history offers stark examples: the cross-continental
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spread of Zika and chikungunya, recurrent Ebola epidemics in Africa, and the multi-
country reemergence of Mpox [2, 9, 21, 25].

Molecular epidemiology and genomic surveillance have become indispensable
for studying zoonotic outbreaks. Whole-genome sequencing provides insights into
viral evolution, transmission chains, and host adaptation, allowing for near real-time
monitoring of epidemic dynamics. These methods have been pivotal not only dur-
ing the COVID-19 pandemic but also in tracing influenza strains circulating at the
animal-human interface and investigating spillovers of Nipah, MERS (Middle East
respiratory syndrome), and other coronaviruses. Nonetheless, disparities in sequenc-
ing capacity between high- and low-resource settings remain a significant barrier to
equitable global monitoring [3, 4, 11, 29].

The burden of zoonotic diseases is unevenly distributed. Communities with
limited healthcare access, high dependence on livestock, or proximity to wildlife are
disproportionately affected. Socioeconomic inequities, cultural practices, and occu-
pational exposures further compound vulnerability. For this reason, epidemiological
studies must adopt socioecological frameworks that account for how structural and
environmental determinants shape disease risk and resilience [9, 19, 43, 51, 53].

Strong surveillance systems form the cornerstone of effective zoonotic disease
management. These include passive case reporting, sentinel monitoring in humans
and animals, and active field surveillance of wildlife populations. Integration under a
One Health paradigm, linking medical, veterinary, and ecological data, offers a more
comprehensive view of risk and strengthens early warning capacity. Yet, significant
obstacles persist, including resource limitations in endemic regions, fragmented data-
sharing mechanisms, and geopolitical constraints [1, 2, 6, 21].

As the drivers of zoonotic emergence continue to evolve, epidemiology must adapt
accordingly. Emerging approaches, such as ecological modeling, climate-informed
predictive tools, and community-based participatory surveillance, can complement
traditional methods. By adopting agile, inclusive, and globally coordinated strategies,
the scientific and public health community can better anticipate, prevent, and miti-
gate the inevitable threats posed by emerging and reemerging zoonoses [19, 20, 45].

3. Main clinical impact of emerging and reemerging zoonoses

Emerging and reemerging zoonoses present complex clinical challenges that affect
both patient outcomes and the resilience of health systems (Table 1). Since these
infections often involve pathogens that originate in animals and cross into humans,
their clinical manifestations can be highly variable. They range from asymptomatic or
mild disease to severe and life-threatening illness. Pathogen virulence, host immune
response, age, comorbidities, and access to medical care all influence the clinical
spectrum. These conditions often expose critical gaps in healthcare preparedness and
response [19, 37, 38, 50].

Respiratory zoonoses remain among the most consequential. Avian and swine
influenza strains, together with coronaviruses of animal origin, such as SARS-CoV
(severe acute respiratory syndrome coronavirus), MERS-CoV (Middle East respiratory
syndrome coronavirus), and SARS-CoV-2, can cause acute respiratory syndromes with
a broad range of severity. Severe cases progress to pneumonia, acute respiratory distress
syndrome (ARDS), and multiple organ failure. COVID-19, in particular, demonstrated
the far-reaching clinical impact of respiratory zoonoses, with complications that extended
beyond the lungs to cardiovascular, neurological, and hematological systems. Prolonged
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post-viral syndromes added another layer of complexity. The unprecedented demand
for intensive care and ventilatory support during pandemic peaks highlighted systemic
vulnerabilities in many countries [15, 20, 23, 34, 47].

Hemorrhagic zoonotic diseases are also of significant concern because of their high
fatality rates. Infections such as Ebola, Marburg, Lassa fever, and Crimean-Congo hemor-
rhagic fever are characterized by fever, vascular leakage, coagulopathy, and progressive
multiorgan dysfunction. These pathogens often emerge in regions with fragile health
systems where advanced supportive care and high-level isolation are not available.
Clinical outcomes are usually poor without early diagnosis and immediate intervention,
emphasizing the need for rapid recognition and effective supportive therapy [54-57].

Arboviral zoonoses, such as dengue, chikungunya, Zika, and yellow fever,
illustrate the broad clinical spectrum of vector-borne diseases [58-72]. Dengue can
manifest as a mild febrile illness or evolve into severe hemorrhagic fever and shock.
Zika virus, often mild in adults, is linked to congenital Zika syndrome, which includes
microcephaly and other neurodevelopmental disorders. Chikungunya is mainly asso-
ciated with febrile polyarthritis that may persist chronically and significantly affect
quality of life. Yellow fever continues to cause acute hepatitis, renal impairment, and
hemorrhagic complications that can be fatal without adequate care [73-84].

Neurotropic zoonotic viruses are another vital source of morbidity and mortality.
Rabies, Japanese encephalitis, and West Nile virus can invade the central nervous
system, leading to encephalitis, meningitis, or paralytic syndromes. Rabies remains
almost universally fatal, once symptoms appear. Japanese encephalitis and West Nile
virus can result in long-term neurological impairment, particularly in children, older
adults, and immunocompromised individuals [85-87].

The clinical impact of zoonoses often persists well beyond the acute stage of
illness. Sequelae involving the nervous, cardiovascular, renal, and psychiatric systems
are increasingly recognized. Health services face the dual burden of managing acutely
ill patients while also providing rehabilitation and long-term follow-up. Outbreaks
exert a psychological toll on patients and healthcare workers alike, with stress, anxi-
ety, and burnout being common consequences that are frequently underestimated
[16, 27, 44, 86, 87].

Coinfections complicate clinical management. In endemic regions, patients
are often simultaneously exposed to zoonotic diseases and conditions, such as
malaria, HIV (human immunodeficiency virus), or tuberculosis. These interac-
tions can worsen severity, obscure diagnosis, and alter therapeutic responses.
Immunocompromised individuals are at particular risk of atypical presentations,
prolonged viral shedding, and poor outcomes [54, 60, 63, 86].

The lack of specific antiviral therapies remains a significant challenge in the
management of many zoonotic infections. Clinical care is often limited to supportive
measures, including fluid replacement, respiratory assistance, and symptomatic
treatment. Vaccines provide adequate protection against some diseases, such as rabies
and yellow fever, but coverage and availability remain uneven. The rapid develop-
ment of COVID-19 vaccines showed the possibilities of modern biotechnology, but
many other zoonotic pathogens still lack vaccines or specific treatments [1, 12, 59, 73].

4. Research challenges on emerging and reemerging zoonoses

The research landscape surrounding emerging and reemerging zoonoses is
uniquely complex, shaped by the intersection of human, animal, and environmental
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health. As zoonotic diseases continue to cause recurrent outbreaks and global health
crises, robust and timely research is essential to guide surveillance, therapeutic
development, and preventive strategies. Yet, scientific investigation in this field faces
significant logistical, ethical, and structural obstacles that often limit the generation
of high-quality evidence [88-90].

A fundamental challenge is the unpredictability of zoonotic spillover events.
Outbreaks frequently arise without warning, in settings where preapproved research
protocols and rapid mobilization of resources are not in place. This delay often results
in missed opportunities for data collection. For instance, investigations during
successive Ebola epidemics were hindered by difficulties in launching clinical trials
quickly enough to evaluate promising treatments in real time. Similar problems occur
with other zoonoses, where research frameworks are typically reactive rather than
anticipatory [91-93].

Infrastructure limitations also hinder research, especially in the low- and
middle-income countries where many zoonotic outbreaks originate. Weak labora-
tory systems, insufficient diagnostic capacity, lack of trained personnel, and chronic
underfunding all constrain rapid pathogen identification, genomic surveillance, and
clinical research. These deficiencies contribute to delayed outbreak detection, inad-
equate case characterization, and fragmented data reporting [94-96].

Ethical concerns further complicate research during zoonotic outbreaks. The
urgency to generate evidence must be balanced against the responsibility to safeguard
vulnerable populations, ensure informed consent, and guarantee equitable access to
investigational interventions. Designing and implementing randomized controlled
trials during the midst of an outbreak is particularly challenging, as seen in Ebola
and Lassa fever epidemics, where the humanitarian imperative to offer experimental
treatments often conflicted with the requirements of scientific rigor [16, 27, 91].

Data sharing and coordination represent another persistent obstacle. Institutional
barriers, proprietary restrictions, and geopolitical tensions frequently delay the dissemi-
nation of critical epidemiological and genomic data. The COVID-19 pandemic demon-
strated both the value of open science and the risks of fragmented information flows. For
zoonoses, where animal reservoirs and cross-border spread are common, failure to share
data promptly undermines effective surveillance and control [12, 15, 34].

Finally, research funding for zoonotic diseases is often reactive and short-lived.
Investment tends to surge during outbreaks but declines once the immediate crisis
subsides. This cyclical funding undermines sustained progress in surveillance, vac-
cine development, and therapeutic innovation, leaving the world unprepared for the
subsequent inevitable emergence [43, 55, 74].

Addressing these challenges requires strengthening global research collaboration
and building resilient networks that bridge human, veterinary, and environmental
health. Equitable funding mechanisms, adaptable ethical frameworks, and invest-
ment in laboratory and genomic capacity in endemic regions are essential. By foster-
ing agile, inclusive, and transparent research systems, the scientific community can
generate timely evidence and contribute to a more coordinated response to both
current and future zoonotic threats [22, 36, 45].

5. Conclusions

Emerging and reemerging zoonoses have become an enduring challenge to
global health, testing the resilience of healthcare systems, scientific capacity, and
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international collaboration. From rabies and plague to Ebola, avian influenza,
Zika, and COVID-19, these diseases illustrate how the human-animal-environment
interface continues to generate critical vulnerabilities in surveillance, clinical
management, and research readiness. As emphasized in this chapter, the challenges
are multidimensional, encompassing epidemiological complexity, clinical burden,
scientific obstacles, and the urgent need for coordinated global action.

From an epidemiological perspective, zoonoses thrive in conditions shaped by
ecological disruption, globalization, deforestation, urban expansion, and climate
variability. Spillover from wildlife or livestock into human populations, compounded
by modern travel and trade, allows localized events to evolve rapidly into regional or
global crises. Vigilant monitoring systems and real-time data sharing are therefore
indispensable. A One Health approach that integrates human, veterinary, and envi-
ronmental health remains the cornerstone for anticipating and mitigating zoonotic
threats.

Clinically, zoonotic diseases manifest across multiple organ systems and produce
outcomes ranging from mild infection to severe multiorgan failure and death. Their
burden is not limited to acute illness; long-term sequelae, disability, and psychological
consequences are increasingly recognized. Moreover, social determinants of health,
preexisting conditions, and inequities in healthcare access strongly influence disease
outcomes. For many zoonotic pathogens, the lack of specific antivirals or effective
vaccines means that early diagnosis, supportive care, and preventive strategies remain
the primary pillars of management.

Research on zoonoses, while essential, is fraught with obstacles. Unpredictable
outbreaks, limited infrastructure in endemic regions, ethical and logistical chal-
lenges, and inequities in funding and capacity all impede the ability to generate
timely evidence. The experience of COVID-19 and repeated Ebola outbreaks has
demonstrated both the potential of agile research frameworks and the persistent
disparities in scientific infrastructure between countries. Open science, cross-sector
collaboration, and sustained investment in laboratory and genomic capacity are vital
to addressing these shortcomings.

Looking forward, the global community must transition from reactive responses
to proactive preparedness. This involves investing in integrated surveillance net-
works, strengthening healthcare delivery and veterinary services, supporting inter-
disciplinary research, and ensuring equitable access to diagnostics, therapeutics, and
vaccines. Building resilience requires innovation, transparency, trust, and solidarity
across borders.

This chapter has laid the foundation for deeper exploration of the drivers, dynam-
ics, and impacts of emerging and reemerging zoonoses presented in this volume. By
advancing our understanding of the underlying challenges and potential responses,
the aim is to contribute to a more coordinated, evidence-based, and equitable global
strategy to confront zoonotic threats in the post-pandemic world.
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Abstract

Zoonotic diseases account for 60% of reported infectious cases of animal origin,
posing a major global health threat. Outbreaks such as Ebola, severe acute respiratory
syndrome (SARS), Middle East respiratory syndrome (MERS), Nipah, Zika, and
COVID-19 highlight the urgent need for an integrated disease prevention strategy.
The One Health approach, endorsed by the World Health Organization (WHO),
the Food and Agriculture Organization of the United Nations (FAO), and the World
Organization for Animal Health (WOAH), bridges human, animal, and environ-
mental health sectors to mitigate transmission risks through cross-sectoral collabora-
tion. This chapter examines the One Health framework’ evolution, principles, and
implementation challenges. It evaluates successful case studies from Thailand and
the United States and identifies major barriers such as governance fragmentation,
inadequate funding, and limited data sharing. Despite challenges, One Health has
demonstrated effectiveness in disease prevention through enhanced surveillance,
interdisciplinary collaboration, and equitable healthcare access. Case studies highlight
the impact of coordinated monitoring, joint research, and veterinary public health
initiatives in mitigating zoonotic threats. The One Health framework offers a sustain-
able, long-term solution for zoonotic disease control, requiring political commit-
ment, intersectoral coordination, and community engagement. Strengthening global
policies, securing funding, and fostering interdisciplinary partnerships will accelerate
innovation, enhance disease resilience, and safeguard public health.

Keywords: one health, zoonotic diseases, multisectoral collaboration, surveillance
systems, global health security, interdisciplinary approach

1. Introduction

About 60% of globally reported emerging infections originate from the animal
world. In the last three decades, over 30 new human pathogens have been detected,
three-quarters of which originated in domestic and wild animals. Human activities
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like agriculture, animal trade, livestock farming, urbanization, encroachment into
wild areas, extractive industries, and ongoing climate change further complicate the
entwined human, animal, and environmental health.

The One Health concept, introduced at the beginning of the 2000s, explores these
close links between human, animal, and environmental health that demand cul-
de-sac collaboration, communication, as well as coordination between the relevant
sectors. One Health is “an integrated, unifying approach to balance and optimize the
health of people, animals, and ecosystems” [1]. According to the definition given by
the One Health Initiative Task Force, One Health is “the collaborative efforts of mul-
tiple disciplines working locally, nationally, and globally, to attain optimal health for
people, animals, and our environment”, signifying human health cannot be separated
from animal health [2].

In the last few decades, humanity has encountered recurring waves of emerging
as well as reemerging infectious diseases, often lacking treacherous counterdefences.
Western Africa faced the Ebola outbreak between 2013 and 2016, causing an excess
of 11,000 deaths; many viral hemorrhagic fevers with high morbidity and mortality
rates; the severe acute respiratory syndrome coronavirus (SARS-CoV) outbreak in
2003, and the middle east respiratory syndrome coronavirus (MERS-CoV) in 2012,
have led to uncountable deaths. In addition, the Nipah virus and Zika virus, causative
agents of lethal encephalitis and neonatal malformation, have also led to global public
health emergencies [3]. The COVID-19 pandemic is another harbinger that warns
of the need to reconsider and reevaluate the current health care archetypes expedi-
tiously. Human health can no longer be an isolated entity; rather, it should be contem-
plated as a part of the animal, plant, and environmental biosphere.

A blueprint list of priority diseases has been launched by the World Health
Organization (WHO) to expedite research and development (R&D) for these patho-
gens. The latest blueprint issued by the WHO in February 2018, unveiled the most prior-
ity diseases, which included Ebola virus disease (EVD), Lassa fever virus (LF), Marburg
virus disease (MVD), Crimean Congo hemorrhagic fever (CCHF), Middle East respira-
tory syndrome (MERS) and severe acute respiratory syndrome (SARS), Nipah and
henipaviral diseases, Rift Valley fever (RVF), Zika, and “Disease X”, a yet unknown
disease [4]. One Health has six focus areas that include laboratory services, neglected
tropical diseases, antimicrobial resistance, control of zoonotic diseases, food safety, and
environmental health [4]. This approach, therefore mobilizes multiple sectors as well as
communities simultaneously at different tiers of the society to work together and foster
well-being as well as handle threats against health and ecosystem, while addressing
important issues like collective need for clean water, safe and nutritious food, energy
and air, tackling on climate change, and promoting sustainable development.

1.1 History: The evolution of “One Health: Concept to Concrete”

The concept of One Health can be traced back ages to the ancient Greek philoso-
pher Aristotle, who emphasized the interdependence of human health on the ecosys-
tem; these principles have been practiced from time immortal [5, 6]. In the nineteenth
century, Rudolf Virchow notedly remarked, “Between animal and human medicine
there is no dividing line-nor should there be” [7].

In the mid-twentieth century, a veterinary surgeon in the United States, Calvin
Schwabe, suggested the concept of “One Medicine”. He highlighted the integrated,
cross-disciplinary perspective with involvement of social sciences and better
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communication skills to improve working together with the community in efforts to
control infectious diseases [8].

The SARS-CoV-1 emergence in the early 2000s prompted the Wildlife
Conservation Society (WCS) to formulate the ‘Manhattan Principles of Conservation’
in 2004, serving as the foundation for the twenty-first-century One Health move-
ment. These principles particularly called for an integrated view of interactions
among humans and animals and recognized the unpredictable nature of emerging
microbes as well as the demand for transnational cooperation and efforts in response
to prevent or mitigate epidemics and pandemics [9]. The WCS introduced the term
“One World-One Health” at the conference to entwine both medicine and ecosystem
health, and listed 12 principles to establish a better holistic approach to prevent
epidemics and establish the integrity of the ecosystem to benefit people, domesticated
animals, and biodiversity [10].

The One Health Tripartite collaboration, established in 2010, of the World
Organization for Animal Health (WOAH), the Food and Agriculture Organization
of the United Nations (FAO), and the WHO had taken multiple steps to in human-
animal-environment biosphere for global health security and provided a structured
approach against zoonoses, antimicrobial resistance, and food safety [11]. Over
time, with further evolution of the concept, the latest being “One Health Joint Plan
of Action” for 2022 till 2026 by the Quadripartite, a consortium consisting of WHO,
the Food and Agriculture Organization of the United Nations (FAO), the World
Organization for Animal Health (WOAH), and the United Nations Environment
Program (UNEP) which are the principal multilateral agencies focused on human,
animal and environmental health [12].

1.2 One health: Core principles and frame board
Key principles of one-health include:

1. Equity among various sectors and disciplines;

2.Sociopolitical and multicultural parity (the doctrine that all people are equal and
deserve equal rights and opportunities) and inclusion and engagement of com-
munities and marginalized voices;

3.Socioecological equilibrium seeking a harmonious balance within human-
animal-environment interaction as well as acknowledging the significance of
biodiversity, accessing sufficient natural space and resources, and the internal
value of all living things in the ecosystem;

4. Stewardship and human responsibility for change of behavior and adoption of sus-
tainable solutions to value animal welfare and complete integrity of the ecosystem,
hence securing the well-being of the current as well as upcoming generation; and

5.Transdisciplinary and multisectoral collaboration, including relevant disci-
plines, with both modern and traditional forms of knowledge and a broad array

of perspectives [1].

A pictorial depiction of the One Health concept is given below in Figure 1.
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Figure 1.
The One Health Paradigm: Connecting Human, Animal, and Environmental Well-Being.

1.3 Role of various stakeholders and multisectoral collaboration

The One Health approach depends on multisectoral collaboration involving vari-
ous stakeholders working in harmony with each other.

1. Multilateral Ovganizations

The international bodies, WHO, OIE, UNEP, and FAO, form the quadripartite
with the greatest responsibilities of global health, and have recognized that for health
security protection and promotion of overall global well-being, disciplinary and
jurisdictional boundaries need to be foregone and governance structures need to be
established to solve current intricate health challenges.

2. Regional networks and international donors

In conjunction with the above international bodies, multisectoral regional systems
are emerging, which enable improved disease surveillance along with joint approaches
for aligned interventions across country borders. The East African Integrated
Disease Surveillance Network, for example, pursues the motto of reducing morbid-
ity and mortality due to frequent communicable diseases in Uganda, Tanzania, and
Kenya. Another organization, the Southern African Centre for Infectious Disease
Surveillance, which is a One Health center, on a virtual mode, linking academic as
well as research institutions in South Africa for infectious disease surveillance. The
Mekong Basin Disease Surveillance network is one such paradigm of old cross-border
collaborative relations involving China, Cambodia, Myanmar, the Lao People’s
Democratic Republic, Vietnam and Thailand that tries to control outbreaks of disease
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through reporting, collaborative regional surveillance, joint outbreak detections as
well as capacity building, with inceptive support from the Rockefeller Foundation.
Likewise, the Middle East Consortium of Infectious Disease Surveillance, which was
started in 2001, works at multiple levels, starting from a smaller community to the
larger region, working toward the detection as well as control of infectious diseases.
The CORDS network (Connecting Organizations for Regional Disease Surveillance)
started in 2013, joins together all such existing regional networks of the world, and
promotes global exchanges of best practices, tools, strategies, training courses, inno-
vations, case studies, and technical data to improve disease surveillance worldwide.

3. Ministries, policymakers, and collaborating organizations

Ministries, together with policymakers, must secure health care systems that
are functioning, and allow for adequate building capacity, resource utilization, and
competence at national levels, along with formulation of appropriate, robust acts,
policies, and regulations as well as guidelines on disease surveillance, control, and
prevention. The key ministries that can ensure implementation of One Health ser-
vices can be health, agriculture, and environment ministries along with the ministries
of finance, home affairs, education, and the Prime Minister’s office, which often
oversee government authorities are key stake holders and the disaster management
department can also play an important role during outbreaks.

4. Universities

Universities can pitch in to enhance all stages of the One Health process, encour-
aging and stimulating field research, and serve as cardinal catalysts of One Health
collaborations in multiple sectors like environmental sciences, wildlife, and agricul-
ture. They can exemplify the note worthiness of this research, help in prioritizing and
in assembling appropriate stakeholders that can further help translate knowledge into
action, and provide priming and expertise in one-health problem solving, and come
up with unbiased expert opinion. In 2007, the Canadian Cooperative Wildlife Health
Centre (CCWHC), an academic organization that coordinates the country’s national
wildlife health surveillance program and comprises all of the nation’s veterinary col-
leges, utilized the knowledge of wildlife health and disease to improve human health
and the health of domestic animals. It also provides information and educational
programs to the general public and consultation to both the government and non-
government organizations.

5. Non-governmental organizations

Non-governmental organizations (NGOs) are involved in:

* the generation, management, and utilization of knowledge
* resource mobilization

* capacity building

* hands-on execution.
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They play a major role in advocating and promoting pertinent global health issues
and problems. In collaboration with other contributors, these bodies convey and put
forward One Health ideas of critical importance, which can include:

* zoonoses

* disease and conflict mitigation in wildlife
* local and global food security

* human- domestic animal interface

* policies

* commodity trade.

NGOs particularly foster partnerships among various tiers of the system that
include governments, general communities, universities, and development agencies.
One such instance includes the PREDICT project, which includes the segment of the
United States Agency for International Development (USAID) Emerging Pandemic
Threats program. The PREDICT project, under the USAID, develops predictive
modeling approaches for the identification of hotspot regions where experts from
different specialties like epidemiology, virology, genetics, informatics, and veterinary
medicine work in active collaboration in hotspots in 20 developing countries, focusing
on surveillance and improving diagnostic capacities at human-animal interfaces at
areas of common cross-species transmission [13].

6. Communities

Communities, especially ones with rural and indigenous people in nature’s
vicinity, form the essence of One Health. Healthy wildlife, humans, and the domes-
ticated animals on whom people depend for their sustenance can help mitigate
crucial public health threats while facilitating environmental management. Hence,
community involvement and empowerment are pivotal for the triumph of One
Health initiatives [14].

2. Multisectoral collaboration

Multisectoral collaboration is key to the One Health approach, which aims to
reduce zoonotic diseases by promoting combined efforts between human, animal,
and environmental health sectors. This collaboration involves partnerships among
veterinarians, medical professionals, ecologists, policymakers, and researchers to
identify and address the interconnected factors contributing to zoonotic transmission
[15-17].

Various collaboration mechanisms may include collaborative research involving
professionals from human health, veterinary health, and environmental sciences
to investigate zoonotic pathogens and their transmission dynamics, integrating
surveillance data from human health systems, veterinary monitoring, and environ-
mental assessments to identify and respond to emerging public health threats and
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developing unified policies that address zoonotic disease risks across sectors, ensuring
coordinated action. The human health sector may contribute through robust public
health monitoring systems for early detection of zoonotic outbreaks, education,
awareness among the community about preventive measures, and advancements in
the management of zoonotic diseases through research and development. The animal
health sector may contribute through the surveillance and control of diseases among
livestock and wildlife to prevent cross-species transmission, as well as implementing
multiple practices to reduce the risk of zoonotic disease spread in agricultural and
wildlife settings. The environmental health sector may contribute by identifying
ecological factors that give rise to the emergence of zoonotic disease, for example,
climate change, and promoting sustainable practices like biodiversity conservation to
alleviate zoonotic disease risks [1, 15, 17].

2.1 Challenges and barriers in implementing the one health policies

Implementing One Health policies to control and prevent zoonotic diseases in
any geographical area faces numerous hurdles and challenges. These result from the
breaches in the interdisciplinary collaboration across different sectors like human
health, animal husbandry, the agricultural field, and environmental protection. A few
of these important key obstacles are discussed below.

