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Preamble

The study of host-pathogen interactions is a central pillar of microbiology, cellular
biology, and experimental immunology. This field aims to understand the mechanisms through
which microorganisms; bacteria, viruses, fungi, and parasites; interact with their hosts at
various biological levels, from the cellular to tissue and organ scales. These interactions are the
result of a complex evolutionary dynamic: pathogens develop sophisticated molecular
strategies to colonize, invade, and persist within the host, while the host deploys innate and

adaptive defense mechanisms to detect, neutralize, and eliminate these intruders.

This course emphasizes pathogen virulence and immune evasion strategies. It explores
the molecular factors that enable adhesion, cellular invasion, manipulation of intracellular
signaling, and persistence within intracellular compartments. Evasion mechanisms include
inhibition of phagocytosis, circumventing the complement system, antigenic variation,
disruption of antigen presentation, and suppression of cytotoxic responses. Understanding these
mechanisms at the molecular and cellular level is essential for analyzing pathogenesis, infection

persistence, and the timing of immune responses.

Particular attention is given to host immune responses, ranging from innate defenses
(phagocytes, NK cells, soluble mediators) to adaptive responses (B and T lymphocytes,
antibodies, immunological memory). Studying these responses and how pathogens modulate
them enables biologists to interpret phenomena such as persistence, inflammation, and tissue

pathology, as well as to identify critical points for experimental or therapeutic intervention.

The course adopts an experimental and applied approach, biology-oriented. It highlights
the methods used to study host-pathogen interactions, from cellular and animal models to
advanced molecular techniques (imaging, transcriptomics, proteomics, cell culture systems).
Concepts are illustrated with concrete examples from current research on chronic infections,
opportunistic infections, and emerging pathogens, emphasizing the links between fundamental

biology and experimental applications.

The educational objective is to provide students with an integrated and critical

understanding of infection biology: to comprehend pathogen strategies, analyze host responses,
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interpret experimental data, and design innovative research approaches. Mastery of this

knowledge is essential for biologists specializing in experimental microbiology, immunology,

cellular biology, or biomedical research, as well as for those involved in developing diagnostics,

vaccines, or therapeutic tools.
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Host—Pathogen Interaction

Microorganisms, often associated with notions of “dirt” or disease, are in reality
biological entities of remarkable diversity and complexity. First discovered in the 17th century
through the observations of Anton van Leeuwenhoek (Figure 1), and later confirmed in the 19th
century by Louis Pasteur, these organisms include bacteria, viruses, protists, and microscopic
fungi. They have the impressive ability to colonize a wide range of environments; from deep-
sea hydrothermal vents to arid deserts, including extreme conditions (Hall-Stoodley et al.,

2004).

Lentille

Support

Vis de

Poignée

Anton van Leeuwenhoek

(b)

Figure 1: Microscope of Anton van Leeuwenhoek

These microorganisms play a crucial role in ecosystems by influencing various
biological and ecological processes (Figure 2). Contrary to what one might think, these
functions are often not carried out by isolated microorganisms but by microbial communities

in which different populations interact and communicate (De Roy et al., 2014).

Bacteria Viruses Parasites Microscopic fungi

Figure 2: Microorganisms
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Interactions between microorganisms and their hosts, as well as between the
microorganisms themselves, are varied and complex. They can be beneficial, when they provide

mutual advantage to the partners, or conflictual, when one of the partners is harmed.

Pathogenic organisms are relatively rare in nature; there are far more microorganisms
that are beneficial to humans, which in part determines our very presence on Earth. In mammals,
the newborn is sterile at birth. From the very first hours of life, it becomes colonized by

commensal microflora, which varies throughout life.

1. Concepts of Microbial Interaction
When several microorganisms coexist within the same environment, they form a
microbial association. These relationships may occur within the same species (intraspecific
interactions) or between individuals of different species (interspecific interactions) (Faust &
Raes, 2012). Such interactions can be conflictual or beneficial.

This chapter explores in depth the main categories of microbial interactions, dividing

them into two broad groups:
« Positive interactions, in which one or more partners benefit from the interaction, and

« Negative interactions, in which one partner is negatively affected.

1.1. Positive Interactions
1.1.1 Mutualism
Mutualism is an interaction in which two organisms of different species mutually benefit
from their association. Both partners are often dependent on each other for survival, growth, or
reproduction. This interaction can take various forms, such as resource sharing, protection, or

improvement of living conditions (Morris et al., 2013).
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Rhizobium bacteria live in symbiosis
with the roots of legumes (such as peas and
beans) (Figure 3). These bacteria fix atmospheric
nitrogen into a form that plants can use for
growth. In return, plants provide the bacteria
with organic compounds such as glucose
(Oldroyd et al., 2011), which are essential for

their metabolism. This interaction benefits both

partners: the plants receive essential nitrogen,

Figure 3: Symbiosis between Nitrogen-Fixing

hile th ) ) )
while the bacteria obtain nutrients and a Bacteria and Plants

protective environment.

1.1.2 Commensalism
Commensalism is an interaction where one organism benefits from the association,
while the other is neither helped nor harmed (Coyte et al., 2015). The beneficiary partner gains
an advantage from the presence or activity of the second organism without providing a direct

benefit in return.

Certain bacteria, such as Staphylococcus _Staphylococcus epidermidis
¢ N gt/ \f-/ N

Round  superficial layer of
shape the skin

epidermidis, colonize the skin of mammals. They

exploit the microenvironment of the skin to feed
on bodily secretions and multiply (Figure 4).

However, their presence does not have a

significant impact on the host's health (Kong & ’ y.
Segre, 2012). Thus, S. epidermidis benefits from ~  fretsmemiten St

this environment without harming or noticeably

benefiting the host. Figure 4: Commensalism between Bacteria and
Mammalian Hair

1.1.3 Cooperation
Cooperation is an interaction where two organisms of the same or different species work
together in a reciprocal manner to achieve a common goal, improving the survival or
reproduction of both partners. This collaboration is often temporary and aimed at immediate
mutual benefit (West et al., 2006).
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In soil, certain degrading bacteria such as
Bacillus subtilis and Pseudomonas fluorescens
cooperate to break down complex organic
compounds (Figure 5). Bacillus subtilis can
degrade complex polymers into simpler molecules,
which Pseudomonas fluorescens can then use as a

carbon source. This cooperation enables more

efficient decomposition of organic matter,

enhancing soil fertility and providing both species Figure 5: Cooperation between Degrading

with additional food resources. Bacteria in Soil

Both bacteria also produce natural antibiotics that can inhibit plant pathogens
(Raaijmakers et al., 2010). Their combined action may be more effective than that of each

bacterium individually.

By forming biofilms together, these bacteria can better colonize plant roots and create a

protective environment against pathogens.

1.2. Negative Interactions
1.2.1 Competition
Comepetition is a biological interaction in which two or more organisms, or even entire
species, vie for limited resources within the same environment. These resources may include
nutrients, water, space, or reproduction sites (Hibbing et al., 2010). In such situations, the
microorganism that is less adapted or less efficient in acquiring resources is often outcompeted

and eliminated, while the more competitive one survives and thrives.

Competition can occur at two main levels: intraspecific and interspecific.
In intraspecific competition, individuals of the same species struggle for access to the same
limited resources. For example, two colonies of the same bacterial species grown in a nutrient-
poor medium will compete directly for nutrients; as a result, one colony may grow more rapidly,

suppressing the other.

Interspecific competition, in contrast, involves individuals of different species. In soil
environments, for instance, Pseudomonas aeruginosa and Bacillus subtilis often compete for

the same organic resources or spatial niches. Such competition shapes the composition and
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diversity of microbial communities, influencing their ecological balance and functional

stability.

Within the human body, competition among microorganisms is also a key factor in
maintaining or disrupting health. In the intestinal microbiota, for instance, Escherichia coli
and Bacteroides coexist but constantly compete for limited substrates such as dietary fibers and
organic compounds. If one species proliferates excessively, it can reduce the abundance of the
other, disturbing the microbiota equilibrium and affecting the host’s digestive and metabolic

health (Stecher & Hardt, 2011).

A similar mechanism occurs in the interaction between pathogenic and probiotic
bacteria. Pathogens such as Salmonella or Clostridium difficile must compete with beneficial
probiotics like Lactobacillus and Bifidobacterium in the gut ecosystem. Probiotics counteract
pathogens by producing antimicrobial compounds, consuming essential nutrients, and
stimulating the host’s immune defenses, thereby preventing pathogen colonization and

infection (Buffie & Pamer, 2013).

Competition is not limited to bacteria alone; it also occurs between bacteria and fungi.
The fungus Candida albicans, for example, normally coexists peacefully with commensal
microorganisms on mucosal surfaces. However, when the microbiota balance is disrupted or
the host becomes immunocompromised, Candida can outcompete resident microbes, leading
to excessive growth and infections such as oral or vaginal candidiasis (Underhill & Iliev, 2014).

Even among pathogenic bacteria,
competitive interactions can determine
infection outcomes. Pseudomonas
aeruginosa and Staphylococcus aureus
frequently coexist in chronic wounds or
respiratory infections (Figure 6). These
bacteria compete for nutrients and space,

and P. aeruginosa often gains an

advantage by secreting antimicrobial

Figure 6: Competition between Pathogenic Bacteria

molecules such as pyocins, which inhibit S.

aureus growth. This type of antagonistic competition not only influences the microbial
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population dynamics but can also affect the severity and persistence of infections (Hotterbeekx
etal., 2017).

1.2.2 Amensalism
Amensalism is a specific type of biological interaction in which one organism is
negatively affected, by being inhibited, damaged, or destroyed, while the other organism
remains unaffected, deriving neither benefit nor harm from the interaction (Stubbendieck et al.,
2016). Unlike competition, where both species are influenced by the availability of shared
resources, amensalism is characterized by an asymmetrical relationship: one organism suffers,

and the other is indifferent.

A classic example of amensalism occurs in microorganisms that produce inhibitory
substances. Many bacteria and fungi secrete antimicrobial compounds that suppress the growth
of other species in their environment.

For instance, the fungus Penicillium Inhibition

notatum  produces  penicillin, a
powerful antibiotic that prevents the
multiplication of certain nearby
bacteria  (Figure 7).  Although
Penicillium does not gain a direct
advantage from inhibiting these

bacteria, the affected microbial

populations are clearly harmed
(Fleming, 1929; Clardy et al., 2009).
This discovery marked a turning point
in medical microbiology and remains a

. Fi : Antibiotic P i Fungi or B i
key example of natural amensalism. igure 7: Antibiotic Production by Fungi or Bacteria

Amensalistic interactions are also observed in aquatic ecosystems, where certain algae
release toxins into their surroundings. Cyanobacteria, for example, can secrete harmful
compounds that negatively impact other aquatic organisms such as fish or aquatic plants. These
toxins do not provide any apparent benefit to the cyanobacteria themselves, yet they inhibit the
growth or survival of neighboring species and can even cause large-scale ecological

disturbances during algal blooms (Paerl & Otten, 2013).
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In the plant kingdom, a similar mechanism called allelopathy represents another form
of amensalism. Some plants release chemical substances into the soil that inhibit the
germination or growth of nearby plants. The black walnut tree (Juglans nigra), for instance,
produces juglone, a compound that suppresses the development of many surrounding plant
species. Although the walnut tree does not gain a measurable benefit from this inhibition, the

affected plants experience reduced growth or even death (Jose & Gillespie, 1998).

Overall, amensalism illustrates how the production of chemical or biological substances
by one organism can inadvertently influence its environment and neighboring species. While
the unaffected organism remains indifferent, the negatively impacted species may experience
profound ecological and physiological consequences, thereby altering community composition

and ecosystem dynamics.

1.2.3 Parasitism
Parasitism is a type of biological interaction in which one organism, the parasite, lives
on or within another organism, the host, and derives benefits at the host’s expense. The parasite
depends on the host for nutrients, shelter, or reproduction, while the host typically suffers

negative consequences such as reduced health, growth, or fertility (Combes, 2001).

Unlike in mutualism, where both partners benefit, parasitism is characterized by a clear

imbalance: one gains, and the other loses.

A well-known example of parasitism in humans is the Plasmodium parasite, the
causative agent of malaria. Transmitted

through the bite of Anopheles mosquitoes, w

Plasmodium enters the human bloodstream
and infects both liver cells and red blood JJ

cells. Inside these cells, the parasite —'ﬁsmodium .
multiplies, eventually destroying them and ' .'
releasing new parasites into the circulation. e

This process leads to the characteristic

symptoms of malaria, including fever,

s Pl
Anopheles*
chills, and anemia. In this relationship, Human

Plasmodium benefits by completing its life Figure 8: Malaria Caused by Plasmodium spp
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cycle within the host, whereas the human host suffers from tissue damage and disease (WHO,

2023; Cowman et al., 2016).

Parasitism also occurs among microorganisms. Bacteriophages, for instance, are viruses
that parasitize bacteria. The T4 bacteriophage, a classic example, infects Escherichia coli by
attaching to its cell surface and injecting its genetic material. Once inside, the phage hijacks the
bacterial machinery to replicate its DNA and produce new viral particles. Ultimately, the host
cell undergoes lysis, releasing numerous new phages into the environment. The bacteriophage
benefits by reproducing efficiently, while the bacterium is destroyed, an outcome that can
significantly alter microbial community balance and bacterial population dynamics (Labrie et

al., 2010).

Overall, parasitism represents one of the most widespread and influential biological
interactions in nature. It shapes ecosystems, drives evolutionary adaptations, and impacts
human health by influencing the transmission and persistence of infectious diseases. Through
diverse mechanisms, from cellular invasion to biochemical manipulation, parasites exploit their

hosts, often with profound ecological and medical consequences.
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2. The Theory of Infectious Diseases and Epidemiology

The study of infectious diseases and their spread through populations lies at the heart of
the theory of infectious diseases and epidemiology. This field explores the mechanisms by
which pathogens, such as bacteria, viruses, parasites, and fungi, invade host organisms, cause
disease, and disseminate within human or animal communities. By combining biological,
statistical, and social principles, epidemiology helps us understand infection dynamics, predict
epidemics, and develop strategies to prevent and control such diseases. This chapter offers an
in-depth exploration of key concepts, transmission models, and the methods used to study and

manage infectious diseases.

2.1. The Balance Relationship or Homeostasis.

Homeostasis is a central concept in biology that refers to the ability of a system, whether
biological, ecological, or physiological, to maintain a stable internal state despite external
fluctuations. This self-regulating mechanism is essential for the proper functioning of living
organisms, enabling them to adapt to environmental changes while preserving optimal internal

conditions for survival.

The concept of homeostasis, which is fundamental to biology and physiology, has its
roots in the 19th century. It was first introduced by the French physiologist Claude Bernard
(1813-1878), who developed the idea of the "internal environment™ (milieu intérieur).
Bernard proposed that the internal conditions of the body, such as temperature, blood
composition, and pH, must remain relatively constant for life to persist. He famously stated
that "the constancy of the internal environment is the condition for a free and independent life"
(La constance du milieu intérieur est la condition d’une vie libre et indépendante) (Bernard,
1878). His pioneering work fundamentally transformed the understanding of physiological
processes by demonstrating that living organisms are not solely dependent on external
conditions but possess internal regulatory mechanisms that allow them to resist and adapt to

environmental changes (Gross, 1998).

In the early 20th century, the American physiologist Walter Bradford Cannon (1871—
1945) expanded and popularized Bernard’s ideas. Cannon coined the term '‘homeostasis"
(from the Greek homoios, meaning “similar,” and stasis, meaning “stability”) to describe the

ability of living organisms to maintain internal equilibrium despite internal or external
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disturbances. In his seminal book The Wisdom of the Body (Cannon, 1932), he explained how
biological systems rely on feedback mechanisms to detect changes, counteract disturbances,
and restore stability, a principle that remains central to physiology today (Langley, 1973).

Originally a theoretical concept, homeostasis has since become a cornerstone of
modern biology. It offers a framework for understanding how organisms respond to changing
conditions and maintain the internal environment required for survival. The concept continues
to influence diverse fields, from human physiology to ecology, demonstrating the essential role

of equilibrium in living systems (Langley, 1973; Gross, 1998).

2.1.1 Applications and Importance in Biology

Homeostasis plays a crucial role at multiple levels within biological systems:

2.1.1.1 Cellular level
Cells maintain internal balance by regulating ion concentrations, pH, temperature, and nutrient
uptake to ensure optimal function. For example, human cells use ion pumps to maintain specific

sodium and potassium levels, essential for nerve signal transmission.

2.1.1.2 Organism level
Homeostasis enables the maintenance of vital constants such as body temperature, blood
glucose levels, and water balance. For instance, the regulation of body temperature in mammals,
through mechanisms like sweating or shivering, is a homeostatic process vital to prevent

hyperthermia or hypothermia.

2.1.1.3 Ecosystem level
Homeostasis also manifests in ecological interactions, where species populations interact to
maintain a dynamic balance in ecosystems. For example, predator-prey relationships regulate

animal populations, preventing overpopulation or species extinction.
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[ Homeostasis plays a crucial role at multiple levels in biological systems: ]

4

v' Body temperature. v' Species populations interact to

v Blood sugar levels. maintain a dynamic balance

v' Fluid balance.

e AN APred;‘atm' A~ I}‘\t‘ey

R | m\h“'\ \)Mn\\

Sweating Shivering

Figure 9: Applications and Importance of Homeostasis in Biology.

2.1.2 Homeostasis in Host—Pathogen Interactions
Homeostasis plays a vital role in the interactions between hosts and pathogens, as it
determines the host's ability to resist infections while maintaining internal balance. Below is an

in-depth overview of this complex relationship:

2.1.2.1 Defense Mechanisms
Hosts possess various defense mechanisms that are essential for maintaining

homeostasis:

= Innate Immunity: This is the body's first line of defense, involving physical barriers (such
as skin and mucous membranes) and innate immune cells (such as macrophages and
neutrophils). These cells respond rapidly to pathogens and help prevent their entry or
spread.

= Adaptive Immunity: This involves a more specialized response in which lymphocytes (B
cells and T cells) are activated to recognize specific pathogens. This immunological
memory enables a faster and more effective response upon subsequent exposures.

= Cytokines and Signaling Molecules: These are crucial for regulating the immune
response. They help coordinate immune cell activities and can influence systemic responses

such as fever.
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2.1.2.2 Disruption of Homeostasi

Pathogens can disrupt the host’s internal balance in several ways:

= Toxin Production: Many bacteria produce toxins that can damage host tissues or interfere
with cellular processes. For example, exotoxins can disrupt cell signaling, while endotoxins
can trigger severe inflammatory responses.

= Immune Evasion: Some pathogens evolve mechanisms to escape the host’s immune
response, such as altering their surface proteins to avoid detection or producing substances
that inhibit immune cell function.

= Metabolic Manipulation: Pathogens can hijack the host’s metabolic pathways to acquire
nutrients. For instance, some viruses redirect host cellular machinery to promote their own

replication.

2.1.2.3 Host Responses
The host uses various strategies to counter infections and restore homeostasis:

= Fever: A common response that raises body temperature. This can inhibit pathogen growth
and enhance immune efficiency.

= Inflammation: A localized response that increases blood flow and recruits immune cells to
the infection site. Although essential for controlling infections, excessive inflammation can
cause tissue damage.

= Apoptosis: Programmed cell death of infected or dysfunctional cells can help limit

pathogen spread and maintain tissue health.

2.1.2.4 Pathogen Evolution
The constant pressure exerted by host defenses drives pathogen evolution:

= Genetic Variation: Pathogens can acquire mutations or horizontal gene transfers, enabling
them to rapidly adapt to host defenses. For example, antibiotic resistance in bacteria often
arises from such genetic changes.

= New Strategies: Some pathogens develop novel strategies to manipulate host processes,
such as interfering with signaling pathways that trigger immune responses.

= Emergence of New Strains: As pathogens evolve, new strains may emerge that are more
virulent or better equipped to evade the host immune response. This makes ongoing

surveillance and research critical.

23



Aga ) Ak Ba Al Ay 9 3al) A e gaall

République Algérienne Démocratique et Populaire

al et G ol g, Na ) ol a9 Y55,

Ministére de I'Enseignement Supérieur et de la Recherche Scientifique

ES S B@ SR d g lg il agtalL el djaall

Ecole Supérieure en Sciences Biologiques d'Oran

2.1.2.5 Co-evolution
The host—pathogen interaction is a classic example of co-evolution:

= Reciprocal Adaptations: As hosts develop new immune strategies, pathogens
simultaneously adapt to overcome these defenses, leading to a continuous evolutionary
arms race.