1. Fragmented Governance and Policy Incoherence: Fragmented Governance struc-
tures and the absence of cohesive policies hinder the effective implementation
of One Health policies. In many areas, especially developing countries, there is a
marked deficiency of political commitment and robust governance structures to
support One Health initiatives. Additionally, disparities in legal frameworks and
alack of harmony among the different regulatory bodies obstructs integrated
action against zoonotic diseases [18].

2. Constraints on resources: (i) financial limitations: Substantial funding is es-
sential to execute comprehensive One Health strategies, which is often lacking,
particularly in low- and middle-income countries; (ii) shortage of manpower: To
date, there is a deficit of both trained professionals in different fields needed for
the smooth functioning of One Health approach such as expertise in veterinary
public health, environmental science, and epidemiology, and regular training
programs, resulting in incoherence to different strategies of One Health [19].

3.Inadequate Surveillance and Data Sharing: Robust surveillance systems are
crucial for early detection and prompt response to zoonotic diseases. However,
many countries lack integrated surveillance systems across various sectors and
are reluctant to share data owing to the privacy concerns of different institutions
and political sensitivities, which compromise the efforts of zoonotic disease
monitoring [20].

4.Knowledge Gaps and Research Needs: There is a critical need for large-scale
studies across the globe that connect human, animal, and environmental
health sciences to apprise One Health strategies, but the quandary is that the
environmental health considerations are frequently overlooked in zoonotic
disease prevention efforts. This might be a major reason for the zoonotic
disease outbreaks [21].
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5.Low public awareness and engagement: So far, public understanding of the One
Health concept and the risks associated with zoonotic diseases remains limited
in many parts of the world. Several communities still follow many traditional
customs involving animals, which may conflict with various disease control
measures, necessitating culturally sensitive engagement strategies. These com-
munities are unaware of the One Health concept or the significance of zoonotic
risks, leading to low community engagement for related policies [21].

6. Environmental and Ecological Challenges: Different environmental factors, such
as deforestation, climate change, and urbanization, play a pivotal role in the
emergence and spillover of zoonotic diseases. However, environmental health
is often marginalized in One Health policies, creating a gap in addressing the
ecological determinants of disease [20].

7. Political and Economic Pressures: Change in leadership, political priorities, and
economic interests can adversely affect the long-term strategies of One Health
policies. Industries like agriculture and wildlife trade may resist regulations per-
ceived as economically detrimental, which in turn negatively affect the imple-
mentation of these policies [19].

2.2 Zoonotic disease surveillance and monitoring

Zoonotic diseases have emerged as major public health challenges over the years
and are responsible for significant economic burdens around the world. It is estimated
that the number of new zoonotic cases across the world is about one billion, with
75% ascribing to the emerging infectious diseases and 60% to the bioterror agents
causing Middle East respiratory syndrome, Ebola, and avian influenza. According to
the World Bank’s evaluation, only six zoonotic pandemics were responsible for more
than $80 billion in economic losses between 1997 and 1999. The bilateral impact of
such infections on humans and animals leads to the vicious cycle of poverty-health
deterioration, especially in resource-limited countries. Past experiences from the
various zoonotic outbreaks illustrate that effective active surveillance and monitoring
systems are the keys to early diagnosis and proactive response to zoonotic diseases.

In 2010, the World Health Organization (WHO), the World Organization for Animal
Health (WOAH), and the Food and Agriculture Organization (FAO) acknowledged
that global multilevel cooperation is essential to curb the threats posed by zoonoses to
humans, animals, and the environment [19, 22].

2.2.1 Key components of zoonotic disease surveillance

An integrated multilevel approach is the cornerstone of zoonotic disease sur-
veillance, which includes the following components: (1) Early Detection Systems:
To identify any possible outbreaks in animals before they spread to humans. (2)
Integrated One Health Approach: Collaboration between human, animal, and
environmental health sectors. (3) Data Collection and Reporting System: Real-time
reporting of any zoonotic cases using digital tools that help in rapid response to cease
the spread of the diseases by taking appropriate measures. (4) Laboratory Networks:
Labs with advanced diagnostic platforms to confirm the cases and to track the genetic
mutations. (5) Community Engagement: Regular training and learning sessions for
at-risk populations such as farmers, butchers, and pet owners [23-25].
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2.2.2 Country-wise examples of zoonotic disease outbreaks and control

Many countries have successfully tackled various zoonotic diseases through a
well-equipped and dedicated multisectoral integrated approach, setting examples in
the world forum. Some of the significant country-wise surveillance systems and One
Health operating systems are discussed below.

2.2.2.1 The Thai one health surveillance system

Thailand has been a global leader in One Health, and the Thai One Health
Surveillance System is a collaborative approach that integrates human, animal, and
environmental health sectors to detect, monitor, and play a crucial role in preventing
zoonotic diseases. It involves multiple government agencies, research institutions,
and international partners working together to prevent disease outbreaks at the
human-animal-environment interface. Thailand has been recognized for its strong
One Health framework, which has helped control major zoonotic threats like avian
influenza (H5N1), rabies, Nipah virus, and leptospirosis [26, 27].

Key Components of Thailand’s One Health Surveillance System:

1. Multisectoral Collaboration: Under the aegis of One Health approach, the differ-
ent sectors work in collaboration, namely:

a. Department of Disease Control (DDC): Oversees human disease surveillance

b.Department of Livestock Development (DLD): Monitors animal health and
outbreaks

c. Department of National Parks Wildlife and Plant Conservation (DNP): Monitors
environmental and animal health;

d.Ministry of Public Health (MoPH): Leads public health response and
coordination;

e. National Institute of Health (NIH), National Institute of Animal Health (NIAH):
Conducts disease diagnostics and research;

f. Academic Institutions and International Organizations: Collaborate on research
and policy (e.g., FAO, WHO, and OIE).

2. Zoonotic Disease Monitoring and Early Warning Systems: It helps in the real-time
surveillance of high-risk zoonotic diseases. The various examples are - Event-
Based Surveillance (EBS) of Thailand, where people of all sectors like farmers,
veterinarians, and public health workers participate and report on a real-time
basis about any unusual animal deaths or human symptoms via mobile apps and
community alert systems. Such a system assists the policy makers to be more
vigilant, and act promptly to contain and prevent the spread of different zoo-
notic diseases, such as:

a. Avian Influenza (H5N1 and H7N9): Continuous poultry and wild bird
monitoring

27



Current Topics in Emerging and Reemevging Zoonoses

b.Rabies: Mass dog vaccinations and bite case reporting

c.Nipah Virus: Monitoring fruit bats and pig farms

d.Leptospirosis: Surveillance in livestock and flood-prone areas

e. Brucellosis and Tuberculosis: Testing dairy cattle and livestock workers

3.Integrated data collection and real-time reporting: Thailand has national disease
databases such as

a.National Epidemiology Surveillance System (NESS): Tracks human cases.

b.National Animal Disease Surveillance System (NADSS): Records animal
outbreaks.

c. Thai Rabies Net: Monitors rabies in real time.

d.Assistance of Al Surveillance: Uses Al and big data for outbreak forecast-

ing, which works in an integrated manner for the early prediction of any
outbreak.

Examples:
In 2018, cross-sectional data sharing helped in the early detection of an outbreak

of H5N1 avian influenza, followed by prompt slaughtering of infected birds and
quarantine measures to prevent human infections.

4. Community engagement and public awareness: Active involvement of farmers,
veterinarians, and the public in zoonotic disease surveillance by implementation
of regular training programs for health care providers on zoonotic disease detec-
tion, conducting workshops for farmers on biosecurity measures and organizing
public awareness campaigns on food safety, rabies prevention, mass dog vaccina-
tions to eliminate rabies death by 2030. As a result, there has been a significant
reduction in rabies cases in Thailand in recent years

a. Emergency Response and Outbreak Control: Thailand has rapid response teams
like

b.Field Epidemiology Training Program (FETP): Trains outbreak response
specialists.

c.Joint animal-human response drills: prepare for zoonotic pandemics.

d.Stockpiles of vaccines and antiviral drugs: enable fast interventions that coordi-
nate with hospitals, veterinary clinics, and research labs to contain outbreaks.

Example:

During the COVID-19 pandemic, Thailand’s One Health teams helped to track
down and contain outbreaks linked to wildlife trade and live animal markets, prevent-
ing further zoonotic spillover.
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2.2.2.2 Key components of one health surveillance for zoonotic diseases in the

United States

In the United States, this unified approach plays a crucial role in surveillance,

prevention, and quick response to zoonotic diseases [28, 29].

29

1. Coordinated Surveillance Systems:

a. The Centres for Disease Control and Prevention (CDC), Food and Drug
Administration (FDA), and the US Department of Agriculture (USDA) collabo-
rate to monitor zoonotic disease.

b.The National Notifiable Diseases Surveillance System (NNDSS) tracks human
cases of zoonotic diseases.

c. The National Animal Health Surveillance System (NAHSS) monitors diseases in
livestock and wildlife, such as COVID-19, and animal surveillance by tracking
SARS-CoV-2 infections in animals like mink and deer.

2. Multiagency Collaborations:

a. National One Health Framework: The CDC, USDA, and Department of the
Interior (DOI) are the leading organizations that execute coordinated efforts.

b.National List of Reportable Animal Diseases (NLRAD): Ensures timely report-
ing of animal diseases and Zoonotic Disease Collaboration with State Health
Departments: These are the State-level agencies that integrate the data of
human and veterinary health.

3. Wildlife and Livestock Monitoring: Various organizations, like

a. The National Wildlife Health Centre (NWHC) tracks emerging zoonotic threats
in wildlife populations.

b.The USDA’s Animal and Plant Health Inspection Service (APHIS) conducts
surveillance programs for zoonotic diseases like avian influenza and bovine
tuberculosis, helps early detection of any unusual symptoms in animals, and
prevents the spillover.

4. Antimicrobial resistance (AMR) monitoring: The National Antimicrobial Resis-
tance Monitoring System (NARMS) helps track antibiotic-resistant bacteria in
humans, retail meats, and food animals and reduces antibiotic misuse

5.Emerging disease preparedness and response organizations

a.One Health Zoonotic Disease Prioritization (OHZDP) Process: Identifies high-
risk zoonotic diseases (e.g., rabies, Lyme disease, and brucellosis)

b.The Global Health Security Agenda (GHSA): Strengthens pandemic prepared-
ness through One Health initiatives.
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6. Public awareness and community engagement through public health education by
veterinarians, environmental experts, and healthcare providers. For example,
rabies control programs: Vaccination efforts in wildlife populations

2.2.2.3 Key components of one health surveillance in Europe

1. Collaborative Frameworks and Agencies: Like other countries, under the aegis of
One Health approach, different organizations are working in unison in Europe

too, such as

a. European Food Safety Authority (EFSA): It plays a pivotal role in monitoring
zoonotic pathogens and providing risk assessments to support European Union
(EU) legislation, such as Regulation (EU) 2016/429, which focuses on control-

ling the transmissibility of zoonotic diseases.

b.European Centre for Disease Prevention and Control (ECDC): ECDC emphasizes
the importance of efforts to maintain integrity between humans, animals, and

the environment.

2. Coordinated surveillance and reporting: Annual Zoonoses reports: EFSA and
ECDC jointly publish comprehensive reports on zoonotic diseases within EU
member states. For example, according to the report of the European Union one
health in 2023, campylobacteriosis and salmonellosis remained the most report-

ed zoonoses

3. Regulatory and strategic initiatives: To prevent antibiotic misuse and ensure the
safety of the environment, several measures were implemented, such as

a.EU One Health Action Plan against Antimicrobial Resistance (AMR): To shut
out the misuse of antimicrobials in human and veterinary medicine to combat

AMR.

b.Farm to Fork Strategy (2020): This strategy was adopted for food safety
purposes, incorporating One Health principles to ensure animal welfare and

reduce disease transmission risks.

4. Climate Change and Health Initiatives: The European Climate and Health Ob-
servatory, launched in February 2021, centers on evaluating and handling the

impacts of climate change on health [30].

2.3 Success stories

There are numerous examples across the world where the One Health approach
has alleviated the dreaded effects of zoonotic diseases.

a.One such example is the substantial decrease in the mortality rate due to rabies in
Sri Lanka, Bhutan, Bangladesh, and India (Jaipur, Sikkim, Chennai, and Goa),
where the infections were uncontrollable before the One Health policy’s execu-
tion. Active surveillance, expedited laboratory testing, strategic mass vaccina-
tion of dogs, pre-exposure (high-risk cases) and post-exposure vaccination in
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humans, and management of the dog population by Animal Birth Control (ABC
Program) are the crucial steps in these areas to control rabies. In Bhutan, only 17
confirmed rabies cases were registered between 2006 and 2016, in Bangladesh, a
notable reduction from 1500 deaths in 2006 to 200 deaths was observed, and in
Sri Lanka, fewer than 50 deaths were reported in 2012 [31].

b.Another example is the successful containment of the Hendra virus in
Australia by the development and vaccination of horses against the Hendra
virus under the One Health approach through the Hendra surveillance system
in horses [31].

c. Similarly, in the Arab countries, the One Health approach was of great help in
the preparedness and alleviation of MERS-CoV cases. A workgroup was built
in Qatar in 2015 in collaboration with the FAO, WHO, and OIE; representatives
from the Middle East and Arab countries, along with health experts from all over
the world, participated in the workshop, in which policies and strategic plans
were designed and implemented for the restraints of MERS-CoV. According to
the ECDC, as of 7 June 2023, no new MERS-CoV cases have been reported by any
health authorities worldwide [31].

d.Previously taken as a mild disease until October 2015, when the Zika virus was
associated with microcephaly cases in neonates in the maternity facilities of
northeast Brazil. Up to December 2016, there were 174,667 confirmed cases,
528,157 suspected cases, and 18 Zika virus-related deaths reported, followed by
the declaration by WHO that Zika virus infection was “a public health emergency
of global concern”. The outbreak was successfully tackled by executing the One
Health concept: diagnostic tests, vaccine development, mosquito control, and
public campaigns [31].

e. The Ebola virus outbreak in West Africa, 2014-2016 (The deadliest Ebola
outbreak, with 28,000+ cases and 11,000+ deaths) and Uganda, 2022 (142 con-
firmed cases, 55 deaths, 39% fatality rate) was successfully controlled through
One Health approach by the rapid diagnostic testing, strict handling protocols of
deceased individuals and infected persons, vaccination, border health screening
and community engagement [31].

f. In addition, the efforts to vaccinate children against DPT (diphtheria/tetanus/
pertussis) and polio in Chad and the control measures for animals to prevent the
spread of bovine pleuropneumonia contributed to a comprehensive coverage in
both humans and animals [31].

g.In Kyrgyzstan, under the holistic One Health approach, public health profession-
als and veterinary people started working in collaboration, leading to a decrease
in the economic loss related to echinococcosis, brucellosis, and other zoonotic
diseases surveillance. In Canada, the adoption of the One Health approach led to
a26% reduction in overhead [31].

h.Lastly, the emergence of SARS-CoV-2 leading to the COVID-19 pandemic
is a perfect example of a zoonotic pandemic. It was a modified virus of
the Coronaviridae family of bat origin, with pangolins probably being the
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intermediate host that originated in the wet market of Wuhan, China, and trans-
mitted to humans in late December 2019. In January 2020, the WHO declared it
“a Public Health Emergency of International Concern.” Finally, through strict
adherence to the One Health approach through advanced diagnostic methods
such as sequencing studies to know the variants and mutations, rapid vaccine
development and mass immunization campaigns worldwide, lockdowns, social
distancing, and masks helped in the reduction of transmission, and many coun-
tries restricted wet markets and illegal wildlife trade to prevent future zoonotic
spillovers resulted in constraints of the pandemic [31].

A few significant success stories of different countries are depicted in Table 1.

Name of the disease or
pathogen contained/controlled

Name of the
country/continent

Approach under the One Health policy

Rabies Sri Lanka, Bhutan, ¢ Active surveillance
Bar{glade.sh, and * Expedited laboratory testing, strategic mass vaccina-
India (Jaipur, .
e . tion of dogs
Sikkim, Chennai,
and Goa) * Pre-exposure (high-risk cases) and post-exposure
vaccination in humans
* Animal Birth Control (ABC Program) - control dog
population
MERS-CoV Arab countries * The workgroup to restraint MERS-CoV was built in
Qatar in collaboration with the FAO, WHO, and OIE
¢ Various workshops and training programs are
conducted to design strategic plans and implement
policies
Hendra virus Australia * Development and vaccination of horses against the
Hendra virus
ZIKV Brazil * Prompt diagnostic tests
* Vaccine development
¢ Mosquito control measures
* Public campaigns
EVD West Africa, * Rapid diagnostic testing
Uganda * Strict handling protocols of deceased individuals and
infected persons
¢ Vaccination
* Border health screening and community engagement
SARS-CoV-2; COVID-19 Worldwide *» Advanced diagnostic methods (sequencing)

pandemic

Rapid vaccine development

Mass immunization campaigns

Worldwide lockdowns, social distancing, and the use
of masks

Restrictions on wet markets and illegal wildlife trade

Note: MERS-CoV — middle east respiratory syndrome coronavirus, ZIKV - zika virus, EVD - Ebola virus disease,
SARS-CoV-2 — severe acute vespiratory syndrome coronavirus 2, COVID-19 — coronavirus disease 19.

Table 1.

Country/continent-wise success stories under the aegis of the One Health approach.
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2.4 Lessons learned from one health approach in zoonotic disease control and
critical analysis of key success factors

From several experiences of incidences of various infectious diseases across the
globe, researchers, stakeholders, policy makers, and the inhabitants have learned the
following lessons:

1. Active zoonotic disease surveillance in wildlife is crucial for outbreak
prediction.

2. Zoonotic spillover risks must be addressed at the point of origin (wildlife trade
and deforestation).

3. Intersectoral collaborations in the multiple dimensions, like public and animal,
and environmental sectors, ensure an effective response.

4.Rapid diagnostic testing, identification, vaccination, and containment can pre-
vent large-scale outbreaks.

5.Border health screening is essential to prevent cross-country spread.

6. Vigilant monitoring in wet markets can prevent human infections.

7. Effective poultry vaccinations can help reduce the risk of spillover to humans.
8.Rabies is 100% preventable with effective vaccination

9. Community engagement and awareness campaigns are critical to control the
spread of zoonotic diseases.

10. Global cooperation is essential for pandemic preparedness, and substantial in-
vestment in One Health activities can prevent future pandemics.

2.4.1 Critical analysis of key success factors

o Integrated Surveillance ¢ Early Detection: Rapid diagnostic testing and coordi-
nated surveillance systems (e.g., rabies, MERS-CoV, and Ebola) facilitated timely
intervention and containment.

* Mass Vaccination Programs: Systematic immunization campaigns (rabies, Hendra
virus, Ebola, DPT, and polio) significantly reduced mortality rates and infection
spread.

* Vector and Reservoir Management: Targeted interventions, such as mosquito
control (zika virus) and dog population management (rabies), minimized
transmission risks.

» Community Engagement and Public Awareness: Public health education campaigns
enhanced compliance, reduced stigma, and improved disease prevention,
especially in Ebola and COVID-19 responses.
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* Policy and Strategic Implementation: Government-led initiatives backed by inter-
national agencies ensured structured execution, which is evident in MERS-CoV
containment.

2.5 Future directions

The One Health approach is increasingly recognized as a core feature for manag-
ing zoonotic diseases. Future directions emphasize more robust partnerships across
different sectors to effectively mitigate these diseases. For the successful accomplish-
ment of the goals, various steps need to be taken and implemented, such as strength-
ening intersectoral collaborations, aligning policies across sectors to facilitate joint
planning and resource allocation, developing unified platforms that consolidate data
from human, animal, and environmental health sectors which in turn enhance early
detection and timely response to zoonotic diseases. Furthermore, the design and
development of curricula emphasizing integrated approaches to health can prepare
future professionals for collaborative work, conducting training programs and
workshops that ensure that current professionals stay vigilant for any of the emerging
threats. In addition to it, to achieve sustainable land management, effective land-use
practices should be implemented to preserve biodiversity and reduce human-wildlife
contact to lower the risks of zoonotic disease transmission, and different laws and
policies should be enforced to address and alleviate the climate change issues respon-
sible for the zoonotic disease spillover [13, 30, 31].

3. Conclusion

The One Health approach provides a sustainable, integrated framework for
combating infectious diseases, emphasizing long-term solutions and global collabora-
tion. In an interconnected world, no single nation or discipline can confront resurging
pathogens alone. Strengthening cross-sectoral partnerships among human, animal,
and environmental health professionals is essential for transformative breakthroughs
and accelerated innovations. Ensuring sustainable funding for interdisciplinary
research supports advancements in diagnostics, surveillance, and intervention
strategies, while establishing international policies enhances global health security.
Equally important is empowering communities and local stakeholders with scientific
knowledge and practical interventions through education and engagement, ensuring
effective disease prevention and response. Protecting ecosystem integrity by regulat-
ing wildlife trade and addressing environmental drivers of zoonotic spillovers remains
a critical component of One Health strategies. Through unified global efforts, the One
Health framework safeguards health across species and paves the path for a future
prepared to tackle emerging infectious threats.
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Abstract

Arboviruses (arthropod-borne viruses) are etiological viral agents mainly
transmitted by arthropod vectors that pose a significant burden on the human public
health systems worldwide, causing millions of infections every year; these viruses
need to replicate in hematophagous arthropods, including numerous species of
mosquitoes, ticks, and midges, among others. Important arboviruses for human and
animal health include the dengue virus (DENV), Mayaro virus (MAYV), Rift Valley
fever virus (RVFV), Zika virus (ZIKV), Yellow fever virus (YFV), chikungunya
(CHIKV), and African swine fever virus (ASF), among other closely related viruses.
These infectious agents can infect different hosts (invertebrate vectors and mam-
malian hosts), which requires avoiding two types of immune responses to continue
and remain in nature. Arboviruses have sylvatic (vector to wild animals) and urban
(vector to humans) transmission cycles and have developed mechanisms to over-
come ecological and biological challenges, allowing them to take over the cellular
machinery and successfully complete their replication cycle among hosts. Despite
numerous pieces of evidence and studies, the mechanisms, molecules, and compo-
nents involved in the arbovirus replication cycles are yet to be defined. This chapter
will discuss viral replication processes, immune evasion, and vaccine development
for arboviral families that are relevant to public health.

Keywords: arbovirus, replication cycle, immune evasion, vector-borne viruses,
Flaviviridae, Togaviridae, Reoviridae, Asfaviridae, Bunyaviridae

1. Introduction

Arboviruses are viruses transmitted by arthropod vectors to vertebrate hosts
during blood-feeding and can involve animal reservoirs. Globally, an estimated 2.5
million deaths are recorded annually, making vector-borne diseases a serious and
growing public health burden. Arboviruses predominate in tropical and subtropical
countries and are closely related to the vector distribution [1]. Recently, there has
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been a concerning rise in the spread of several arboviruses, along with the emergence
of new transmission cycles. Additionally, these viruses might adapt to new vectors
and change environmental conditions [2].

Most of these viruses are primarily transmitted by mosquitoes and ticks as vec-
tors. However, not all species can transmit all viruses. This ability depends on several
factors, including molecular mechanisms, adaptability, dissemination, immune
response evasion, and transmission dynamics involving the pathogen, the vector,
and the mammalian host. Additionally, all of these processes are affected by external
factors, which can be biotic and abiotic [2]. Furthermore, other arthropod species,
such as midges (e.g., Family Ceratopogonidae; genus Culicoides), have recently gained
increased attention due to the imminent threat of transmitting viruses, especially
those belonging to the genus Orthobunyavirus [3].

Over 100 species of arboviruses that cause diseases in humans have been identi-
fied. Their classification may vary, but the following families are typically included:
Bunyaviridae, Flaviviridae, Reoviridae, Asfaviridae, and Togaviridae (Table1).

Vector ecology is crucial for the adaptability, survival, establishment, and trans-
mission of arboviruses in nature. Arboviral transmission encompasses four primary
cycles: (1) sylvatic, which involves transmission from vectors to wild animals such as
birds and primates; (2) urban, where transmission occurs from vectors to humans;

(3) epizootic, involving transmission from vectors to domestic animals like pigs and
horses; and (4) zoonotic, which involves transmission from vectors to animals, fol-
lowed by transmission from infected animals to humans. The vector acquires the infec-
tious agent from an infected mammal host through blood-feeding, a process known as
horizontal transmission (spreading disease between individuals in the same popula-
tion). Following this, the vector undergoes an extrinsic incubation period (EIP). This
is the time it takes for the mosquito to become infected after the viral replication has
started. During this period, the virus spreads to various tissues, including the salivary
glands. The virus can then be transmitted to another host through saliva during a
second blood meal, thus completing the transmission cycle. Additionally, numerous
studies have demonstrated that transovarial transmission (vertical) plays a significant
role in passing these viruses to the next generation and remains in nature [4].

Arboviruses can infect both invertebrates and mammals. However, the success-
ful establishment of the infection requires effective invasion mechanisms that can
overcome two types of immune systems: that of the arthropod (the carrier) and the
mammal (the host). In invertebrate infections, pathogens must evade the innate
immune system, which includes different defenses such as phagocytosis, reactive oxy-
gen species (ROS), phenoloxidase (PO), myelinization, antimicrobial peptides, and
several signaling pathways (Toll, immune deficiency pathway (IMD), Janus kinase-
signal transducer and activator of transcription (JAK-STAT), and RNA interference
(RNAI)). Evidence suggests that invertebrates possess thioester-containing proteins
(TEPs) similar to the C3 complement protein in vertebrates. These proteins assist in
the opsonization and elimination of pathogens [5]. In humans, arboviruses encoun-
ter multiple components of the immune system. This includes the innate immune
system, which comprises dendritic cells (DC), macrophages, and neutrophils, as well
as key molecules like cytokines and interferons (IFNs). Additionally, these viruses
must contend with the adaptive immune system, which consists of antibodies and
memory cells (B and T cells). By understanding and researching the different stages
of viral replication within host cells, we can create strategies to mitigate the negative
impacts of these diseases. These illnesses have posed significant challenges to the food
industry and public health globally, affecting millions of people.
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2. Flaviviridae: General features, replication cycle, and immune evasion
strategies

The Flaviviridae family comprises several enveloped viruses with a positive-sense
single-stranded ribonucleic acid (+ssRNA), including the DENV, YFV, ZIKV, West
Nile virus (WNV), tick-borne encephalitis virus (TBE), and Japanese encephalitis
virus (JEV) (Table1). These viruses contain a single open reading frame (ORF) that
encodes the polyprotein, flanked by two untranslated regions (UTRs), one at the 5’
and the other at the 3’ terminus. Mosquitoes transmit these arboviruses, and they can
cause a range of symptoms, from mild to severe, potentially leading to life-threaten-
ing outcomes like hemorrhages. Additionally, individuals who have been infected may
experience the development of encephalitis and other severe neurological conditions.
ZIKV has been linked to congenital disabilities, particularly microcephaly, which the
mother can acquire during pregnancy. The only vaccine available from this family is
for the YFV, which is recommended for travelers visiting endemic areas. Studying the
replicative cycle of Flaviviridae viruses can help identify targets for antiviral drugs
and vaccine design [6].

The Flaviviridae virus initiates the viral replicative cycle by attaching its envelope
protein to specific cellular receptors on the host cell surface (Figure 1). The receptors
required may differ depending on the flavivirus and host cell type. After binding to
the cell surface, the virus is endocytosed by a clathrin-dependent mechanism [7]. Inan
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Figure 1.

Schematic representation of the Flaviviridae virus replicative cycle. The cycle begins with the virus attaching
through the envelope protein (E) to specific cellular receptors on the host cell. Subsequent steps include endocytosis,
where the virus is internaliged through a clathrin-dependent mechanism, and membrane fusion, characterized
by a conformational change in viral envelope proteins that facilitates fusion with the endosomal membrane.
Following these initial stages, host ribosomes utilize viral RNA as a template for translation, synthesizing a
polyprotein. The viral RNA also serves as a template for veplication. The final stage involves the assembly of viral
components to form mature virions. These matuve virions are eventually released from the infected cell through
exocytosis, allowing them to spread to new hosts, often transmitted through mosquito bites.
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environment with low pH, the viral envelope proteins facilitate the fusion of the viral
and endosomal membranes through a conformational change [8]. This fusion allows
the release of the viral genome into the cytoplasm of the host cell [9]. Ribosomes use
the viral RNA as a template for translation; this results in the production of a large
polyprotein that contains a structural capsid (C), precursor membrane (prM), enve-
lope (E), and seven nonstructural (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5)
proteins [10]. The NS proteins play essential roles in viral replication and evasion of
the host immune system [11]. The viral RNA genome is then used as a template for the
replication and transcription process. The RNA-dependent RNA polymerase (RdRp)
encoded in the viral genome produces negative-strand RNA, which is used as a replica-
tive intermediate for synthesizing new positive-sense RNA genomes [12].
Furthermore, the virus encodes its structural proteins (SP) by transcribing shorter
subgenomic RNA molecules [12, 13]. After the new positive-sense RNA genomes are
synthesized, the SP accumulate in the endoplasmic reticulum (ER). Some cytoplasmic
viral proteins, such as C, NS1, and NS5 proteins, can be translocated to the nucleus
during infection by DENV and ZIKV in mammal cells. Additionally, in mosquito
cells (Ae. albopictus) infected with DENV, proteins like C, NS1, NS3, and NS5 have
been observed in the nucleus [14, 15]. Although little is known about the role of these
proteins in this compartment, mutations in nuclear-signaling proteins such as C and
NS5 cause a reduction in viral replication [16, 17]. It has recently been shown that the
NS3 protein of DENV and ZIKV hijacks the function of the nuclear pore complex
and controls nuclear-cytoplasmic transport [15, 18]. Viral genome replication and
assembly are closely associated with specialized membrane structures called viral
replication complexes [19]. C proteins encapsulate the new RNA genomes to form
the nucleocapsid, which attaches to the ER lumen and acquires a bilipid membrane
from the ER membrane that contains viral glycoproteins, including the E and prM
proteins. The prM is cleaved by host cell proteases in the secretory pathway, forming
the mature M protein [20, 21]. This maturation step is essential for infecting new
viral particles, which are then transported through the secretory pathway to the cell
surface and released from the infected cell by exocytosis [14, 15, 22]; they can then
infect neighboring cells or spread to new hosts by biting mosquitoes (Figure1).

2.1 Immune evasion

The Flavivirus family employs several strategies to interfere with the immune
response and be successful in their replication cycle [23]. This immune evasion is
mainly accomplished by NS proteins, which evade recognition or hinder the estab-
lishment of an antiviral state [24]. The NS1 and NS2A from WNV modulate the
toll-like receptor 3 (TLR3) and the retinoic acid-inducible gene 1 (RIG-I) pathways,
respectively. In contrast, DENV NS2B3 cleavage of the stimulator of interferon genes
(STING) leads to IFN-beta (IFN-B) suppression. Subsequently, the virus blocks the
expression of some antiviral molecules; the NS4B from DENV serotype 4 prevents the
IFN production, blocking the phosphorylation of the signal transducer and activa-
tor of transcription (STAT). Ultimately, the virus neutralizes the functional activity
of these antiviral molecules [11]. Additionally, activated innate immune pathways,
including complement, apoptosis, and autophagy, can be evaded or exploited by the
virus to exacerbate the disease [24]. Although the NS and SP of Flavivirus contribute
significantly to immune evasion, the specific targets are still undisclosed. How these
proteins collaborate to weaken the innate immune system is currently unknown.
Further research is necessary to develop new vaccines for flaviviruses, including those
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currently available in some countries, to understand their immune evasion tactics
better and identify potential target areas.

3. Togaviridae: General features, replication cycle, and immune evasion
strategies

Togaviruses belonging to the Alphavirus genus include CHIKV, MAYYV, Sindbis virus
(SINV), and western equine encephalitis virus (WEEV). The Alphavirus genus has
a positive-sense single-stranded RNA (+ssRNA) genome (Table 1). Its genome size
typically measures around 12 kb, and it contains two open reading frames (ORFs) that
encode SP and NS, both of which are separated by a noncoding sequence [25]. A short
code for the four nonstructural proteins (nsP 1-4) is generated from the cleavage of the
polyprotein. nsP1 is involved in RNA capping, nsP2 has helicase and protease activi-
ties, and nsP3 contains three recognized domains (the macro domain, the alphavirus
unique domain (AUD), and the hypervariable region), all of which are required for
viral replication. The nsP4 protein is responsible for RNA synthesis and functions as
an RdRp. The SP generate several components essential for the virus’s structure. It
produces the C protein, the E glycoproteins E1, E2, and E3, and the 6 K protein, which
interacts with the E1 and E2 proteins. Additionally, it produces the transframe protein
(TF), which plays a role in viral assembly [26, 27].

Many of the replication processes and the possible role of viral proteins during the
infection are still unknown; many of the functions of these proteins are inferred from
some alphaviruses, such as CHIKV. The virus binds to the target cell receptor using
the E2 protein; some receptors have been characterized, such as the matrix remodel-
ing associate 8 (Mxra8) molecule (also known as DICAM or ASP3), which is used to
endocytose the MAYV [28]. The cell takes up the viral particle through endocytosis,
leading to the formation of an endosome. As the endosome becomes more acidic, the
envelope proteins undergo structural changes, exposing the E1 protein. This exposure
promotes the fusion of the virus with the cell membrane, releasing the nucleocapsid
and the viral genome into the cell. Afterward, the viral genome is synthesized into
nsP precursors from the viral mRNA. The nsP produces a replication complex (RC)
too. The RC facilitates the synthesis of the negative RNA strand, which serves as
a template for producing the genomic (49S) and subgenomic (26S) RNA. The 26S
subgenomic RNA is used to produce a structural polyprotein. The nucleocapsid is
assembled when the capsid protein surrounds the 49S genomic RNA through the
action of serine proteases. The maturation of the E1 and E2 glycoproteins occurs in
the ER and Golgi complex. This maturation is directly linked to the transport and
release of new viral particles at the cell membrane (Figure 2) [29].

These viruses are transmitted by arthropod vectors, specifically by mosquito spe-
cies such as Ae. aegypti, Ae. albopictus, and Culex spp. These mosquitoes inject saliva
and introduce the viral particles into the host bloodstream while taking away blood,
which is necessary to provide nutrients for the subsequent progeny. Studies have
found that a mutation in protein E2 of a CHIKV genotype increases susceptibility and
transmission in Aedes albopictus mosquitoes [30].

3.1 Immune evasion

Most alphaviruses produce similar symptoms in humans, including fever, rash,
headache, eye pain, muscle pain, conjunctivitis, and joint pain. These symptoms can
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Schematic representation of the replication cycle of the Togaviridae. The virus binds to host cell veceptors and
enters via endocytosis. Acidification of the endosome triggers the velease of the viral genome into the cytoplasm.
The RARp produces viral replication complexes in the cytoplasm that generate 49 s and 29 s subgenomes. The 29S
subgenome encodes the viral SB, while the 49S subgenome contains the genetic material necessary for packaging
into the capsid. The Golgi complex assembles and matures glycoproteins E1 and E2. The mature virion will be
released through the exocytosis of the cell itself.

persist for months or even years, often leading to significant disability. Additionally,
severe complications, such as neurological issues, myocarditis, and hemorrhagic
manifestations, can occur as a result of the disease. This severity is linked to increased
pro-inflammatory mediators and cytokines, including the monocyte chemoattractant
protein-1 (MCP-1), interleukins (IL)-9, IL-13, Vascular endothelial growth factor
(VEGF), IL-17, and interferon gamma-induced protein 10 (IP-10). Additionally, vari-
ous other components are activated and released during the infection process. These
include oxidative stress, apoptosis, TNF-a secretion, and ROS [31].

Several types of vaccines are in development, including attenuated viruses, RNA
vaccines, and viral vectors. However, no effective vaccine has yet been approved
for use. While some drugs are being evaluated, the most effective measures against
diseases are treating symptoms and controlling the vector population.

4. Reoviridae: General features, replication cycle, and immune evasion
strategies

The first mammalian reovirus identified in humans was an orthoreovirus. In the
late 1950s, virions were found in the feces of children with gastrointestinal disease.
The family includes 15 genera (Aquareovirus, Cardoreovirus, Coltivirus, Cypovirus,
Fijivirus, Dinovernavirus, Idnoreovirus, Mimoreovirus, Mycoreovirus, Orbivirus,
Orthoreovirus, Oryzavirus, Phytoreovirus, Rotavirus, and Seadornavirus) [32].
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The family members possess a linear positive-sense double-stranded RNA
(+dsRNA) molecule that is segmented, containing 9-12 segments. The viruses are
non-enveloped. Viruses consist of two concentric protein shells: an outer capsid and
an inner core that contains a genome of dsRNA segments. The virion has an icosahe-
dral shape and ranges in size from 60 to 90 nm in diameter (Figure 3) [33, 34].

The process of viral replication takes place in the cytoplasm of host cells. After a
virus enters a cell, its outer capsid is broken down by proteolytic cleavage in the late
endosomes, forming transcriptionally active cores. This process triggers the synthesis
of viral mRNA, which is then extruded for translation. Subsequently, cellular mor-
phogenesis is guided by nsP. The NS1 protein enhances the translation of Bluetongue
virus (BTV) ssRNA and facilitates the formation of tubules within the cytosol.
Meanwhile, the NS2 protein produces viral inclusion bodies (VIBs), which concen-
trate viral proteins and newly synthesized ssRNAs for core assembly. After the cores
are assembled and released from the VIBs, they are transported via endocytic vesicles
through the interaction of NS3 with annexin and calpactin. Complete viral particles
are formed when the core interacts with VP5 and VP2 during virion maturation.
During the early stages of infection, virions exit the host cell non-lytically by utilizing
the interaction between the NS3 protein and Tsg101. New viral particles are released
before cell lysis occurs (Figure 3) [23, 24].

Membrane
enveloped
virion

Reaviridae ={ 8 }
Binding and viral
v @ entry

Receptor
Budding via NS3
interacting with

Cytoplasm Membrane inserted ngmll e

NS3 and Tsg 101
Clathrin-coated pit

NS f Vesicle b2
* \ Virion formation
@ Virus unceating \
@ Virus assembly @
Translocation to Early vural incluslon
cytoplasm / & b= \ ‘ @ Core
oteins
suuct\lfal pr
\A @Translanon of viral nsb suboore \
—_— proteins ~ 74
@ s ——— : < . Endoplasmic
i —

@ RNA synthesis ' == Tubules tormiation <? @ reticulum (ER)

—_— by NS1 2 ) : @

Figure 3.

Sc%ematic representation of the Reoviridae family replication cycle. (1~2) The virus attaches to the host
receptor through glycoprotein and is endocytosed into clathrin-coated vesicles (3-4). The virus is uncoating, and
the material genome is veleased in the cytoplasm. (5) NS1 promotes ssRNA translation (6) and subsequently forms
tubules in the cytosol. (7) NSz creates vival inclusion bodies that concentrate viral proteins and newly synthesized
ssRNAs for core assembly. (8) Complete particles are formed when the core associates with VP5 and VP2,
initiating the virion maturation. (9) During the early stages of infection, virions exit the cell non-lytically through
NS3 interacting with Tsg101, leading to budding and eventual release without cell lysis.
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4.1 Arboviruses within the Reoviridae family
4.1.1 Coltiviruses

Coltiviruses are a type of virus belonging to the Spinovirinae subfamily. Recently
discovered tick-borne viruses include the Colorado tick fever virus (CTFV), Eyach
virus [35], Kundal virus [36], Tai forest reovirus [37], and Tarumizu tick virus [38].
Several coltiviruses have been named based on their nucleotide and protein sequences
in the International Nucleotide Sequence Database Collaboration (INSDC). These
include the California hare coltivirus, Gierle tick virus, Jeddah tick coltivirus, Salmon
River virus, and Zeboroti virus. However, they are currently unclassified [39].
Coltiviruses contain 12 dsRNA segments that encode for 13 viral proteins (VP) 1-13.
During viral replication, the virus is found in the cell cytoplasm. It is commonly associ-
ated with granular structures known as viral VIBs and ordered filaments, tubules, and
thread arrays. These viruses are transmitted to vertebrate hosts by tick vectors [35].

4.1.2 Orbiviruses

The Orbivirus genus is the largest within the Reoviridae family, comprising
22 species and at least 130 serotypes, which can be differentiated using a virus-
neutralization assay. The name “Orbivirus” is derived from the Latin word “Orbis,”
meaning circle or ring, and reflects the characteristics of this large group of viruses.
Orbiviruses can infect a variety of species, including humans, horses, monkeys, rab-
bits, cattle, deer, and suckling mice. Several types of insects transmit these viruses,
including mosquitoes, midges, gnats, sandflies, and ticks, with the BTV being one
notable example [40, 41].

Orbivirus disease has been reported infrequently in humans, with fewer than
100 documented cases worldwide. During the maintenance cycle of vector-borne
transmission among nonhuman vertebrate hosts, humans can occasionally become
incidental hosts for the infection. Various insects, including mosquitoes, midges,
gnats, sandflies, and ticks, can transmit the pathogen [40].

The significance of BTV or African horse sickness virus (AHSV) infections in
dogs and other carnivores for epidemiological studies is poorly understood. It remains
unclear whether these animals develop a significant level of viremia that could be a
source of infection for adult Culicoides midges. Serological evidence suggests that
AHSYV can infect elephants, and positive samples have also been identified in cam-
els, cattle, sheep, and goats. In rare cases, humans have contracted AHSV, leading
to conditions such as encephalitis and retinitis, typically resulting from inhaling a
freeze-dried neurotropic vaccine strain [42].

BTV, Epizootic hemorrhagic disease virus (EHDV), or AHSV infection typically
causes fever and may result in swelling and inflammation, particularly around the
face, mouth, and nose. BTV replicates in hematopoietic and lymphoid tissues, includ-
ing the spleen, bone marrow, monocytes, macrophages, neutrophils, and lymph
nodes. Infection of endothelial cells can lead to vascular thrombosis and hemorrhages
ranging from petechiae to ecchymosis. Disruption of cell junctions may leak fluid into
surrounding tissues or the lungs [43].

CTFV is the virus responsible for Colorado tick fever (CTF), a viral illness primar-
ily found in the western United States and Canada. Approximately 200 to 400 cases
are reported each year. CTF is often misdiagnosed and underreported. Currently,
there are no approved medications or vaccines; treatment typically involves
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supportive care and antipyretics. CTF is characterized by biphasic fever, chills,
headache, photophobia, and muscle aches, and it may also present with a petechial
rash. Due to the severity of their symptoms, around 20% of patients require hospital-
ization. In pediatric cases, the virus can lead to complications such as aseptic men-
ingitis, meningoencephalitis, or encephalitis, with an estimated 5-15% of children
experiencing severe central nervous system or hemorrhagic complications [44]. CTF
is characterized by the persistent presence of the virus in the bloodstream due to its
ability to replicate within certain types of blood cells. These include erythroblasts,
reticulocytes, and CD34+ hematopoietic progenitor cells [45].

5. Immune evasion

BTV is one of the most extensively studied orbiviruses within the Reoviridae fam-
ily. Like other viruses, the replication can be inhibited in vitro by adding endogenous
IFN. Treating cells with IFN before BTV infection can also hinder the virus’s replica-
tion. Both type I IFNs (IFN-I) (alpha and beta) and type II IFN (IFN-II) gamma (Y)
can protect cells from viral infections. However, reoviruses have developed strategies
to evade the immune response by inhibiting the action of interferons. This means that
the virus can still replicate even in the presence of IFN, indicating that it has mecha-
nisms to block the effects of these immune signals [46].

Evidence indicates that the early induction of IFN reduces the replication of
BTV in infected calves. However, as serum IFN levels decline, the viral titers tend to
increase. Initially, the virulence appears to be suppressed by the action of IFN-I, but
it peaks again when the IFN response diminishes. Transcriptome analysis has also
shown that the decrease in T cells by day 7 post-infection (7 pi) is associated with the
immune activation of the IFN pathway [47].

Studies on cell function indicate that BTV inhibits the proliferation of CD4+ and
CD8+ T cells. This finding aligns with the upregulation of programmed cell death
ligand 1 (PD-L1) observed on monocytes and CD4+ and CD8+ T cells. These data sug-
gest that BTV may use the PD1/PD-L1 immune checkpoint to inhibit T cells [47, 48].

Other studies have shown that BTV causes acute immunosuppression by infect-
ing and destroying follicular dendritic cells (FDCs) and reducing the capabilities of
granulocytes (GCs), which affects antibody production [49].

6. Asfarviridae: General features, replication cycle, and immune evasion
strategies

The Asfarviridae family is the only one that consists of double-stranded deoxyri-
bonucleic acid (dsDNA) viruses. Within this family, ASFV is the sole member of the
Asfivirus genus. African swine fever (ASF) is a highly contagious and often lethal
disease that affects domestic pigs, warthogs, wild boars, and bush pigs (Table1).

The virus is primarily transmitted through soft ticks of the Ornithodoros genus
(Ornithodoros moubata), as well as through direct contact with infected animals or
contaminated surfaces (fomites) and by ingesting contaminated animal by-products.
The virus is maintained in wild warthogs and Ornithodoros soft ticks, which serve
as natural reservoirs, allowing the infection to persist for an extended period in a
sylvatic cycle. The virus can be transmitted in ticks across different life stages (trans-
stadial transmission), between males and females (transovarial transmission), and
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vertically from parents to offspring. However, transmission from these soft ticks is
generally limited to areas near wildlife, as the ticks will feed on their mammalian
hosts before dropping off. There is a higher risk of spread and infection when wild
boar populations come into close contact with wild pig populations.

Depending on the virus and host response, the disease can manifest from subacute
to chronic, resulting in hemorrhagic fever and a fatality rate close to 100% in infected
domestic pigs. Pathologies associated with this condition include skin redness,
swelling, and bleeding in the lungs, spleen, kidneys, and bladder. Infection is also
characterized by thrombocytopenia, destruction of vascular endothelial cells, and the
upregulation of apoptosis in infected tissues and blood [50]. This virus is not trans-
mitted to humans.

The virus was first identified in Kenya in the 1920s and remained endemic only
in Africa for several decades [51]. However, since the African ASF epidemic began in
Georgia in 2007, the virus has spread across Europe, Asia, and parts of the Caribbean.
ASF is a notifiable disease to the World Organization for Animal Health (WOAH). By
2020, ASF had been reported in 44 countries, including China, Oceania, Papua New
Guinea, the Dominican Republic, and Haiti. The absence of effective treatments or
vaccines against the ASF virus has resulted in significant economic losses within the
swine industry.

The ASFV is a large, enveloped virus with a dsDNA genome of 170-194 Kb,
has approximately 150 ORFs, encodes 150-200 proteins (including 68 SP and over
100 nsP), contains terminal inverted repeats at both ends, and is closed by hairpin
loops [52, 53]. ASFV has a complex icosahedral structure, with viral particles
measuring approximately 260 nm in size. It features four concentric domains that
range from 70 to 100 nm in diameter. The virus is enveloped by a thick layer of
protein known as the core-shell, an inner lipid envelope, and an outer icosahedral
capsid that forms the exterior of the intracellular virions. ASFV has a genome
structure and replication process similar to other large dsDNA viruses, includ-
ing the Poxviridae, Iridoviridae, and Phycodnaviridae families [50]. One relevant
protein associated with the virus particle is the attachment protein p12, which is
localized in the outer envelope [54]; the protein p72, a major component of cap-
somers [55]; and the structural membrane protein pB428L, localized in the capsid
[56]. The membrane proteins p54, p17, pE248R, and p12 are found in the inner
envelope, with p12 linked to viral membrane precursors, particle assembly, and the
formation of intracellular mature viruses. The core-shell processes products from
polyproteins pp220 and pp62, while the nucleoid contains DNA-binding proteins
p10 and pA104R and the transcriptional machinery required for RNA synthesis and
modification.

ASFV replicates in the cytoplasmic viral assembly sites near the porcine mono-
cyte nucleus-macrophage cells. However, there is evidence that viral DNA synthe-
sis can also occur in the nucleus during the early stages of infection [57, 58]. The
virus enters macrophages and monocytes through various types of endocytosis,
including clathrin-mediated dynamin-dependent endocytosis, phagocytosis, and
micropinocytosis, which triggers the infection cycle [59]. To achieve endosomal
maturation, proteins and lipids are recruited to the endosomal membrane, where
capsid disassembly occurs at the acidic pH of the endosomal lumen [60]. The core
particle includes RNA polymerase, which is essential for early gene transcription
required for virus replication and the suppression of host defense mechanisms.
Moreover, the ubiquitin-proteasome system plays a role in the degradation of the
final capsid, allowing the viral DNA to be released into the host cytoplasm, where
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Sc%ematic representation of the veplication cycle of Asfarviridae. ASFV enters macrophages and monocytes
through clathvin-mediated, dynamin-dependent endocytosis and actin-driven micropinocytosis. Following entry,
the virus goes through a process of unwrapping via the endocytic pathway. To achieve endosomal maturation,
proteins and lipids are vecruited to the endosomal membrane, and capsid disassembly occurs at the acidic pH of
the endosomal lumen. The disassembly process involves the dissociation of the outer envelope (purple), disruption
of the capsid (gray), and fusion of the inner viral envelope (ved). The membrane protein pE248R mediates
membrane fusion and core delivery. After fusion, the naked core is delivered into the cytosol to continue the
uncoating process until the viral genome is released.

replication begins (Figure 4) [61]. The mature particle travels to the cell surface
through a microtubule-mediated mechanism, and then it is released to the host cell
by budding at the cell membrane.

6.1 Immune evasion

ASFV primarily targets macrophages and monocytes, which limits the range
of cells it can infect. These cell types present antigens to T cells, triggering innate
immune responses and activating the adaptive immune response. ASFV encodes
enzymes in the DNA base excision repair (BER) pathway to bypass the replication
barriers found in macrophages [62]. ASFV has multiple IFN-I and IFN-II inhibitor
genes necessary to recognize pathogen-associated molecular patterns (PAMPs) [63].
The inhibition of IFN compromises the activation of the JAK-STAT pathway, which
restricts virus replication through innate and adaptive responses [64]. The ER plays
avital role in replicating ASFV. When proteins accumulate in this compartment, it
causes stress and triggers the unfolded protein response (UPR) in host cells, which
aims to limit viral replication. To counteract this response, ASFV promotes the
upregulation of chaperones, specifically calnexin and calreticulin, to enhance the
folding capacity of the ER. ASFV modulates apoptosis, a critical host response to limit
replication and viral spread by inducing cell death. The ASFV gene encodes Bcl-2, an
anti-apoptotic protein inhibiting apoptosis [65] and autophagy by interacting with
Beclin 1 through BH3 homolog.