= Impact on Ecosystems: This dynamic can influence population dynamics and biodiversity.
For example, if a pathogen significantly reduces a host population, it may allow other
species to flourish or alter community structures.

= Implications for Public Health: Understanding the dynamics of co-evolution can help
predict and manage emerging infectious diseases, guiding the development of vaccines and
public health strategies. Homeostasis plays a crucial role in host—pathogen interactions, as

it determines the host's ability to resist infections while maintaining internal balance.

* Determines the host's ability to resist -
infections while maintaining internal balance

Coevolution
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Mechanisms

V' Innate Immunity

Disruption of
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Figure 10 : Homeostasis in Host—Pathogen Interactions

2.2. Pathology, Infection, and Disease.
2.2.1 Pathology
Pathology is the branch of medicine that studies diseases, their causes (etiology), their
mechanisms of development (pathogenesis), as well as the structural and functional changes
they induce in tissues and organs (pathological morphology). It plays a crucial role in medical
diagnosis, helping to understand the origin of diseases and the biological alterations they cause.
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Pathology is therefore both a scientific discipline and a clinical field, linking biology with

medicine.

2.2.2 Infection
Infection is a process in which a pathogenic microorganism (bacterium, virus, fungus,
or parasite) invades a host and begins to multiply. This process can trigger an immune response
from the host, aimed at eliminating the pathogen and restoring homeostasis. Infection may be
localized, affecting a specific organ or tissue, or systemic, spreading throughout the body.

2.2.3 Disease
Disease is an abnormal condition of the body or mind that causes dysfunction or
alteration of an organism's normal functions. It may manifest through physical or psychological
symptoms and can be caused by various factors such as pathogens (bacteria, viruses, parasites,
fungi), genetic disorders, environmental conditions, or physiological imbalances. Diseases can

affect one or more body systems, and they vary in severity, duration, and potential for recovery.

Pathology, infection, and disease are interconnected concepts that play a central role in
understanding the biological processes associated with health and illness. While pathology
provides the foundation for understanding the structural and functional alterations related to
diseases, infection represents the process by which a pathogen invades a host. Finally, disease
is the clinical expression of these processes, marking a disruption of homeostasis and the need

for medical intervention to restore the body's balance.

Pathology

Provides the foundation for

understanding the structural The clinical expression of
and functional alterations ‘ these processes, marking the

related to diseases disruption of homeostasis

process by which a
pathogen invades a
host

Figure 11: Interaction between Pathology, infection, and disease are interconnected
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Historical Evolution of the Understanding of Infectious Diseases
In Antiquity and the Middle Ages, diseases were attributed to supernatural causes and
explained by the theory of the four humors, according to which an imbalance of bodily fluids
caused illness. During the same period, Arab medicine experienced remarkable progress:
Rhazes (Al-Razi) distinguished smallpox from measles, Avicenna (Ibn Sina), in his Canon of
Medicine, emphasized the role of environment and behavior in the spread of diseases, and in
the 14th century, Ibn al-Khatib observed plague epidemics and their link with environmental

conditions.

During the Renaissance, interest in observation and experimentation increased, and in
the 17th century, Anton van Leeuwenhoek discovered microorganisms using the microscope,

paving the way for microbiology. Finally, in the 19th century, Louis Pasteur formulated the

germ theory and developed pasteurization and vaccination, while Robert Koch established the
postulates that made it possible to identify the pathogens responsible for diseases such as

tuberculosis and cholera, marking a revolution in the understanding of infectious diseases.

2.3. [Etiology of Infectious Diseases
Etiology refers to the study of the causes and origins of diseases. In the case of infectious
diseases, it focuses particularly on identifying the pathogenic agents responsible, such as
bacteria, viruses, fungi, and parasites. Each of these agents has its own mechanisms of infection,
transmission, and pathogenicity, which determine the nature and severity of the disease it

causes.

Etiology is not limited to studying the infectious agents themselves; it also considers the
contributing factors that promote the emergence, transmission, and development of these
diseases. Among these factors are the host’s immune status, environmental conditions,
individual behaviors, and public health practices. For example, immunocompromised
populations are particularly vulnerable to certain opportunistic infections, while poor hygiene

conditions or overcrowded environments can facilitate the spread of pathogens.

Moreover, the interactions between the host, the pathogen, and the environment play a
central role in understanding the dynamics of infections and epidemics. Studying these

interactions helps explain why certain diseases emerge, spread, or persist in specific contexts.
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Thus, understanding the etiology of infectious diseases is an essential step in their
diagnosis, prevention, and therapeutic management. A thorough knowledge of the causes and
contributing factors makes it possible to better anticipate risks, design effective control

strategies, and protect public health.

2.4. Classification of Infectious Diseases
The classification of infectious diseases is based on various criteria, including the type
of microorganism involved, mode of transmission, clinical presentation, and the host's immune
response. It is essential for guiding global strategies for prevention, treatment, and infection

control.

2.4.1 Classification by Pathogen Type
Infectious diseases are categorized according to the type of causative pathogen. This

allows for targeted treatments and specific prevention strategies.

2.4.1.1 Bacterial Diseases

Bacterial diseases are caused by pathogenic bacteria that invade the body, multiply, and
produce toxins or cause tissue damage. These microorganisms can infect various organs and
systems, leading to illnesses such as tuberculosis (Mycobacterium tuberculosis), cholera

(Vibrio cholerae), and pneumonia (Streptococcus pneumoniae).

2.4.1.2 Viral Diseases
Viral diseases are caused by viruses, obligate intracellular pathogens that rely on host
cells for replication. They can affect almost every organ system and range from mild to severe
illnesses. Common examples include influenza (flu), caused by influenza viruses that lead to
acute respiratory infections and seasonal epidemics worldwide (CDC, 2021), and COVID-19,
caused by SARS-CoV-2, which resulted in a global pandemic and underscored the critical role

of public health interventions in controlling viral spread (WHO, 2020).

2.4.1.3 Fungal Diseases
Fungal diseases, or mycoses, are infections caused by fungi that can affect the skin,
mucous membranes, or internal organs. While most fungi are harmless to healthy individuals,
some species can cause serious infections in immunocompromised patients. Candidiasis,
caused by Candida albicans, typically affects the oral and genital mucosa but can become

systemic and life-threatening when host defenses are weakened (Pfaller & Diekema, 2007).
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Aspergillosis, caused by species of the genus Aspergillus, particularly A. fumigatus, primarily
affects the lungs and can cause invasive infections in individuals with compromised immune
systems (Latgé, 1999).

2.4.1.4 Parasitic Diseases
Parasitic diseases are caused by parasites, organisms that live and obtain nutrients at the
expense of a host. They can be caused by protozoa, helminths, or arthropods, and often occur
in environments where sanitation and hygiene are inadequate. Notable examples include
malaria, caused by protozoa of the Plasmodium genus and transmitted by Anopheles
mosquitoes, which remains endemic in many tropical and subtropical regions (WHO, 2021),
and giardiasis, an intestinal infection caused by Giardia lamblia, frequently associated with the

consumption of contaminated water (Feng and Xiao, 2011).

2.4.1.5 Prion Diseases
Prion diseases, also known as transmissible spongiform encephalopathies (TSESs), are rare
but invariably fatal neurodegenerative disorders caused by abnormally folded prion proteins
(PrPASc) that induce structural changes in normal cellular prion proteins (PrP"C). These
misfolded proteins accumulate in the brain, leading to neuronal loss, spongiform degeneration,
and severe neurological symptoms. A well-known example is Creutzfeldt-Jakob Disease
(CJD), a rapidly progressive and fatal condition characterized by dementia, motor dysfunction,

and brain atrophy (Prusiner, 1998).

2.4.2 Classification by Mode of Transmission
The mode of transmission of infectious diseases is crucial for determining appropriate

prevention and control measures.

2.4.2.1 Direct Transmission

Direct transmission occurs when infectious agents are transferred directly from an
infected person to a susceptible host through physical contact or exchange of bodily fluids. This
mechanism is central to several major infectious diseases. For example, Human
Immunodeficiency Virus (HIV), which causes Acquired Immunodeficiency Syndrome (AIDS),
is primarily transmitted via unprotected sexual contact, exposure to contaminated blood, and
vertical transmission from mother to child during delivery or breastfeeding (UNAIDS, 2022;
Beyrer et al., 2021). Similarly, Hepatitis B virus (HBV) is spread through contact with infected
blood and bodily fluids, highlighting the importance of preventive measures such as safe
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injection practices, screened blood transfusions, and vaccination (Schweitzer et al., 2015; Ott
etal., 2017).

2.4.2.2 Indirect Transmission
Indirect transmission occurs when pathogens are transferred via inanimate objects, known
as fomites, or contaminated surfaces that harbor infectious agents. These surfaces may include
medical instruments, doorknobs, bedding, or personal items. Pathogens such as Staphylococcus
aureus and Clostridioides difficile can survive for extended periods on surfaces, facilitating
transmission in healthcare and community settings (Otter et al., 2013). Indirect transmission is
also common in viral diseases like measles, where infectious particles can persist in the air or

on surfaces for hours after an infected person has left (CDC, 2021).

2.4.2.3 Vector-borne Transmission

Vector-borne transmission involves the transfer of pathogens through living vectors
such as mosquitoes, ticks, or fleas. These organisms play a critical role in the life cycle and
dissemination of pathogens. Diseases such as malaria, caused by Plasmodium species and
transmitted by Anopheles mosquitoes, and dengue, transmitted by Aedes mosquitoes, are major
global public health concerns, particularly in tropical and subtropical regions (WHO, 2021).
Similarly, Lyme disease, caused by Borrelia burgdorferi, is transmitted through tick bites and

is prevalent in temperate climates (CDC, 2021).

2.4.2.4 Airborne Transmission

Airborne transmission occurs when pathogens are dispersed through aerosols or
respiratory droplets that remain suspended in the air and can be inhaled by susceptible
individuals. This mode of transmission is particularly significant for respiratory infections such
as tuberculosis, caused by Mycobacterium tuberculosis, and COVID-19, caused by SARS-CoV-
2 (WHO, 2021). The size and persistence of airborne particles determine how far and how long
pathogens can spread, making ventilation, masking, and air filtration key preventive strategies
(Morawska & Milton, 2020).

2.4.2.5 Waterborne and Foodborne Transmission
Waterborne and foodborne transmission occurs when pathogens are ingested through
contaminated water or food. Diseases such as cholera, caused by Vibrio cholerae, and hepatitis

A, caused by Hepatitis A virus (HAV), often result from inadequate sanitation and poor hygiene
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practices (WHO, 2021). Outbreaks are common in areas lacking clean water and proper food

handling.

2.4.2.6 Zoonotic Transmission

Zoonotic transmission refers to the spread of infectious agents from animals to humans,
either through direct contact, animal bites, or via intermediate vectors. Examples include rabies,
caused by Rabies lyssavirus, typically transmitted through the bite of an infected animal, and
avian influenza, resulting from contact with infected poultry (WHO, 2020). The growing
interaction between humans and wildlife, driven by deforestation and urbanization, increases

the risk of zoonotic spillovers (Jones et al., 2008).

2.4.3 Classification by Clinical Symptoms

Infectious diseases can also be classified according to their clinical manifestations,
which describe how the disease presents and affects the body. This classification helps
clinicians determine the appropriate diagnostic and therapeutic approaches. Generally,
infections can be divided into systemic diseases, which affect multiple organs or body systems,
and localized diseases, which are confined to a specific area or tissue. Understanding this
distinction is fundamental in clinical microbiology and infectious disease management (Murray
etal., 2021).

2.4.3.1 Systemic Diseases
Systemic diseases involve the spread of pathogens or their toxins throughout the body,
often via the bloodstream or lymphatic system. These infections can trigger widespread

inflammation and may lead to multi-organ dysfunction if untreated.

A prominent example is septicemia, a life-threatening bloodstream infection caused by
bacteria, viruses, or fungi, leading to sepsis, a severe systemic inflammatory response. Sepsis
remains a major cause of mortality worldwide and requires urgent medical intervention to

prevent organ failure (Singer et al., 2016).

Another significant systemic condition is Acquired Immunodeficiency Syndrome
(AIDS), caused by the Human Immunodeficiency Virus (HIV). HIV progressively weakens the
immune system by targeting CD4+ T lymphocytes, leaving the body susceptible to
opportunistic infections and cancers. The disease represents a major global health challenge,

despite significant advances in antiretroviral therapy (WHO, 2021).
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2.4.3.2 Localized Diseases
Localized diseases are confined to a specific region or organ of the body, typically where
the pathogen first invades. They often produce localized inflammation, pain, or tissue damage,

and may remain contained unless the infection spreads through the bloodstream.

For example, dermatitis refers to inflammation of the skin that can result from bacterial,
fungal, or viral infection. Infectious dermatitis, such as that caused by Staphylococcus aureus
or Candida albicans, exemplifies a localized cutaneous infection characterized by redness,

irritation, and sometimes exudate formation (Ring et al., 2012).

Another common localized infection is sinusitis, an inflammation of the paranasal
sinuses often resulting from viral or bacterial pathogens, including Streptococcus pneumoniae
and Haemophilus influenzae. It typically manifests as facial pain, nasal congestion, and

pressure, and may progress to chronic sinusitis if inadequately treated (Brook, 2013).

2.4.4 Classification by Host Response
The classification of infectious diseases can also be based on the host’s physiological
response, which influences the duration, progression, and severity of the illness. Host response
depends on various factors such as immune status, age, comorbidities, and pathogen virulence.
From a clinical perspective, infections are generally categorized as acute or chronic, depending

on their onset, duration, and outcome.

2.4.4.1 Acute Diseases
Acute infectious diseases are characterized by a rapid onset, pronounced symptoms, and
a short course, typically resolving within days or weeks. These infections often provoke strong

immune responses and can lead to severe clinical manifestations if not promptly managed.

One common example is influenza, a seasonal respiratory infection caused by influenza
viruses (types A and B). It typically begins abruptly with fever, cough, myalgia, and fatigue,
and although most cases resolve within a week, severe complications may arise in vulnerable

populations such as the elderly or immunocompromised individuals.

Another example is bacterial meningitis, an acute and potentially fatal inflammation of
the meninges caused by pathogens such as Neisseria meningitidis, Streptococcus pneumoniae,
or Haemophilus influenzae. (WHO, 2021).
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2.4.4.2 Chronic Diseases

Chronic infectious diseases develop gradually and persist over long periods, months,
years, or even a lifetime. They often result from pathogens capable of evading or suppressing
the host immune response, leading to prolonged infection and tissue damage. Chronic infections
can have significant social and economic consequences due to their persistence and long-term
health effects.

A key example is Hepatitis C, a viral infection caused by the Hepatitis C Virus (HCV),
transmitted mainly through blood contact. While some infections resolve spontaneously, most
evolve into chronic hepatitis, leading to liver fibrosis, cirrhosis, or hepatocellular carcinoma if
untreated (WHO, 2021).

HIV/AIDS is another major chronic infectious disease. The Human Immunodeficiency
Virus (HIV) progressively destroys the immune system’s CD4+ T cells, leading to Acquired
Immunodeficiency Syndrome (AIDS) after years of latent infection. Without antiretroviral
therapy, the disease severely compromises immunity, making patients susceptible to

opportunistic infections and certain cancers (WHO, 2021).

2.5. Infectious Disease Models
Infectious disease models are conceptual and mathematical frameworks used to
understand, predict, and manage the spread of infectious diseases. They help researchers and
public health authorities explore infection dynamics within populations, evaluate the potential
impact of interventions such as vaccination, quarantine, or vector control, and guide decision-
making during outbreaks (Anderson & May, 1992; Hethcote, 2000). These models are crucial
for anticipating epidemic trends, estimating transmission rates, and improving preparedness

against both endemic and emerging diseases.

To describe the progression of an epidemic, the population is divided into distinct
compartments representing different stages of infection. Each individual in the model belongs
to a compartment at a given time, for example, Susceptible (S), Infected (1), and Recovered (R),
and transitions between these states follow specific epidemiological parameters such as
transmission or recovery rates. This compartmental approach forms the foundation of many
epidemiological models, including the classical SIR model, which remains a cornerstone in

infectious disease modeling.
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2.5.1 SIR Model: A Classical Model of Infection Dynamics
The SIR model (Susceptible—Infected—Recovered) is one of the most fundamental and
widely used frameworks for describing the spread of infectious diseases within a population.
Developed by Kermack and McKendrick (1927), this model divides the population into three

compartments:
= S (Susceptible): individuals who are not yet infected but can contract the disease.

= | (Infected): individuals currently infected and capable of transmitting the pathogen to

susceptible individuals.

= R (Recovered): individuals who have recovered and acquired immunity, or who have

died, and thus no longer participate in disease transmission.

The model uses a system of differential equations to describe the rate at which
individuals transition between these compartments over time. It demonstrated that an epidemic
can spontaneously die out once a sufficient proportion of the population becomes immune, an

early mathematical formulation of the concept of herd immunity.

A key concept derived from this model is the Basic Reproduction Number (Ro), which
represents the average number of secondary infections caused by a single infectious individual
in a fully susceptible population. When Ro > 1, the infection spreads; when Ro < 1, the epidemic

eventually dies out.

Contamination of S Recovery of I
w ﬁ m Y @
Contact rate Recovery rate

Basic reproduction rate Ro=f /vy

Figure 12 : Schematic Representation of a Basic SIR Model with Its Three Compartments and
the Definition of the Basic Reproduction Number Ro.
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2.5.2 The SIRS Model
The SIRS model is an extension of the classical SIR framework that accounts for
temporary immunity. It assumes that individuals who have recovered may eventually lose

their immunity and return to the susceptible state, allowing reinfection.

A new parameter, & (delta), represents the rate of immunity loss, controlling how

quickly recovered individuals move back into the susceptible compartment S(t).

This cyclical transition enables diseases to persist endemically or reappear periodically,
rather than disappearing completely as in the SIR model. The SIRS model thus provides a more
realistic description for infections where immunity wanes over time, such as influenza,
pertussis, or COVID-19 (Brauer, 2017; Heffernan et al., 2005).

o

===

Figure 13 : Schematic Representation of a SIRS Model.

2.5.3 SEIR Model: Incorporating the Latent Phase
For diseases characterized by a latent (incubation) period, the SEIR model (Susceptible—
Exposed-Infected—Recovered) provides a more accurate representation of infection dynamics.

It introduces an additional compartment:
= E (Exposed): individuals who have been infected but are not yet infectious.

This latent phase captures the delay between infection and infectiousness, which is
particularly important for diseases like measles, influenza, and COVID-19. The SEIR model
thus refines the predictions of epidemic curves by representing the temporal lag between

exposure and symptom onset (Aron & Schwartz, 1984; Li et al., 2020).
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Figure 14 : Schematic Representation of a SEIR Model.

2.6. Spread of an Infection

The spread of an infectious disease within a population is a dynamic and multifactorial

process, influenced by biological, environmental, and social determinants. When a pathogen,

whether a bacterium, virus, parasite, or fungus, infects a host, it may be transmitted to other

susceptible individuals through various routes. These transmission pathways determine the

epidemiological behavior of the disease and play a crucial role in its control and prevention

strategies. Understanding these mechanisms is therefore essential for designing effective

public health interventions and limiting the dissemination of infections within communities.

* Environmental \

factors. SO
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The spread of an infectious disease
within a population is a dynamic process
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Figure 15 : Spread of an Infection.
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2.6.1 Direct Transmission
Direct transmission occurs when a pathogen is transferred from an infected host to a
susceptible individual without the involvement of an intermediate vector or object. This route
of transmission plays a critical role in the spread of many infectious diseases and can be further

classified based on the mechanism of contact:
= Physical Contact

Pathogens are transmitted through direct interpersonal contact, including skin-to-skin
interactions or sexual contact. Examples include impetigo, a superficial bacterial infection
caused by Staphylococcus aureus or Streptococcus pyogenes (Hay et al., 2014), and sexually
transmitted infections such as HIV and syphilis, which spread primarily through unprotected
sexual contact (Workowski & Bolan, 2015).