Understanding how the virus interacts with and modifies the host response during
infection is crucial for developing novel vaccines. Various approaches have been
attempted to create an effective ASFV vaccine, including inactivated, live attenu-
ated, genetically engineered subunit, DNA, and vector vaccines. The absence of an
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effective and safe ASFV treatment or vaccine hinders control efforts, mainly relying
on animal control, active surveillance, and quarantine practices.

7. Bunyavirales: General features, replication cycle, and immune evasion
strategies

Bunyavirales is an order of mostly single-stranded, tri-segmented RNA
viruses. This order consists of 14 families (Arenaviridae, Cruliviridae,

Discoviridae, Fimoviridae, Hantavirvidae, Leishbuviridae, Mypoviridae, Nairoviridae,
Peribunyaviridae, Phasmaviridae, Phenuiviridae, Tospoviridae, Tulsaviridae, and
Wupedieviridae) according to the International Committee on Taxonomy of Viruses
(ICTV). Three families (Peribunyaviridae, Naivoviridae, and Phenuiviridae) contain
human pathogens transmitted by arthropods, causing mild to severe diseases such as
fevers, hemorrhagic disease, and encephalitis (Table 1) [66].

The Peribunyaviridae family has four genera: Orthobunyavirus, Herbesvirus,
Pacuvirus, and Shangavirus. The Orthobunyavirus genus is the most studied and under-
stood of the family. It includes viruses such as California encephalitis virus (CEV), La
Crosse encephalitis virus (LACV), Bunyamwera virus (BUNV), Ngari virus (NRIV),
Batai virus (BATV), and Oropouche virus (OROV). The viruses can cause various
human symptoms, from mild fever to encephalitis. In ruminants, they may result in
abortions. These viruses are now considered a growing global health concern due to
the changing environmental conditions caused by climate change, which supports the
spread of vectors [67].

One virus that has recently been shown to be of great interest and importance in
terms of its impact on public health is the OROV. This virus is spread by arthropod
vectors and is mainly found in the tropical regions of Central and South America.
During an outbreak, the virus was first detected in 1955 near the Oropuche River
in Trinidad and Tobago. Since then, it has led to epidemics in South and Central
America, impacting countries such as Brazil, Bolivia, Panama, Peru, Ecuador, French
Guiana, and, most recently, Cuba. Between January and July of 2024, a total of 7700
confirmed cases of this virus have been reported, with the majority occurring in
Brazil, followed by Bolivia, Peru, Cuba, and Colombia [68].

OROV is transmitted to humans by the bite of an infected female mosquito
from Culicoides. It is believed that OROV has a sylvatic replication cycle involving
primates, sloths, and possibly some bird species. However, the primary mosquito
vector has not yet been identified. In the human infection cycle, OROV is primarily
transmitted by Culicoides paraensis, with Culex quinquefasciatus serving as a second-
ary vector [68, 69].

A couple of studies indicate that symptoms can reoccur in approximately 60%
of patients who have recovered from OROV infection, typically 1 or 2 weeks later.
Furthermore, this infection may lead to specific hemorrhagic symptoms and neurological
complications. One area still being studied is vertical transmission in humans. There have
been reported cases of abortions and fetal deaths associated with OROV infection [70].

Currently, no specific treatment or vaccine is available for this viral infection. The
most effective approach is to manage the symptoms and provide supportive care.

The Nairoviridae family includes known human pathogens such as the Crimean-
Congo Hemorrhagic Fever virus (CCHFV) and nonhuman pathogenic viruses,
including the Dugbe virus (DUGV), Nairobi Sheep Disease virus (NSDV), and
Hazara virus (HAZV). These viruses have similarities in how they are transmitted
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in the environment and how their genetic material is organized. Ticks maintain and
transmit hosts, including birds, humans, rodents, and ruminants. Nairoviridae, com-
pared to other bunyaviruses, have a more complex genome. They are closely related
to the Bunyavirales family. Only one virus in this family was identified in July 2019:
Wuhan millipede virus 2 [71].

The Phenuiviridae family includes animals, plants, insects, and human pathogens.
Generally, viruses are transmitted by ticks or sandflies. However, the RVFV is an
exception and is transmitted by mosquitoes. RVFV can cause mild to severe symp-
toms in humans and animals, such as febrile illness, meningitis, hemorrhagic fever,
hepatitis, hemorrhage, and abortion in cattle and sheep [72].

The Bunyaviridae family consists of icosahedral, enveloped viruses that measure
100-120 nm in diameter. They possess tripartite negative-sense single-stranded RNA
(-ssRNA) genomes of negative sense, which are referred to as the large (L), medium
(M), and small (S) segments. The L RNA contains the RdRp present in the virion. The
L protein of the Crimean-Congo hemorrhagic fever virus encodes an ovarian tumor-
like cysteine protease motif, suggesting that the L polyprotein is cleaved autoproteo-
lytically. The mRNA encodes two glycoproteins, light cyan glycoprotein (Gc) and
dark cyan glycoprotein (Gn), found on the surface of virions. The sRNA encodes a
nucleocapsid protein [73].

All stages of viral replication occur in the cytoplasm. The replication cycle
begins with viral attachment to the host receptor, mediated by an interaction of
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Schematic representation of the replication cycle of Bunyaviridae. Bunyavirus infects a cell through
receptor-mediated endocytosis, which may involve clathrin or clathrin-independent endocytosis. Upon viral entry,
uncoating of the virion vesults in the presentation of multisegmented (—) sense RNA in the host cytoplasm. The
RdRyp in the viral particle facilitates veplication of the genome into a positive-sense RNA intermediate. The process
of “cap-snatching” allows 5" host mRNA to attach and create viral mRNA that can be translated. The mRNA
creates all the necessary parts for an infectious virus, including glycoproteins N, C, nucleoprotein, and RdRp. It can
also create up to two NS proteins, NSs and NSm. The (+) sense intermediate RNA can also serve as a template for
genomic replication by the RARp into () sense genomic RNA.
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one or both integral viral envelope proteins, which remain unidentified (Figure 5).
The next step involves the entry and uncoating of virions through endocytosis,
followed by the fusion of viral membranes with endosomal membranes. The RdRp
synthesizes new mRNA to be used as complementary genome templates, utilizing
capped primers obtained from the host cell. The translation of primary L and S
segment mRNAs by free ribosomes, translation of M segment mRNAs by mem-
brane-bound ribosomes, and primary glycosylation of nascent envelope proteins
result in the synthesis of all the components of an infectious virus (i.e., glycopro-
tein N, glycoprotein C, nucleoprotein, and RdRp) as well as up to two NS proteins,
nonstructural S segment (NSs) and nonstructural M segment protein (NSm).

The viral RNA serves as a matrix for both replication and transcription processes.
Positive-sense RNA replicative intermediates are utilized to produce more copies
for progeny. Replicative intermediates are full-length template strands that have
6-8 daughter strands emerging from them. The morphogenesis process involves
accumulating Gn and Gc in the Golgi, terminal glycosylation, and acquiring modi-
fied host membranes. This process often occurs through budding into the Golgi
cisternae. The ribonucleoproteins of tomato spotted wilt virus (genus Tospovirus)
are surrounded by complete stacks of the Golgi apparatus. This leads to the forma-
tion of virus particles that are doubly enveloped. These particles subsequently fuse
with the ER to create large vesicles derived from this compartment. These vesicles
contain substantial quantities of mature, singly enveloped tospovirus particles
(Figure 5) [74, 75].

7.1 Immune evasion

The LACV, CCHFYV, and RVFV can suppress the production of IFN-I, which
is critical for initiating antiviral defenses. The CCHFV and RVFV can inhibit
apoptosis in infected cells, thus enabling these viruses to replicate and propagate
without eliciting cell death. This suppression is crucial for viruses as it undermines
a natural defense mechanism against viral infections. In RVFV infection, the viral
protein NSm has a crucial anti-apoptotic role. The NSm has a transmembrane
domain, which binds to the mitochondrial outer membrane. This localization to
the mitochondria further strengthens the resistance of the virus against apoptosis,
which allows it to persist and thrive within the host cell. The NSs of RVFV suppress
the innate immune response by binding to several transcription factors, blocking
the activation of IFN-f, and inhibiting host transcription while improving viral
translation [72].

The complement system is essential in offering protective immunity against
CCHFYV through the humoral response. However, the virus has developed mecha-
nisms to evade complement-mediated killing. These evasion strategies resultin a
notable reduction in the levels of C3 and C4. Intriguingly, elevated levels of factor Bb
(a fragment of complement factor B) have been associated with the pathogenesis of
the disease [76].

T cell responses in patients infected with Phenuiviridae viruses have shown that
non-survivors exhibit decreased T cell counts, indicating immune dysfunction, while
survivors display heightened activation markers and stronger antiviral responses.
Research on the CCHFV has identified CD4+ and CD8+ T cell-specific epitopes
within the CCHFV glycoprotein precursor (GPC), nucleoprotein (N), and RdRp.
Notably, strong IFN-y responses against the NSm region of the GP38 protein have
been observed in CCHFV survivors, indicating immune activation [77].
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8. Remarks and conclusions

Vector-borne diseases (VBD) are human and animal illnesses caused by viruses,
parasites, and bacteria transmitted by vectors. A vector is a living organism capable of
transmitting infectious pathogens. The arboviruses are the leading cause of VBD pub-
lic health burden globally. They include a wide range of virus families and subfamilies.
One important characteristic is that blood-sucking insects like mosquitoes and ticks
can transmit them. These viruses can infect, replicate, and evade the immune system
in mammals and invertebrates, thus continuing the infection cycle [1]. The dramatic
increase in the emergence and reemergence of arboviruses has created a global public
health emergency, costing the lives of millions of people and threatening economic
security globally [78].

The study of arbovirus replication cycles helps us understand how these viruses
control the host cell machinery and avoid the immune system. Although we have
some understanding of their processes, there are still aspects of each disease that
remain unclear. Uncovering the molecular mechanisms involved and the biological
interaction between arboviruses and host immune response can provide significant
knowledge for developing effective vaccines and treatments and implementing con-
trol and prevention approaches against arboviruses [79, 80]. Although there is much
to continue discovering, there is no doubt that the study of these entities is exciting.
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Acronyms

+dsRNA positive-sense double-stranded RNA
+ssRNA positive-sense single-stranded RNA
-ssRNA negative-sense single-stranded RNA
Arboviruses  arthropod-borne viruses

AHSV African horse sickness virus

ASF African swine fever

ASFV African swine fever virus

ASP3 aspartyl protease 3

AUD alphavirus unique domain

BATV Batai virus

BER base excision repair

BUNV Bunyamwera virus

C capsid

CCHFV Crimean-Congo hemorrhagic fever virus
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CEV
CHIKV
CTF
CTFV
DENV
DICAM
DNA
dsRNA
dsDNA
DUGV
E
EHDV
EIP

ER
FDC
GCs
Gce

Gn
GPC
HAZV
ICTV
IFN

IL
IMD
JAK-STAT
VIBs
JEV
LACV
MAYV
MCP-1
Mxra8
NOS
NRIV
NS
NSDV
nsP
NSm
NSs
OROV
ORF
PD-L1
pRM
PO

RC
RdRp
RIG-1
RNA
RNAIi
ROS
RVFV
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California encephalitis virus
Chikungunya virus

Colorado trick fever

Colorado trick fever virus

dengue virus

dual Ig domain-containing cell adhesion molecule
deoxyribonucleic acid
double-stranded RNA
Double-stranded DNA

Dugbe virus

envelope protein

epizootic hemorrhagic disease virus
extrinsic incubation period
endoplasmic reticulum

follicular dendritic cell
granulocytes

light cyan glycoprotein

dark cyan glycoprotein
glycoprotein precursor

Hazara virus

International Committee on Taxonomy of Viruses
interferon

interleukins

immune deficiency pathway

Janus Kinase-signal transducer and activator of transcription
viral inclusion bodies

Japanese encephalitis virus

La Crosse encephalitis virus
Mayaro virus

Monocyte chemoattractant protein-1
matrix remodeling associate 8
reactive nitrogen species

Ngari virus

nonstructural

Nairobi sheep disease virus
nonstructural protein
nonstructural M segment protein
nonstructural S segment protein
oropouche virus

open reading frame

programmed cell death ligand 1
precursor membrane
phenoloxidase

replication complex
RNA-dependent RNA polymerase
retinoic acid-inducible gene 1
ribonucleic acid

RNA interference

reactive oxygen species

rift valley fever virus
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SINV Sindbis virus

ssRNA single-stranded RNA

SP structural proteins

STING stimulator of interferon genes
TEPs thioester-containing proteins
TF transframe protein

TLR3 toll-like receptor 3

UPR unfolded protein response
UTR untranslated regions

VP viral proteins

WEEV Western equine encephalitis virus
WNV West Nile virus

YFV yellow fever virus

ZIKV Zika virus
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Abstract

One of the important organisms that significantly contributes to the worldwide
disease burden is intestinal parasites, which pose a significant global health issue,
affecting at least 20% of the world’s population. One of the intestinal parasites that is
most prevalent is Giardia intestinalis, a flagellated intestinal protozoon, that affects
humans, numerous birds, and domestic and wild mammals worldwide. It is also
typical in ruminants, such as pigs, dogs, and cats. Giardiasis is ubiquitous in both
high-middle-income and low-income nations. It is considered a parasitic disease of
enormous epidemiological and clinical importance that causes significant health and
economic burdens worldwide. A complicated interaction between innate and adap-
tive immunological components occurs during the immune response to G. intestinalis
infection. Correct diagnosis of giardiasis is crucial for effective treatment and preven-
tion of the disease; however, diagnosing Giardia infections is challenging because the
clinical symptoms are not specific to the illness. As no vaccines are currently available
to treat giardiasis, the only treatment available for these infections is chemotherapy
with nitroimidazole derivatives including metronidazole, which is the drug used.
Although metronidazole treatment is crucial in controlling giardiasis, recent reports
have shown the possible formation of resistance to the drug. Medicinal herbs also
provide an alternative option for managing Giardia infections, as they can offer an
efficient treatment with minimal adverse effects compared to other medications.

Keywords: Giardia intestinalis, giardiasis, immunology, emerging therapies,
drug resistance, diagnostic techniques
1. Introduction
Over the past three decades, infectious diseases have garnered increasing attention
from global health organizations such as the World Health Organization (WHO) and

the US Institute of Medicine [1]. Various factors have contributed to their growing
prevalence, including environmental changes and population growth, which have
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created favorable conditions for pathogens and increased host-pathogen interactions
[2]. These issues are particularly pronounced in low- and middle-income countries
(LMICs), where neglected infectious diseases (NIDs) impose a significant burden on
public health [3]. Intestinal parasitic infections, a subset of NIDs, affect approximately
20% of the global population and contribute significantly to mortality in developing
regions [4, 5].

Among intestinal parasites, Giardia is one of the most prevalent and clinically
significant. First described by van Leeuwenhoek in 1681, Giardia causes giardiasis, a
common parasitic disease affecting humans and animals, including ruminants, pigs,
and pets [6, 7]. Giardiasis is widespread in LMICs, affecting up to 33% of individu-
als compared to 2% of adults and 8% of children in industrialized nations [8]. The
disease presents significant health and economic challenges, necessitating effective
management and prevention strategies [8, 9].

Giardia exhibits a simple life cycle comprising two stages: the infectious cyst and
the multiplying trophozoite. Transmission occurs via contaminated food, water,
or direct fecal-oral contact [10]. Ingested cysts excyst in the host’s gastrointestinal
tract, releasing trophozoites that colonize the duodenum and jejunum, adhere to the
intestinal lining, and multiply, leading to malabsorption and clinical symptoms such
as diarrhea, abdominal pain, and weight loss [7, 11]. Severe cases can result in stunted
growth, cognitive delays in children, and post-infectious complications like irritable
bowel syndrome (IBS) [12]. Globally, Giardia ranks as the third leading cause of diar-
rheal illness, with over 300 million cases annually [13].

Accurate diagnosis is crucial for effective treatment and prevention. Common
diagnostic methods include fecal microscopy, immunodiagnostics, and molecular
techniques [14]. Standard treatments involve FDA-approved drugs such as metroni-
dazole, tinidazole, and albendazole [15]. However, concerns about drug resistance
have sparked interest in alternative therapies, including medicinal herbs, which offer
effective treatment with fewer side effects [9].

2. Intestinal parasites

Intestinal parasites (IPIs) are a significant global health challenge, impacting mil-
lions of people across various regions and socioeconomic groups [16]. Despite prog-
ress in diagnostic techniques, IPIs remain a burden on healthcare systems worldwide
[17]. Approximately 3.5 billion individuals are infected, leading to over 450 million
cases of illness annually [18]. IPIs primarily consist of helminths and protozoa, resid-
ing in the digestive tracts of humans and animals. They are transmitted through the
fecal-oral route, often via contaminated food or water [18, 19].

Protozoan parasites, comprising about 10,000 species, include common patho-
gens like Entamoeba histolytica, Giardia intestinalis, and Cryptosporidium spp, which
cause diarrhea-associated illnesses such as amoebiasis, giardiasis, and cryptosporidi-
osis [20, 21]. These infections disproportionately affect children under five, causing
malnutrition, stunted growth, and anemia [17, 22].

Globally, the WHO estimates that over 835 million children live in areas with high
parasite transmission rates, where these infections compromise cognitive develop-
ment and overall health [22]. Beyond physical health, IPIs significantly impact
productivity, quality of life, and socioeconomic stability [23].

66



Giardia intestinalis and Giardiasis: Biological, Immunological and Therapeutic Perspectives
DOI: http://dx.doi.org/10.5772/intechopen.1010313

3. Giardia spp.

Diarrhea is the second leading cause of global mortality after lower respiratory
infections [24]. Giardia is a flagellated protozoan parasite that infects the small intes-
tine, colonizing the gastrointestinal tracts of a wide range of hosts, including humans,
domestic and wild mammals, and various bird species [7, 25]. Giardiasis, caused by
the protozoan parasite Giardia, is a common diarrheal illness that infects the intes-
tines. The disease is zoonotic and prevalent worldwide, affecting both developed and
developing countries. While giardiasis can affect individuals of all ages, children are
particularly susceptible [20]. Annually, the disease impacts over 280 million people
globally [26]. Its prevalence ranges from 2.5 to 8.5% in developed nations and 21-33%
in developing regions [21].

3.1 History

The discovery of Giardia dates back to 1681 when Antony van Leeuwenhoek first
observed the parasite using a microscope to examine his stool [27-29]. In 1859, Vilém
Dusan Lambl provided a more detailed description, naming it Cercomonas intestinalis
[30]. Later, Battista Grassi identified it in rodents and called it Dimorphus muris in
1879 [31]. In the early 1880s, Johann Kiinstler named the genus Giardia after French
zoologist Alfred Giard [32]. Over time, various names, including Giardia intestinalis,
Giardia duodenalis, and Giardia lamblia, were proposed [31].

The twentieth century saw increasing recognition of Giardia as a pathogen.
Charles Wardell Stiles linked it to diarrhea during World War I, observing that
infected soldiers passed cysts, causing similar symptoms in laboratory animals [33].
By 1954, Robert Rendtorff provided clear evidence of its pathogenicity [34]. Research
from the 1950s to the 1970s explored its morphology, life cycle, and prevalence.
Significant advancements occurred from the 1980s to the 1990s with genetic studies,
including ribosomal RNA sequencing, revealing its genetic diversity [31, 35]. In 1999,
avaccine called GiardiaVax was developed for pets, reducing symptoms and cyst
output [36].

The 2000s brought genomic sequencing of Giardia, completed in 2007, providing
insights into its biology and potential drug targets [37]. Advances in molecular biol-
ogy during the 2010s improved the understanding of its pathogenicity [37]. By 2020,
researchers focused on new diagnostic tools, vaccines, and treatments, including
exploring medicinal plants for anti-Giardia properties [38].

3.2 Classification

Giardia is a single-celled eukaryote classified under the kingdom Protista.
It belongs to the phylum Sarcomastigophora, subphylum Mastigophora, Class
Zoomastigophora, and order Diplomonadida, characterized by flagella and two
identical nuclei [30, 39-42].

3.3 Giardia species and genotypes

There are over 50 species of Giardia, but molecular tools like PCR have refined
the classification to six main species (Table 1) [9, 30, 43]. Giardia is further classified
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Species Hosts Morphology

G. intestinalis Mammals, including humans, dogs, Teardrop-shaped with claw-shaped median bodies
and some wild species

G. agilis Amphibians Longer and slender than G. intestinalis, with a
teardrop-shaped median body

G. ardeae Herons and other birds Similar to G. intestinalis
G. psittaci Psittacine birds Similar to G. intestinalis
G. muris Rodents Shorter and rounder than G. intestinalis, with a

small rounded median body

G. microti Rodents, voles, and muskrats Similar to G. intestinalis

Table1.
Assemblages and sub-assemblages of Giardia and their hosts [6, 43].

into eight genotypes (A-H), with A and B infecting humans and mammals, C and D
affecting canines, E targeting livestock, F infecting felines, G found in rodents, and H
in aquatic mammals [43-46].

4. Giardia intestinalis
4.1 Basic morphology and life cycle

Giardia intestinalis exists in two forms: trophozoites (disease-causing) (Figure 1)
and cysts (infectious) (Figure 2) [49]. Trophozoites are pear-shaped, 9-21 pm long,
with two nuclei, four pairs of flagella, and a ventral disc for intestinal adhesion
(Figure 1) [47, 50, 51]. Cysts are ovoid, 12 x 6 pm in size, with four nuclei, and a thick
protective wall, enabling survival in the environment [30, 50, 52].

The Giardia intestinalis life cycle alternates between the trophozoite and cyst
stages (Figure 3) [54]. Infection begins with ingestion of cysts through contaminated
food or water [55]. In the stomach, acidic conditions trigger excystation, releasing
trophozoites, which colonize the small intestine and multiply [6, 54, 56]. In the lower
portion of the small intestine, trophozoites undergo encystation and form cysts that
are excreted in feces, remaining infectious in the environment [30, 54, 57].

Figure 1.
G. intestinalis trophozoite morphology, (a) G. intestinalis trophozoite, (b) scanning electron microscopy of the
pavrasite, and (c) transmission electron microscopy of a trophogoite. Adapted from [47, 48].
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2 pm

Figure 2.

G. intestinalis cyst morphology (a) G. intestinalis cyst using scanning electron microscopy, and (b) transmission
electron microscopy of a cyst. The nuclei (N), disc fragments (DF), and axonemes (Ax) are observed, as well as
the cyst wall (CW) and peritrophic space (PS). Adapted from [47].
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Figure 3.
Life cycle of G. intestinalis. Adapted from [53].

4.2 Genomics

Giardia intestinalis is about 12 Mb genome, organized into a diploid set of five
chromosomes, 4863 protein-coding genes, and 306 pseudogenes [58-60]. It hasa
compact structure with minimal non-coding regions and includes microRNAs for
gene regulation. Eight genotypes (assemblages A-H) have been identified [6, 60].

4.3 Metabolism

Giardia intestinalis lacks mitochondria and relies on glycolysis for ATP, though glu-
cose is not its primary fuel [44, 60, 61]. It uses the arginine dihydrolase pathway for
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efficient energy production [44]. Giardia trophozoites rely on preformed lipids, while
purines and pyrimidines are exclusively sourced from the host due to the parasite’s
inability to synthesize them [44, 60].

5. Giardiasis
5.1 Transmission

Giardia intestinalis is highly transmissible through various routes and poses
significant challenges due to the persistence of its infectious cysts [62]. Transmission
occurs via direct (person-to-person or zoonotic) or indirect (waterborne or food-

borne) pathways [63].
5.2 Clinical manifestation

Infection with G. intestinalis can be asymptomatic in 60-80% of cases [19, 56].
When symptoms occur, they may include diarrhea, abdominal pain, bloating, weight
loss, nausea, and fever [6, 64, 65]. Chronic infections can lead to malabsorption,
steatorrhea, and long-term effects such as inflammatory bowel syndrome (IBS),
arthritis, and cognitive issues [9, 12, 19, 56, 66]. Children are more prone to symptoms
due to weaker immunity [63, 67]. The severity of symptoms depends on factors such
as age, immune status, and the number of cysts ingested [19, 45].

5.3 Pathogenesis

G. intestinalis trophozoites attach to epithelial cells in the small intestine, disrupt-
ing the intestinal barrier and impairing nutrient absorption [19, 68]. This leads to
increased permeability, apoptosis of epithelial cells, and shortening of microvilli,
contributing to diarrhea and malabsorption [19]. Disruption of tight junctions further
compromises the intestinal barrier, exacerbating the symptoms of giardiasis [51, 69].

5.4 Immune responses

The immune response to G. intestinalis involves both innate and adaptive immu-
nity working together to combat the parasite [70].

5.4.1 Innate immunity

The first defense against infection is activated upon the parasite’s contact with the
intestinal epithelium. Macrophages, mast cells, and dendritic cells are involved in
recognizing and responding to the pathogen [30, 44]. Producing pro-inflammatory
cytokines to initiate immune responses. Nitric oxide plays a role in controlling para-
site replication [70].

5.4.2 Adaptive immunity

T-cells (CD4+ and CD8+) are crucial in the response. CD4+ T-cells help activate
B-cells and produce antibodies, while CD8+ T-cells eliminate infected cells [44, 70].
Cytokines, such as IL-17, TNF-a, and IFN-y, help control the infection, whereas Th2
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cytokines regulate inflammation [44, 71]. B-cells produce IgA antibodies, which play
an important role in controlling G. intestinalis at mucosal sites [44, 70].

5.5 Prevalence
Giardiasis is more common in areas with poor sanitation and lack of clean water

treatment [72]. It has been estimated that there are 280 million cases of giardiasis
worldwide each year [56]. While prevalence rates of giardiasis range from 10 to 20%

Country Host N. of examined Method of analysis Prevalence Ref.
samples

UK Human 212 Enzyme immunoassay 41 (57%) [74]

(EIA)

Russia Dogs cats 1752 dogs and Flotation and 172 dogs (9.8%) and 59 cats [75]

1261 cats sedimentation (4.6%)
techniques
Colombia Dogs 100 Microscopic 47 (47%) [76]

examination and PCR

Qatar Human 54 PCR Assemblage A in9 (16.67%), [77]
assemblage B in 30 (55.55%),
and a mixture of assemblages
A + Bin 15 (27.78%)

Syria Human 40 PCR Assemblages A (67.5%), [78]
assemblages B (10%) and a
mixed of assemblages A + B

(22.5%).
Ethiopia Human 422 Microscopic 271%. [79]
examination
Cuba Human 417 Microscopic 45 (10.8%) [80]
examination
Algeria Human 2054 Microscopic 97 (63.9%) [81]
examination
Nepal Human 333 Microscopic 63 (18.9%) [82]
examination and qPCR
South Human 516 Immunological and 40 (7.75%) [83]
Africa molecular methods
Korea Calves 590 PCR and ELISA 77 (13.1%) [84]
Mexico Human 173 Faust technique 40 (23%) [85]
Turkey Dogs 473 Microscopic 18.80% [86]
examination and PCR
Ethiopia Human 393 Real-time PCR 216 (55.0%) [87]
Nigeria Pigs 209 ELISA 53 (25.4%) [88]
Italy Dogs 168 Parasitological 69(41%) [89]
techniques and a rapid
immunoassay
Saudi Human 407 Microscopic 2% [90]
Arabia examination

Table 2.
Prevalence of Giardia in some countries of the world.
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of the overall population, from 20 to 30% in impoverished countries, and from 3 to
7% in industrialized nations [49, 73].

Table 2 displays that various studies across different countries have reported dif-
ferent prevalence rates. The prevalence can vary depending on geographical location,
urban or rural settings, age groups, hygiene, and socioeconomic factors [91]. Various
epidemiological studies have reported different prevalence rates, suggesting that
these rates may be greatly understated. This could be explained by the high percent-
age of asymptomatic carriers, who nevertheless aid in the spread of the illnesses even
in the absence of symptoms [91].

5.6 Diagnosis

Diagnosing G. intestinalis infection is essential for effective treatment and preven-
tion, though it can be challenging due to non-specific clinical symptoms [14, 92].
Several methods are used to detect the infection, including microscopy, immunodiag-
nostic tests, and molecular diagnostics [25, 92].

5.6.1 Microscopy examination

Microscopy is the most common method for diagnosing giardiasis by identifying
cysts or trophozoites in stool samples [25]. This method is affordable and widely used,
but it requires expertise and is not very sensitive for identifying different species
[63, 93, 94]. Multiple stool samples may be needed because cysts are sometimes shed
intermittently [14, 49].

5.6.2 Immunodiagnostic tests

Immunodiagnostic methods like ELISA and immunochromatographic tests are
faster and more sensitive than microscopy [14, 94]. These tests detect antibodies
against G. intestinalis in stool or serum, making them reliable for diagnosis [14].
However, they may give false-positive or false-negative results and are best used
alongside microscopy [14, 95].

5.6.3 Molecular diagnostic

Molecular techniques, especially PCR, are the most sensitive and specific
methods for detecting G. intestinalis [96]. PCR can detect the parasite’s DNA in
stool, blood, and saliva, allowing for accurate identification and molecular typing
[93, 97, 98]. Although PCR is highly reliable, it can be expensive and requires
skilled technicians [92].

5.7 Treatment

Despite recent reductions in the worldwide occurrence, giardiasis remains a
serious public health concern due to the high number of cases that have been docu-
mented. This poses a risk of transmission and economic burdens [9, 61]. Giardiasis
with symptoms should be treated to reduce the illness’s symptoms, avoid complica-
tions, and prevent the parasite’s ability to infect other hosts [11, 49]. Several drugs
are currently recommended for treating giardiasis, reflecting the ongoing efforts to
manage and combat this infection [9].

72



Giardia intestinalis and Giardiasis: Biological, Immunological and Therapeutic Perspectives
DOI: http://dx.doi.org/10.5772/intechopen.1010313

5.7.1 Chemotherapy treatment

Giardiasis is traditionally treated with chemotherapy using two groups of medica-
tions: benzimidazole derivatives (albendazole and mebendazole), nitroimidazole
derivatives (metronidazole, tinidazole, secnidazole, and ornidazole), nitazoxanide,
furazolidone, quinacrine, chloroquine, and paromomycin [9, 24, 44, 99].

Metronidazole has long been the first-line treatment, as it targets the DNA of the
Giardia parasite, preventing it from replication [98, 100]. However, while effective
in many cases, its use has been linked to adverse side effects [101]. Moreover, drug
resistance in Giardia has been increasingly reported, which has made treatment less
effective, especially in chronic and recurrent cases, with many cases refractory to
metronidazole treatment. These can result from reinfection, inadequate drug dose,
immunosuppression, and eventual Giardia sequestration in the gallbladder or the
pancreatic duct [101].

Tinidazole, another chemotherapy option, offers the advantage of requiring only a
single dose, which improves patient compliance, but similar resistance concerns have
emerged [102].

5.7.2 Phytoproducts and nanotechnology as treatment agents

The emergence of drug resistance has led researchers to look for alternative
treatments including the use of medicinal plants [99]. Many populations depend
on medicinal herbs and their derivatives as cost-effective, accessible, and advanta-
geous alternatives for treating a wide range of diseases [103]. Medicinal plants are
considered important alternative sources for treating Giardia infections due to their
potential to offer effective treatment with fewer side effects than other drugs [9].
Certain plants, like pomegranate (Punica granatum) and tansy (Tanacetum vulgare),
have shown antimicrobial activity against Giardia comparable to metronidazole in
laboratory settings [9, 104]. These plants could potentially provide additional treat-
ment options, especially in areas where drug resistance is a concern or where access to
pharmaceutical treatments is limited. However, further studies are needed to assess
the safety and effectiveness of these plant-based treatments before they can be recom-
mended for widespread use [105].

In addition to plant-based treatments, nanotechnology is emerging as a promising
strategy for combating parasitic infections [106]. Nanoparticles, such as selenium and
chitosan, have demonstrated enhanced anti-Giardia properties by improving drug
absorption and targeting parasites more efficiently [107, 108]. Selenium nanopar-
ticles, for example, have shown comparable efficacy to metronidazole with fewer side
effects [107], while chitosan nanoparticles disrupt the parasite’s cell wall, leading to
its death [108]. These advancements in nanotechnology offer potential improvements
in treatment effectiveness, suggesting that they could be employed as a safe, effective
alternative therapy for giardiasis [108, 109].

5.8 Control and prevention of giardiasis

Giardiasis is treated with metronidazole, but some reports suggest the parasite
may develop resistance to this drug [110]. Therefore, it is important to combine treat-
ment with other prevention measures to lower general prevalence and transmission
[110]. The main way for Giardia to spread is through contaminated water and food.
To reduce this, it is crucial to keep water and food clean, wash hands regularly, and
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educate people about hygiene [11, 30, 49]. Infected people should avoid swimming in

public pools to prevent the spreading of the parasite [30, 49]. Also, methods like boil-

ing or filtering water can kill Giardia cysts [62, 92]. Animals can also help in giardiasis
spread, so it is important to treat and wash animals regularly and maintain clean farm
environments [92, 111].

5.9 Vaccination against giardiasis

Currently, there is no human vaccine for giardiasis [112]. Developing a vaccine is
difficult because Giardia has a complex life cycle and can avoid the immune system. A
vaccine for animals, called GiardiaVax, was developed but did not work for humans

[36, 113, 114]. Some experimental vaccines target proteins on the surface of Giardia
[115]. However, no vaccine is currently available for human use [112].

6. Conclusions

Giardiasis still poses a serious threat to world health, impacting both people and
animals. This chapter has the main facets of the illness, such as prevention, treatment,
and prospects, covered. Chemotherapy remains the primary treatment option, with
metronidazole and tinidazole being used extensively; however, growing drug resis-
tance highlights the urgent need for alternative therapeutic approaches. The potential
of natural remedies and plant-based treatments has shown promise and offers
promising alternatives, while advancements in vaccine development for humans
could provide long-term solutions.
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Chapter 5

Perspective Chapter: Infectious
Disease Surveillance in Urban
Cities
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Abstract

The twenty-first century’s unprecedented urban growth has fundamentally
reshaped public health, creating unique challenges for disease surveillance in densely
populated, dynamic urban environments. This chapter explores the critical need for
robust urban disease surveillance and showcases innovations and best practices from
global and Indian contexts. It emphasizes that an effective surveillance system must be
capable of observing, monitoring, and responding to outbreaks to minimize their soci-
etal impact. Urban centers must evolve their systems to be smarter, more inclusive, and
integrated with other areas like urban planning and digital infrastructure. The chapter
details key innovations, including the use of digital health platforms, big data analyt-
ics, and Al for real-time data collection and analysis, as seen in systems like the U.S.
CDC’s BioSense and WHO’s Epidemic Intelligence from Open Sources (EIOS). It also
highlights the growing importance of community-oriented participatory surveillance,
mobile applications, and wearable technologies for early detection and contact tracing.
In the Indian context, the Integrated Disease Surveillance Programme (IDSP) has been
a cornerstone, enhanced by digitalization and technologies like the Aarogya Setu app.
Additionally, the chapter delves into core areas for strengthening urban surveillance:
wastewater and environmental surveillance, outbreak response strategies, syndromic
surveillance, entomological surveillance, urban slum surveillance, and private sector
involvement. It provides a prescriptive roadmap for building resilient urban health
surveillance by strengthening infrastructure, enhancing human resources, establish-
ing strong policy frameworks, and fostering global and local collaboration. Ultimately,
the effectiveness of twenty-first-century urban disease surveillance will depend on a
combination of technology, community participation, and supportive policies.

Keywords: urban surveillance, health system strengthening, wastewater surveillance,
entomological surveillance, disease surveillance, syndromic surveillance

1. Introduction
The twenty-first century is marked by unprecedented urban growth, fundamentally

reshaping the public health landscape. As urban populations expand—projected to
make up nearly 68% of the global total by 2050—the dynamics of disease transmission,
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detection, and control have undergone significant transformations. Urban environ-
ments, characterized by dense populations, mobile communities, informal settlements,
and diverse health ecosystems, present unique challenges for public health governance.
However, these very attributes also foster innovation and adaptive systems.

Urban disease surveillance has emerged as a cornerstone of public health pre-
paredness and response. It represents the systematic collection, analysis, interpreta-
tion, and dissemination of health data specific to urban populations, geared toward
early detection and containment of infectious and noninfectious diseases alike.

In light of increasingly frequent public health emergencies—from pandemics to
environmental hazards—surveillance systems in urban areas must evolve to become
smarter, more inclusive, and deeply integrated with other domains such as urban
planning, environmental monitoring, and digital infrastructure.

This chapter explores the imperative of urban disease surveillance by tracing
historical developments, analyzing global and national best practices, and unpacking
the institutional, technological, and societal levers that drive effective surveillance
systems. Drawing heavily from a compendium of global best practices, the chapter
aims to present not just a descriptive overview but also a prescriptive roadmap for
building resilient urban health surveillance in a rapidly urbanizing world.

1.1 Bridging gaps in urban surveillance

Currently, disease surveillance in metropolitan areas relies heavily on the public
sector, with limited private sector involvement, even though private providers deliver
primary healthcare to approximately 70% of urban households (National Family
Health Survey-3). The surveillance unit addresses this disparity by integrating private
healthcare providers into the surveillance framework and enhancing reporting and
analysis mechanisms. They also focus on vulnerable urban populations, such as those
in slums and informal settlements, to ensure equitable health monitoring.

1.2 Need for strengthening urban surveillance

The COVID-19 pandemic has underscored the critical need for robust disease
surveillance, particularly in metropolitan areas. These urban areas face unique chal-
lenges, including high population density, inadequate water and sanitation facilities,
and rapid urban development, all of which elevate the risk of epidemics. Further, the
unplanned urbanization in the metropolitan areas poses a major challenge in disease
surveillance as compared to the suburban and rural areas.

The surveillance units are designed to fill the gaps in urban disease surveillance
by targeting specific vulnerabilities: high density, poor sanitation, migrant popula-
tions, and extensive domestic and international travel. They aim to strengthen urban
disease surveillance to meet the distinct health risks of the city by supplementing
the resources and capacities of the existing IDSP for faster outbreak detection and
response. The surveillance strategy of the Integrated Disease Surveillance Program
through the district surveillance unit is not adequate to address the needs and chal-
lenges of metropolitan cities. Presently, the reporting is based mainly on the public
sector, with only a limited involvement of the private sector. Seventy percent of urban
households receive their primary healthcare from the private medical sector, accord-
ing to the National Family Health Survey-3.

Hence, the review of the best practices on urban disease surveillance will help
in implementing the innovations in the urban areas through the surveillance unit.
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Figure 1.
Thematic area of urban surveillance.

This document will compile learnings from the global and Indian best practices in
disease surveillance in the urban setting and improve the disease reporting with the
available resources and settings.

1.3 Core areas related to the strengthening of urban disease surveillance

These are the key elements of urban disease surveillance (Figure1).

2. Overview of the disease surveillance in an urban setting

Urban disease surveillance is a cornerstone of modern public health systems, par-
ticularly in densely populated cities where diseases can spread rapidly. Deriving from
the high population density, dynamic movement of people, and interconnectivity,
the urban area becomes a vulnerable area for disease outbreaks. An effective surveil-
lance system should be able to observe, monitor, and respond to outbreaks so that the
impacts on health and society can be reduced. This chapter showcases the innovations
in urban disease surveillance in the global and Indian contexts, providing a holistic
view of best practices and recommendations for strengthening these systems.

Globally, the landscape of digital health platforms for disease surveillance has
altered, as it now permits the real-time collection, aggregation, and analysis of data.
For example, BioSense by the U.S. Centers for Disease Control and Prevention (CDC)
aggregates health data from multiple other sources to hasten the identification of
outbreaks. The World Health Organization’s Epidemic Intelligence from Open Sources
(EIOS) exemplifies artificial intelligence (AI) in action, processing enormous quanti-
ties of data drawn from numerous sources, such as news reports and social media, for
the purpose of discovering likely threats to public health. The increase in the use of
digital technologies will, therefore, lead to better tracking and more informed deci-
sions about diseases.

In fact, big data analytics and Al are still evolving in their roles regarding predic-
tions and responses to diseases. A good example among many possibilities is Google’s
Flu Trends, which analyzes search engine data and can estimate flu activity. Following
South Korea’s lead in installing Al-powered chatbots to monitor COVID-19 symptoms
and provide health advice, these powerful algorithms increase the speed and accu-
racy of data analysis. With these advances, health authorities will be in a position to
discern trends, anticipate outbreaks, and optimally deploy resources.

85



Current Topics in Emerging and Reemevging Zoonoses

Alongside these new systems, there have also been emerging community-oriented
participatory disease surveillance systems that have been valuable additions to urban
disease monitoring. HealthMap is an example of a traditional citizen-based health
reporting platform that could present a complete view of the activity of disease in
a population, using traditional surveillance systems and citizen reports. In Africa,
through One Health, human, animal, and environmental health data are integrated,
marking the interconnectedness of these domains for successful interventions to pre-
vent outbreaks. By involving communities directly with the collection and reporting
of data, the systems provide data accuracy and foster public trust in health initiatives.

Mobile applications and wearable technologies are remodeling the monitoring and
management of diseases. An example that shows how mobile technologies are effec-
tive in tracking the mode of spread of diseases is the TraceTogether app by Singapore,
specifically for contact tracing of COVID-19. The continuous measurement of
physiological parameters such as heart rate and temperature helps wearables deliver
real-time insight into the health of individuals and the public, thereby enabling early
detection of everything from infectious diseases to chronic illnesses.

Another key feature of effective urban disease surveillance is interagency col-
laboration. The European Centre for Disease Prevention and Control (ECDC) is an
example of how multiple jurisdictions working together can produce greater efficien-
cies in disease monitoring. It encourages the sharing of data on diseases and joint
action among EU member states, thereby enhancing the collective ability to respond
to health threats across borders.

In India, urban disease surveillance has witnessed significant advancements
through innovative programs and technologies. The Integrated Disease Surveillance
Programme (IDSP) is intended to become the bedrock of the Indian district-based
surveillance outbreak detection and response effort. By digitalizing tools and services
such as mobile applications and online reporting systems, the IDSP enhanced data
collection and analysis. Aarogya Setu emerged as a key instrument in the country for
contact tracing, symptom reporting, and health advisories during the COVID-19
pandemic, proving India’s ability to swiftly employ technology for crisis situations.

The municipal health monitoring systems of cities, such as Mumbai and
Bengaluru, are dealing with vector-borne diseases like dengue and chikungunya.
Digital dashboards are used for case tracking, hotspot identification, and resource
allocation. Surveillance has been boosted further by public-private partnerships
(PPPs) with technology firms. For example, collaborations with startups that offer
solutions driven by AI have further enhanced the prediction and monitoring of trends
for diseases against proactive interventions.

Geospatial technology is a vital technology in the area of urban disease surveillance
in India. GIS mapping is used to identify and predict disease hotspots. Integrating
health data into urban planning involves projects such as Smart City initiatives. A good
example of such an initiative is Bhubaneshwar’s Smart City project, where geospatial
tools can work to improve resource allocation and public health outcomes. Community
engagement programs would also be vital, which include NGOs and health workers.
Initiatives such as these sharpen awareness and promote participatory surveillance and
thus empower citizens to take part more actively in public health.

To scale the innovations, one fundamentally starts from the base. Such steps may
involve strengthening infrastructural investments, including cloud-based storage and
processing systems for real-time access and reliability of data, and equipping health
workers through regular training on digital tools and data interpretation. These, how-
ever, necessitate the establishment of strong policy frameworks guaranteeing data

86



Perspective Chapter: Infectious Disease Surveillance in Urban Cities
DOI: http://dx.doi.org/10.5772/intechopen.1012875

privacy while fostering inter- and intra-sectoral linkages. Public awareness communi-
ties could mobilize citizens toward disease case notification and uptake of surveil-
lance technologies. On the other hand, global collaboration ensures that successful
models are adapted to local contexts and thus will promote continuous improvement
of the surveillance systems.

The urban centers will need to create a set of piloting examples that can kick-start
the integration of global and local innovations into their local initiatives directed
toward building a robust public health system for new health threats. It transforms
what might be learning lessons from best practices into a seemingly short, real
roadmap for strengthening disease surveillance and public health in urban settings.
The effectiveness of urban disease surveillance will hinge on the triad of technology,
community involvement, and policy support in the twenty-first century.

3. Automatic reporting of infectious disease data from hospitals
3.1 Brief background of the topic

A robust reporting system is a prerequisite for a surveillance system. By enabling
early detection of emerging infectious diseases through near-real-time data collec-
tion, reducing delays caused by manual reporting processes, and ultimately resulting
in better disease control and prevention strategies, automatic reporting of infectious
disease data from hospitals is essential for enabling rapid public health response
to outbreaks, improving disease surveillance accuracy, and facilitating timely
interventions.

3.2 Summary of the literature
3.2.1 Real-time surveillance of infectious diseases: Taiwan’s experience

In this program, the “communicable disease control cloud” performs automatic
reporting using hospital electronic medical records (EMRs) [1].

Taiwan has a comprehensive network of laboratory, epidemiologic, and early-
warning surveillance systems with nationwide representation. Hospitals and clini-
cal laboratories have deployed automatic reporting mechanisms since 2014 and
have effectively improved the timeliness of infectious disease and laboratory data
reporting.

The National Notifiable Diseases System (NNDSS) of the Taiwan Centers for
Disease Control (Taiwan CDC) has been the foundation of web-based infectious
disease surveillance in Taiwan since 2001.

EMRs, because of the automatically integrated system to generalize patient-
centered information, have reduced the average time required for a healthcare worker
to complete the report process to the Taiwan CDC from 9.2 to 6.3 minutes.

Leveraging EMRs used in the private sector healthcare facilities for understanding
infectious disease trends and implementing control measures.

The NEDSS (National Electronic Disease Surveillance System Base System) is a
CDC-developed integrated information system that helps public health departments
manage disease data and send it to the CDC. NEDSS helps public health agencies
accept electronic data exchanges from healthcare systems and enables health depart-
ments to create and send standards-based case notifications to CDC for NNDSS.
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Key highlights and strategic recommendations: IDSP is a flagship National Health
Program mandated with disease surveillance of epidemic-prone diseases across
36 states/UTs through a decentralized structure. The data is captured through the
Integrated Health Information Platform (IHIP), which is a case-based, near-real-time
reporting platform for disease conditions and outbreaks. Integration of the IHIP with
the EMR system of the health facilities and automatic reporting of infectious disease
data from hospitals will revolutionize the surveillance mechanism.

4, Wastewater surveillance

In a world where early detection of disease outbreaks is critical to saving lives,
researchers and public health officials have found a new ally in an unlikely place—
wastewater. According to the implementation framework of NUHM (2001), the
major deaths are reported by respiratory infections of about 16.5%, so the result is
that the detection of airborne infection should be early. From the bustling cities of
the United States to the distant corners of sub-Saharan Africa, wastewater-based
epidemiology (WBE) is proving to be a revolutionary tool in the fight against infec-
tious diseases. By analyzing pathogens shed into wastewater by individuals, both
symptomatic and asymptomatic, WBE offers a noninvasive and cost-effective method
to monitor the health of entire communities. This review explores the evolution of
wastewater surveillance systems, their applications in detecting multiple pathogens,
and the strategic recommendations for enhancing these systems.

4.1 Wastewater as a health sentinel

It all began with the establishment of the National Wastewater Surveillance System
(NWSS) by the U.S. Centers for Disease Control and Prevention (CDC), which set the
foundation for this pioneering public health strategy. The NWSS utilized wastewater
to monitor the prevalence of infectious diseases such as SARS-CoV-2, influenza,
and respiratory syncial virus (RSV). The system’s success is grounded in its ability
to capture data not just from symptomatic individuals but from entire communities,
including those who might not seek healthcare. Through wastewater, the system
detected early-warning signs of disease outbreaks, allowing public health authorities
to allocate resources efficiently and implement targeted interventions [2].

Wastewater surveillance represents an invaluable tool in communities where tradi-
tional clinical surveillance falls short, either due to underreporting or lack of health-
care access. By integrating this method into the broader public health system, the
NWSS helps paint a more complete picture of a community’s health, one that includes
the invisible, asymptomatic cases that often evade clinical detection (Figure 2).

4.2 The multiplex RT-qPCR revolution

In the field of pathogen detection, technology has continuously advanced, making
systems like NWSS even more effective. One such breakthrough is the development of
the multiplex RT-qPCR assay, which can simultaneously detect multiple viruses from
wastewater samples. This technological innovation allows for the detection of viruses
like SARS-CoV-2, influenza A, RSV, and even measles, all at once [3]. Prior methods
required separate tests for each pathogen, making the process time-consuming and
expensive. However, with multiplex RT-qPCR, the detection limits have improved
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Figure 2.
Schematic diagram for the wastewater surveillance from the hospital sewage treatment plan.

significantly, with the assay achieving a sensitivity capable of detecting as few as 15-25
gene copies per reaction. This breakthrough means that wastewater surveillance can
now detect viral ribose nucleic acid (RNA) weeks before clinical cases are reported,
making it a powerful early-warning tool for pandemics and seasonal outbreaks.

The research demonstrates the robustness of the multiplex assay in various
environmental conditions, even overcoming the inhibitors present in wastewater.
Moreover, the system is more cost-effective than traditional methods, which makes
it feasible for large-scale, ongoing surveillance. The ability to monitor multiple
pathogens simultaneously with high sensitivity could dramatically enhance global
pandemic preparedness and response [4].