* Respiratory Route

Infections can spread via respiratory droplets expelled when an infected individual
coughs, sneezes, or talks. These droplets can reach the mucous membranes of nearby
susceptible individuals. Examples of diseases transmitted this way include SARS-CoV-2
(COVID-19), influenza viruses, and Mycobacterium tuberculosis (Prather et al., 2020; WHO,
2021).

=  Through Bodily Fluids

Pathogens may also be transmitted via exchange of bodily fluids, including blood,
saliva, semen, or vaginal secretions. Diseases transmitted in this manner include hepatitis B,
HIV, and other sexually transmitted infections (Alter, 2006; UNAIDS, 2021).
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Figure 16 : Direct Transmission of Infection.

2.6.2 Indirect Transmission (Vector-borne)
In indirect transmission, pathogens are not passed directly from an infected individual
to a susceptible one but instead require an intermediate agent, which may be a living vector, a
contaminated object, or an environmental source. This mode of transmission encompasses

several major mechanisms that play a crucial role in the epidemiology of infectious diseases.
= Transmission by living vectors

One of the most significant forms of indirect transmission involves biological vectors,
such as insects and arthropods, which actively participate in the transmission cycle of
pathogens. For example, mosquitoes of the Anopheles genus transmit Plasmodium parasites
responsible for malaria, while ticks act as vectors for Borrelia burgdorferi, the causative agent
of Lyme disease (WHO, 2023; Eisen & Dolan, 2016). In these cases, the vector is not merely a
passive carrier but an essential biological host that enables the pathogen to complete part of its

life cycle, thereby facilitating its spread among human populations.
= Environmental transmission

Pathogens can also be transmitted via inanimate objects or contaminated surfaces,
known as fomites. Items contaminated with infected bodily fluids may serve as vehicles for

viruses such as Ebola or influenza, while contaminated food or water can spread bacterial
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infections including cholera (Vibrio cholerae) and salmonellosis (Salmonella spp.) (CDC,
2022; WHO, 2021). The persistence of infectious agents in the environment depends on factors
such as temperature, humidity, and surface composition, which influence their survival and

infectivity.

The dynamics of infection spread are closely tied to the mode of transmission. Diseases
spread by direct contact often proliferate in settings with high population density and frequent
interpersonal interactions, whereas those transmitted indirectly, particularly through vectors,
depend on ecological and environmental factors, including climate, sanitation, and vector
distribution. Understanding these mechanisms is essential for developing effective prevention
and control strategies, such as vector management, vaccination programs, and improvements in
hygiene and sanitation infrastructure (Lambrechts et al., 2010; WHO, 2023).

Indirect Transmission
4 (Vector-borne) \
/—j ‘;\

’
for

£

Transmission by Living Vectors

i

Lyme disease Cholera

Figure 17 : Indirect Transmission (Vector-borne) of infection.

2.7. Nosocomial Infections
A nosocomial infection, also referred to as a healthcare-associated infection (HAI), is
an infection acquired during or following a hospital stay or while receiving medical care in any
healthcare setting. To qualify as nosocomial, the infection must not be present or incubating at
the time of the patient’s admission and must appear at least 48 hours after hospitalization
(WHO, 2022; CDC, 2023).
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When uncertainty exists, a systematic investigation is conducted to determine whether
the infection is related to hospitalization. For surgical wound infections, the observation period
is extended to 30 days post-

operation, even if the patient has R
been discharged. In cases involving - -

the placement of prosthetic devices

or implants, this period is further & 30 days \:':‘1'
extended to one year following —p 1 al
surgery, as infections may manifest ’
later due to biofilm formation or

. ) .. One year
delayed microbial colonization
(ECDC, 2022; Horan et al., 2008). Figure 18 : Nosocomial Infections.

Nosocomial infections represent a major public health concern, as they not only increase
patient morbidity and mortality but also lead to prolonged hospital stays and significant
economic burdens for healthcare systems worldwide (WHO, 2022).

2.7.1 Types of Nosocomial Infections

Nosocomial infections can have two origins:

= Endogenous origin: The infection results from microorganisms already present in the
patient’s own body. These microbes may become pathogenic when the patient’s immune

defenses are weakened or when medical procedures introduce them into sterile body sites.

= Exogenous origin: The infection is caused by pathogens originating from external sources,
such as healthcare personnel, other patients, visitors, medical instruments, or the hospital

environment (air, surfaces, or food).
The most common types of nosocomial infections occur in the following sites:
= Urinary tract (more than 25% of cases);
= Surgical sites (approximately 16%) ;
= Respiratory tract (around 15%) ;

= Bloodstream (around 10%).
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Among the microorganisms most frequently implicated, three bacterial species account

for more than half of all hospital-acquired infections:

Staphylococcus aureus (including methicillin-resistant strains, MRSA);
Escherichia coli;
Pseudomonas aeruginosa (commonly known as the pyocyanic bacillus).

These pathogens are often associated with invasive medical devices such as catheters,

ventilators, and surgical implants, highlighting the importance of strict aseptic techniques and

infection prevention measures (Magill et al., 2018; Cassini et al., 2016).

2.7.2 Causes of Nosocomial Infections

Nosocomial infections arise from a wide range of microorganisms, including bacteria,

viruses, fungi, and parasites. The most frequently involved bacterial pathogens include

methicillin-resistant Staphylococcus aureus (MRSA), Escherichia coli, Klebsiella pneumoniae,

and Pseudomonas aeruginosa (Magill et al., 2018; WHO, 2022).

Several key factors contribute to the occurrence and persistence of these infections:

Invasive medical procedures: Medical devices such as urinary catheters, ventilators,
endotracheal tubes, and intravenous lines provide direct entry routes for pathogens into
sterile body sites. Device-associated infections account for a significant proportion of
hospital-acquired infections (CDC, 2023).

Antibiotic resistance: The overuse and misuse of antibiotics in healthcare settings have led
to the selection of multidrug-resistant organisms (MDROSs), complicating treatment and

increasing morbidity and mortality rates (Tacconelli et al., 2018).

Breaches in hygiene and infection control protocols: Inadequate hand hygiene,
insufficient disinfection of instruments and surfaces, or non-compliance with aseptic
techniques substantially increase the risk of cross-contamination and infection (Allegranzi
etal., 2011).

Patient-related factors: Patients who are immunocompromised, in intensive care units
(ICUs), or undergoing major surgical interventions are at greater risk due to weakened

defenses and frequent exposure to invasive devices (Vincent et al., 2020).
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2.7.3 Types of Nosocomial Infections
Nosocomial infections can affect various organ systems and are often associated with
invasive medical procedures or prolonged hospital stays. The main types include:

= Urinary Tract Infections (UT]Is)

These are among the most frequent hospital-acquired infections, typically associated
with the use of urinary catheters (catheter-associated UTIs, or CAUTIS). They occur when
microorganisms ascend along the catheter into the bladder, often involving pathogens such as
Escherichia coli and Enterococcus species (Magill et al., 2018; CDC, 2023).

= Surgical Site Infections (SSIs)

SSls develop when microorganisms contaminate a surgical incision or deeper tissues
during or after an operation. They can lead to delayed wound healing, abscess formation, or
systemic infection. Common pathogens include Staphylococcus aureus and Coagulase-negative
staphylococci (Allegranzi et al., 2011; WHO, 2022).

= Pneumonia (Ventilator-Associated Pneumonia — VAP)

This type of infection affects the lower respiratory tract, particularly in patients
receiving mechanical ventilation. VAP is a major cause of morbidity and mortality in intensive
care units (ICUs). The predominant organisms include Pseudomonas aeruginosa, Acinetobacter

baumannii, and Klebsiella pneumoniae (Vincent et al., 2020).
= Bloodstream Infections (BSls or Septicemia)

These occur when pathogens enter the bloodstream, often through central venous
catheters or other invasive lines. BSIs can lead to severe sepsis or septic shock if untreated. The
most common agents are Staphylococcus aureus, Candida species, and Enterobacteriaceae
(CDC, 2023; WHO, 2022).
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Figure 19 :Types of Nosocomial Infections.

2.7.4 Prevention of Nosocomial Infections
The prevention of nosocomial (healthcare-associated) infections is a multifactorial
process that requires the strict application of hygiene measures, adherence to clinical protocols,
and continuous education of healthcare personnel. Effective prevention strategies aim to
minimize the risk of pathogen transmission and ensure patient safety. Key preventive measures

include:
= Hand Hygiene

Rigorous and regular handwashing or hand disinfection with alcohol-based solutions
remains the single most effective measure to prevent healthcare-associated infections.
Compliance with hand hygiene protocols by healthcare workers, patients, and visitors is
essential to break the chain of transmission (Pittet et al., 2000; WHO, 2023).

= Sterilization and Disinfection

The systematic sterilization of reusable medical instruments and disinfection of hospital
surfaces are vital to eliminate potential reservoirs of infection. The use of validated sterilization
procedures (e.g., autoclaving) and appropriate disinfectants reduces the risk of cross-
contamination (Rutala & Weber, 2019).

= Antibiotic Prophylaxis and Stewardship
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The judicious use of antibiotics is crucial to prevent postoperative infections and to limit
the emergence of antibiotic-resistant strains. Implementing antimicrobial stewardship programs

helps optimize antibiotic prescriptions and preserve their efficacy (WHO, 2022; CDC, 2023).
= Education and Training

Continuous education and skill development of healthcare professionals are essential
for maintaining awareness of infection prevention practices. Training focuses on aseptic

techniques, device management, and early recognition of infection risks (ECDC, 2022).
= Surveillance and Infection Control

Active epidemiological surveillance systems allow for the timely detection of infection
clusters and the evaluation of preventive measures. The establishment of infection control
committees within healthcare institutions supports the implementation and monitoring of
standardized protocols (Magill et al., 2018; WHO, 2023).

2.8. Emerging Infectious Diseases
An emerging disease is defined as an infection whose incidence has increased
significantly within a given population, over a specific geographic area, and during a defined
time period, compared to the expected epidemiological baseline. This concept applies not only

to humans but also to animal and plant diseases.

Although most emerging diseases are infectious in nature, the term may also include
toxic, metabolic, or environmentally induced conditions (Toma & Thiry, 2003). From an
epidemiological standpoint, an emerging disease is one that appears for the first time in a
population or whose frequency increases rapidly in a given region (Morse, 2001). Conversely,
when a previously controlled or declining disease reappears or resurges, it is referred to as a re-

emerging disease (Desenclos & De Valk, 2005).

Emerging infectious diseases (EIDs) represent a growing global concern, as they often
have zoonotic origins, exhibit rapid transmission, and can lead to major outbreaks or pandemics

if not detected early and contained effectively (Morens & Fauci, 2020).
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Figure 20 :Emerging Infectious Diseases.

2.8.1 Causes of Emerging Infectious Diseases
The emergence of new infectious diseases is a multifactorial process influenced by
biological, environmental, social, and technological factors. These determinants interact to
create favorable conditions for the appearance or reappearance of pathogens in human
populations (Morens & Fauci, 2020; WHO, 2022).

= Mutation and Evolution of Pathogens

Viruses, bacteria, and other microorganisms continuously evolve through genetic
mutation and recombination. These evolutionary changes may enhance their ability to evade
the host immune system, increase transmissibility, or develop resistance to available treatments.
For instance, the influenza virus undergoes frequent antigenic drift and shift, necessitating

regular vaccine reformulation (Taubenberger & Morens, 2008).
= Environmental Changes

Environmental disruptions such as deforestation, urbanization, and climate change
modify ecosystems and increase contact between humans and wildlife species that were
previously isolated. This facilitates the cross-species transmission of pathogens (zoonoses). The
Ebola virus, for example, is strongly associated with deforestation and habitat fragmentation in
Central and West Africa (Olivero et al., 2017).
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= Globalization and Human Mobility

The intensification of international travel, migration, and global trade enables infectious
agents to spread rapidly across borders. The 2003 SARS-CoV outbreak and the COVID-19
pandemic in 2020 are striking examples of how pathogens can circulate globally within weeks
(Woolhouse & Gaunt, 2007).

= Antibiotic and Antiviral Resistance

The overuse and misuse of antimicrobial drugs in human and veterinary medicine have
accelerated the emergence of resistant microorganisms, including Methicillin-resistant
Staphylococcus aureus (MRSA) and multidrug-resistant tuberculosis (MDR-TB). Similarly,
antiviral resistance has been documented in influenza and HIV, complicating disease
management (WHO, 2023).

= Social Disruption and Conflict

Armed conflicts, economic crises, and natural disasters can severely weaken healthcare
systems, disrupt vaccination programs, and promote overcrowded living conditions. These
factors heighten the risk of infectious disease outbreaks. Refugee and displacement camps,
often lacking adequate hygiene infrastructure, are particularly vulnerable (Connolly et al.,
2004).

= Agricultural Practices and Food Production

The industrialization of agriculture and the globalization of food markets have created
new interfaces for pathogen transmission between animals and humans. Intensive livestock
farming and live-animal markets have been associated with outbreaks of zoonotic diseases such
as avian influenza (H5N1) and swine flu (HIN1) (Jones et al., 2013).

= Zoonotic Reservoirs

Approximately three-quarters of emerging infectious diseases are zoonotic in origin,
transmitted from animals to humans directly or through vectors such as mosquitoes or ticks.
Reservoir species, including bats, rodents, and birds, play a key role in the maintenance and
spillover of pathogens like MERS-CoV, Nipah virus, and avian influenza viruses (Taylor et al.,
2001; WHO, 2022).
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2.8.2 Impact of Emerging Infectious Diseases
Emerging infectious diseases have far-reaching consequences that extend beyond
health, affecting economic stability and the social fabric of communities (Morens et al., 2020;
Bloom & Cadarette, 2019).

= Public Health

Do The appearance of a new infectious disease can lead to widespread

>

0

‘o ' epidemics or even global pandemics, resulting in high morbidity and
§'f\ JL\ mortality rates. For instance, the COVID-19 pandemic caused millions of
deaths worldwide and placed unprecedented pressure on healthcare systems, exposing their
structural weaknesses (WHO, 2021).

= Economic Impact

g Epidemics often generate severe economic disruptions by affecting
, productivity, trade, and employment. Business closures, reduced industrial
output, and interruptions in global supply chains can have long-term effects on
both national and global economies. The COVID-19 pandemic, for example, triggered one of

the deepest economic recessions since World War II.
= Social Impact

i . Beyond health and economics, emerging diseases profoundly affect social
i

x‘ 1’“‘”" ”l structures. They can lead to the stigmatization of infected individuals,
ﬁgi;nylﬂ widespread mistrust toward health institutions, and the amplification of
Xt ¢ . . )

r 1 social inequalities. Moreover, control measures such as gquarantines,

lockdowns, and social distancing, although essential to limit transmission, often produce
significant psychological and societal repercussions, including anxiety, isolation, and increased

domestic stress (Brooks et al., 2020).

2.8.3 Historical Overview and Notable Examples
Throughout history, emerging infectious diseases have profoundly influenced human
societies. In the Middle Ages, the Black Death, caused by the bacterium Yersinia pestis, wiped
out an estimated one-third of Europe’s population. More recently, diseases such as HIV/AIDS
(emerging in the 1980s) and Severe Acute Respiratory Syndrome (SARS, in 2003) have

demonstrated the global repercussions of infectious disease outbreaks.
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= Human Immunodeficiency Virus (HIV/AIDS)

First identified in the early 1980s, HIV has caused one of the most devastating
pandemics in modern history, with more than 38 million people currently living with the virus
worldwide. HIV is believed to have originated through zoonotic transmission from non-human
primates to humans in Central Africa. Despite advances in antiretroviral therapy, the disease

remains a major global health challenge.
= Severe Acute Respiratory Syndrome (SARS)

In 2003, a novel coronavirus (SARS-CoV) caused a global outbreak that resulted in
approximately 8,000 cases and 774 deaths across 29 countries. The SARS epidemic
underscored the critical importance of international collaboration, early detection systems, and

transparent reporting in controlling infectious disease threats.
= Ebola Virus Disease (EVD)

First identified in 1976 in the Democratic Republic of Congo, Ebola virus disease has
caused several deadly outbreaks in Africa. The most severe occurred between 2014 and 2016
in West Africa, leading to more than 11,000 deaths. The virus, transmitted to humans from bats
and other wildlife, demonstrated the interconnectedness between human health, animal health,

and environmental factors.

The emergence and re-emergence of infectious diseases emphasize the vital role of
epidemiology in understanding disease transmission patterns, predicting outbreaks, and

designing effective prevention and control strategies.

2.9. Epidemiology
2.9.1 Definition of Epidemiology
Epidemiology is the science that studies the distribution, determinants, and control of
diseases and other health-related events within human populations (WHO, 2024). It focuses on
identifying the factors influencing the occurrence, spread, and prevention of diseases, aiming
to understand how and why diseases affect certain populations more than others (Rothman,

Greenland, & Lash, 2021).

The discipline plays a central role in monitoring and controlling infectious diseases,
such as HIV, tuberculosis, influenza, and more recently, COVID-19 (CDC, 2023). Through
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systematic data collection and analysis, epidemiology helps identify sources of infection,
transmission modes, and appropriate preventive measures to limit disease spread (Gordis, 2014;
Porta, 2014).

Ultimately, epidemiology serves as the foundation of public health, providing evidence
for decision-making, guiding vaccination strategies, and shaping global health policies (Last,
2001).

2.9.2 Objectives of Epidemiology
The primary objectives of epidemiology are to understand, prevent, and control diseases
within populations through systematic investigation and evidence-based interventions (Gordis,

2014).
= Describe Disease Distribution

Epidemiology examines how diseases are distributed among populations, considering
variables such as age, sex, ethnicity, geographic location, and time (CDC, 2021). This
descriptive approach identifies high-risk groups and emerging patterns, forming the foundation
for further analytical studies. For instance, mapping COVID-19 incidence across regions has
helped target interventions where transmission is most intense (WHO, 2020).

= |dentify Disease Determinants

One of the core functions of epidemiology is to uncover the causes and risk factors
influencing disease occurrence. These determinants may be biological (e.g., genetic
susceptibility), environmental (e.g., pollution, vector ecology), behavioral (e.g., smoking,
hygiene practices), or socioeconomic (e.g., access to healthcare) (Last, 2001; Friis & Sellers,
2020). Identifying such factors enables the development of prevention strategies tailored to

specific contexts.
= Evaluate Public Health Interventions

Epidemiological methods are essential for assessing the efficacy and impact of health
interventions, such as vaccination campaigns, health education programs, and disease
surveillance systems. For example, epidemiological trials demonstrated the high effectiveness
of mRNA vaccines in reducing COVID-19 transmission and severe outcomes (Polack et al.,
2020).
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mechanisms and environmental dynamics,

epidemiology helps anticipate and mitigate epidemic spread. Epidemics may emerge or

intensify due to several factors, such as:

Emergence of new or more virulent pathogens (e.g., novel influenza strains).

Introduction of a pathogen into a population lacking immunity.

Increased vector populations due to seasonal or ecological changes.

Weakened host immunity from malnutrition or immunosuppressive conditions.

Poor environmental conditions and inadequate sanitation.

Increased human or animal contact resulting from urbanization, migration, or

deforestation.

Insufficient vaccination coverage (Heymann, 2015; WHO, 2018).

To effectively control an epidemic, epidemiologists must identify the causal agent,

understand the mode of transmission, and analyze the environmental and social factors

sustaining its spread. This integrative approach supports rapid response strategies and long-

term prevention policies.

2.9.3 Key Concepts in Epidemiology

« Incidence: Incidence refers to the number of new cases of illness in a given population over

a specific period of time.

o Prevalence: The percentage of individuals who are ill in a population at a given time.

« Mortality: The incidence of deaths caused by a disease within a population.

« Morbidity: The incidence of disease in a population.

« Epidemics: A sudden increase in the number of cases of a disease beyond what is normally

expected in a given region.

« Pandemic: An epidemic that spreads over several countries or continents, affecting a large

number of people, such as the COVID-19 pandemic.
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« Endemic: An infection or disease that is constantly present, usually at a low level, in a

population.
« Fomite: An inanimate object that, when contaminated, can transmit a pathogen to a host.
« Reservoir: A habitat where a pathogen lives and multiplies without causing disease.

o Vector: An organism that transmits a pathogen from one host to another, such as

mosquitoes.

« Healthy Carriers: Individuals who harbor a pathogen without symptoms but can transmit

it to others.

e« Zoonosis: A disease that can be transmitted between animals and humans, such as avian

influenza.

o Cohort Studies: Studies that follow a group of people over time to see who develops the

disease.

o Case-Control Studies: Studies that compare people with the disease (cases) to those

without it (controls) to identify risk factors.

2.9.4 Methods Used in Epidemiology
Epidemiology employs a combination of observational, experimental, and analytical
methods to investigate disease patterns, identify causes, and assess prevention and control

measures. These methods form the foundation of evidence-based public health decision-making

(Friis & Sellers, 2020; Gordis, 2014).

2.9.4.1 Observational Studies
Observational studies are fundamental to epidemiological
research because they allow scientists to examine associations

between exposure factors and disease occurrence without

manipulating variables.

o Cohort studies follow groups of individuals (cohorts) over time to assess how specific
exposures influence the incidence of disease. For instance, cohort studies have
demonstrated the strong relationship between tobacco use and lung cancer (Doll & Hill,
1950).
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o Case-control studies compare individuals with a disease (cases) to those without
(controls) to identify potential risk factors. These studies are particularly useful for rare

diseases or those with long latency periods (Rothman, 2012).

o Cross-sectional studies analyze data from a population at a single point in time to
estimate disease prevalence and associated factors. They are often used for public health

surveillance and planning (CDC, 2021).

2.9.4.2 Experimental Studies
P Experimental epidemiology involves active intervention by

i

8

researchers to test the effectiveness of preventive or therapeutic

measures.

o Randomized controlled trials (RCTs) are the gold standard, as participants are
randomly assigned to intervention or control groups, minimizing bias. RCTs have been
pivotal in establishing the efficacy of vaccines, such as the BNT162b2 mRNA COVID-
19 vaccine (Polack et al., 2020).

o Field trials and community trials extend experimentation to populations to evaluate
the real-world impact of health interventions, such as mosquito control programs or

mass vaccination campaigns (Hennekens & Buring, 1987).

2.9.4.3 Epidemiological Surveillance
= Surveillance refers to the continuous and systematic collection,
| Qa analysis, and interpretation of health data to detect outbreaks early
"I / ' and monitor disease trends (WHO, 2018). It enables public health
il ﬂ ; _A authorities to respond promptly to emerging threats. Modern
surveillance systems integrate clinical data, laboratory reports, and digital tools such as

syndromic and genomic surveillance (Heymann, 2015).

2.9.4.4 Statistical and Analytical Methods
Statistical analysis is essential for interpreting epidemiological data,

— omm g estimating disease risk, and establishing causal relationships.
Epidemiologists apply methods such as relative risk, odds ratio,
¥ confidence intervals, and multivariate regression to validate

associations and control for confounding variables (Rothman, 2012).
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These tools ensure that findings are scientifically robust and reproducible, forming the basis for

policy and intervention decisions.
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3. Microbial Pathogenesis

Microbial pathogenesis is the study of the mechanisms by which microorganisms, such
as bacteria, viruses, fungi, and parasites, cause disease in their hosts. It explores the complex
molecular and cellular interactions between pathogens and host defense systems that lead to

infection and disease development (Casadevall & Pirofski, 2000; Finlay & Falkow, 1997).

3.1. Stages of the Infectious Process
An infectious process involves a sequence of events through which a pathogen
successfully enters, multiplies, and induces damage in the host organism. This process depends

on both the virulence of the microorganism and the host’s immune response (Brooks et al.,

2022).
Typically, the infectious process includes several key stages:
=  Encounter and entry of the pathogen into the host.
= Adherence to host tissues.
= Invasion and colonization.
= Multiplication and spread within the host.
= Evasion of host defenses.
= Damage to host tissues and disease manifestation.

Each of these stages is influenced by virulence factors such as adhesins, invasins, toxins,
and immune modulators (Madigan et al., 2021).

3.1.1 Infection
Infection is defined as the successful entry, establishment, and multiplication of
pathogenic microorganisms within the host, leading to tissue injury and clinical symptoms
(Ryan & Ray, 2020).

Under normal conditions, the human body hosts a vast community of commensal
microorganisms, particularly in the skin, oral cavity, and gastrointestinal tract. These microbes
form the normal microbiota, which plays a protective role by competing with pathogens and

stimulating the immune system (Turnbaugh et al., 2007).
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However, even commensal bacteria can become opportunistic pathogens when host
defenses are compromised, for example, due to immunosuppression, antibiotic use, or tissue

damage (Hajjar et al., 2017). Whether an infection develops depends on two main factors:
= The virulence and infectious dose of the microorganism.
= The immune status and physical barriers of the host.

The interaction between pathogen and host determines the outcome, which can range
from asymptomatic colonization to severe disease (Murray et al., 2021).

3.1.2 Different Infection Localizations
Infectious diseases vary in their localization within the body depending on the pathogen
involved, the route of entry, and the host’s immune response. The spread of infection can be
classified into three major categories: localized, regional, and systemic infections (Murray et
al., 2021; Ryan & Ray, 2020).

3.1.2.1 Localized Infection

A localized infection is confined to a specific area of the
body where the pathogen entered and multiplied. The immune
response generally limits its spread. Common examples include
skin abscesses, boils, or localized wound infections caused by

Staphylococcus aureus or Streptococcus pyogenes (Madigan et

al., 2021).

Localized infections are characterized by inflammation,

redness, heat, swelling, and pain, the classical signs of infection

(Brooks et al., 2022).

Figure 21 : Skin abscess
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3.1.2.2 Regional Infection

A regional infection extends beyond the initial
site of infection but remains confined to a particular
anatomical region. It often involves multiple adjacent

tissues or structures.

Typical examples include pneumonia limited
to one lobe of the lung, otitis media (middle ear

infection), or sinusitis. Such infections may spread

through lymphatic drainage or contiguous tissue

extension (Mims et al., 2019). Figure 22 : Pneumonia affecting one lung lobe

3.1.2.3 Systemic (or Generalized) Infection

A systemic infection occurs when pathogens or their
toxins spread throughout the body, typically via the
bloodstream or lymphatic system, reaching multiple organs

and tissues.

This leads to conditions such as septicemia,
bacteremia, or viremia, depending on the causative agent
(Cohen, 2012). Systemic infections often provoke fever,

chills, fatigue, and multi-organ involvement.

Figure 23 : Septicemia (generalized infection)

3.1.3 The Different Stages of Infection
The infectious process follows a series of sequential steps through which pathogens
invade, multiply, and cause disease within the host. These stages include exposure, adhesion
(colonization), invasion, and infection itself (Finlay & Falkow, 1997; Casadevall & Pirofski,
2000).
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Figure 24 : Different Stages of Infection

3.1.3.1 Exposure (Contact)
Exposure represents the initial phase of the infectious process, occurring when a host

comes into contact with a pathogenic microorganism capable of causing disease. Pathogens can
enter the body through several routes, known as portals of entry, which determine the nature of
the infection (Ryan & Ray, 2020; Mims et al., 2019):

= Respiratory route: Inhalation of infectious aerosols containing pathogens such as

Mycobacterium tuberculosis, Neisseria meningitidis, or influenza virus.

= Digestive route: Ingestion of contaminated food or water containing enteric bacteria

like Salmonella enterica, Vibrio cholerae, or Escherichia coli.

= Cutaneous route: Entry through wounds, abrasions, or insect bites; for example,
Plasmodium species transmitted by Anopheles mosquitoes, or Clostridium tetani via

contaminated wounds.

= Urogenital route: Sexual transmission of pathogens such as Neisseria gonorrhoeae,

Chlamydia trachomatis, or Treponema pallidum.

= Parenteral or blood route: Direct introduction of pathogens into the bloodstream
through transfusions, needle sharing, or vector bites, as seen with HIV or hepatitis B
virus (HBV).
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Each route represents a critical entry point where preventive measures (e.g., vaccination,

hygiene, barrier protection) can effectively block infection (Brooks et al., 2022).

3.1.3.2 Adhesion and Colonization

Following exposure, pathogens must adhere to host cells to initiate infection, this is
known as the adhesion phase. Adhesion is a highly specific process mediated by bacterial
surface structures such as fimbriae, pili, or adhesins that recognize and bind to complementary
receptors on host cell membranes. For example, Neisseria gonorrhoeae uses type IV pili to
attach to epithelial cells, while Streptococcus pyogenes relies on M-proteins for adhesion. Once
attached, microorganisms begin colonization by exploiting host nutrients and environmental
conditions such as pH, temperature, and oxygen availability to multiply and establish a niche.
Some pathogens develop biofilms, complex microbial communities protected by extracellular
matrices, which significantly increase resistance to immune defenses and antibiotics (Madigan
et al., 2022; Todar, 2020). Adhesion and colonization are thus critical determinants of

pathogenicity, as infection cannot progress without successful establishment on host tissues.

3.1.3.3 Invasion

The invasion stage involves the penetration of pathogens into host tissues, allowing
them to overcome anatomical and immune barriers. To achieve this, microorganisms secrete
extracellular enzymes such as collagenases, hyaluronidases, and proteases, which degrade host
connective tissues and facilitate deeper entry. Some intracellular pathogens, such as Listeria
monocytogenes or Shigella flexneri, produce invasion proteins that enable active entry into host
cells, leading to intracellular multiplication and tissue dissemination. These mechanisms are
crucial for the establishment of systemic infections, as they allow pathogens to spread beyond
the initial site of entry (Brooks et al., 2022; Ryan & Ray, 2021). Understanding these invasion
strategies provides valuable insights for designing therapeutic interventions and vaccines

targeting early infection stages.

3.1.3.4 Infection
The infection stage occurs when the pathogen successfully multiplies within the host,

leading to the onset of clinical symptoms. Depending on the extent of dissemination, infections
can be localized, restricted to a specific site such as the skin or respiratory tract, or systemic,
where pathogens spread through the bloodstream to affect multiple organs, as seen in

septicemia. The manifestation of disease depends on the pathogen’s virulence factors, the
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infectious dose, and the host’s immune response. Typical symptoms include fever,
inflammation, tissue damage, and fatigue. The immune system’s ability to mount an effective
response determines whether the infection resolves spontaneously, becomes chronic, or results
in severe complications (Murray et al., 2021; Tortora et al., 2022). Thus, infection represents
the culmination of the host—pathogen interaction, highlighting the delicate balance between

microbial aggressiveness and host defense mechanisms.

Figure 25 : Infection
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3.2. Host Invasion and Immune Evasion by Pathogenic Bacteria
To establish infection and cause disease, pathogenic bacteria must successfully invade
the host and overcome its complex immune defenses. This process involves a combination of
physical penetration, biochemical adaptation, and molecular strategies that allow bacteria to
adhere, invade, colonize, and persist within host tissues. Successful pathogens not only breach
physical barriers such as epithelial linings but also manipulate immune responses to ensure their

survival and dissemination (Murray et al., 2021; Mims et al., 2019).

3.2.1 Host Invasion
Host invasion is a multifaceted process through which bacteria enter host tissues,
establish infection niches, and spread. It consists of three main stages: adherence to host cells,

tissue invasion, and colonization.
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3.2.1.1 Adherence to Host Cells

The first step in bacterial invasion involves adhesion to host cells. Bacteria utilize
surface structures such as fimbriae, pili, lipoteichoic acids, and specific adhesin proteins to
attach to epithelial surfaces or mucosal linings. This attachment is often highly specific,
mediated by receptor—ligand interactions between bacterial adhesins and complementary
molecules on host cell membranes. For example, Escherichia coli expresses type | fimbriae that
bind to mannose residues on urinary tract epithelial cells, contributing to urinary tract infections
(UTIs). Similarly, Neisseria gonorrhoeae employs type IV pili and Opa proteins to adhere
tightly to mucosal cells (Brooks et al., 2022; Todar, 2020). Adhesion is a crucial determinant
of host specificity and infection initiation since without it, pathogens are easily removed by

mucociliary clearance or peristaltic movement.

3.2.1.2 Tissue Invasion

Following adhesion, certain bacteria penetrate host tissues or cells to avoid immune
detection and access new nutrient-rich environments. They achieve this through the secretion
of degradative enzymes such as hyaluronidases, collagenases, and proteases, which break down
connective tissues and extracellular matrices. This enzymatic degradation facilitates bacterial
dissemination through epithelial barriers.

Some bacteria, including Listeria monocytogenes, Salmonella enterica, and Shigella
flexneri, can invade host cells directly by triggering endocytosis or actin-based phagocytosis,
thereby becoming intracellular pathogens. Once inside, they can replicate and spread cell-to-
cell while avoiding extracellular immune components such as antibodies and complement
proteins (Madigan et al., 2022; Ryan & Ray, 2021). This invasive ability is a key factor in the

development of systemic infections and chronic diseases.

3.2.1.3 Colonization

Once inside host tissues or cells, bacteria begin colonization, a phase characterized by
active multiplication and establishment of a stable infection site. Successful colonization
depends on the pathogen’s ability to adapt to the host environment, including temperature, pH,
and nutrient availability. Some bacteria acquire essential nutrients such as iron using
siderophores, while others alter their metabolism to persist under stress conditions such as

hypoxia or immune pressure.
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During colonization, bacteria may form biofilms, complex multicellular structures
embedded in extracellular polymeric substances. Biofilms confer protection from antibiotics
and immune effectors, allowing bacteria to persist in chronic infections such as those caused
by Pseudomonas aeruginosa or Staphylococcus epidermidis (Tortora et al., 2022; Murray et
al., 2021). This adaptive behavior represents a major challenge for infection control and

antibiotic therapy.

3.2.2 Immune Evasion by Pathogenic Bacteria
Pathogenic bacteria have evolved a variety of strategies to evade recognition and
destruction by the host’s immune system. These mechanisms, which include the production of
capsules, biofilm formation, inhibition of phagocytosis, resistance to intracellular destruction,
immune signal subversion, and antigenic variation, enable bacteria to survive, replicate, and

establish persistent infections within the host (Brooks et al., 2022; Tortora et al., 2022).

3.2.2.1 Capsules

Capsules are external layers composed primarily of polysaccharides or proteins that
surround the bacterial cell wall. They serve as a physical barrier, preventing recognition and
ingestion by phagocytic cells such as macrophages and neutrophils. The capsule masks surface

antigens, reducing opsonization and complement activation.

A well-known example is Streptococcus pneumoniae, whose polysaccharide capsule is
a major virulence determinant. Non-encapsulated strains are rapidly cleared by the immune
system, whereas encapsulated strains resist phagocytosis and can cause severe diseases such as

pneumonia, meningitis, and septicemia (Ryan & Ray, 2021; Brooks et al., 2022).

Streptococcus pneumoniae

Figure 26 : Capsules (Ex: Streptococcus pneumoniae)
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Biofilms are complex communities of bacteria embedded in an extracellular polymeric

matrix that adheres to biotic or abiotic surfaces. This matrix protects bacteria from immune

cells and antimicrobial agents, allowing them to persist in hostile environments. Within

biofilms, bacteria exhibit reduced metabolic activity, further decreasing antibiotic

susceptibility.

Pseudomonas aeruginosa is a classic example; in the lungs of cystic fibrosis patients, it forms

dense biofilms that resist phagocytosis and immune clearance, leading to chronic and recurrent
infections (Murray et al., 2021; Tortora et al., 2022).

% /# 5. Mature biofilm
% and microcolony

process by producing specific virulence proteins. For
example, Staphylococcus aureus secretes Protein A, which
binds to the Fc region of immunoglobulin G (IgG), inverting
its orientation and preventing opsonization by phagocytes.
Similarly, certain strains of Escherichia coli secrete proteins
that interfere with cytoskeletal rearrangements required for

engulfment, thereby impairing the innate immune response

formation

3. Matrix production and
2. Attachment to surface monolayer formation

Biofilms

Pseudomonas aeruginosa

Figure 27 : Biofilms (Ex: Pseudomonas aeruginosa).

3.2.2.3 Inhibition of Phagocytosis

Some bacteria directly inhibit the phagocytosis

(Brooks et al., 2022; Madigan et al., 2022).

Figure 28 : Inhibition of Phagocytosis.
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3.2.2.4 Resistance to Intracellular Destruction

Some bacteria possess the ability to survive within phagocytic cells by interfering with
intracellular killing mechanisms. Mycobacterium tuberculosis, for instance, inhibits the fusion
of phagosomes with lysosomes, thereby avoiding exposure to lytic enzymes and reactive
oxygen species. This adaptation allows it to persist within macrophages for long periods,
leading to latent or chronic infections (Tortora et al., 2022; Madigan et al., 2022).

ALVEOLAR MACROPHAGE

ALVEOLAR MACROPHAGE ALVEOLAR MACROPHAGE

Figure 29 : Resistance to Intracellular Destruction.

3.2.2.5 Immune Signal Subversion

Pathogenic bacteria can manipulate host
immune signaling pathways to suppress inflammatory
responses or induce apoptosis of immune cells.
Salmonella enterica and Shigella flexneri utilize Type
I11 Secretion Systems (T3SS) to inject effector proteins

into host cells, altering signaling cascades and cytokine

v
: . le site dinfection @
production. For example, Salmonella can induce o $

macrophage apoptosis, thereby reducing the Figure 30 : Immune Signal Subversion.
population of cells capable of clearing infection.

Likewise, Helicobacter pylori interferes with host signaling by inhibiting the production
of pro-inflammatory cytokines such as TNF-a and IL-8, dampening immune activation and

promoting bacterial persistence (Murray et al., 2021; Ryan & Ray, 2021).
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3.2.2.6 Antigenic Variation and Mutability

Another key immune evasion mechanism is
antigenic variation, where bacteria alter their surface
antigens to escape immune detection. This involves
genetic rearrangements or phase variation that modify

proteins such as pili, fimbriae, or outer membrane

proteins. Neisseria gonorrhoeae exemplifies this
strategy by frequently changing its pilin and Opa
proteins, preventing effective antibody recognition and . L L .

Figure 31 : Antigenic Variation and Mutability
enabling chronic infection and reinfection (Brooks et Neisseria gonorrhoae

al., 2022; Tortora et al., 2022).

3.3. Damage Caused to the Host by Pathogenic Bacteria
Pathogenic bacteria can cause a wide range of damage to the host, from localized tissue
injury to severe systemic disorders. The mechanisms underlying this damage include direct
tissue destruction, excessive inflammation, toxin production, systemic dissemination,
disruption of host metabolism, and long-term pathological consequences. The extent of damage
depends on the virulence factors expressed by the pathogen, the infection site, and the host’s

immune status (Brooks et al., 2022; Murray et al., 2021).

3.3.1 Tissue Destruction

Pathogenic bacteria can destroy host tissues directly by invading and lysing cells, or
indirectly through the secretion of degradative enzymes and toxins. For instance, Listeria
monocytogenes invades epithelial cells, replicates intracellularly, and induces necrotic cell
death, leading to local tissue injury (Bierne et al., 2007; Madigan et al., 2022). Additionally,
enzymes such as collagenases and hyaluronidases degrade connective tissue and extracellular
matrices, facilitating bacterial spread. The subsequent release of cellular debris and
inflammatory mediators amplifies tissue damage, contributing to the pathogenic process
(Tortora et al., 2022).

3.3.2 Inflammation
The host’s inflammatory response to bacterial infection serves as a double-edged sword.
While it aims to eliminate invading microbes, uncontrolled or prolonged inflammation can

cause collateral tissue injury. Upon bacterial invasion, immune cells such as macrophages and
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neutrophils release pro-inflammatory cytokines (e.g., IL-1, IL-6, TNF-a), leading to
vasodilation, edema, and recruitment of additional immune cells (Medzhitov, 2008; Ryan &
Ray, 2021). However, excessive or chronic inflammation may damage host tissues and
contribute to diseases such as inflammatory bowel disease or chronic bronchitis (Murray et al.,
2021).

3.3.3 Toxin Production
Toxins are among the most potent bacterial virulence factors, capable of disrupting host
cell processes and causing systemic illness. Exotoxins, which are secreted proteins, often act
enzymatically to interfere with cellular functions. For example, the diphtheria toxin produced
by Corynebacterium diphtheriae inhibits protein synthesis by inactivating elongation factor EF-
2, leading to cell death (Goes et al., 2020; Tortora et al., 2022).

In contrast, endotoxins, particularly lipopolysaccharides (LPS) from Gram-negative
bacteria, trigger intense inflammatory responses by activating macrophages and the
complement system. In severe cases, this can result in septic shock, characterized by fever,

hypotension, and multi-organ failure (Brooks et al., 2022; Murray et al., 2021).