4.3 Global expansion and broader applications

Wastewater-based epidemiology is not confined to the detection of respiratory
viruses like COVID-19 or influenza. The application of WBE spans a wide range of
pathogens, including gastrointestinal bacteria, protozoa, and even tuberculosis (TB).
For example, a study conducted in Incheon, South Korea, tested treated wastewater
for a variety of pathogens, including norovirus, hepatitis A, and Giardia lamblia. The
results underscored the power of WBE to detect pathogens that affect different parts
of the human body, not just the respiratory system [4].

Meanwhile, the focus has also shifted toward tuberculosis (TB), a disease that
remains a significant public health challenge in many parts of Africa. In a ground-
breaking study spanning six African countries—Ghana, Nigeria, Kenya, Uganda,
Cameroon, and South Africa—researchers explored the potential of WBE to detect
Mycobacterium tuberculosis complex (MTBC) in wastewater. The findings revealed
that MTBC, which causes tuberculosis, was present in wastewater samples across all
six countries, highlighting the utility of WBE as a tool for TB surveillance in regions
with limited healthcare access [5].

4.4 The one health approach

One of the most intriguing aspects of WBE is its alignment with the One Health
approach—a concept that recognizes the interconnectedness of human, animal, and
environmental health. The detection of pathogens like MTBC in wastewater not only
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reveals community-level health trends but also raises concerns about environmental
transmission. In Africa, where TB is prevalent, the detection of MTBC in treated
wastewater calls attention to the potential risks of environmental transmission, which
could affect downstream populations [2].

This idea of interconnected health systems is further reinforced by the discov-
ery of seasonal trends in pathogen prevalence, as seen in the study from Incheon.
Hepatitis A was found to peak during certain months, reflecting environmental
factors that may influence disease transmission [4]. By monitoring the prevalence of
various pathogens through WBE, public health officials can gain insights into sea-
sonal patterns and develop more targeted interventions.

4.5 Strategic recommendations for strengthening wastewater-based
epidemiology (WBE)

While the potential of WBE is vast, there are several steps that can further
enhance its effectiveness in global health surveillance. First, it is crucial to expand
surveillance networks to include underserved populations and regions with limited
healthcare access. This expansion can help identify disease outbreaks early, especially
in areas where clinical surveillance may be inadequate.

Second, developing standardized protocols for sampling and analysis is essential to
ensure consistency and reliability across studies. This standardization would make it
easier to compare data from different regions and ensure that the data collected is of
the highest quality.

Third, integrating WBE into existing public health systems will enable real-time
outbreak management. By combining data from clinical, environmental, and waste-
water surveillance, health authorities can more effectively respond to emerging
threats. Investing in infrastructure for wastewater treatment and genetic analysis will
also improve the quality of data collected and enable faster responses.

Lastly, WBE utility in tracking high-impact pathogens such as SARS-CoV-2,
norovirus, and tuberculosis should be prioritized. The ability to detect these patho-
gens in wastewater allows for more proactive responses, helping to prevent large-scale
outbreaks before they spread.

4.6 A new era in public health surveillance

Wastewater-based epidemiology has revolutionized how we think about public
health monitoring. By providing a snapshot of disease prevalence in real time, WBE
offers a powerful tool for early detection, outbreak management, and resource alloca-
tion. As technology continues to improve and more regions adopt these systems, WBE
will undoubtedly become an integral part of global health surveillance, bridging the gaps
left by traditional methods and providing a more holistic view of community health.

5. Environmental surveillance

Rapid urbanization has indisputably brought about sweeping changes to the
socioeconomic landscape of India. However, it also brought with it a host of health-
related issues. Today, cities are prevalent with bad air quality, increased susceptibil-
ity to zoonotic diseases, and constant healthcare-associated infections (HAIs). An
example of an air quality crisis manifests in Delhi, which demonstrates how vehicular
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emissions, industrial discharges into the atmosphere, and agricultural practices such
as stubble burning contribute to dangerous pollution levels [6]. This pollution is
directly associated with respiratory and cardiovascular illnesses, specifically pre-
mature deaths that number high in India owing to air pollution every year [6]. The
city’s environmental health is further complicated by urban ecosystems that facilitate
zoonotic and vector-borne diseases due to dense populations, climate variability, and
poor infrastructure [7]. Simultaneously, the urban area has hospitals that are crowded
and resource-constrained, and it is also a potential point for the establishment of
hospital-acquired infections (HAIs), which are aggravated by the inconsistency of
cleaning and increased microbial resistance [8]. This review aims to provide a strate-
gic framework for relating environmental health, disease surveillance, and infection
control in urban areas in India, based on previous works on air pollution in Delhi,
environmental monitoring for infectious disease control, and multimodal approaches
to infection prevention in hospitals.

5.1 Lesson learned

The COVID-19 lockdown provided a rare opportunity to observe the potential
for air quality improvement in Delhi, with significant reductions in pollution levels
achieved through decreased vehicular and industrial activities [6]. This emphasizes
the potency of emission control policies as targeted in their application. Likewise,
the incorporation of environmental matters such as precipitation trends together
with vector observation has proven useful in anticipating outbreaks of diseases
transmitted by mosquitoes [7]. This proves challenging because of the lack of funds
and the expertise to institute such a monitoring framework in all cities [7]. In the
domain of infection control, hospitals adopting bundled cleaning and disinfection
strategies have reported notable reductions in HAIs, demonstrating the importance
of consistent and evidence-based practices supported by government funding and
monitoring [8].

5.2 Key urban health challenges

Pollution within the air is one of the major threats that could bring about an urban
health crisis in the present time. Delhi, being one of the most polluted cities in the
world, itself speaks much about the disease it carries with it. Chronic exposure to air
pollutants in the form of particulate matter (PM2.5 and PM10) leads to various health
problems, such as “asthma, bronchitis, lung cancer, and heart disease [6].” Current
policies under the National Clean Air Program (NCAP) lack enforceable targets and
accountability mechanisms and have not been framed to overcome cross-boundary
pollution as well as the emissions from vehicles and industries that aggravate the
pollution problem [6]. Additionally, India’s urban landscapes are breeding grounds
for zoonotic and vector-borne diseases, with climate variability such as altered
rainfall patterns fueling the proliferation of vectors like mosquitoes [7]. Diseases
such as dengue and malaria find a conducive environment in unchecked urban
sprawl, which lacks standardized data collection for effective outbreak prediction [7].
Compounding these challenges are HAIs, which impose a significant burden on urban
healthcare systems. Poorly maintained hospital environments, limited training of
healthcare staff, and inconsistent application of cleaning strategies contribute to the
persistence of pathogens and high morbidity rates [8].
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Figure 3.
Multimodal strategy to combat hospital-acquired infections (Courtesy: Browne, and Mitchell [8]).

5.3 Strategic recommendations for urban health surveillance

Strengthening environmental monitoring is essential for tackling urban health
challenges. A robust framework that combines satellite data, IoT-enabled sensors,
and local air quality indices can provide real-time insights into environmental
health [7]. Such systems should be integrated with hospital infection records to
enable predictive analytics that inform public health responses [8]. Comprehensive
policy interventions are also necessary, with the expansion of the NCAP to include
explicit health-focused goals and the establishment of an Urban Health Surveillance
Authority (UHSA) to oversee disease monitoring and outbreak response [6, 7].
Advanced infection control practices, such as the adoption of multimodal cleaning
strategies, regular training, and the use of technologies like UV-C disinfection, are
crucial for reducing HAIs in urban healthcare facilities [8]. Leveraging technol-
ogy, including Al-driven predictive models and mobile health apps, can empower
citizens and authorities alike to monitor and respond to health risks effectively [7].
Community engagement through public awareness campaigns and collaborative
governance can further enhance urban health resilience by fostering partner-
ships among municipal bodies, healthcare providers, and environmental agencies
(Figure 3) [7].

The effects of air pollution, communicable diseases, and hospital-acquired infec-
tions thus pose a grave threat to India’s urban health systems. Storming the storm by
gushing environmental surveillance, strengthening policy frameworks, and adopting
innovative practices in the healthcare system would develop resilient urban health
ecosystems in India. The efforts should be strongly supported by the collaborative
participation of all stakeholders—government, healthcare, and community—in order
to create a healthier urban future. Goal-oriented, technology-driven solutions and
collaborative community engagements with focused interventions are the crux to
address health challenges in the urban system and set a global benchmark in public
health resilience for the twenty-first century.

6. Outbreak response strategies
6.1 Brief background of the topic

Epidemic-prone communicable diseases remain a problem for public health systems
worldwide, regardless of advancements in diagnosis and control techniques. Emerging
and re-emerging diseases are among these circumstances, which could jeopardize
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the security of public health as well as financial and social benefits. Emerging and
re-emerging diseases like cholera, dengue, H5N1 influenza, HIN1 influenza, Nipah,
SARS-CoV-2, and chikungunya have been the cause of a significant rise in outbreaks
and pandemics in India in recent years. Time-tested strategies for reducing the adverse
consequences of these diseases continue to include early detection, reporting, and
prompt public health response. The use of a trained Rapid Response Team to identify
and address outbreaks in their early stages plays a crucial role in containing the spread
of the disease.

6.2 Summary of the literature

93

* Epidemic intelligence—Europe

All activities pertaining to the early detection of possible health risks, their vali-
dation, evaluation, and inquiry in order to suggest public health management
measures are included in the field of epidemiological intelligence (EI). Both an
indicator-based and an event-based component are integrated into EI. The term
“indicator-based component” describes organized data gathered by standard
surveillance systems. The term “event-based component” describes unstructured
information obtained from any kind of intelligence source [9].

One Health approach (developing One Health surveillance systems)

The traditional approach to disease surveillance has been sector-specific,
with distinct systems for monitoring the health of people, domestic animals,
plants, wildlife, and the environment. In order to enhance prevention and
mitigation of spillover events, One Health surveillance should incorporate
integrated surveillance for both known and undiscovered pathogens. Ad-
ditionally, in addition to this more conventional disease-based surveillance,
it must incorporate surveillance of the factors that contribute to the onset of
diseases [10].

There is a National Joint Outbreak Response Team (NJORT) at the center.
Further, as per the DO letter from JS (PH), MoHFW GOlI, it was envisaged
that State and District Surveillance Committees are to be constituted in all
states/UTs. A similar surveillance committee may be formed at the corpora-

tion level, and accordingly, the same to be involved for outbreak response
[11].

* Surveillance of ambulance dispatch data as a tool for early warning—Denmark

Study conducted by the National Centre for Biological Defense, Statens Serum
Institute, Copenhagen, Denmark. Ambulance dispatch data was collected. Data
contained selected patient symptoms, patient characteristics, and geographical
information. Subsequently, the data were spiked with epidemiological symptom
data before analysis in order to simulate a geographically located, symptom-
specific disease outbreak.

An increased number of patients, for whatever reason, will, to a variable degree,
influence transport statistics as well as other parameters, such as physician calls
and emergency center statistics. Outcome—reducing the median outbreak de-
tection time (MOD-Time) [12].
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* Community-based surveillance

Community-based surveillance may improve early detection and response to
disease outbreaks by leveraging the capacity of community members to carry out
surveillance activities within their communities.

* For the surveillance unit focusing on the schools, educational institutions,
companies, etc., to report.

6.3 Key highlights and strategic recommendations

Surveillance units are envisioned with a system of the Health Emergency
Operation Centre with trained human resources. A multidisciplinary team, includ-
ing a public health specialist, microbiologist, and veterinarian, may be trained to
detect any outbreak using various indicator-based and event-based early-warning
signs through a One Health approach. Further encourage community members to
report unusual events through the IHIP community-based reporting system. The
aim is to have an outbreak detection and response mechanism through the surveil-
lance unit.

7. Strengthening syndromic surveillance
7.1 Brief background of the topic

Emerging diseases may not fit into disease-specific definitions. Early detection
of clusters of syndromes may trigger an alert before cases appear in a traditional
surveillance system. In contrast to waiting for confirmed diagnoses, which can take
longer to report, syndromic surveillance enables a quicker public health response by
monitoring nonspecific symptoms and health-related behaviors in real-time, thereby
providing an early-warning system to investigate and contain potential outbreaks
before they become widespread. This makes syndromic surveillance crucial.

7.2 Summary of the literature
7.2.1 Syndromic surveillance in public health practice, New York City

The New York City Department of Health and Mental Hygiene has established
a syndromic surveillance system that monitors emergency department visits to
detect disease outbreaks early. Routinely collected chief complaint information is
transmitted electronically to the health department daily and analyzed for temporal
and spatial aberrations. Respiratory issues, fever, diarrhea, and vomiting are the key
syndromes analyzed [13].

7.2.1.1 Participatory surveillance systems for ILI
Participatory surveillance systems for influenza-like illness (ILI) have proven
to be accurate and reliable, with the detected timing and relative intensities of

influenza epidemics being consistent with those reported by sentinel surveillance
systems.
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Influenzanet in Europe: Influenzanet is a participatory surveillance system moni-
toring the incidence of influenza-like illness (ILI) in Europe since 2003. It is based on
data provided by volunteers who self-report their symptoms via the Internet through-
out the influenza season and currently involves 10 countries [14].

FluTracking in Australia and New Zealand: FluTracking started with 400 par-
ticipants in 2006 and now has more than 150,000 participants across Australia and
New Zealand—making it one of the largest crowd-sourced public health surveillance
systems in the world. More than 23,000 new “flutrackers” signed up in April 2020
alone, and that number is expected to grow as new clusters emerge [15].

In March 2020, health authorities in the United States (including the National
Institute of Allergy and Infectious Diseases director Anthony Fauci) issued guidelines
for American homes, schools, and workplaces.

WHO Report on 5 July 2024: Best practices for the design, implementation, analy-
sis, and reporting of participatory surveillance for influenza-like illness [16].

Participatory surveillance for ILI is intended to complement traditional influenza
surveillance and is not intended to function as event-based surveillance.

Similar reporting can be done in schools, apartment complexes, etc., in urban
areas.

Syndromic surveillance systems for mass gatherings: Syndromic surveillance strategies
have been utilized in a wide variety of mass gathering settings, including the London
2012 Olympic and Paralympic Games, the 8th Micronesian Games in 2014, and
large camping events held by youth organizations. Syndromic surveillance at mass
gatherings can be undertaken by the surveillance unit utilizing the Integrated Health
Information Platform (IHIP) [17].

8. Entomological survey
8.1 Understanding the scope of entomology in disease control

The field of entomological surveillance entails covering all activities, procedures,
and processes that are involved in the monitoring and management of vector-borne
diseases in the specified area. The scope of these activities extends over aspects of
transmission, detection, identification, and response to disease. The integrated ento-
mological laboratory-based surveillance for vector-borne diseases such as malaria,
chikungunya, dengue, Zika, leishmaniasis, lymphatic filariasis, and West Nile virus,
including many other diseases, focuses on multiple vectors involved in disease vector-
ing, for example, mosquitoes and ticks. This includes monitoring the population
dynamics, distribution, and behaviors of the vectors.

Vector-borne diseases, especially malaria and dengue, persistently rank as some
of the most serious public health challenges across the globe. In India, malaria elimi-
nation is being pursued nationally with phased targets to achieve zero indigenous
cases by 2027 and sustained elimination by 2030. Malaria claimed over 608,000 lives
globally in 2022, and India accounts for a substantial burden in endemic regions. The
main vectors of public health importance in India, such as Anopheles, Aedes aegypti,
and Aedes albopictus, display different behaviors with widespread insecticide resis-
tance. The most known symptomatic disease that affects humans, arboviruses, has
more than 390 million infections worldwide each year. In India, based on epidemio-
logical reports, dengue outbreaks are largely attributed to Aedes aegypti and Aedes
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albopictus. Therefore, strong entomological surveillance and an integrated vector
management strategy are needed.

Even with all these advances in control strategies, such as insecticide-treated nets
(ITNs), indoor residual spraying (IRS), and larval source management (LSM), mos-
quitoes are resisting insecticides and adapting their behavioral patterns for survival,
so novel approaches are still needed. Novel methods like molecular surveillance and
community-based interventions may help solve these problems.

A study in Benguela Province, Angola, highlighted the molecular characteristics
of malaria vectors. Over 2200 adult mosquitoes were collected, with 733 identified as
Anopheles species. Molecular analysis revealed a diverse vector population, including
Anopheles coluzzii, An. gambiae sensu stricto, An. arabiensis, and An. funestus. Notably,
An. coluzzii/An. gambiae hybrids were detected for the first time in this region.

Plasmodium falciparum infection rates varied significantly between urban
(23.1%) and rural (5.7%) areas. Furthermore, knockdown resistance (kdr) muta-
tions—L1014F and L1014S—were detected, underscoring the growing challenge of
insecticide resistance. These findings call for continuous monitoring and tailored
vector control strategies to mitigate malaria transmission in Angola [18].

Studies carried out in Rio Grande do Norte state, Brazil, have shown the value of
virology in entomological surveillance. Out of the 1333 immature Aedes mosquitoes
surveyed, Aedes aegypti accounted for 89% of the total. Molecular testing has shown
very high rates of dengue virus (DENV) infection, with a 20.7% positive rate for pools
of mosquitoes collected. The predominant serotype was found to be DENV-4, which
was detected in 88.8% of the positive pools.

The minimum infection rate (MIR) for Aedes aegypti was 3.37, indicating a dire
need for early-warning systems. This study has established that the detection of
natural infections in mosquito populations would alert agencies to an impending out-
break, thus enabling them to take preemptive control measures on the vectors [19].

In Kampong Cham Province, Cambodia, a cluster-randomized trial assessed the
impact of community-driven interventions on dengue vector populations. These
interventions included the use of larvivorous guppy fish, mosquito traps, solid waste
management, and behavioral education campaigns. Quantitative results demon-
strated a 50% reduction in the Container Index (CI), a 45% reduction in the House
Index (HI), and a 60% reduction in the Adult Index (AI) in the intervention areas, all
statistically significant (p < 0.002).

While the results are promising, the study highlighted challenges in sustaining
long-term impacts and translating entomological reductions into decreased dengue
incidence. Community engagement and consistent follow-ups are crucial for main-
taining these gains [20].

India’s phased malaria elimination strategy has demonstrated significant progress,
achieving a 27% reduction in malaria cases between 2017 and 2022. Entomological
surveillance, supported by 103 zones, has been pivotal in monitoring vector species,
their distribution, and resistance patterns. Interventions such as IRS and long lasting
impregnated. Bednets (LLINs) have shown over 50% efficacy in reducing indoor vec-
tor density, while larval source management (LSM) has contributed to a 40% decline
in mosquito breeding habitats in urban areas. These successes underscore the critical
role of data-driven and integrated approaches in achieving elimination goals.

Resistance monitoring revealed widespread multi-insecticide resistance in Ax.
culicifacies, a primary malaria vector. The integration of entomological and epidemio-
logical data enables tailored interventions, particularly in high-transmission areas.
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Figure 4.
Entomological molecular surveillance: Innovative VBD control strategy.

This model highlights the importance of scaling surveillance efforts to align with
elimination goals (Figure 4) [21].

8.2 Strategic recommendations

1. Enhance molecular surveillance for data-driven decisions

Quantitative molecular tools, such as PCR-based assays for kdr mutations and
virological tests for pathogen detection, should be integrated into routine sur-
veillance programs. In the Indian context, monitoring efforts have demonstrated
that infection rates of Plasmodium falciparum declined by 27% between 2017
and 2022 due to targeted interventions. Additionally, integrated vector manage-
ment strategies, including larval source management and the use of LLINs, have
shown a reduction of mosquito breeding sites by 40% in urban regions. These
metrics underline the critical importance of molecular tools and robust data col-
lection for informing interventions.

2.Implement multipronged control strategies

Vector control programs must adopt a holistic approach, combining larval source
management, insecticide-based adult control, and community engagement. Suc-
cessful examples include:

* Cambodia: The use of guppy fish and solid waste management reduced
entomological indices. Similarly, India’s national vector borne disease
control program (NNBDCP) program has successfully implemented larval
source management (LSM) and insecticide-based strategies in select urban
centers. However, the program’ reach has been limited, with many cities
yet to benefit from these interventions, highlighting the need for expanded
implementation. The acceptance of such techniques within communities
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has been observed to be high, particularly when supported by educational
campaigns and local engagement, offering an opportunity to scale these
efforts nationwide.

* Brazil: Virological monitoring of Aedes aegypti provided early outbreak warn-
ings. In India, under the nongovernmental organization initiative, a pilot was
conducted at SCB Medical College, Cuttack, during the training of district
microbiologists. This initiative successfully demonstrated the integration of
entomological surveillance into existing health programs, gaining significant
acceptance among community stakeholders and healthcare workers.

3. Strengthen early-warning systems

Real-time surveillance data should be used to develop early-warning systems
for outbreaks. For example, integrating entomological and virological data,
as demonstrated in Brazil, can help identify hotspots and deploy resources
effectively.

4. Address insecticide resistance

Resistance management should be a priority. Regular monitoring of kdr mu-
tations and other resistance mechanisms can guide the selection of effective
insecticides. Diversifying control tools to include biological methods, such
as larvivorous fish and microbial larvicides, can reduce reliance on chemical
insecticides.

5. Foster community participation

Community-driven initiatives are crucial for sustainable vector control. Edu-
cational campaigns targeting schools and local leaders can promote behavior-
al changes, such as the proper use of LLINs and the elimination of breeding
sites.

This has shown the potential of integrating molecular surveillance, community
existence intervention, or adaptive management in a sound approach to vector-
borne disease control. Such studies reviewed here have reported that such local-
ized, context-specific, data-centered approaches need to be adapted specifically
to the particular ecological and socio-cultural situations. By using molecular
tools and building community involvement, we can further enhance the speed
at which progress can be made toward malaria elimination and global dengue
burden reduction.

9. Urban slum surveillance

Disease surveillance in urban slums: The challenges are manifold. One of the
reasons is that even if these populations are recognized as part of a formal health
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system, many slum populations may still be excluded due to their informal living
arrangements, lack of eligibility for legal recognition, and high mobility. A study
conducted in one of the largest slums in Bangalore, Devarajeevanahalli, found

that more than 40% of infectious disease cases are unreported due to small sample
surveys and hospital reports [22]. Underreporting cases complicates the effective
surveillance of disease trends and the introduction of timely preventive measures. In
the same line, 30% of the diseases are not seen because of fragmented use by public
and private health institutions in Mumbai. Such a scenario leaves wide gaps in data
collection [23].

In addition, this arrangement has been worsened by the unavailability of well-
structured, technology-enabled surveillance systems, which have allowed outbreaks
that would have been detected to go unnoticed until they become serious public
health problems. Even so, hope exists. The THULSI toolkit in Bangalore is a prime
example of how real-time collection of data can serve as a breakthrough in disease
detection. Using mobile technology, this intervention improved detection rates by
over 20% and has therefore pointed the way for scalable, localized health technologies
[22]. However, such tools remain out of reach for many urban slum communities,
delaying responses to preventable outbreaks.

Fragmented healthcare access is making the problem worse. Slum residents use
bits and pieces of public and private healthcare systems for their survival. They based
the choice of a provider mainly on price and distance, rather than on how complete
the system is. More than 60% of slum dwellers would rather use private providers,
according to a study conducted in Mumbai. However, these private providers are
hardly connected to an integrated surveillance mechanism. This leads to the unsuc-
cessful integration of arising health threats into a good track and response action [23].

Environmental factors facilitating the spread of diseases in slums. A reduction in
waterborne diseases of about 50% was recorded in Ahmedabad due to slum upgrad-
ing efforts, such as household water connections and sewage systems within those
communities [24]. Over 40% of the denizens of Mumbai’s underdeveloped slums
suffer from recurrent bouts of waterborne diseases due to poor infrastructure [23].
These disparities highlight the direct relationship between environmental conditions
and disease prevalence.

Local health facilities like Mohalla Clinics in Delhi, in some measure, would meet
the health requirements of an underserved population but are faced with considerable
limitations. Drug shortages, poor infrastructure, and a lack of awareness about the
services hinder performance. Mohalla Clinics still hold promise for developing acces-
sible health care based on further integrating stronger surveillance mechanisms [25].

9.1 Strategic recommendations for strengthening surveillance

1.Develop integrated data systems: Integrated health information systems are
essential to bridge data gaps and enhance disease tracking. The integration
of the THULSI toolkit with India’s Integrated Health Information Platform
(IHIP) could create a seamless system for digitizing health records and en-
abling real-time data collection. Community health workers can use the IHIP
platform to report infectious diseases in real time, ensuring that local-level
data from slum areas is synchronized with national health databases. This in-
tegration would significantly improve outbreak monitoring, early detection,
and resource allocation [22].
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2. Implement community-based sentinel surveillance: Community health officers (CHOs)
can serve as the backbone of localized surveillance. Involving CHOs in Mumbai
slums increased early detection of maternal and noncommunicable diseases by 30%
[23]. Training CHOs to monitor disease trends and report cases using platforms like
IHIP can ensure timely interventions and foster trust within the community.

3. Enhance surveillance infrastructure: Investments in technology-driven tools, such
as electronic health records (EHRs) and GIS mapping, can significantly enhance
surveillance capabilities. For instance, Mohalla Clinics in Delhi have piloted
digital patient records to track disease prevalence effectively, providing a scalable
model for other urban slums [25].

4. Promote health education and awareness: Health education campaigns tailored to
local contexts can address misconceptions and improve participation in sur-
veillance programs. In Bangalore, engaging community leaders and influenc-
ers increased participation in health screenings and treatment adherence [22].
Awareness initiatives should emphasize preventive measures such as vaccination
and proper hygiene practices.