3.3.4 Systemic Syndromes
When bacterial infections spread beyond the initial site, they may induce systemic
syndromes such as sepsis and septic shock. Sepsis represents a dysregulated host response to
infection, leading to widespread inflammation, endothelial dysfunction, and impaired organ
perfusion. Gram-negative bacteria are major contributors, as their endotoxins trigger systemic
cytokine storms. In advanced cases, septic shock manifests with severe hypotension and multi-

organ failure, posing a life-threatening condition (Singer et al., 2016; Murray et al., 2021).

3.3.5 Disruption of Metabolic Functions
Bacterial infections can also interfere with host metabolic functions, leading to
significant physiological imbalances. Some pathogens inhibit the synthesis of proteins, DNA,
or ATP, resulting in cell dysfunction and death. Moreover, bacterial toxins and metabolic by-
products can disrupt electrolyte balance, impairing cardiac, neural, and muscular function
(Kahn et al., 2020; Brooks et al., 2022). These metabolic disturbances aggravate the overall

clinical severity of infection and may prolong recovery.

64



Agpn ) ddaf jBaal) Ay 3l A 9 gaal)

République Algérienne Démocratique et Populaire

= ala N iia ol g, WP P B S T
Ministére de I'Enseignement Supérieur et de la Recherche Scientifique
ESSB(.) o\)—hxa—_\g‘g—“,__\,\l\a‘,_‘aﬂl__\m\a_u‘;ad‘

Ecole Supérieure en Sciences Biologiques d'Oran

3.3.6 Long-Term Effects
In addition to acute damage, bacterial infections can lead to long-term sequelae that
persist even after the pathogen is cleared. Post-infectious autoimmune diseases may arise from
molecular mimicry, where bacterial antigens resemble host components, triggering
autoimmune reactions. For instance, infections caused by Streptococcus pyogenes can lead to
rheumatic fever or glomerulonephritis due to cross-reactive immune responses (Graham et al.,
2020; Tortora et al., 2022).

Chronic infections of organs such as the kidneys or heart can also result in irreversible

tissue fibrosis and functional decline, significantly affecting the host’s long-term health (Ryan
& Ray, 2021).

3.4. Pathogenic Properties of Viruses
Viruses are obligate intracellular pathogens that depend entirely on host cells for
replication and survival. Their pathogenic properties arise from complex interactions with the
host that lead to cellular damage, immune responses, and disease. Unlike bacteria, viruses do
not possess metabolic machinery of their own and must exploit the host’s biosynthetic systems
to reproduce, often at the expense of normal cellular function (Flint et al., 2020; Tortora et al.,
2022).

3.4.1 Viral Structure and Replication Cycle
Viruses display a simple yet highly efficient structure consisting of a nucleic acid
genome, either DNA or RNA, enclosed in a protein capsid. Some viruses possess an additional
lipid envelope derived from host membranes, which contains viral glycoproteins critical for
host cell attachment. The viral structure determines not only the stability of the virion in the
environment but also the mechanism of entry and release from host cells (Ryan & Ray, 2021,
Murray et al., 2021).

The viral replication cycle includes several key stages:

= attachment, during which viral surface proteins bind to specific receptors on host cells;

= penetration and uncoating, where the viral genome is released into the cytoplasm or
nucleus;

= replication and synthesis of viral components using host machinery;

= assembly of new viral particles;
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= release of progeny virions, either by cell lysis or budding.

Each step offers potential targets for antiviral therapies, as interference with these
processes can halt infection progression (Flint et al., 2020).

How a virus works

Figure 32 : The viral replication cycle.

3.4.2 Mechanisms of Pathogenicity

The pathogenic potential of viruses depends on their cellular tropism, or preference for
specific host cells. Viral tropism is determined by the compatibility between viral attachment
proteins and host cell receptors. For instance, hepatitis viruses target hepatocytes, while rabies
virus infects neurons. This specificity shapes the clinical manifestations of viral infections
(Murray et al., 2021).

To establish infection, viruses must evade host immune defenses. Many achieve
immune evasion through diverse strategies, such as rapid genetic mutation (antigenic drift and
shift in influenza virus), inhibition of interferon signaling (by adenoviruses or herpesviruses),
or latency establishment within host cells (as in herpes simplex virus). Some viruses suppress
antigen presentation or apoptosis to prolong persistence within the host (Tortora et al., 2022;
Ryan & Ray, 2021).
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Viruses also induce inflammatory responses that contribute to disease pathology. The
activation of immune cells and release of cytokines may help control infection but can also
damage host tissues. This is exemplified by the cytokine storms observed in severe influenza
and COVID-19 cases, where excessive inflammation exacerbates tissue injury and clinical
severity (Murray et al., 2021; Feldmann et al., 2020).

3.4.3 Cytopathic Effects

Viruses cause a wide variety of cytopathic effects (CPEs) that disrupt normal cell
physiology. Many viruses induce cell lysis or apoptosis as part of their replication cycle,
resulting in tissue necrosis and loss of function. For example, poliovirus causes destruction of
motor neurons leading to paralysis, while influenza virus induces epithelial cell death in the
respiratory tract (Flint et al., 2020; Tortora et al., 2022).

Other viruses modify cellular metabolism and signaling pathways without immediately
killing the host cell. Persistent infections by viruses such as Epstein—Barr virus (EBV) or human
papillomavirus (HPV) can alter cell growth control and contribute to oncogenesis. In these
cases, viral proteins interfere with tumor suppressors like p53 or Rb, promoting malignant
transformation (Murray et al., 2021; Fields Virology, 2020).

3.4.4 Transmission and Epidemiology

The transmission of viruses occurs through diverse routes, depending on viral structure
and host susceptibility. Enveloped viruses, being more fragile, typically spread via direct
contact, respiratory droplets, or body fluids (e.g., HIV, influenza virus), whereas non-enveloped
viruses such as noroviruses resist harsh conditions and are transmitted through the fecal-oral
route (Ryan & Ray, 2021). Other viruses require biological vectors such as mosquitoes (e.g.,
dengue virus) or animal reservoirs that facilitate zoonotic transmission, as observed with
coronaviruses and influenza viruses (Murray et al., 2021; Tortora et al., 2022).

Understanding the epidemiology of viral infections, including reservoirs, transmission
routes, and environmental stability, is essential for disease prevention and control. Strategies
such as vaccination, vector management, and public health surveillance are central to limiting

viral spread and mitigating epidemic outbreaks (Flint et al., 2020; Fields Virology, 2020).
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4. Pathogenic Agents

Pathogenic agents are microorganisms capable of causing disease in humans, animals,
or plants. They include bacteria, viruses, fungi, and parasites, each characterized by distinct
structural and functional properties that determine their mode of infection and virulence
(Murray et al., 2021). While the vast majority of microorganisms coexist harmlessly with their
hosts, forming the normal microbiota that plays a critical role in maintaining physiological
homeostasis, a smaller subset have evolved mechanisms that allow them to invade host tissues,

evade immune defenses, and disrupt cellular functions (Prescott et al., 2021).

Microorganisms are among the oldest forms of life on Earth, having existed for nearly
two billion years before the emergence of multicellular organisms (Woese, 1987). In their
natural habitats, such as soil, water, and the human body, most microbes perform essential
ecological and biological functions, including nutrient cycling, decomposition, and host
protection. For instance, the human microbiome contains trillions of microbial cells that
contribute to digestion, immune modulation, and metabolic regulation (Sender et al., 2016;
Turnbaugh et al., 2007).

However, under certain conditions, some microorganisms become pathogenic. Strict
pathogens, such as Mycobacterium tuberculosis or Influenza virus, can cause disease even in
healthy individuals (Kumar et al., 2022). In contrast, opportunistic pathogens, normally part of
the commensal flora, can provoke infections when they enter sterile body sites or when the
host’s immune system is compromised, as seen with Escherichia coli in urinary tract infections
(Flores-Mireles et al., 2015) or Aspergillus fumigatus in immunosuppressed patients (Brown et
al., 2012).

Understanding pathogenic agents is essential for elucidating the mechanisms underlying
infectious diseases and for developing effective prevention and treatment strategies. This
chapter provides an overview of the main types of pathogenic microorganisms, their ecological
reservoirs, modes of transmission, and interactions with the host, highlighting the delicate

balance between symbiosis and disease.
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4.1. Bacteria

Bacteria are unicellular microorganisms that may cause disease in humans by expressing
various virulence traits. Their ability to initiate infections depends on several biological factors,

including.
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Figure 33 : Bacterial Structure.
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Figure 34 : Bacterial morphology.
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Cell Wall: The bacterial cell wall is composed either of peptidoglycan (Gram-positive
bacteria) or a combination of lipopolysaccharides (LPS) and peptidoglycan (Gram-negative
bacteria). The structure of the wall influences bacterial virulence and their susceptibility to
antibiotics.

Capsule: Some bacteria possess a polysaccharide capsule that helps them evade
phagocytosis by immune cells, enhancing their ability to cause infections.

Flagella and Pili: Flagella enable bacterial motility, while pili or fimbriae are adhesive
structures that help bacteria attach to host cell surfaces.

Reproduction: Bacteria primarily replicate via binary fission, a rapid division process

under favorable conditions.

4.1.2 Pathogenic Mechanisms

Adhesion and Colonization: Bacteria attach to host cell surfaces using pili. This step is
crucial to initiate infection, as it allows colonization of specific tissues.
Toxin Production: Pathogenic bacteria can produce toxins that damage host cells. These
toxins are generally classified into two major categories:
Exotoxins: These are secreted protein toxins that directly harm host cells. For instance,
Clostridium tetani produces tetanospasmin, the neurotoxin responsible for tetanus, while
Corynebacterium diphtheriae secretes diphtheria toxin, which inhibits protein synthesis
in host cells (Collier, 2001; Fairweather et al., 2002).
Endotoxins: These are lipopolysaccharide (LPS) components of the outer membrane of
Gram-negative bacteria. Upon bacterial lysis, LPS is released and can trigger severe
immune responses, including fever, inflammation, and septic shock (Opal & Cohen,
1999).
Immune Evasion: Bacteria have evolved several mechanisms to evade the host immune
system:
Antigenic variation: Some bacteria change their surface antigens to avoid immune
detection. Neisseria gonorrhoeae, for example, frequently alters its pili and outer

membrane proteins to evade the adaptive immune system (Tzeng & Stephens, 2000).
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Enzyme production: Pathogens such as Staphylococcus aureus produce enzymes like
penicillinase (a B-lactamase) that degrade antibiotics and protect the bacteria from

immune-mediated clearance (Livermore, 1995).

4.1.3 Cytopathic Effects

Cell Destruction: Certain bacteria directly damage host cells. Mycobacterium tuberculosis,
for instance, infects and destroys alveolar macrophages, leading to pulmonary tissue
necrosis in tuberculosis (Russell, 2001). Staphylococcus aureus can cause cutaneous
abscesses and deep infections by producing cytotoxins and enzymes that lyse host tissues
(Lowy, 1998).

Inflammation: Bacterial infections trigger either local or systemic inflammatory responses.
This inflammation, characterized by fever, pain, swelling, and redness, is mediated by pro-
inflammatory cytokines like IL-1 and TNF-a. While protective, excessive inflammation can

contribute to tissue damage and pathology (Medzhitov, 2008).

4.1.4 Transmission

Modes of Transmission: Bacteria are transmitted via multiple routes, including direct
contact (skin-to-skin), respiratory droplets, contaminated food or water, or fomites (infected
surfaces). Insect vectors such as ticks and mosquitoes can also carry and transmit bacterial
pathogens (Murray et al., 2020).

Reservoirs and Carriers: Bacterial reservoirs include animals, infected individuals, or
contaminated environments. Asymptomatic carriers can shed and spread bacteria without
showing clinical symptoms, for example, Neisseria meningitidis colonization in the

nasopharynx (Stephens et al., 2007).

4.1.5 Types of Bacterial Infections

Skin Infections: Staphylococcus aureus and Streptococcus pyogenes can cause furuncles,
impetigo, and cellulitis, particularly after skin injury or abrasion (Dryden, 2009).
Respiratory Infections: Mycobacterium tuberculosis causes pulmonary tuberculosis, and
Streptococcus pneumoniae is a leading cause of bacterial pneumonia (Pai et al., 2016;
Lynch & Zhanel, 2010).
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e Gastrointestinal Infections: Pathogenic strains of Escherichia coli, Salmonella, and
Campylobacter can cause foodborne illnesses with symptoms like diarrhea, vomiting, and
abdominal pain (Scallan et al., 2011).

e Systemic Infections: Neisseria meningitidis can cause meningitis and septicemia, while
Pseudomonas aeruginosa, particularly in immunocompromised individuals, may lead to

bloodstream infections and sepsis (Bodey et al., 1983; Stephens, 2009).

4.1.6 Antimicrobial Resistance

e Mechanisms of Resistance: Bacteria can resist antibiotics via multiple mechanisms, such
as producing drug-inactivating enzymes (e.g., p-lactamases), modifying drug targets,
reducing membrane permeability, or using efflux pumps. These adaptations complicate
infection management (Davies & Davies, 2010).

e Transmission of Resistance: Resistance genes can be horizontally transferred between
bacteria via conjugation, transformation, or transduction, accelerating the spread of

resistance within microbial populations (von Wintersdorff et al., 2016).

4.2. Viruses

Viruses are acellular infectious agents, often considered at the border between living

and non-living entities.
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Figure 35 : Viral Structure.
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4.2.1 Viral Structure & Replication Cycle

e Structure: Viruses consist of nucleic acid (DNA or RNA) enclosed in a protein shell called
a capsid; some have a lipid envelope derived from the host cell membrane. This structure
determines their infectivity and cell tropism (Flint et al., 2015).

e Size: Typically 20-300 nm, much smaller than bacteria (Fauquet et al., 2005).

e Classification : Based on genome type and replication strategy, e.g., HIV is an RNA virus,
while variola virus is a DNA virus (Knipe & Howley, 2013).

e Host Dependence: Viruses lack self-contained metabolism and require host cells to
replicate (Madigan et al., 2021).

4.2.2 Replication Cycle

The viral infectious cycle occurs in several key stages:

e Attachment: Viruses bind to specific receptors on the surface of host cells. This interaction
determines the host range and cell specificity of the virus (Flint et al., 2015; Marsh &
Helenius, 2006).

e Penetration: After binding, the virus enters the host cell through different mechanisms such
as membrane fusion, endocytosis, or direct penetration. Enveloped viruses often fuse with
the host membrane, while non-enveloped viruses may enter via endocytosis (White &
Whittaker, 2016).

e Replication: Once inside, the viral genome is released into the cytoplasm or nucleus
(depending on the virus). The virus hijacks the host's translational and replication
machinery, such as ribosomes and enzymes, to synthesize viral proteins and replicate its
genome (Knipe & Howley, 2013).

e Assembly: Newly synthesized viral components (nucleic acids and structural proteins) are
assembled into new virions inside the host cell (Flint et al., 2015).

e Release: Mature virions are released from the host cell to infect other cells. This can occur

by:

Lysis: which destroys the host cell (common in non-enveloped viruses),
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= or budding: where viruses acquire a portion of the host cell membrane, forming an
envelope (common in enveloped viruses like influenza and HIV) (Roizman & Whitley,
2013).
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Figure 36 : Viruses Replication Cycle.

4.2.3 Pathogenic Mechanisms of Viruses

e Cell Invasion: Viruses infect specific host cells by interacting with cellular receptors via
viral surface proteins. For instance, Human Immunodeficiency Virus (HIV) targets CD4+
T lymphocytes through the CD4 receptor and coreceptors CCR5 or CXCR4, which are
crucial for viral entry (Dalgleish et al., 1984; Wilen et al., 2012).

e Immune Response Activation: Once inside the host cell, viruses trigger immune defenses.
Infected cells can produce interferons (IFNs), cytokines that limit viral replication and
activate neighboring immune cells (Samuel, 2001). This early innate response helps contain
viral spread.

e Antibody Production: B lymphocytes generate virus-specific neutralizing antibodies,
which block the virus from binding to or entering new cells, playing a central role in
adaptive immunity (Plotkin, 2010).

e Immune Evasion: Viruses have evolved multiple strategies to evade host immune

detection and clearance:
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= Antigenic variation: frequent mutations in surface proteins help viruses like influenza
escape antibody recognition (Webster et al., 1992).

= Intracellular persistence: viruses such as HIV or herpesviruses hide within host cells,
beyond immune surveillance (Virgin et al., 2009).

= Immunosuppressive proteins: some viruses produce proteins that inhibit immune

signaling or apoptosis in infected cells (Wang et al., 2007).

e Latent Infections: Some viruses establish latency, a dormant state where the viral genome
persists within the host cell without active replication. This allows reactivation later under
conditions such as stress or immunosuppression. Herpes simplex virus (HSV) and

Varicella-zoster virus (VZV) are classic examples (Evers et al., 2020).

4.2.4 Transmission

Viruses spread through various mechanisms that facilitate their dissemination in
populations:

e Modes of Transmission: Viruses can be transmitted via respiratory droplets (e.g., influenza
virus, SARS-CoV-2), direct contact with bodily fluids (e.g., HIV, hepatitis B virus),
consumption of contaminated food or water (e.g., norovirus), or through vectors like
mosquitoes (e.g., dengue virus, Zika virus) (Knipe & Howley, 2020).

e Reservoirs and Carriers: Viral reservoirs include animals (zoonotic viruses like rabies),
infected individuals, or contaminated environments. Asymptomatic carriers can transmit

viruses unknowingly, playing a critical role in outbreaks (Morens et al., 2004).

4.2.5 Types of Viral Infections

e Respiratory Infections: Viruses such as rhinovirus, influenza virus, and coronavirus cause
respiratory tract infections ranging from the common cold to severe pneumonia.

e Gastrointestinal Infections: Norovirus and rotavirus are major causes of viral
gastroenteritis, resulting in symptoms like diarrhea, vomiting, and abdominal cramps.

e Systemic Infections: Viruses such as hepatitis B and C primarily affect the liver, while

HIV attacks the immune system and can progress to AIDS if untreated.
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e Neurotropic Infections: Neuroviruses like rabies virus and herpes simplex virus (HSV-1,

HSV-2) can invade the central nervous system, causing encephalitis or other severe

neurological diseases.

e Cutaneous Infections: Herpes simplex virus and human papillomavirus (HPV) cause skin

and mucosal lesions, such as cold sores and warts.

4.3. Pathogenic Fungi

Pathogenic fungi are eukaryotic organisms capable of causing infections in humans,

animals, and plants.

Figure 37 : Pathogenic Fungi.

4.3.1 Structure and Mechanisms of Pathogenicity

e Cell Wall: Fungi can be unicellular (e.g., yeasts) or multicellular (e.g., molds). Their rigid

cell wall, composed primarily of chitin and B-glucans, provides structural strength and

protection against environmental stress and host immune defenses. The composition and

organization of the fungal cell wall play a crucial role in immune recognition (Brown et al.,

2012).

e Dimorphism: Some pathogenic fungi exhibit thermal dimorphism, changing morphology

based on environmental conditions.

For example, Histoplasma capsulatum and

Coccidioides immitis exist as molds in the environment and convert to yeast-like forms in

host tissues, which enhances their survival and pathogenicity (Gauthier, 2017).
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e Adhesion and Invasion: Fungi use adhesins to attach to host epithelial and endothelial
cells. Candida albicans, for instance, can transition from yeast to hyphal form, allowing it
to invade mucosal tissues and evade the immune response. These hyphal extensions are
associated with tissue penetration and biofilm formation.

e Reproduction: Fungi reproduce through spores, which can be generated via sexual or
asexual reproduction. These spores are often highly resistant to environmental stress,

contributing to fungal persistence and transmission, especially in airborne fungal infections.

Multicellulaire Unicellulaire

Mycelium|

Figure 38 : Fungi Reproduction.

4.3.2 Modes of Transmission

Pathogenic fungi can spread through various route

e Airborne transmission: Fungal spores can become airborne and be inhaled, leading to
pulmonary infections. This is common with species such as Aspergillus (Latgé, 1999).

e Direct contact: Cutaneous fungal infections can occur through contact with contaminated
surfaces or objects such as towels, floors, or shared showers. Dermatophytes are typical
agents (e.g., Trichophyton, Epidermophyton).

e Ingestion: Some fungi contaminate food products and can cause gastrointestinal symptoms
or mycotoxicosis. For example, Aspergillus flavus produces aflatoxins, potent hepatotoxins
linked to liver cancer (Wild & Gong, 2010).
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4.3.3 Types of Fungal Infections

e Cutaneous Infections: These superficial infections affect the outer layers of the skin, hair,
and nails. Dermatophytes like Trichophyton and Microsporum cause conditions such as
tinea corporis (ringworm) and onychomyecosis (nail infection).

e Subcutaneous Infections: These infections affect deeper layers of the skin and
subcutaneous tissues. Sporothrix schenckii, the causative agent of sporotrichosis, leads to
nodular skin lesions and ulcerations following trauma with contaminated plant material.

e Mucosal Infections: Candida albicans can cause mucosal infections such as oral thrush
and vaginal candidiasis, particularly when the microbial flora is disrupted or the immune
system is weakened.

e Systemic Infections: Dimorphic fungi such as Histoplasma capsulatum, Coccidioides
immitis, and Cryptococcus neoformans can cause life-threatening systemic infections,
especially after inhalation. These pathogens may initially infect the lungs before
disseminating to other organs.

e Opportunistic Infections: Opportunistic fungi like Candida spp. and Aspergillus spp. can
cause serious infections in immunocompromised individuals, including those undergoing

chemotherapy, HIV-positive patients, or recipients of organ transplants.

4.3.4 Pathogenicity

Pathogenic fungi interact with their host in several ways:

e Adhesion and Invasion: Fungi adhere to host surfaces using structures such as hyphae (in
molds) or adhesins (in yeasts). Tissue invasion may be facilitated by enzymes like proteases,
lipases, and phospholipases, which degrade host cells and extracellular matrices (Calderone
& Fonzi, 2001).

e Toxin Production: Some fungi produce mycotoxins, toxic secondary metabolites that can
cause disease when ingested, inhaled, or absorbed through the skin. For instance, aflatoxins
produced by Aspergillus flavus are among the most potent naturally occurring carcinogens.

e Immune Evasion: Fungi such as Candida albicans can alter their morphology,
transitioning from yeast to hyphal form, helping them evade phagocytosis and other

immune responses (Gow et al., 2012).
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e Immune Response Modulation: While many fungi induce inflammatory responses, some

can also suppress or modulate immune function, contributing to chronic or disseminated

infections.

4.3.5 Transmission and Epidemiology

e Modes of Transmission: Fungal pathogens can be transmitted via airborne spores, direct

contact with contaminated surfaces or materials, or by inhaling dust carrying fungal

elements. Some fungi can also be transmitted through contact with infected animals, soil,

or decaying organic matter.

e Reservoirs and Carriers: Environmental fungi often reside in soil, decaying vegetation,

or humid indoor environments. Others, such as Candida spp., are part of the normal human

microbiota and become pathogenic when host immunity is compromised or microbial

balance is disrupted.

4.4.

Protozoa

4.4.1 Definition and Characteristics

Protozoa are unicellular eukaryotic organisms classified within the kingdom Protista.

They exhibit considerable diversity and share several key features:

Figure 39 : Protozoa.
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e Morphology: Protozoa vary in form, including amoeboid, flagellated, and ciliated shapes.
They have complex cell structures with a defined nucleus, various organelles, and
locomotor appendages such as flagella or cilia.

e Metabolism: Most protozoa are heterotrophic, feeding on organic matter. Some, such as
Euglena, are mixotrophic, capable of photosynthesis through chloroplasts under appropriate
light conditions.

e Reproduction: They reproduce asexually (through binary fission or budding) and, in some
species, sexually (via conjugation or cyst formation). The cyst stage enhances survival in

harsh environmental conditions (Chadee, 2013).

g |
Kyste Trophozoite

Figure 40 : Protozoa Reproduction.

4.4.2 Modes of Transmission

Protozoan pathogens are transmitted through various routes:

e Ingestion: Many pathogenic protozoa, such as Giardia lamblia and Entamoeba histolytica,
are spread via the fecal-oral route through contaminated food or water.

e Vectors: Some protozoa require arthropod vectors for transmission. For instance,
Plasmodium species, which cause malaria, are transmitted by Anopheles mosquitoes
(WHO, 2024).

e Direct Contact: Certain protozoa, such as Toxoplasma gondii, can be transmitted through
contact with contaminated surfaces, ingestion of undercooked meat, or exposure to feline

feces.
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4.4.3 Pathogenicity

Protozoa are responsible for a wide range of human diseases, from mild gastrointestinal

disorders to life-threatening systemic infections:

Intestinal Infections: Giardia lamblia and Entamoeba histolytica cause gastroenteritis,
often resulting in diarrhea, abdominal cramps, and dehydration (Fletcher et al., 2012).
Blood Infections: Plasmodium spp. are the causative agents of malaria, characterized by
cyclic fever, chills, and potentially severe complications like cerebral malaria or organ
failure.

Tissue Infections: Toxoplasma gondii can cause toxoplasmosis, which is particularly
dangerous for immunocompromised individuals and pregnant women, as it may lead to

congenital abnormalities or neurological damage (Montoya & Liesenfeld, 2004).

4.4.4 Interaction with the Host

The interaction between protozoa and their host is highly complex and involves multiple

biological strategies:

Adhesion and invasion: Many protozoa express specialized adhesion molecules, such as
lectin-like proteins and surface glycoproteins, that allow them to bind to host epithelial cells
(Smith & Roberts, 2022). This adhesion is the essential first step in colonization.

Some species, such as Entamoeba histolytica, actively invade host tissues by secreting
proteolytic enzymes that degrade the extracellular matrix (Chatterjee, 2019).

Immune evasion: Protozoa employ diverse mechanisms to escape or modulate host
immune defenses.

Examples include antigenic variation in Trypanosoma brucei (Levinson, 2020),
intracellular survival in macrophages by Leishmania spp. (WHO, 2023), and the formation
of resistant cysts that protect the organism from immune recognition.

These adaptations promote persistent or chronic infections.

Induction and Modulation of the Immune Response: Protozoan infections often activate
both innate and adaptive immunity. However, several species can suppress or modulate

these responses to favor their survival.
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Certain protozoa can induce localized or systemic immunosuppression, making the host
more susceptible to co-infections (Levinson, 2020; WHO, 2023).

This immune modulation significantly influences disease severity and clinical outcomes.

4.5. Helminths

4.5.1 Definition and Characteristics of Helminths

Helminths, commonly referred to as parasitic worms, are multicellular eukaryotic
organisms with an elongated, vermiform structure. They encompass several types of parasitic
worms that infect humans and animals. Helminths are generally classified into three major
groups (Levinson, 2020; CDC, 2023):

e Nematodes (Roundworms): These cylindrical and elongated worms possess a
complete digestive system and a non-segmented body. Species such as Ascaris
lumbricoides, a common intestinal parasite, are capable of inhabiting various environments
and may cause significant morbidity in humans (Smith & Roberts, 2022).

e Platyhelminths  (Flatworms):
This group includes cestodes (tapeworms)

and trematodes (flukes).

= Cestodes, such as Taenia
saginata, have a segmented, ribbon-like
body structure.

= Trematodes, such as Fasciola
hepatica, exhibit an unsegmented, leaf-
shaped morphology.

These helminths often have complex
life cycles involving intermediate hosts
(Chatterjee, 2019).

e Annelids: Although annelids are

mostly free-living organisms such as

earthworms, some species can exhibit Figure 41 : Helminthes.

parasitic behavior. However, most helminths
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of medical importance belong primarily to nematodes and platyhelminths rather than
annelids (WHO, 2023).

4.5.2 Modes of Transmission

Helminths can be transmitted to humans through several distinct pathways, depending

on the species and their life cycle characteristics (CDC, 2023; Levinson, 2020):

Ingestion (Fecal-Oral Transmission): Many helminths are transmitted through the
ingestion of infective eggs or larvae found in contaminated food, water, or soil.

A classic example is Ascaris lumbricoides, whose eggs are ingested after contact with
contaminated hands or food (Smith & Roberts, 2022).

This route is common in areas with poor sanitation.

Percutaneous (Skin Penetration): Certain helminths, particularly soil-transmitted
helminths, are capable of penetrating intact skin.

Hookworm species such as Necator americanus and Ancylostoma duodenale infect humans
when their larvae present in soil penetrate through the skin, often through bare feet (WHO,
2023).

Vector-Borne Transmission: Some helminths rely on arthropod vectors to complete their
life cycle and transmit infective stages to humans.

For example, filarial worms such as Wuchereria bancrofti, responsible for lymphatic
filariasis, are transmitted through the bite of infected mosquitoes (Chatterjee, 2019; CDC,
2023).

This mode of transmission is typical of helminths with complex life cycles requiring

intermediate hosts.

4.5.3 Pathogenicity

Helminths can cause a broad spectrum of diseases in humans, ranging from mild, often

asymptomatic infections to severe and chronic conditions, depending on the parasite species,

the parasite load, and the host’s immune status (Levinson, 2020; WHO, 2023):

Intestinal Infections: Intestinal nematodes such as Enterobius vermicularis (pinworm) and
Ascaris lumbricoides frequently cause gastrointestinal disturbances, including abdominal

discomfort, diarrhea, and reduced nutrient absorption (CDC, 2023).
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In heavy infections, A. lumbricoides can lead to malnutrition, growth retardation in
children, and even intestinal obstruction, which represents a medical emergency (Smith &
Roberts, 2022).

Tissue Infections: Platyhelminths, including cestodes and trematodes, are responsible for

a variety of tissue-related pathologies.

Cestodes (e.g., Taenia spp.) can cause weight loss, nutritional deficiencies, and
in some cases disseminated disease such as cysticercosis when larval forms invade
tissues (Chatterjee, 2019).

Trematodes (flukes), such as Fasciola hepatica, primarily target the liver and
biliary system, leading to abdominal pain, hepatomegaly, and long-term hepatobiliary
complications (WHO, 2023).

Systemic Complications: Some helminths induce chronic, systemic diseases that can affect
multiple organs. A major example is Schistosoma spp., responsible for schistosomiasis.
Chronic infection may lead to urinary, hepatic, and intestinal damage, portal hypertension,
anemia, and an increased risk of bladder cancer depending on the species involved
(Levinson, 2020; CDC, 2023).

These systemic complications represent a significant global health burden, particularly in

endemic regions.

4.5.4 Interaction with the Host

The interactions between helminths and their hosts are highly complex and involve

multiple biological mechanisms that allow the parasite to survive, reproduce, and modulate host
physiology (Levinson, 2020; Smith & Roberts, 2022):

Adhesion and Colonization: Helminths rely on specialized anatomical structures such as
suckers, hooks, and muscular attachment organs to firmly anchor themselves to host tissues.
For example, trematodes possess oral and ventral suckers, while cestodes use hooks and a
scolex to attach to the intestinal mucosa (Chatterjee, 2019).

This attachment ensures their survival within the host environment and facilitates nutrient

acquisition and reproduction.
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e Immune Evasion: Helminths exhibit sophisticated strategies to evade or modulate the host
immune response. These strategies include:
= the secretion of immunomodulatory molecules that suppress T-cell activation or
decrease antigen presentation;
= molecular mimicry, allowing helminths to resemble host proteins;
= formation of protective teguments resistant to immune attack (WHO, 2023).
Such mechanisms allow helminths to persist for years within the host, often establishing
chronic infections.

e Induction of the Immune Response: Helminth infections typically stimulate a Type 2
(Th2) immune response, characterized by increased eosinophils, IgE production, and mast
cell activation (CDC, 2023).

This immune polarization can contribute to allergic manifestations, chronic inflammation,
and tissue remodeling.

While the Th2 response aims to control the parasite, the immunomodulatory effects of
helminths may also reduce inflammation in certain contexts, which is an area of active

research in immunology.

4.6. Prions

4.6.1 Definition and Characteristics

Prions are atypical infectious agents composed exclusively of misfolded proteins and
lacking any nucleic acid component (DNA or RNA). They are responsible for a group of fatal,
transmissible neurodegenerative disorders in both humans and animals, known collectively as
Transmissible Spongiform Encephalopathies (TSEs) (Prusiner, 1998; WHO, 2022).
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Nature of prions: Unlike viruses, bacteria, or other

pathogens, prions contain no genetic material.

They consist of an abnormally folded isoform (PrP"Sc)

of a normal host protein (PrP"C).

The pathological isoform acts as a template that induces
the misfolding of normal prion proteins, propagating
the disease process (Prusiner, 1998; CDC, 2023).

Stability and Resistance: Prions are extraordinarily

resilient to conventional inactivation methods.

They resist:

high temperatures,
ultraviolet and ionizing radiation,
common disinfectants,

proteolytic enzymes.

Figure 42 : Prions.

This exceptional stability makes prions particularly challenging to eliminate in medical and
laboratory environments (WHO, 2022; Levinson, 2020).

Infection Mechanism: Prion diseases occur when misfolded PrP”Sc proteins are introduced

into a healthy organism.

These misfolded proteins trigger a chain reaction that converts endogenous PrP"C into the

pathological form, leading to progressive neuronal loss and sponge-like degeneration of
brain tissue (CDC, 2023).

No immune response or inflammation is typically triggered, which contributes to the silent

and progressive nature of prion disorders.

4.6.2 Modes of Transmission

Prion transmission occurs through several well-documented pathways, depending on
the type of prion disease and the species involved (CDC, 2023; WHO, 2022).

Ingestion of Contaminated Tissues: One of the primary routes of prion transmission is the

oral ingestion of infected neural or lymphoid tissues.

This is particularly relevant in:

Bovine Spongiform Encephalopathy (BSE) in cattle,
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Variant Creutzfeldt-Jakob Disease (vCJD) in humans, which has been linked to the
consumption of beef products contaminated with BSE prions (Prusiner, 1998; CDC,
2023).

Prions remain infectious even after cooking because of their extreme resistance to heat.

Contact with Infected Tissues (latrogenic Transmission): Prion diseases can also be
transmitted through medical or surgical procedures when contaminated instruments or
biological materials are used.
Documented examples include:
corneal or dura mater grafts,
human growth hormone extracted from cadaveric pituitaries (historical cases),
blood transfusions from donors later found to have vCID (WHO, 2022; Levinson,
2020).
Prions resist standard sterilization, making iatrogenic transmission a significant
concern in healthcare settings.
Vertical Transmission: In some animal prion diseases, such as scrapie in sheep, maternal
transmission has been reported.
Evidence suggests that prions may pass from mother to offspring through placental tissues
or perinatal exposure (WHO, 2022).
Although vertical transmission in humans is not definitively confirmed, it remains under

investigation.

4.6.3 Pathogenicity

Prions are responsible for several fatal neurodegenerative diseases, collectively known

as Transmissible Spongiform Encephalopathies (TSEs). These disorders are characterized by

progressive neuronal loss, accumulation of misfolded prion proteins, and sponge-like
vacuolization of brain tissue (Prusiner, 1998; CDC, 2023):

Creutzfeldt-Jakob Disease (CJD): CJD is a rare but invariably fatal prion disease in
humans. It manifests with rapidly progressive dementia, behavioral changes, motor
dysfunction (ataxia, myoclonus), and ultimately coma (WHO, 2022).
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Both sporadic and acquired forms exist, including the variant form (vCJD) linked to bovine
prions.

Bovine Spongiform Encephalopathy (BSE): Commonly known as “mad cow disease,”
BSE affects cattle and causes behavioral abnormalities, motor incoordination, and
neurological decline.

Its zoonotic potential is demonstrated by its link to vCJD in humans exposed to
contaminated meat products (Levinson, 2020).

Kuru: Once observed among the Fore people of Papua New Guinea, Kuru was transmitted
through ritualistic cannibalism.

The disease caused progressive cerebellar ataxia, tremors, and neurological deterioration
before the practice was abandoned, leading to its near disappearance (Prusiner, 1998; WHO,
2022).

4.6.4 Interaction with the Host

The interaction of prions with the host involves unique mechanisms that distinguish

them from all other infectious agents.

First, abnormal protein misfolding is the central event: the pathological prion protein
(PrP~Sc) serves as an aberrant template and induces the conversion of the normal cellular
prion protein (PrP*C) into a stable, B-sheet-rich, insoluble conformation. This self-
propagating process leads to the progressive accumulation of amyloid deposits within the
nervous system, ultimately causing neuronal damage (Prusiner, 1998; Collinge, 2001).
Secondly, prions largely evade the immune response. Because PrP/Sc originates from a
host protein, it is not recognized as foreign by the immune system. In addition, the absence
of nucleic acids prevents activation of classical pathogen-recognition pathways used to
detect viruses or bacteria (Aguzzi & Calella, 2009).

From a pathological perspective, the accumulation of misfolded proteins results in the
formation of amyloid plaques, severe disruption of neuronal architecture, and spongiform
degeneration of brain tissue. These structural alterations lead to progressive neurological
dysfunction, including cognitive decline, motor impairment, and behavioral disturbances,
all of which are hallmarks of transmissible spongiform encephalopathies (Taylor et al.,
2002).
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5. Pathogenicity and Virulence Factors

Pathogenicity and virulence describe the ability of microorganisms to cause disease and

the degree of harm they inflict on the host. These properties arise from a coordinated set of

mechanisms known as pathogenicity and virulence factors, which include adhesion,

colonization, invasion, and toxin production (Casadevall & Pirofski, 1999). Together, these

mechanisms enable pathogens to establish infection, manipulate host responses, and ensure

their persistence.

5.1.

Adhesion and Colonization Factors

Adhesion and colonization are the first decisive steps of infection, allowing

microorganisms to attach to host tissues, bypass immune defenses, and establish a stable

ecological niche. Key components contributing to these processes include fimbriae/pili,

lipopolysaccharides (LPS), flagella, and secretion system.

5.1.1 Fimbriae and Pili
Fimbriae, sometimes referred to as pili
due to their structural similarity, are thin
filamentous structures that emerge from the
bacterial surface. They are composed primarily

of proteins known as pilins.

Fimbriae enable bacteria to attach to

specific surfaces of host cells, thereby
facilitating colonization. This attachment is
often mediated by specific interactions between
fimbrial adhesins and host cell receptors.
They play an essential role in initial adhesion,
biofilm formation, and the persistence of

bacteria within the host organism.
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Figure 43 : Fimbriae and Pili.
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For instance, Escherichia coli relies on type 1 and P fimbriae to bind uroepithelial cells

during urinary tract infections, while Neisseria gonorrhoeae uses its pili to attach firmly to

genital mucosal epithelium, an essential step for establishing gonorrhea (Orndorff, 1985). These

examples highlight the central role of fimbriae in initial adhesion, biofilm formation, and long-

term persistence within the host.

5.1.2 Lipopolysaccharides (LPS)

LPS molecules, located in the outer membrane of
Gram-negative bacteria, consist of lipid A, a core
polysaccharide, and the highly variable O-antigen. Beyond
their structural roles, LPS contribute directly to colonization
and virulence by forming a protective barrier that interferes
with immune recognition (Rietschel et al., 1994).

For example, Salmonella spp. use their O-antigen to
interact with intestinal epithelial receptors, facilitating
invasion, while Pseudomonas aeruginosa relies on its LPS
to adhere to mucus and respiratory tissues, contributing to
chronic lung infections in immunocompromised individuals
(Rietschel et al., 1994). Furthermore, the release of lipid A
during bacterial lysis triggers potent inflammatory
responses, often leading to endotoxemia.

O antigen
outer membrane
(gram-negative -
bacterium)
core
. ; lipid A
fatty acid

Figure 44 : Lipopolysaccharides (LPS).
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5.1.3 Flagella

Flagella are whip-like filamentous
structures that extend from the bacterial surface
and enable bacterial motility. Although their
primary function is movement, flagella can also
play an important role in adhesion and
colonization. Some pathogens use their flagella
to reach host tissues or to swim toward specific

environments (Macnab, 2003).

A well-known example is Helicobacter
pylori, whose polar flagella enable it to penetrate
gastric mucus and reach the epithelial surface,

initiating gastritis and ulcer formation. Similarly,

Pseudomonas aeruginosa uses flagellum-

mediated motility to spread across pulmonary

Figure 45 : Flagella.

tissues and establish  persistent infections,

particularly in cystic fibrosis patients.