5.Deploy mobile clinics and diagnostic tools: Mobile health units equipped with
point-of-care diagnostics bring healthcare directly to underserved popula-
tions. Delhi’s Mohalla Clinics have demonstrated how proximity and afford-
ability drive service utilization [25]. These mobile clinics can also serve as hubs
for data collection, feeding valuable information into centralized surveillance
systems.

10. Private sector involvement

The disease surveillance depends on the data reported from both the government
and private health facilities. The National Family Health Survey (NFHS) highlighted
that private health facilities serve a large portion of the population and handle a
significant share of the disease burden. Thus, to capture the real disease burden and
monitor the trends of a disease condition, the reporting from the private sector is
equally crucial. It is envisioned to have a unified portal with a collaboration of both
the public and private sectors for effective surveillance and public health action.

Use of digital health technologies: The adoption of digital platforms facilitates
real-time data sharing between private health providers and IHIP. Mobile applications
and electronic health records (EHRs) are critical for streamlining disease notifica-
tion processes. The Kenya Health Information Systems Interoperability Framework
(KHISIF) is an example of facilitating the interoperability of health information
systems.

Policy and regulation: Policies promoting private sector involvement in surveil-
lance can significantly improve reporting. For instance, the WHO’s Global Framework
for Private Sector Engagement in Health emphasizes creating regulatory environ-
ments that mandate disease reporting by private entities.

Legal and regulatory frameworks: Legislation mandating private sector reporting
of notifiable diseases ensures compliance and accountability. The Public Health Act
in countries like South Africa and Singapore includes provisions for private sector
participation in disease surveillance.
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Figure 5.
The architecture of public health surveillance in 2035 (Courtesy: Vision 2035 NITI Ayog guideline).

Private Sector Engagement for Infectious Disease Surveillance in Mixed Health
Systems: Lessons from a Model Dengue Reporting Network in India [26]. Developed
and set up a public-private network (CODREN—Community Disease Detection
and Response Network) with recruitment of eligible health resources (n = 462) ina
municipal ward of Pune city.

It concluded that private sector engagement can improve dengue case detection
with the selective inclusion of providers, sustained contact, feedback, and simple
reporting methods.

NITT Aayog has highlighted the importance of private sector involvement in
Disease Surveillance: Engaging the Private Sector.

Vision 2035 by NITI Aayog highlights the framework of the public health surveil-
lance (Figure 5).

Private sector reporting from the private sector—Mangaluru, Karnataka:

Best practice—use of technology to better capture data on malaria cases from

both the public and private sectors and impact on the malaria buvden. The new
“Malaria Control System” (MCS) was launched in October 2015 in Mangaluru by
the Government of Karnataka to capture data and build the capacity of the existing
program within the entire city. MCS was introduced as a program management
system to support effective management of the malaria contvol program by digitizing
reporting of newly diagnosed malaria cases for treatment, tracking, and closure of
cases after completed care for each malaria patient.
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Abstract

In immunocompromised individuals, including HIV/AIDS patients, cancer
patients, and those under post-transplant immunosuppression, Mpox infection is
characteristically very severe and carries multiple complications. This study looks into
the complexity of the clinical course of Mpox in these risk groups. The immunosup-
pressed present in most circumstances with severe skin lesions, unusual distribution
of lesions, delayed wound healing, and visceral involvement. Complications like
hemorrhagic Mpox, pneumonitis, encephalitis, persistent viremia, and persisting
viral shedding increase the death risk manifold. Hemorrhagic and systemic clinical
manifestations are most severe in cases with less than 200 CD4+ T-cells/pL. Besides,
atypical presentations result in delayed diagnosis, which enhances transmission
while complicating treatment. Also, there is a problem when it becomes chronic
because of possible secondary infections, including bacterial and fungal superinfec-
tions. Improving outcomes is vital if this is diagnosed and treated promptly with
polymerase chain reaction (PCR), cytokine profiling, and antiviral therapy (e.g.,
tecovirimat). Such ongoing infections commonly found within immunocompromised
patients lead to viral escalation and prolonged hospitalization as well. Public health
interventions ought to be made sophisticated and included in vaccination initiatives,
educating patients, and controlling infections for those at high risk, particularly
among the men who have sex with men and immunodeficiency disease population.
This particular study highlights the urgent need for proposed clinical measures and
global health initiatives aimed at the reduction of impacts caused by Mpox among the
immunocompromised.

Keywords: HIV/AIDS, Mpox, hemorrhagic Mpox, immunocompromised patients,
tecovirimat

1. Introduction

Mpox, formerly called monkeypox, is now a leading global health challenge and
has proven detrimental to the health of particularly immunocompromised patients.
The immunodeficient, for example, human immunodeficiency virus/Acquired
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immunodeficiency syndrome (HIV/AIDS), cancers, organ transplants, and individu-
als under immunosuppressive therapy, present particular clinical problems when
infected with Mpox [1, 2]. While having a powerfully intact immune function, the
differences arise when compared with an immunocompromised patient — infected
persons are more prone to develop infections because of impaired surveillance
functions [3, 4]. The gravity of such a situation may potentiate the formation of an
unusual, vicious pathological condition. Prolonged viral shedding is among the main
concerns raised in this class of patients, thereby extending the period of infectivity
and increasing the risk of transmission in healthcare and community settings [5, 6].
Unusual clinical presentations can also be seen among immunocompromised patients,
complicating clinical diagnosis and delaying early intervention [7]. Early identifica-
tion may not be simple because fever, lymphadenopathy, or even the distinguishing
rash sometimes do not appear or change [8, 9]. More often, such clinical symptoms
increase the risk for disseminated disease since the virus penetrates beyond the skin
and causes multiple organ systems to present extreme severe complications, including
pneumonitis, encephalitis, and sepsis. The necrotic and hemorrhagic extensive skin
lesions are commonly found among the immunocompromised hosts and indicate the
aggressive nature of the disease [5, 9, 10].

One of the other more significant issues is the possibility that this type of popula-
tion group could have treatment-resistant infections. Such patients may be immuno-
compromised and may not respond well to conventional therapy [11]. They may need
to take more aggressive or combination therapies for longer durations. Vaccination,
however, cannot help break the outbreak pattern; it becomes a new area of conflict.
Similarly, live attenuated vaccines may be contraindicated in an immunosuppressed
person, elicit suboptimal responses, and raise questions regarding possible safety
concerns limiting their protective efficacy [12, 13]. Alarmingly, the mortality rates
for Mpox infections are higher in immunocompromised individuals than in the
general population by several folds. Studies have shown an increased risk of fatal
outcomes, almost always associated with advanced immunosuppression or with
multiple comorbidities. Hence, there is a crying need for specific treatment regimens
aimed at early diagnosis, individualized therapy, and close follow-up [14, 15]. By
creating a standardized treatment pathway with a multidisciplinary approach, clinical
outcomes for this high-risk, vulnerable patient population could be optimized, and
risks might be diminished. Surveillance and screening programs for Mpox should
also target immunocompromised individuals, such as those affected by HIV/AIDS or
that undergoing cancer treatment [12, 16, 17]. Train healthcare providers to recognize
atypical manifestations of Mpox in such patients; these may not be the same as those
for immunocompetent individuals. Further research should be directed toward
developing antiviral therapies and prophylactic measures explicitly aimed at immu-
nocompromised populations to mitigate the risk for severe Mpox infections [18].

Emerging Mpox infection increasingly correlates with the spread of travel and
zoonotic reservoirs linking immune-compromised populations worldwide; hence,
such phenomena cultivate the urge to intensify research and develop public health
interventions [19]. What would be essential is knowing special clinical considerations
and making those into feasible, actionable interventions aimed at minimizing mor-
bidity and mortality for these populations. Timely diagnosis and effective interven-
tion could go a long way in managing the course of the disease and preventing severe
manifestations and complications [8, 20]. This study becomes increasingly important,
as nearly all reports published discuss Mpox infections predominantly affecting the
general population, with scant detailed information about immunocompromised
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patients. Given the clinical peculiarities, increased illness severity, and increased
mortality observed in this vulnerable group, there is a need for targeted research that
would inform public health and revamp clinical and policy practice. In addition to
this, there are increasing numbers of immunocompromised individuals worldwide
among transplant recipients, survivors of cancer, and those who have received long-
term therapies with immunosuppressants, warranting the urgent need to know the
behavior of Mpox in these populations [21, 22]. The gradual evolution of the Mpox
virus and new emerging viral strains are expected to have various effects on immu-
nocompromised hosts and thus strengthen the need for continuous monitoring and
periodic revision of management protocols. Identifying unique risk factors and opti-
mizing treatment protocols would, therefore, mean exploring vaccination approaches
further in this group and would equate to better management outcomes for the
affected individuals. Upgrading diagnostics and solid implementation of infection
control measures should also be paramount to outbreak containment and protecting
high-risk patients [23]. This study will critically assess the clinical impact of Mpox

in immunocompromised populations to fill significant gaps in the knowledge that
directly translate into interventions that improve patient care, create guidelines, and
shape future research efforts.

2. Clinical presentation and progression

Mpox infections greatly influence patient health status according to the patient’s
type and severity of clinical features. In severely immunocompromised patients,
skin lesions may lead to superinfection and scarring. An atypical rash distribution
may delay diagnosis and risk transmission. The hemorrhagic condition of Mpox
affects life-threatening situations with generalized bleeding and multiorgan failure,
thereby demanding urgent supportive management [24]. Where the virus causes
persistent shedding in blood and long-term presence in the bloodstream, it predis-
poses an infection to a prolonged duration and causes dissemination throughout
the entire body (Table 1). This condition usually necessitates more treatment along
with isolation.

When the lesions remain too long, they become chronic ulcers, which may open
the victim to insidious invasion by secondary bacterial infections. The virus can target
crucial organs such as the lungs and brain, causing unusual and severe complica-
tions like dreadful, extreme encephalitis and sepsis [21, 25]. The best outcomes will
result from very early detection and diagnosis of the disease and prompt initiation of
antiviral therapy, wound care, and supportive management.

2.1 Severe cutaneous lesions and atypical rash distribution

Mpox infection often shows a more acute and unusual clinical course in immu-
nocompromised individuals than in the general population. A distinctive feature in
immunocompromised patients is that severe skin lesions may occur. The incubation
period is 6-13 days and can extend to 21 days. Specifically, the average is shorter, at
8.5 days, in cases following sexual activity. The first signs include low-grade fever,
headache, and rashes in limited areas. Coupled with a cough, these may include
dyspnea, runny nose, mouth ulcers, sore throat, weight loss, abdominal pain, and
diarrhea. The lesions of the mucosa could penetrate the rectal wall. Some 85% of
those with skin lesions also had lymphadenopathy [26]. Infections may, however, be
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Clinical Features

Health Effects

Symptoms

Preventive Measures and Treatment

Examples

Severe Cutaneous

Skin infections,

Large limbs,

Early use of antivirals, care of wounds

Necrotic skin

Lesions scarring,and  necroticand lesions needing
disfigurement  painful ulcers debridement
risk
Atypical Rash Delayed Lesions on Clinician alertness and training Genital lesions
Distribution diagnosisand ~ mucosa, genitals, mimicking
increasing or localized areas sexually
transmission transmitted
infections
Hemorrhagic High mortality = Widespread Aggressive supportive care and Hemorrhagic rash
Mpox and multiorgan bleeding, antivirals and pulmonary
failure hematuria, hemorrhage
internal bleeding
Prolonged Viral =~ Extended Persistent They are kept isolated and given Positive viral PCR
Shedding infectivityand ~ detection extended antiviral therapy several weeks
risk of spread  of virus after symptom
post-recovery resolution
Persistent Systemically, Continuous Continuous and intensive monitoring  Prolonged
Viremia itisspreading  presence of and supportive therapy for patients viremia on blood
and poor the virus in the tests
prognosis blood stream
Delayed Wound ~ Chronicity Nonhealing Optimizing wound managementand  Chronic skin
Healing in wound, ulcers with treatment with antibiotics ulcers with
secondary superinfection bacterial
infections colonization
Visceral Multiorgan Pneumonitis, Early intensive care unit (ICU) Mpox-related
Dissemination failure, hepatitis, management and aggressive antiviral  encephalitis or
increased encephalitis, management acute respiratory
mortality sepsis distress syndrome

Table 1.

Elaborating clinical features and health impact during Mpox infection.

asymptomatic. For the healthy, lesions will migrate from face to limbs, while atypi-
cal for the immunocompromised. Mpox infection proceeds through the incubation,
prodromal, rash, and crusting stages. The world health organization (WHO) divides
Mpox Virus infection into an early five-day phase of fever, headache, and lymphade-
nopathy, followed by skin rash. Secondary fever may indicate resurgence; however,
this may not be seen in pediatric patients [7]. In intact immune systems, skin lesions
are usually limited to self-limiting lesions, whereas in immunocompromised hosts,
necrotic skin lesions are generally large, deep, and relatively persistent. These lesions
are very painful due to their size, cause severe damage to the host’s well-being, actasa
hindrance to therapy due to secondary infections, and may leave scars and create dis-
figurement. However, the patients have different problems from an impaired immune
response (the pathology). The course and recovery are different. In July of the year
2022, Mpox was proclaimed as a public health emergency for the COVID-19 pandemic
by the WHO. There are numerous barriers to access to diagnosis, immunization,

and treatment in low-income countries. At the same time, all other known features

of Mpox have also been found in immunocompetent persons [27]. In HIV-infected
individuals, the infection is more virulent and severe than in individuals with normal
antibody production and Th1 response, as this is the true nature of the disease.
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The centers for disease control and prevention (CDC)’s September 2022 recommen-
dations focused on immunocompromised populations suffering from the most severe
stages of Mpox disease, particularly HIV-immune patients. Most severe cases were
reported in patients with HIV and a cluster of differentiation 4 (CD4) count below
200 cells/mL [1, 26].

2.2 Hemorrhagic Mpox

Hemorrhagic Mpox (HMpox) is a sporadic yet complex disease mainly affecting
immunocompromised individuals. This extensive bleeder bleeds through the skin
and mucous membranes, significantly increasing mortality risk [24]. These symp-
toms point toward an intense invasion of the virus along with a wholly dysregulated
immune response, requiring aggressive supportive care. The aggressive form of this
disease is relative to the classic vesiculopustular type [28]. The severe manifestation
is ascribed to great vascular destruction through an unchecked viral replication and
an immune system failure that expresses itself in petechiae, ecchymoses, mucosal
bleeding, hematuria, gastrointestinal bleeding, and possibly fatal hemorrhages in
critical organs such as the lungs and the brain [29, 30]. HMpox is rapid in progres-
sion and most often has high mortality if not treated through aggressive supportive
management like hydration, transfusions, antiviral therapy, and close hemodynamic
monitoring. There are the highest incidences of this complication among immuno-
compromised persons, including the ones with advanced HIV infection (CD4+ T-cell
count below 200 cells/pL), patients undergoing chemotherapy, transplant recipients
receiving immunosuppressants, and individuals having certain primary immunode-
ficiencies [24, 30]. This year’s Mpox outbreak fundamentally changed the landscape
of risk around the world; over 18,000 cases were reported in Europe alone. The
patterns of spreading evolved into primarily infecting men who have sex with men
(MSM) through close physical or sexual contact, without travel to endemic regions.
Undiagnosed and uncontrolled HIV will now become part of the risk population
because they could be greatly immunocompromised without their knowledge, put-
ting them at risk for severe or hemorrhagic forms of the disease [31, 32]. The emer-
gence of HMpox has sounded the alarm on the need for rapid diagnosis, increased
clinical vigilance, and expedited access to antivirals such as tecovirimat. Equally
important is the demand for proper supportive care to calm the storm of bleeding
and other derangements. Public health strategies should be directed toward vaccina-
tion, educating high-risk groups, improving diagnostics, and developing healthcare
infrastructure to manage and treat complications [33].

2.3 Prolonged viral shedding

The transmission threat has exacerbated the chance of virus mutations, as has the
virulence and transmissibility, all due to prolonged shedding from infected individu-
als within the immunocompromised population [34]. It is imperative to take urgent
intervention steps for managing Mpox among vulnerable communities and strictly
implement infection control procedures in healthcare environments. As demonstrated
by the fast dissemination of Mpox globally in 2022, all of this will tell us about how
connected the world is and how quickly infectious diseases can get tagged with a label
of worldwide concern. The outbreak should be a reminder that the time is now for
strong global health surveillance systems and an internationally coordinated response
to emerging infectious diseases [1, 35]. In contrast, the other cases outside Africa
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were mainly associated with the spread of international travel and the importation of
infected animals. Declining immunity from vaccination for smallpox and this Mpox
outbreak has greatly favored transmission [35]. Increased morbidity and mortality,
generally not associated with immunocompetent Mpox infection, severely affect these
susceptible subgroups: patients with immunodeficiency, the elderly, small children,
pregnant women, and those with comorbidities such as diabetes mellitus [36, 37].
Unlike many other outbreaks, over 95% of suspected transmission events have histori-
cal ties to sexual activity [36, 38]. Furthermore, most of the infected humans, about
98%, are probably gay or bisexual men, and out of these men, 41% were co-infected
with HIV. Thus, it is reasonable to inquire whether Mpox could evolve into an sexu-
ally transmitted infection (STI) or indicate particularly at-risk communities [39].

The clinical suspicion for Mpox arises mainly from observing lesions and lymphade-
nopathy; however, the confirmatory diagnosis requires polymerase chain reaction
(PCR) testing. There are bright hopes along with immunization through vaccines,
repurposed antiviral agents, and stringent measures against the infection to control
the disease. Most of what is known about Mpox relies now on information collected in
resource-poor settings in Africa and thus needs to be reassessed in light of the recent
global pandemic. The health agencies must unite worldwide to develop a common,
well-funded research agenda and containment strategy to address this emerging
threat [40, 41].

2.4 Persistent viremia

Persistent viremia is when viruses are continuously present in the bloodstream
and not within the expected timescale, and this is more common in individuals
with immunocompromised status. This indicates continued viral replication, which
correlates with adverse clinical outcomes, namely systemic involvement and diversely
affected organs [42, 43]. While features of Mpox are well known in individuals with
standard immune systems, significant challenges related to diagnosis, vaccination,
and treatment remain for low-income countries. In addition, immunocompromised
persons are at increased risk of exposure and even death because they fail to produce
adequate protective immune responses [43]. Although the origin of MpoxV is still
unknown, a primary suspect is rodents. Consuming a raw or undercooked form of
this contaminated meat can lead to exposure. People living far from such areas, close
to forested areas, could also be exposed to infected animals. Mpox can be contracted
through direct or indirect contact with infected body fluids or lesion materials. Direct
exposure could contact fomites, respiratory secretions, and skin-to-skin contact [42, 44].
Injury indirect exposure can occur from 6 feet with patients undergoing specific
procedures that generate aerosols of secretions, lesions, or dry exudates. Also, during
childbirth and placental transmission, this virus is transmitted. The virus replicates
in the initial site of infection and is sighted by mononuclear phagocytic cells, which
diffuse through the whole pathway before returning to the dermal layer [45]. Initial
replication occurs at the site of infection, wherein the virus reaches nearby lymph
nodes and spreads into the bloodstream after 10-14 days [46]. Although it does not
mention the primary immunodeficiency, it includes other types of disease condi-
tions under autoimmune disease with immunodeficiency. Both immunocompetent
and immunocompromised individuals face significant health risks, such as former
immunosuppressed patients and old and young people. Characterized by prolonged
infection, in-host viral evolution, and mutated viruses, this is the most frequently
described infection among immunocompromised patients. Protracted bacterial
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bronchitis is found chiefly in children. Other infections associated with the immu-
nocompromised condition are supported by blood, lung, and central nervous system
viral, bacterial, and fungal infections [35, 47]. Such an immunocompromised condi-
tion makes patients more prone to prolonged infections, increasing hospital stays and
complications. Studies in response to infection of the immunosuppressed range in
terms of mortality, complications, and the duration of hospital stay [42]. A study con-
ducted in Spain in 2009 showed that immunocompromised individuals share a higher
mortality rate than immunocompromised individuals with Influenza A (HIN1), and
bacterial coinfections complicated many cases. However, a study in 2020 from the
United States reported that long-term usage of immunosuppressive drugs was not
associated with worse clinical outcomes for patients with COVID-19 hospitalized.
Another study concluded that those immunosuppressed patients contracting COVID-
19 did not have a higher chance of getting severe lung disease; therefore, treatment,
including chemotherapy, can continue [48, 49]. There are controversies concerning
immune suppression in pregnant females, where susceptibility to infections depends
not only on the woman’s immune status but also on the particular placental immune
response to specific pathogens.

2.5 Delayed wound healing

Delayed wound healing constitutes a frequent and complex complication of Mpox
infection, specifically a more significant challenge among the immunocompromised.
This is purely because of the direct cytopathic effect of the virus on skin cells and the
poor regenerative capacity of the host [50]. However, an immunocompetent person
would usually experience complete healing of a cut in different stages and dry after
a few weeks. This could take months for immunodeficient individuals or patients
suffering from conditions like diabetes or HIV [51, 52]. Prolonged injury would leave
these lesions open and ulcerated and remain inflamed for days, weeks, and even
longer, leading to significant gaps in the skin barrier. Chronic ulcers can be a classic
entry point for subsequent bacterial or fungal infections [53]. For example, some
such superinfections would include those associated with Staphylococcus aureus or
Pseudomonas aeruginosa infections in Mpox lesions that do not heal once untreated,
causing agonizing pain, suppuration, cellulitis, or, in the extreme, systemic sepsis
[54]. Chronic wounds may also become colonized by other pathogens, including spe-
cies of Candida, to make matters worse. Again, in addition to the antiviral therapy, the
treatment for these secondary infections must include specific antibiotic or antifungal
therapy. It also causes extensive scarring, contractures, and disfigurements that
endure long-term in the worst-affected cases. Thus, all good wound care, identifica-
tion of superinfection, and combined therapy become very important in the healing
process while minimizing complications and improving the patient’s outcome [55, 56].

In their research conducted in 2024, Azzam et al. [57] present an insightful discus-
sion of the effects of immunosuppression on the severity and mortality of Mpox, with
an important consideration for visceral dissemination in the immunocompromised
population. The visceral spread probably becomes a significant complication of
Mpox infection only among individuals who happen to have an immune-weakening
condition, such as those with very advanced HIV infections (CD4 counts of below
200 cells/pL) and organ transplant recipients. In post-mortem studies, testing by PCR
and immunostaining has shown Mpox in various visceral locales, indicating it is truly
systemically involved. Severe disease manifestations include respiratory failure, hepa-
titis, enterocolitis, encephalitis, and sepsis. In turn, these complicate the condition
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and increase the risk of death [56, 57]. The virus spreads through the bloodstream
and lympbhatic system, with help from leukocytes and lymph nodes, reaching distant
organs. Immunocompromised patients, particularly those with uncontrolled HIV
infection and low CD4 counts, have been found to present significantly high levels of
viral dissemination [58]. This widespread spread of Mpox can probably cause multi-
organ failure in the immunocompromised host. The virus infects different cell types
and tissues; thus, it shows the importance of identification and early intervention to
prevent severe complications. Mechanisms of viral spread and organ tropism become
important for developing therapy capable of being applied to targeted therapy and
improving outcomes with patients with severe Mpox presentations. In addition

to the cytopathic effects of the virus, immune system dysregulation secondary to
hemophagocytic lymphohistiocytosis (HLH) and immune reconstitution inflamma-
tory syndrome (IRIS) can also attack and destroy tissue [57, 58]. Due to the cytokine
storms that HLH would generate, it would cause multiorgan failure; IRIS would then
complicate disease management in patients with HIV. Coinfection with bacteria,
fungi, and viral pathogens contributed to poor treatment outcomes. Results indicate
that these two mechanisms- visceral dissemination and immune system dysregula-
tion- cause rapid clinical deterioration. Clinicians should maintain a high suspicion
that visceral involvement exists in immunocompromised patients if severe symptoms
arise. Diagnosis will be established through imaging, laboratory investigations, and
tissue biopsy. The study highlights the pressing need for early diagnosis and monitor-
ing and the initiation of antiviral therapy for all immunocompromised individuals to
prevent the fatal consequences of visceral dissemination [24, 57].

3. Immunocompromised host factors

Mpox infection is a growing health problem, especially for people with weak
immune systems. These people can get very sick because their bodies cannot fight
infections well. Conditions like HIV/AIDS, cancer, or certain medicines can weaken
the immune system [58]. These medicines are often used after organ transplants
or during some treatments. When the immune system is weak, the Mpox virus can
spread more easily and cause worse symptoms [59]. These patients might also have
other infections at the same time, making it harder to diagnose and treat them.
Some treatments and vaccines might not work well or could cause problems for them
[27, 59]. So, it is important to spot symptoms early, use the right antiviral medicines,
and carefully plan each patient’s treatment [60]. Raising awareness and improving
medical care for people with weak immune systems can help lower risks and improve
outcomes for those with Mpox [28, 61].