5.1.4 Secretion Systems
Secretion systems are specialized
protein complexes that enable bacteria to
transport proteins, including toxins, across their e Poaonoeananeegy ot Cell Membrane
membranes and inject them directly into host [

cells. These systems play a crucial role in

virulence by allowing bacteria to manipulate Exiraceluiar Space

host cellular functions. For example, the Type

IV Secretion System, found in Helicobacter

Bacterial
pylori, secretes proteins that promote adhesion Outer Membrane
and help the bacteria evade the immune system. 2777777787777 :,a,,c:;::lmmne

Similarly, the Type III Secretion System,
present in pathogens like Salmonella and Yersinia

.. . . Figure 46 : Secretion Systems.
pestis, injects proteins that disrupt host cell & y
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functions and facilitate invasion. By delivering virulence factors that alter immune responses
or disrupt cellular processes, these secretion systems significantly contribute to bacterial

pathogenicity (Cornelis, 2006).
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Figure 47 : Type III Secretion System Secretion Systems.

5.2. Invasion Factors
After adhering to host cells, pathogens must penetrate deeper into tissues and evade
immune defenses in order to establish and spread an infection. Invasion factors are essential for
this dissemination, allowing pathogens to degrade natural barriers, manipulate cellular
mechanisms, and protect themselves from immune attacks. These invasion mechanisms include
the action of specific enzymes, the exploitation of host endocytic processes, and various

strategies to bypass the immune response.

5.2.1 Hydrolytic Enzymes (Exoenzymes)
Pathogens secrete enzymes to degrade the components of the extracellular matrix
(ECM) of the host. The ECM is a complex network of proteins and polysaccharides that
maintains tissue integrity and acts as a protective barrier. By targeting and breaking down this

barrier, pathogens can spread deeper into tissues.

e Hyaluronidases: These enzymes degrade hyaluronic acid, a major component of the
extracellular matrix that holds cells together. By digesting this acid, hyaluronidases create
pathways through which bacteria can move. Many pathogens, such as Staphylococcus

aureus, use hyaluronidases to penetrate tissues (Sherman et al., 1990).
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Figure 48 : Hydrolytic Enzymes (Hyaluronidases).

A schematic illustrating hyaluronic acid and collagen degradation in the ECM by bacterial
hyaluronidases and collagenases, showing how these enzymes open pathways for bacterial invasion.

e Collagenases: Collagenases degrade collagen, a structural protein abundant in the
extracellular matrix (ECM). The breakdown of collagen allows bacteria to access
underlying tissues and bypass physical barriers. Bacteria such as Clostridium perfringens,
the causative agent of gangrene, produce powerful collagenases that facilitate their rapid

spread through damaged tissues (Rood et al., 2004).

These invasive enzymes play a central role in deep infections, making tissues more accessible

to pathogens and thereby promoting their dissemination.

5.2.2 Modulation of Endocytosis

Certain pathogens exploit host cell endocytic pathways to gain intracellular access,

providing a protected niche against antibodies and immune responses.

e Actin exploitation: Listeria monocytogenes manipulates host actin for intracellular
movement and spread. Its surface protein ActA induces actin polymerization, forming
“actin comet tails” that propel the bacteria through the cytoplasm and enable cell-to-cell

spread without exposure to the immune system (Cossart and Toledo-Arana, 2008).
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Figure 49 : Listeria Actin-based Motility.

Diagram illustrating intracellular Listeria moving by hijacking host actin polymerization, forming
comet tails that push the bacteria through the cytoplasm and into neighboring cells.

e Induction of Phagocytosis: Pathogens such as Salmonella enterica and Yersinia inject
effector proteins via Type Ill Secretion Systems to remodel the host cytoskeleton. This
induces the host to engulf bacteria through phagocytosis, allowing bacterial internalization
and survival (Galan and Curtiss, 1989; Cornelis et al., 1998).

5.2.3 Immune System Evasion

To establish persistent infections, pathogens have evolved strategies to avoid immune

destruction.

e Encapsulation: Many bacteria like Streptococcus pneumoniae produce a polysaccharide
capsule that masks antigenic bacterial surface structures. This capsule interferes with
recognition by phagocytes and inhibits opsonization, reducing immune clearance (Weiser,
2010).

e Inhibition of Phagosome-Lysosome Fusion: Intracellular pathogens such
as Mycobacterium tuberculosis prevent the fusion of phagosomes with lysosomes, avoiding
exposure to degradative enzymes and enabling survival within macrophages (Russell,
2001).
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5.3. Cytolysis Factors
Cytolysis factors are bacterial toxins that lyse host cells by forming membrane pores or
degrading lipids, releasing nutrients like iron and enabling pathogen dissemination while
evading immunity. These toxins target erythrocytes, leukocytes, and epithelia, causing tissue

necrosis that promotes infection spread.

5.3.1 Hemolysins
Hemolysins lyse red blood cells and other nucleated cells by forming transmembrane

pores, releasing iron and other nutrients essential for bacterial growth.

e Streptolysin O/S: Streptococcus pyogenes produces these thiol-activated cytolysins that
oligomerize into large pores (~30 nm), lysing erythrocytes and suppressing cytokine
production to aid necrotizing fasciitis (Tweten, 2005).

e Listeriolysin O (LLO): In Listeria monocytogenes, listeriolysin O enables the pathogen to
escape from the phagosome by creating pores in its membrane. This releases the bacterium
into the host cell cytoplasm, protecting it from destruction by lysosomal enzymes (Gaillard
etal., 1987).

Figure 50 : Listeriolysin O Pore Formation.

Listeria monocytogenes.
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5.3.2 Leukocidins

Leukocidins are toxins that specifically target leukocytes (white blood cells),

particularly macrophages and neutrophils, which are key components of the innate immune

response.

Panton-Valentine Leukocidin (PVL): From methicillin-resistant Staphylococcus
aureus (MRSA), PVL forms octameric pores in neutrophil membranes, inducing necrosis
and cytokine release that exacerbates skin and lung infections (Yoong & Torres, 2015).

Leukocidins of Streptococcus spp.: These toxins also target leukocytes, reducing the
effectiveness of phagocytes and impairing the host’s ability to contain the infection

(Lachmann et al., 2020).

5.3.3 Phospholipases

These enzymes hydrolyze membrane phospholipids, destabilizing bilayers and causing

necrosis.

Phospholipase C (PLC): Clostridium perfringens a-toxin cleaves phosphatidylcholine
into diacylglycerol and phosphocholine, causing massive myonecrosis in gas gangrene via
G-protein signaling (Titball, 1998).
Phospholipase D: Pseudomonas aeruginosa PLD degrades phospholipids in epithelial
cells, facilitating colonization of the respiratory tract and persistence in chronic
infections (Wilderman et al., 2002).

5.3.4 Pore-Forming Toxins

Pore-forming toxins are proteins that insert themselves into the membranes of target

cells, creating channels that disrupt the ionic balance of the cell, ultimately leading to cell lysis.

Alpha-toxin (Staphylococcus aureus): Forms pores in the plasma membrane of target
cells, causing potassium efflux, calcium influx, and ultimately cell death by osmotic
imbalance (Bhakdi & Tranum-Jensen, 1991).

Pneumolysin (Streptococcus pneumoniae): Inserts into host cell membranes and causes
their lysis, contributing to respiratory tract inflammation and facilitating bacterial

spread in lung tissue (Kadioglu et al., 2008).
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Figure 51 : Pore-Forming Toxin Assembly.
5.3.5 Cytotoxins Targeting Specific Tissues
Certain bacterial cytotoxins exhibit tissue tropism, damaging specific host cell types to

promote colonization and pathogenesis.

Pertussis Toxin and Tracheal Cytotoxin (Bordetella pertussis): Targets the ciliated cells
of the respiratory tract, paralyzing the cilia and allowing the bacterium to persist in the
airways without being expelled. This facilitates respiratory infections by impairing normal
airway clearance (Carbonetti, 2015; Flak et al., 1995).

Diphtheria Toxin (Corynebacterium diphtheriae): This toxin inhibits protein synthesis
in the epithelial cells of the respiratory tract, leading to cell death and the formation of

pseudomembranes that obstruct the airways (Collier, 2001; Murphy, 1996).

5.3.6 Cytotoxins Modulating Apoptosis
Some pathogens produce toxins that induce or inhibit apoptosis (programmed cell

death) to escape the host immune response and promote their survival.

Cytolethal Distending Toxin (CDT): Produced by certain bacteria such as Escherichia
coli, Helicobacter pylori, and others, this toxin damages host cell DNA, triggering
apoptosis and disrupting immune responses, thus allowing the bacteria to evade immune

surveillance (Elwell et al., 2011).
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e Exotoxin B (SpeB, Streptococcus pyogenes): This cysteine protease cleaves extracellular
matrix and activates caspases indirectly, inducing apoptosis in keratinocytes and

macrophages during necrotizing fasciitis (Ashbaugh et al., 2000).

5.4. Toxins and Superantigens
Bacterial toxins and superantigens represent potent virulence factors that damage host
tissues, manipulate cellular pathways, and dysregulate immune defenses. Toxins directly
disrupt physiology via cytotoxic, neurotoxic, or inflammatory mechanisms, while
superantigens provoke massive, non-specific T-cell activation leading to cytokine storms and

systemic collapse.

5.4.1 Toxins

Bacterial toxins are harmful molecules that disrupt host cellular functions, either by
direct enzymatic activity or by triggering severe inflammatory responses. Exotoxins, which are
actively secreted proteins, are highly specific and potent, often produced by Gram-positive
pathogens but also by some Gram-negative species. Examples include botulinum toxin from
Clostridium botulinum, which blocks acetylcholine release at neuromuscular junctions causing
flaccid paralysis; diphtheria toxin from Corynebacterium diphtheriae, which inhibits protein
synthesis through ADP-ribosylation of elongation factor-2; and cholera toxin from Vibrio
cholerae, which activates adenylate cyclase in intestinal epithelial cells, inducing profuse
secretory diarrhea. In contrast, endotoxins are structural components of the outer membrane of
Gram-negative bacteria, specifically the lipid A portion of lipopolysaccharide (LPS).
Endotoxins are released primarily during bacterial lysis and elicit strong innate immune
activation through Toll-like receptor 4 (TLR4), leading to fever, inflammation, sepsis, or septic
shock (Rietschel et al., 1994; Todar, 2012; Montecucco & Rasotto, 2015).

5.4.2 Superantigens
Superantigens are a unique class of bacterial molecules that override normal antigen
presentation by cross-linking major histocompatibility complex class 11 (MHC-I1) on antigen-
presenting cells with T-cell receptors outside their conventional antigen-binding site. This
atypical mechanism results in the massive, non-specific activation of up to 20% of the body’s
T cells, triggering an overwhelming release of cytokines known as a “cytokine storm.” Major

superantigen-producing pathogens include Staphylococcus aureus, which produces toxic shock
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syndrome toxin-1 (TSST-1) responsible for menstrual and non-menstrual toxic shock
syndrome, and Streptococcus pyogenes, which secretes streptococcal pyrogenic exotoxins
(SPEs) associated with scarlet fever and streptococcal toxic shock syndrome. The uncontrolled
immune activation induced by superantigens can result in high fever, hypotension, disseminated
rash, vascular leakage, multi-organ failure, and potentially death (Fraser & Proft, 2008;
Papageorgiou & Lamb, 2001; Spaulding et al., 2013).

Comparison: Toxins vs Superantigens

Characteristic Toxins Superantigenes

Nature Proteins or lipopolysaccharides Proteins

Mode of action  Localized or systemic effect, affects specific cells Non-specific activation of T lymphocytes
Main target Specific cells (neurons, epithelium, etc.) T lymphocytes

Main effects Intoxication, cell destruction, inflammation Cytokine storm, toxic shock

Examples Botulinum toxin, cholera toxin, diphtheria toxin TSST-1, SPE (Streptococcus pyogenes)
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6. Genetic Supports of Virulence

The genetic supports of virulence are essential elements for pathogenic bacteria, as they
enable the acquisition and transmission of genes responsible for infection. These include
plasmids, bacteriophages, and pathogenicity islands. Often acquired through horizontal gene
transfer mechanisms, these elements play a crucial role in the spread and diversity of virulence

factors within bacterial populations (Groisman & Casadesus, 2011).

6.1. Virulence Plasmids
Plasmids are small, circular, double-stranded DNA molecules that replicate
independently of the bacterial chromosome. Although they rely on the host cell’s machinery
for replication and gene expression, plasmids play a crucial role in horizontal gene transfer and
in the dissemination of virulence traits. Certain plasmids, known as virulence plasmids, carry
genes encoding factors that enhance pathogenicity, such as adhesins, toxins, secretion systems,

and invasion enzymes (Cornelis, 2002; Sansonetti, 2006).
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Figure 52 : Virulence Plasmids.
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6.1.1 Characteristics of Virulence Plasmids:
Virulence plasmids propagate rapidly via conjugation, where a donor bacterium extends
a type 1V pilus to transfer single-stranded DNA through a T4SS channel to a recipient, even
across species, as exemplified by Shigella flexneri pWR100, which carries ipa/mxi/spa genes
for T3SS-mediated M-cell invasion and macrophage lysis in dysentery, and enterohemorrhagic
E. coli pO157 encoding enterohemolysin to amplify Shiga toxin damage in hemolytic uremic
syndrome (Sansonetti, 2006; Brunder et al., 1996).

Conjugation

Chromosomal DNA F plasmid

Donor (F* cell)

Original donor (F* cell) New donor (F* cell)

Figure 53 : Conjugation.
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6.2. Bacteriophages

Bacteriophages, or phages, are viruses that specifically infect bacteria and play a major
role in the evolution of bacterial pathogenicity through lysogeny, where their genome integrates
into the host chromosome as a prophage and can deliver toxins, adhesins, enzymes, or
regulatory factors via lysogenic conversion (Ptashne, 2004; Boyd & Brissow, 2002). In this
context, transduction represents one of the major horizontal gene transfer mechanisms,
alongside conjugation and transformation, and relies on specific events occurring during both
the lytic and lysogenic cycles to transfer chromosomal fragments or prophage-adjacent genes
from one bacterium to another, thereby potentially converting commensal strains into

pathogens (Brissow & Hendrix, 2002; Sandmeier et al., 1993).

/ Capside
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Figure 54 : Bacteriophages structure.

6.2.1 Mechanism of Transduction
Upon infection, phages enter either the lytic cycle, characterized by rapid replication
and host cell lysis, or the lysogenic cycle, in which the viral genome integrates as a prophage
and is passively replicated with the bacterial chromosome; errors that occur during induction
and phage assembly, such as imprecise excision of the prophage (specialized transduction) or
accidental packaging of bacterial DNA instead of phage DNA (generalized transduction), allow
fragments of bacterial chromosomal DNA to be injected into new recipient cells, where they

can recombine and introduce new virulence traits, antibiotic resistance, or metabolic
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capabilities (Brussow & Hendrix, 2002; Sandmeier et al., 1993). In this way, bacteriophages
simultaneously function as infectious agents and as powerful drivers of bacterial genome
diversification, accelerating the emergence and spread of highly virulent lineages that

complicate surveillance and control of infectious diseases (Boyd & Briissow, 2002).
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Figure 55 : Lytic and lysogenic cycles of bacteriophages.

6.3. Pathogenicity Islands

Pathogenicity islands are large genomic regions acquired through horizontal gene
transfer and containing clusters of virulence genes that enhance a bacterium’s ability to infect
and survive within a host. These DNA segments, often absent in closely related non-pathogenic
strains, present distinct genetic features such as a different GC content, insertion sequences, and
mobility genes, all of which indicate their foreign origin. Pathogenicity islands generally encode
key virulence factors, including toxins, adhesins, secretion systems, and iron-uptake
mechanisms, allowing bacteria to coordinate the expression of multiple pathogenic traits during
infection. Classic examples include the SPI-1 and SPI-2 islands of Salmonella enterica, which
encode two distinct Type Il secretion systems enabling epithelial invasion and intracellular
survival; the LEE island of enterohemorrhagic Escherichia coli (EHEC), responsible for the

attaching-and-effacing lesions characteristic of severe diarrheal disease; and virulence islands

103



Aga ) Ak Ba Al Ay 9 3al) A e gaall
République Algérienne Démocratique et Populaire

al et G ol g, Na ) ol a9 Y55,

Ministére de I'Enseignement Supérieur et de la Recherche Scientifique

ESSB®

B 93 A o1 g} (.J_EJS | IS { I ST N |
Ecole Supérieure en Sciences Biologiques d'Oran

of Yersinia pestis encoding immune-evasion proteins essential for plague pathogenesis. These

examples illustrate how pathogenicity islands provide bacteria with new adaptive advantages

and shape the evolution of pathogenic species (Hacker & Kaper, 2000; Schmidt & Hensel,

2004; Gal-Mor & Finlay, 2006).
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Figure 56 : Pathogenicity Islands.

6.3.1 Mechanism of Transfer

Pathogenicity islands are transferred primarily
through horizontal gene transfer mechanisms, especially
transformation and conjugation, and sometimes via
mobile genetic elements integrated within the island.
Transformation allows bacteria to take up free DNA
fragments from their environment, while conjugation
mediates the transfer of larger DNA blocks, including entire
islands, via plasmids or integrative conjugative elements.
Once acquired, these islands integrate into specific hotspots
of the bacterial chromosome, often at tRNA genes,
facilitated by integrases and recombinases carried within
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bacterial adaptation, host colonization, and survival during infection (Hochhut et al., 2006;
Juhas et al., 2009).

6.4. Genetic Supports of Virulence

Taken together, virulence plasmids, bacteriophages and pathogenicity islands illustrate
how horizontal gene transfer underpins the genetic supports of virulence in bacteria, as widely
described for plasmids, phages and genomic islands in pathogenic species (Groisman &
Casadesus, 2005; Boyd & Brissow, 2002). Conjugation promotes the spread of plasmids
encoding toxins, adhesins and antibiotic resistance, transformation allows the uptake and
chromosomal integration of free DNA including pathogenicity islands, and transduction uses
bacteriophages as vehicles to shuttle virulence genes between strains (Hacker & Kaper, 2000;
Briussow et al., 2004). By continuously reshaping bacterial genomes, these three mechanisms
drive the emergence and diversification of pathogenic lineages, making the genetic supports of
virulence a central concept for understanding bacterial pathogenesis and its epidemiological
impact (Frost et al., 2005; Ochman et al., 2000).
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Figure 58 : Horizontal Gene Transfer Mechanisms in Bacteria (Conjugation, Transformation,
Transduction).
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7. Strategies of Evasion from Host Immune Defenses

Pathogenic microorganisms have evolved multiple strategies to avoid detection,
neutralization and elimination by the host immune system, allowing them to persist, replicate
and disseminate within host tissues. These strategies target both innate and adaptive immunity
and often combinent plusieurs mécanismes chez un méme pathogene (capsule, protéases,

variation antigénique, toxines immunomodulatrices, etc.).

7.1. Evasion of Phagocytosis and Opsonization.

Phagocytosis is one of the most fundamental defense mechanisms of the innate immune
system, enabling specialized cells such as macrophages and neutrophils to detect, engulf, and
eliminate invading microorganisms. This process begins when pathogen-associated molecular
patterns (PAMPSs) are recognized by pattern-recognition receptors (PRRs) on the surface of
phagocytes, including Toll-like receptors and C-type lectins (Aderem & Underhill, 1999). Once
internalized, the microorganism is enclosed in a phagosome, which subsequently fuses with
lysosomes to form a phagolysosome where degradation occurs through hydrolytic enzymes and
reactive oxygen species (Flannagan et al., 2009). However, many pathogenic bacteria, fungi,
and parasites have evolved sophisticated strategies to evade this immune process. These
strategies include avoiding recognition or attachment, interfering with internalization and actin

polymerization, and blocking phagosome maturation or intracellular killing.