3.1 HIV/AIDS-associated Mpox

In HIV/AIDS-related Mpox, the magnitude of the CD4+ T cell loss dramatically
influences the level of susceptibility to infection. CD4+ T-cells are responsible for
coordinating the adaptive immune response by activating destruction mechanisms via
cytotoxic T-cells and macrophages in order to control viral infections. And when the
CD4+ count drops to under a critical level of 200 cells/uL—that is, a clinical marker
for advanced immunosuppression—the body’s ability to resist the Mpox tends to be
seriously impaired [62]. This defect in the immune system allows the virus to replicate
unfettered, leading to an abrupt spread throughout the body. In the clinical setting,
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the late stage HIV-infected patients with low CD4+ + T-cells showed atypical Mpox
and severe symptoms. These consist of severe mucocutaneous lesions, wound healing
retardation, necrotic ulcerations, and systemic manifestations (pneumonitis, meningo-
encephalitis, and prolonged viremia). Furthermore, the immunocompromised condi-
tion increases susceptibility to secondary infections such as those of bacterial, fungal,
and other viral origins. These coinfections not only aggravate the clinical picture but
also represent a potential cause of disruption from the diagnostic point of view and may
hide the symptoms of Mpox and delay the appropriate therapy [58].

In addition to HIV/AIDS, other immunocompromised groups—chronic users
of immunosuppressive therapy (e.g., corticosteroids and biologics), cancer chemo-
therapy patients, and organ transplant recipients—face similar risk. In such patients,
chemotherapeutics compromise both innate and adaptive immune arms and compro-
mise antiviral defenses, rendering an environment permissive for Mpox replication
and advancement. Transplant recipients are specifically at increased risk due to
lifelong maintenance of immunosuppression for prevention of graft rejection, result-
ing in a paradoxical vulnerability to infections such as Mpox. In addition, primary
immunodeficiencies such as severe combined immunodeficiency (SCID) and com-
mon variable immunodeficiency (CVID) are inherited diseases in critical immune
pathways. These individuals often have recurrent infections and inadequate vaccine
responses and are significantly at risk for Mpox-related sequelae. This increased risk
makes early diagnosis using PCR and cytokine profiling, early initiation of antiviral
therapy such as tecovirimat, and close monitoring for complications, critical in the
clinical management of Mpox especially in the immunocompromised, and in particu-
lar, individuals with HIV/AIDS and CD4 + T-cell depletion. Customized therapy, early
detection, and promoting public health are key strategies for reducing the burden of
cancer in these vulnerable populations [54, 61, 63].

3.2 CD4+ T-cell depletion

The mechanisms underlying and the severity of Mpox, especially among those
most susceptible, involve CD4(+) T-cell depletion. During this disease, they are
rapidly involved in boosting antiviral immunity through CD8+ T-cell-based mecha-
nisms and supporting antiviral B-cell responses, and also directly, through secretion
of antiviral cytokines such as interferon-gamma (IFN-y) [64]. In advanced HIV/
AIDS, the count falls below 200 cells/pL, and is a dangerous threshold below which
the immune system loses its ability to combat life-threatening infections [65].
Previous studies have revealed that Av-specific Thl effector memory CD4+ T cells are
required and sufficient for the tissue prophylaxis of poxvirus infection, such as Mpox.
These stratified, specialized memory T cells would be rapidly deposited at the site of
infection, specifically the skin, and secrete IFN-y upon antigen-specific stimulation
[66]. But other primary skin cells would be enhanced for local antigen presentation,
the establishment of an antiviral state, and IFN-y effect on MHC class I and II expres-
sion on keratinocytes. In the absence of functional CD4+ T cells, these protective
processes are ineffective, and the virus replicates unimpeded and spreads to other
organs, including the lung, liver, intestine, and brain [67]. The immune control of
these opportunistic organisms is also lost as a result of CD4+ T-cell depletion. Such
disease predisposition particularly makes those with such profoundly weakened
immunity highly susceptible to Mpox or even other secondary bacteriological/fungal,
or viral coinfections, which complicates management and augments mortal risk.

This also highlighted that this zoonotic pox is Mpox-i, that is, evolved strategies to
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The mechanisms underlying and the severity of Mpox, especially among
those most susceptible, involve CD4 T-cell depletion
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Figure 1.
CD4+ T-cell depletion that leads to ineffective antiviral immunity in a Mpox disease, evoking the viral transfer to
other tissues and increasing the risk for opportunistic infections.

avoid detection by CD8+ T-cells by downregulation of MHC class I expression [68].
Hence, the host is rendered extremely susceptible as there are no functional CD4+ T
cells to trigger compensatory immune responses from keratinocytes or other antigen-
presenting cells. This needs to be considered not only concerning possible vaccination
strategies in this context. Conventional live vaccinia virus vaccine induces excessive
Th1 memory. However, newer non-replicating vaccines, such as modified vaccinia
ankara (MVA), have failed to elicit such potent Th1 CD4+ T-cell responses and

likely also leave this group of immunocompromised individuals less protected [69].
Monitoring of CD4+ T-cell counts, early antivirals, and a better vaccine formulation
would not be overblown tactics in combating the effects of Mpox in this high-risk
group specifically (Figure1).

3.3 Opportunistic coinfections

The global outbreaks of Mpox during the 2022-2023 timeframe starkly pointed
toward Mpox coinfection rates, highly pronounced among certain risk group mem-
bers: MSM. Besides, the studies show that, on average, more than 35% of Mpox cases
are reported in persons with HIV [70]. Also, over 40% have other STI infections, such
as Chlamydia, Gonorrhea, Syphilis, and herpes, apart from infection by bacterial
pathogens such as Staphylococcus aureus and Group A Streptococcus. These coinfec-
tions below add complexity and diversity to the clinical picture [7, 71]. First, HIV
disrupts immune regulation, especially among those with low CD4+ T-cell counts,
and limits the ability of the body to control the replication of Mpox, thus allowing
more progression of the disease. A further complication arises from coinfection
with herpes simplex virus (HSV-2), whereby genital lesions become more severe
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by attacking similar cell types, Langerhans cells, dendritic cells, and macrophages,
already sickened by Mpox [72]. It allows viral entry into the circulation, compromises
skin barriers, and facilitates systemic dissemination with subsequent visceral involve-
ment. Similarly, superinfection with group a streptococcus (GAS) could predispose
to an explosive inflammatory response with respiratory sequelae. GAS attaches to
airway epithelial cells, invades them, kills them, and injures the underlying vascular
structures. This damage clears the way for bacterial entry to the bloodstream, thus
allowing entry for the Mpox virus and worsening the disease process within the

body, as in sepsis. Infected tissue infiltrates macrophages and dendritic cells, yet in

an immunocompromised host, these cells become infected by Mpox, thereby induc-
ing more immunosuppressive effects [73]. Coinfections also complicate diagnosis.
Clinical features that overlap, such as vesicular rashes from HSV or ulcerative lesions
from syphilis, can mask Mpox infection and delay its diagnosis and management [74].
Molecular testing that detects orthopoxviruses but does not differentiate Mpox from
other viruses, such as molluscum contagiosum virus (MOCV), gives erroneous results
and complicates clinical decision-making. From a therapeutic point of view, oppor-
tunistic coinfections would reduce the efficacy of antiviral regimens like tecovirimat.
According to some reports, coinfection with secondary syphilis delayed the Mpox
clearance despite total antiviral treatment [75, 76]. Moreover, during ongoing infec-
tion, under antiviral pressure, substantially virus-resistant strains will be selected,
especially for patients with uncontrolled HIV infection. There have been reports that
advanced-stage HIV-infected individuals may have high resistance rates to tecoviri-
mat (CD4+ T-cell count <35/pL) and the new treatment for syphilis [77]. Coinfection
therapies are closely observed for potential interactions with Mpox medications. It is
anticipated that tecovirimat will reduce serum-iripivirine levels and, due to a hypoth-
esized increased concentration of brincidofovir, increase the toxicity of some agents,
such as protease inhibitors. Thus, Mpox coinfections need more complex multidisci-
plinary management [78].

3.4 Immunosuppressive therapy

Given the fact that severe cases of Mpox infection have increased, immunosup-
pressive therapy is often given in cases of autoimmunity, cancers, and post-organ
transplantations. Glucocorticoids, calcineurin inhibitors such as tacrolimus or cyclo-
sporine, and various biological therapies targeting tumor necrosis factor (TNF) and
interleukins interfere with innate and adaptive immune functions. Due to immunity
suppression, extended viral replication occurs in these individuals, leading to poor
viral clearance, prolonged shedding, and systemic dissemination of Mpox [79]. The
CDC claims that patients with active immunosuppressive therapy usually present
cases of severe Mpox with rash over large areas, necrotizing lesions, ocular involve-
ment, pulmonary disorders, encephalitis, and septicemia [80]. In these instances,
other microbial infections can be controlled due to a lack of immune surveillance.
Bacterial coinfections with Staphylococcus aureus and Streptococcus pyogenes, fungal
infections with Candida species, and viral infections, most especially cytomegalovirus
(CMV), are frequently noted in these cases. The latter contributes to tissue destruc-
tion that impedes healing and dramatically increases the possibility of multiorgan
failure [81]. T-cell and macrophage suppression due to therapy with corticosteroids or
calcineurin inhibitors leads to failure of antiviral response, which is important in con-
trolling Mpox. In this way, even locally invasive infections become quickly lethal. The
presence of biologics targeting TNF or interleukins further hampers inflammatory
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responses necessary for viral containment. Likewise, in a similar continuum, the
article further adds that Mpox confections with STIs are frequent among immuno-
compromised persons —41% of Mpox patients had an STI diagnosis during the last

12 months in the United States during the 2022 outbreak [68, 82]. STIs may create
mucosal lesions when Mpox enters and is disseminated throughout the body. In con-
trast, skin lesions caused by Mpox may predispose an infected person to a secondary
infection. Mpox is especially hard to manage in immunosuppressed patients. Antiviral
treatment early in the disease course with tecovirimat may be advisable, but it would
depend on careful evaluation of drug-drug interactions [58, 83]. Tecovirimat would
lower serum levels of immunosuppressants, especially tacrolimus and sirolimus, thus
requiring close therapeutic monitoring. If oral absorption is affected or the severity
has been wrought, use intravenous tecovirimat, perhaps prolonged beyond 14 days,
and other adjunctive therapies such as brincidofovir or cidofovir. Finally, the immuni-
zation approaches are also different for this population. The non-replicative Modified
Vaccinia Ankara vaccine JYNNEOS is assumed to be safe in immunocompromised
patients; however, the live replicating ACAM2000 vaccine is contraindicated due to
the risk of serious complications related to vaccination [72, 84].

3.5 Cancer-related immunosuppression

The outbreaks of Mpox have introduced new public health problems afflicting
different immunocompromised groups, particularly cancer patients. The research’s
purpose was to gauge understanding and lethargy toward the Mpox vaccine among
cancer patients in light of increasing misinformation surrounding COVID-19. Their
viewpoints would, therefore, weigh heavily on availing this particular group of
immunocompromised patients, though their conditions and treatments put them at
increased risk of severe Mpox infection. A cross-sectional survey among 275 cancer
patients used structured questions to assess the sociodemographic background,
knowledge about Mpox, attitudes toward vaccination, and intention to accept the
Mpox vaccination [85]. Results were littered with significant knowledge gaps and
a landscape showing vaccination hesitancy. While 73.1% could have desired more
details about Mpox, only 33.8% trusted the global efforts controlling the outbreak
[86]. Interestingly, 69.1% of patients remained skeptical about receiving the Mpox
vaccine, primarily due to safety concerns and other interactions with ongoing cancer
treatments. Further multivariate logistic regressions revealed essential predictors of
the willingness to get vaccinated. Younger people, especially those younger than 65,
were likely more receptive to new public health interventions. Besides, patients who
had previously heard about Mpox and understood it somewhat were more inclined
toward accepting the vaccine. It proves that correct information and education can
significantly influence the health behavior of vulnerable populations. The study
concludes that, in Turkey, many cancer patients remain reluctant to be vaccinated
against Mpox despite increased susceptibility [85, 87]. They are among the strongest
deterrents to safety and possible interaction with their cancer therapies. Critical to the
immediate implementation of targeted education interventions that improve vaccine
uptake in high-risk groups is such reassurance, priority given to educating the patients
regarding potential risks that the vaccine might pose to cancer treatments, and
clarification of how vaccination might fit into their cancer management protocols.
Dialog grounded in well-understood evidence will be critical to instilling trust and
knowledge in patients against this vulnerable population with threats emerging from
infectious agents like Mpox [87].

116



Perspective Chapter: Clinical Impacts of Mpox Infection in Immunocompromised Patients
DOI: http://dx.doi.org/10.5772/intechopen.1011859

3.6 Post-transplant recipients

Post-transplant individuals are most vulnerable to severe Mpox infections as a
result of the long-term state of immunosuppression, which continues to prevent the
rejection of the graft. Calcineurin inhibitors like tacrolimus, corticosteroids, and anti-
proliferative agents like mycophenolate mofetil or azathioprine form the immunosup-
pressive regimens that are brought together to damage innate adaptive immunity [88].
Innate and adaptive immunity are highly impaired, with signs of diminished immune
response resulting in fast replication of the Mpox virus, dissemination, and delayed
clearance, leading to the disease becoming more aggressive and associated with
increased morbidity [89]. Suliman et al. [90] provided data about Mpox cases through
a study on kidney transplant recipients and identified several main clinical trends
in reported cases. Of the 12 publications concerning case reports and series, most
patients were male, with a median age of 43. The manifestations of these patients
include widespread vesiculopapular or nodular rashes, mucosal ulcerations, systemic
symptoms (fever, fatigue, diarrhea), and, in some cases, organ-specific complications
such as pneumonitis, encephalopathy, and multiorgan failure [90]. For example,
one patient experienced encephalopathy and multiorgan failure, eventually leading
to death even with active care measures. In contrast, another patient died within 3
days of hospitalization due to pneumonitis with circulatory shock. A huge concern
is delayed diagnosis among post-transplant patients, for the initial signs of fever and
rash may be misinterpreted as initial signs associated with opportunistic infection
or drug side effects. Early suspicion and intervention become increasingly manda-
tory because of this doubt and its potentially rapid course. Atypical rashes, mucosal
ulcers, or unexplained systemic illnesses in transplant recipients should prompt
Mpox consideration, especially if epidemiologically linked to known outbreaks. Most
importantly, however, management strategies need to be tailored in detail. Most
patients were treated with tecovirimat and supportive care, the first-line antiviral
for Mpox [91, 92]. Aspirin may be helpful when renal immune recovery is needed by
reducing calcineurin inhibitors or withholding antiproliferative agents. Some patients
also completed treatment with brincidofovir (as an alternative antiviral) with no seri-
ous adverse events attributable to the drug. Lastly, antibiotics were used empirically
as secondary bacterial infections with Staphylococcus aureus, Pseudomonas aeruginosa,
and Escherichia coli further burdened the clinical course. While the majority of the
reported patients did recover, there were considerable variations in the duration of
illness, with some patients taking longer than 2 months for complete resolution of
symptoms [92]. Furthermore, post-discharge respiratory complications were noted,
demonstrating possible long-term sequelae for nonlethal cases. There are no allega-
tions of acute kidney injury directly from Mpox. The present state of affairs, however,
does leave an area of intense concern, that is, the complexity involved in managing
renal function within a transplant recipient at risk for acute kidney injury resulting
from other means apart from Mpox [93].

4. Complications and severity

With Mpox in immunocompromised persons, one of the major complications
is severe lymphadenopathy, notably different from that seen in immunocompetent
hosts. In otherwise healthy hosts, lymphadenopathy tends to be localized, some-
what uncomfortable, and self-limiting, with a duration of days to a week, while the
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immune system deals with viral replication [93]. Uncompromised patients, mainly
those who are advanced HIV/AIDS, cancer, or on any type of immunosuppressive
therapies, will have generalized, extremely painful lymph nodes for a much more
extended period [94]. This would indicate an inappropriate response whereby the
host body cannot mount a response to contain the Mpox virus, allowing it to replicate
further and access the systemic compartment. Enlarged lymph nodes in the neck,
axillary, or inguinal regions, or even within the abdominal cavity, can be clinically
detected along with possible mild fever, fatigue, and pain during motion or even
on palpation [24, 94]. Such a context involves a patient with poorly controlled HIV
infection: a CD4+ T-cell count of less than 100 cells/pL presenting with painful
bilateral inguinal lymphadenopathy and skin ulceration over the genital region. In
some patients, necrotizing lymphadenitis occurs, wherein infected lymph nodes
become necrotic, worsen the clinical picture, and complicate the course with bacterial
superinfection. Persistent lymphadenopathy can also be a reservoir for persistent viral
shedding, increasing infectivity and delaying recovery. CT or ultrasound imaging
studies often demonstrate the presence of enlarged, inflamed, poorly demarcated
lymph nodes, causing concern for coexisting bacterial or mycobacterial infections.
In advanced cases, lymph node biopsy would help differentiate Mpox-associated
lymphadenopathy from important malignancies, particularly lymphoma, which is
very common in the immunocompromised population [95].

Neurological complications, while relatively uncommon in Mpox infection, remain
a profound concern within the immunocompromised population, often culminat-
ing in grave outcomes. Those immune-compromised individuals in whom advanced
HIV/AIDS or immunosuppressant therapy permits lower immune surveillance allow
the virus into the central nervous system (CNS), leading to encephalitis or myelitis
[96]. Encephalitis, or inflammation of the brain tissue itself, has been documented
in cases of Mpox infection in patients with impaired immunity [97]. Neuroimaging
showed evidence of diffuse brain inflammation. Cerebrospinal fluid (CSF) testing
confirmed the presence of orthopoxvirus DNA. Long-term cognitive impairment was
noted in the patient despite treatment with tecovirimat and intensive supportive care.
It was managed through high-dose corticosteroids, empirical antimicrobial therapy,
prolonged hospital stays, and partial neurological recovery. Hematogenous dissemina-
tion of the virus or infected monocytes and lymphocytes traversing the blood-brain
barrier is the presumed mechanism of these events [98]. In an ordinary host, immune
responses would have prevented this virus from entering the CNS. However, in the
case of immunocompromised hosts, impaired response, reduced CD4+ T-cell, and
cytotoxic T-cell response cannot check and control the viral replication, thus permit-
ting viral dissemination to neurologically sensitive tissues. Depending on the degree
of CNS involvement, the future course of Mpox-associated neurological features will
identify cognitive impairment, motor dysfunction, epilepsy, and chronic neuropathic
pain [3].

5. Diagnosis and biomarkers of Mpox in immunocompromised patients

Accurate and timely diagnosis of Mpox among immunocompromised individu-
als is the most crucial thing, since delayed detection might lead to rapid progressive
disease, severely complicated conditions, and increased mortality. As the clinical
picture is atypical and disease dissemination is possible, a comprehensive diagnosis
is necessary: molecular, serologic, virologic, and pathologic tests. Detection of viral
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Mpox DNA by polymerase chain reaction (PCR), commonly obtained from lesion
smears, crusts, or exudates, forms the backbone of Mpox diagnosis [99, 100]. PCR
remains the most sensitive and specific test available. This is even more imperative

in immunocompromised patients with lesions that present as unusual, mucosal, or
internal lesions with possibly minimal pustules and clinical challenges in identifying
them. Alongside PCR for lesions, blood, cerebrospinal fluid, or other body fluids,
tracing dissemination of the disease systemically can also be aided by serological
testing by detection of immunoglobulin M or G antibodies; however, in retrospective
studies or in cases where PCR results could not be obtained, this type of testing could
play arole. Again, antibody response might be reduced or delayed in weak patients
with compromised B-cell function, restricting serologic confirmation as a primary
diagnostic tool in many instances [100, 101]. Nevertheless, when the absence of
serologic response is analyzed in conjunction with a clinical index of suspicion, this
may denote profound immunosuppression. Although not commonly performed in
regular practice, viral load testing can have significant prognostic value in immuno-
compromised patients. Just as blood Mpox viral loads or lesion samples have been
associated with severe disease and longer disease duration, a greater incidence of
complications, including encephalitis, pneumonitis, and multisystem organ failure, is
to be noted. Quantitative PCR, where applicable, can also be used to determine treat-
ment effects, particularly in patients undergoing antiviral therapy with tecovirimat
or cidofovir. Immune dysfunction under severe Mpox status mainly relates to markers
of cytokine storm. In the serum of an immune-compromised host, cytokines such

as interleukin 6 (IL-6), TNF-a, and IFN-y are at an elevated level [102]. A rupture of
tissues, causing multiple organ functions that will affect the clinical course, results
from this hyperinflammatory response. The cytokine profile may hence be employed
for stratification of patients into syndromes with different severities and for institut-
ing adjunct therapy with immunomodulators or corticosteroids in select situations.
Histopathological findings are relevant, especially in atypical or deeply seated Mpox
cases. Skin or other organ biopsies may show classical findings like ballooning degen-
eration of keratinocytes, necrosis, vasculitis, and viral inclusion bodies. When PCR is
inconclusive, immunohistochemistry and/or in situ hybridization can establish viral
etiologies or differentiate those from other pathologies, disease reaction, herpes virus
infection, or lymphoma.

6. Future prospects of Mpox in immunocompromised patients and its cure

In this dynamic landscape of global health, the growing burden of Mpox, particularly
its severe impact on the immunocompromised, calls for the development of integrated
and forward-looking strategies involving clinical and diagnostic studies as well as
therapeutic and public health approaches. New epidemiology studies have revealed a
characteristic clinical course of Mpox in many high-risk groups, such as patients with
HIV/AIDS, patients with malignancies, transplant recipients, and patients treated with
immunosuppressive regimens [103]. But as with all things, disease epidemiology is con-
stantly changing, and management protocols need to continue to evolve and be refined.
Novel diagnostic options will be key for early diagnosis and rational therapy selection.
Innovative technologies include rapid molecular point-of-care PCR assays, viral load
quantization, and multiplex molecular platforms with the ability to detect coinfections
(bacterial, fungal, sexually transmitted) and are likely to improve diagnostic accuracy
[104]. Cytokine profiling combined with immune biomarkers is also promising in
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predicting the severity of the disease as well as in guiding immunomodulatory interven-
tions [105]. Transfer digital tools, for example, telepathology and Al-assisted histo-
pathological interpretation, may increase the correctness and availability of diagnosis,
especially in settings with few resources. From a clinical standpoint, studies need to
explore which antiviral treatment can be optimally intensified, including both optimiz-
ing the dosing and duration of tecovirimat and considering whether combinations of
antiviral therapy targeting the patterns of immunosuppression will be useful. Individual
treatment approaches, which could be based on the patient’s immune status and comor-
bidities or coinfection loads, will then be critical for enhancing the maximal effective-
ness of the therapies [106, 107]. In addition, long-term follow-up studies are required to
define and treat the outcomes of Mpox, especially its neurological and ophthalmological
sequelae, and to establish postinfection monitoring and rehabilitation recommenda-
tions. There is a strong preventive rationale for the use of non-replicating vaccines such
as JYNNEOS in the immunocompromised population. Advances in vaccine development
should focus on enhancing immunogenicity without sacrificing the safety of the vaccine.
Targeted educational efforts to address vaccine hesitancy, especially in patients with
cancer and transplant recipients, are critical to increase coverage and ensure community
immunity. In policy dimensions, investment in surveillance systems and promotion

of real-time data sharing, as well as including immunocompromised individuals to

be part of the target in clinical trials and vaccine registration roll-out, are important
factors toward achieving equitable health care values. Global site and context-specific
clinical guidelines for the management of Mpox in immunosuppressed persons will aid
in standardization and quality of care in different settings. In the end, the vision for a
future of Mpox management in immunocompromised hosts will depend on the strength
of these synergetic support struts of precision diagnostics, tailored therapeutics, vaccine
innovation, and supportive policy frameworks [108]. Efforts, particularly those such

as vaccination or targeted antiviral strategies that can be coordinated across virologists,
immunologists, clinicians, and public health officials will play a crucial role in minimiz-
ing disease burden and limiting impact on these individuals.

7. Conclusion

More concerning is Mpox infection in the immunocompromised. The sort of
patients being considered here essentially fall under the disease category that can
present atypically with more severe and devastating manifestations, prolonged viral
shedding, and enormously increased risk for complications such as encephalitis,
pneumonitis, secondary bacterial infections, and, under some conditions, multiorgan
failure. The conditions for immunocompromise could include advanced HIV/AIDS,
active cancers, extended use of immunosuppressive drugs, or some post-transplan-
tation period. Such an immunocompromised state must not only interfere with the
viral clearance but also provide an opportunity for viral dissemination in the host
and again present a high-risk scenario for intercurrent infections with other oppor-
tunistic pathogens. Whenever this condition is present, early detection and diagnosis
become paramount for successfully treating the disease. Such a diagnosis would
include PCR detection, serological testing, viral load measurement, and cytokine
profiling. Starting antiviral therapy with tecovirimat as soon as possible, alongside
personalized supportive management and adjusting immunosuppressive therapy, can
be life-changing. However, issues regarding these patients arise in the form of late
diagnosis due to atypical presentations, poor awareness and acceptance of the Mpox
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vaccine among high-risk groups, and lack of existing evidence for treating those with
a distinctly compromised immune system. Moving on, precision diagnostics, patient
awareness, strategies for treatment based on evidence, and equity-based public health
approaches must be optimized to curb Mpox-related morbidity and mortality in
immunocompromised people around the globe.
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