7.1.1 Avoidance of Recognition and Attachment
One of the first steps in phagocytosis is the attachment of phagocytic receptors to

microbial ligands. Many pathogens modify their surface to reduce detection:

e Capsules mask PAMPs such as LPS or peptidoglycan and reduce opsonization by
complement proteins (C3b) or antibodies (Jones et al., 2017).

e Molecular mimicry allows microbes to display host-derived molecules, such as sialic acid,
making them appear “self” (Weiser et al., 2018).

e Some pathogens shed or modify their surface antigens during infection, reducing antibody
and opsonin binding (Finlay & McFadden, 2006).
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7.1.2 Inhibition of Actin Polymerization and Internalization
Even after attachment, pathogens may block engulfment by interfering with the host
actin cytoskeleton. Many bacteria inject effector proteins (via Type Il or Type IV secretion
systems) that disrupt Rho-family GTPases such as Racl and Cdc42, which are required for
actin polymerization and pseudopodia formation (Rohde et al., 2003). By blocking actin
assembly or redirecting signaling pathways, pathogens can prevent the membrane from

extending around them and inhibit internalization.

7.1.3 Modulation of Phagosome Maturation and Intracellular Survival

Some microbes survive after being internalized by altering phagosome maturation:

e They may block phagosome-lysosome fusion by interfering with Rab GTPases and
vesicular trafficking (Flannagan et al., 2009).

e Other pathogens inhibit vacuolar ATPases, preventing acidification and reducing enzyme
activity.

e Certain intracellular microbes escape into the cytosol before phagolysosome formation and
replicate there (Ray et al., 2009).

e Some also express antioxidant enzymes such as catalase or superoxide dismutase to

neutralize reactive oxygen and nitrogen species (Paiva & Bozza, 2014).

7.1.4 Evasion of Opsonization
Opsonization enhances pathogen recognition by phagocytes through complement

receptors and Fc receptors. Pathogens evade this process by:

e secreting proteases that degrade complement proteins (C3b) or antibodies (1gG) (Lambris
et al., 2008),

e recruiting host complement regulatory proteins (Factor H, C4BP) to inhibit complement
activation (Zipfel & Skerka, 2009),

e modifying their surface to reduce antibody binding and complement deposition (Ricklin et
al., 2010).
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7.2. Evasion of the Complement System

The complement system is a central component of innate immunity and constitutes a
rapid and powerful first line of defense against invading pathogens. Its main functions include
opsonization of pathogens to facilitate their recognition and phagocytosis, recruitment and
activation of immune cells through the release of inflammatory peptides (anaphylatoxins), and
direct lysis of microorganisms by forming the membrane attack complex (MAC). The
complement cascade can be activated through three main pathways, the classical pathway (via
Clg-antibody complexes), the lectin pathway (via MBL/MASP), and the alternative pathway,
all of which converge on the activation of the C3 component and the formation of C3 and C5
convertases, crucial steps leading to opsonization, inflammation, and lysis (Ricklin et al., 2010).

Given the high efficiency of this system, many pathogens have evolved sophisticated
evasion strategies targeting different stages of the complement cascade to neutralize or inhibit

its action, reflecting an ongoing evolutionary arms race.

7.2.1 Direct Degradation of Complement Components

One of the primary strategies used by many microorganisms is the secretion of proteases
capable of degrading key components of the complement system. The C3 convertase is a major
target since it lies at the center of the cascade; by cleaving or inactivating C3b, these proteases
prevent the formation of new convertase complexes and interrupt the amplification loop
(Lambris et al., 2008). Some proteases also degrade C5a, a major anaphylatoxin involved in
recruiting neutrophils and other immune cells, thereby reducing inflammation and delaying the
immune response. For example, Streptococcus pyogenes secretes IdeS, which cleaves 1gG Fc
regions and C3/C5 components, while Pseudomonas aeruginosa uses LasB metalloprotease to
inactivate C3b and opsonins. This upstream inhibition prevents both opsonization and MAC

formation.

7.2.2 Recruitment of Host Complement Regulators
Another highly effective evasion method involves recruiting complement regulatory
proteins produced by the host, such as factor H, C4b-binding protein (C4BP), and factor I, and
attaching them to the microbial surface; these normally protect host cells from complement-
mediated damage. Factor H accelerates the dissociation of the alternative pathway C3
convertase (C3bBb) and acts as a cofactor for factor I, which cleaves C3b into inactive

fragments (iC3b); by binding factor H, pathogens mimic host cells and locally deactivate
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complement activity (Zipfel & Skerka, 2009). C4BP acts similarly on the C3 convertases of the
classical and lectin pathways. Notable examples include Neisseria meningitidis PorB protein
recruiting factor H and Streptococcus pyogenes M-protein binding factor H/FHL-1. This
molecular mimicry avoids opsonin deposition, blocks convertase formation, and escapes

phagocyte recognition.

7.2.3 Interference with Convertase Formation

The C3 and C5 convertases are essential enzymatic complexes within the complement
cascade; without them, neither opsonization nor MAC formation can occur. Many pathogens
have evolved to inhibit their formation or stability directly, secreting inhibitory proteins that
bind to convertase components (e.g., C2a, C4b, Bb) to prevent assembly or dissociate pre-
formed convertases, interrupting the cascade before C5 activation. For
instance, Staphylococcus aureus secretes SCIN, which stabilizes an inactive form of the C3
convertase, and Neisseria gonorrhoeae expresses NalP that binds C4b to block classical/lectin
pathway progression. By targeting this central step, microbes neutralize the entire cascade,

drastically reducing opsonization, inflammation, and lysis.

7.2.4 Blocking Membrane Attack Complex (MAC) Formation

The final stage of the complement cascade leads to the formation of the membrane attack
complex (MAC; C5b-6-7-8-9), which inserts into the pathogen’s membrane, causing lysis.
Some microorganisms prevent or neutralize this step by blocking MAC assembly (preventing
terminal component interactions), expressing surface proteins that inhibit insertion, or rapidly
repairing membrane damage. Examples include Escherichia coli TraT/TraS proteins inhibiting
C9 polymerization and Staphylococcus aureus CHIPS blocking C5aR signaling alongside
terminal components. These strategies enable pathogens to evade complement-mediated lysis

and prolong survival within the host.
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Tableau 03: Exemples de stratégies anti-complément chez les bactéries

Evasion Strategy Bacterial Example Main Target Key Effect
(Key Protein)

Proteolytic Degradation S. pyogenes (ldeS) C3b, C5a Interrupts amplification/inflammation
Regulator Recruitment  N. meningitidis (PorB)  Factor H Dissociates alternative convertase
Convertase S. aureus (SCIN) C3 convertase Blocks global opsonization
Interference

MAC Blocking E. coli (TraT) C5b-9 Prevents membrane lysis

7.3. Antigenic Variation and Evasion of Antibody Responses
The adaptive immune system is designed to recognize and neutralize pathogens with
high specificity, primarily through the action of antibodies that bind to distinct structures known
as antigens on the surface of pathogens. However, many pathogens have evolved sophisticated
mechanisms to alter these antigens over time, allowing them to evade antibody-mediated
immunity and persist within the host. This phenomenon is called antigenic variation (Deitsch
et al., 2009).

Antigenic variation is a powerful immune evasion strategy because it allows pathogens
to escape recognition by pre-existing antibodies generated during prior exposure or infection.
When the structure of surface antigens changes, antibodies that were previously effective can
no longer bind and neutralize the pathogen. As a result, the immune system must restart the
process of generating new antibodies, a time-consuming response that provides the pathogen
with a critical survival advantage and often contributes to chronic or recurrent infections (Barry
et al., 2003).

7.3.1 Mechanisms of Antigenic Variation

Pathogens achieve antigenic variation through distinct molecular mechanisms:

e Gene Conversion: This involves non-reciprocal transfer of DNA from silent donor genes
to an active expression site, producing new antigen variants without global genome

alteration. For example, Trypanosoma brucei maintains over 1,000 silent variant surface
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glycoprotein (VSG) genes, transferring them sequentially to one telomeric expression site,
generating waves of antigenic variants that exhaust host antibody responses (Deitsch et al.,
2009)

e Site-Specific Recombination: DNA segments encoding antigenic proteins are rearranged
or swapped within the genome. This recombination can alter the sequence and structure of
surface antigens, producing novel variants that the host immune system has not previously
encountered. The resulting antigenic diversity allows the pathogen to evade immune
memory and persist despite previous exposure.

e Hypermutation: High mutation rate in genes encoding surface proteins. Even small
changes in the amino acid sequence of an antigen can prevent antibody binding while
preserving the protein’s essential function. Hypermutation enables rapid adaptation under
immune pressure and supports the ongoing evolution of antigenic diversity (Barry et al.,
2003).

7.3.2 Consequences for Host Immunity
The ability of pathogens to continuously alter their surface antigens poses a significant
challenge for the adaptive immune system. Because antibody responses are highly specific,
each new antigenic variant requires the generation of a new clonal response, delaying pathogen

clearance. This constant immune “chase” allows pathogens to :

e Prolong infection, often leading to chronic or latent states.
e Reinfect the same host despite previous immunity.

e Reduce the effectiveness of vaccines that target specific antigenic structures.

Antigenic variation is thus a major reason why adaptive immunity alone is sometimes
insufficient to eliminate certain infections and why vaccine development against such

pathogens remains particularly challenging (Deitsch et al., 2009; Barry et al., 2003).

7.4. Inhibition of Cytotoxic Mechanisms
The cytotoxic arm of the immune system is essential for the elimination of infected or
malignant cells. Two main types of immune cells are responsible for this function: cytotoxic T
lymphocytes (CTLs), which recognize infected cells through antigen presentation via MHC

class I molecules, and natural killer (NK) cells, which detect and destroy cells that have
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downregulated MHC | or express stress-induced ligands. Both cell types eliminate their targets
primarily by inducing apoptosis (programmed cell death) through highly regulated cytotoxic
mechanisms (Coscoy & Ganem, 2000; Lanier, 2008).

Because this cytotoxic response represents a powerful barrier to infection and disease
progression, many pathogens have evolved sophisticated strategies to inhibit or evade these

mechanisms, thereby ensuring their survival and persistence within host tissues.

7.4.1 Interference with Cytotoxic Effector Molecules
Pathogens inhibit perforin (pore-forming protein) and granzymes (serine proteases
triggering apoptosis) by blocking their release, neutralizing post-exocytosis, or modifying

target membranes.

e Perforin is apore-forming protein released by CTLs and NK cells that inserts into the target
cell membrane, creating channels through which granzymes (serine proteases) can enter
and trigger apoptosis.

e Cytomegalovirus (CMV) inhibits perforin transcription in CTLs via its pp65 protein,
while HIV Nef blocks granzyme release and function post-exocytosis.

e Mycobacterium tuberculosis alters host membrane cholesterol, reducing perforin pore

formation (Coscoy & Ganem, 2000).

Additionally, certain intracellular pathogens secrete factors that neutralize or degrade these

molecules before they can exert their effects, effectively disarming the host's cytotoxic arsenal.

7.4.2 Disruption of Apoptotic Signaling Pathways
Apoptosis is a tightly regulated process triggered through two main pathways:
the intrinsic (mitochondrial) pathway and the extrinsic (death receptor) pathway, both
culminating in caspase activation. CTLs and NK cells exploit these pathways to eliminate

infected cells.

However, pathogens have evolved multiple ways to interfere with apoptosis:

e Intrinsic pathway: Adenovirus encodes E1B-19K (Bcl-2 homolog) that stabilizes

mitochondrial membranes, preventing cytochrome c release.
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e Extrinsic pathway: Herpes simplex virus-1 (HSV-1) produces VFLIP, inhibiting
Fas/TRAIL death receptor signaling.
e Caspase inhibition: Human cytomegalovirus (HCMV) UL36 deubiquitinase blocks

caspase-8 activation.

By subverting these pathways, pathogens keep their host cells alive even in the presence
of cytotoxic immune responses, allowing continued replication and persistence (Coscoy &
Ganem, 2000).

7.4.3 Modulation of NK Cell Activation and Inhibitory Signaling
Natural Killer cells rely on a balance between activating and inhibitory signals to decide
whether to kill a target cell. Healthy cells express MHC class | molecules that engage NK
inhibitory receptors (KIRs, LIR-1), preventing cytotoxicity. Infected cells often downregulate

MHC I ("missing self"), triggering NK activation.

Pathogens exploit this system:

e HCMV produces UL18, an MHC I mimic that engages inhibitory LIR-1 receptors.

e Kaposi sarcoma herpesvirus (KSHV)vMIR1/2 downregulates stress ligands
(MICA/MICB, ULBPs) recognized by activating NKG2D receptors.

e HIV Nef simultaneously reduces MHC | while inhibiting NKG2D ligand expression
(Lanier, 2008).

This false inhibitory signaling prevents NK activation despite missing self recognition.

7.4.4 Consequences of Cytotoxic Inhibition for Pathogen Survival
By interfering with CTL and NK cell cytotoxic pathways, pathogens gain several

significant advantages:

e Prolonged survival of infected cells, allowing for continued replication (CMV
latency, HIV reservoirs).

e Establishment of chronic or latent infections, as immune clearance is delayed (HSV,
Mycobacterium tuberculosis).

e Increased dissemination, since infected cells are not efficiently destroyed.
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These evasion strategies represent a critical part of the pathogen’s arsenal, highlighting
the complex evolutionary arms race between host cytotoxic defenses and microbial

countermeasures.

7.5. Disruption of Antigen Presentation
Antigen presentation is a cornerstone of adaptive immunity. It enables the immune
system to detect infected or malignant cells and mount a targeted response. This process relies
on the major histocompatibility complex (MHC) pathway, which presents peptide fragments

derived from pathogens on the cell surface to T lymphocytes.

e MHC class I molecules present endogenous peptides (from intracellular pathogens such as
viruses) to cytotoxic CD8" T cells.

e MHC class Il molecules present exogenous peptides (from extracellular pathogens) to
CD4" helper T cells.

Because this process is critical for activating T cell-mediated immunity, many
pathogens have evolved mechanisms to disrupt antigen presentation at multiple levels. These
strategies effectively ‘“hide” infected cells from immune detection and impair both the
immediate cytotoxic response and the development of immunological memory (Yewdell &
Hill, 2002; Hansen & Bouvier, 2009).

7.5.1 Inhibition of Peptide Transport and MHC Loading
A key step in the MHC class | pathway is the transport of antigenic peptides into the
endoplasmic reticulum (ER), where they are loaded onto newly synthesized MHC molecules.

This transport is mediated by the transporter associated with antigen processing (TAP).

Several viruses produce proteins that inhibit TAP function, thereby preventing peptides
from entering the ER. For example, herpes simplex virus 1 (HSV-1) ICP47 directly blocks the
peptide-binding site of TAP. Without these peptides, MHC class | molecules remain unstable
and are not transported to the cell surface. This prevents the display of viral antigens and reduces
recognition by CD8* T cells (Yewdell & Hill, 2002).

Some viral proteins also bind directly to MHC class | molecules in the ER, blocking
peptide loading or causing the retention of MHC-peptide complexes within the
ER. Cytomegalovirus (CMV) US6 retains TAP in the ER membrane. As a result, these
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molecules never reach the cell surface, effectively concealing infected cells from immune

surveillance.

7.5.2 Induction of MHC Degradation or Retention
Another common evasion strategy involves the targeted degradation or mislocalization
of MHC class | molecules. Certain viral proteins hijack the host cell's quality-control
mechanisms to redirect MHC molecules to the proteasome or lysosome for degradation instead
of allowing them to traffic to the plasma membrane. CMV US2 and US11 induce ER-associated
degradation (ERAD) of MHC | heavy chains (Yewdell & Hill, 2002).

Other pathogens induce retention of MHC molecules in the ER or Golgi apparatus,
preventing them from reaching the «cell surface even if peptide loading
occurs. Adenovirus E3/19K glycoprotein binds MHC 1 in the ER, blocking transport. This
reduction in surface MHC expression severely compromises the ability of cytotoxic T

lymphocytes (CTLs) to recognize and destroy infected cells.

7.5.3 Downregulation of MHC Expression
Some pathogens take a broader approach by downregulating MHC gene expression
altogether. By interfering with transcription factors required for MHC class | or class Il gene
activation, they reduce the overall number of MHC molecules available for antigen
presentation. HIV Nef and Vpu proteins downregulate MHC | transcription via RFX5
interference, while also targeting MHC 1l via CIITA inhibition (Hansen & Bouvier, 2009).

This global decrease in MHC expression significantly impairs the activation of both
CD8" and CD4" T cells, weakening the adaptive response and enabling the pathogen to persist.
While downregulation of MHC | might make infected cells more visible to natural killer (NK)
cells, many pathogens counter this by simultaneously expressing MHC mimics or inhibitory

ligands.

7.5.4 Interference with Proteasomal Processing
Antigen presentation via MHC class | begins with the proteasome, a multi-enzyme
complex that degrades intracellular proteins into peptides. These peptides are then transported

into the ER for loading onto MHC molecules.

Some pathogens interfere with this process by inhibiting proteasomal activity or altering

the generation of peptides, reducing the availability of suitable antigenic fragments. Epstein-

115



Agpn ) ddaf jBaal) Ay 3l A 9 gaal)
République Algérienne Démocratique et Populaire

al et G ol g, Na ) ol a9 Y55,

Ministére de I'Enseignement Supérieur et de la Recherche Scientifique

ES S B@ SR d g lg il agtalL el djaall

Ecole Supérieure en Sciences Biologiques d'Oran

Barr virus (EBV) EBNAL contains Gly-Ala repeats that resist proteasomal degradation,
while HIV Tat alters the peptide cleavage specificity. Without properly processed peptides,
MHC molecules cannot effectively present antigens to T cells (Hansen & Bouvier, 2009).

This interference blocks the earliest step of antigen presentation, disrupting immune

recognition before it even begins.

7.5.5 Consequences for Inmune Evasion
By disrupting antigen presentation, pathogens escape T cell-mediated immunity at

multiple levels:

e Preventing MHC—peptide display hides infected cells from cytotoxic T lymphocytes.
e Reducing MHC expression weakens both CD8* and CD4" responses.

e Altering peptide processing limits the pool of antigenic targets.

These mechanisms not only allow pathogens to persist within the host but also impair
the development of long-lasting immunity, complicating vaccine design and increasing the risk

of reinfection.
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8. Diagnostic of Microbial Infections

The diagnosis of microbial infections is crucial for determining appropriate treatment
and preventing the spread of disease. This chapter focuses on two key steps in the diagnostic
process: sampling and microorganism identification. These steps help determine the pathogen

responsible for the infection and guide therapeutic strategies precisely.

8.1. Sampling of Microbial Infections
Sampling is a critical first step in diagnosing infections, as it involves collecting
biological specimens that will be analyzed in the laboratory. The quality of the sample plays a
significant role in the success of identification and subsequent treatment. The sample should be

taken according to the suspected infection's location and the microorganism being sought.

8.1.1 Types of Microbiological Samples
Samples can come from different sources, depending on the suspected infection. The
main types of samples include:

e Clinical samples: These are collected directly from the patient and can include:

= Skin and mucosal swabs: Swabbing lesions, vaginal samples, nasopharyngeal
swabs, oral samples, etc.

= Blood: Used to detect systemic infections such as sepsis.

= Urine: Useful for urinary tract infections.

= Stools: For detecting gastrointestinal infections.

= Cerebrospinal fluid (CSF): For diagnosing central nervous system infections like
meningitis.

= Sputum or expectorations: For respiratory infections, such as pneumonia.

= Biopsy tissues: In the case of biopsies taken during surgical procedures to study
deep or localized infections (Buchanan & Gibbons, 1974).

= Synovial fluid: For diagnosing joint infections, inflammatory diseases, or conditions
like gout or arthritis.

= Pleural fluid: For detecting infections or conditions such as pleuritis, pneumonia, or

cancers affecting the pleural cavity (e.g., empyema or chylothorax).
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Figure 59 : Types of Microbiological Samples.
8.1.2 Sampling Methods

The sampling methods should be appropriate for the infection site. It is essential to
follow aseptic techniques to avoid contaminating the sample with non-pathogenic

microorganisms.

e Swabbing: The most common method, used for samples from the skin, mucous
membranes, and upper respiratory tract. This involves using a sterile swab to rub the

surface of the suspected infected site.

e Aspiration: For internal infections such as pleural infections, abdominal infections, or
bone marrow infections, aspiration with a needle is performed (Bhat & Pradhan, 2019).
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e Biopsy: In some cases, a biopsy is necessary to obtain infected tissue. This allows for

more detailed analysis and confirmation of rare or complex infections.

8.1.3 Sample Preservation and Transport
Samples must be transported and stored under optimal conditions to avoid degradation

before laboratory analysis:

e Refrigeration or freezing: Samples should be kept at specific temperatures to maintain
the viability of microorganisms, especially for bacterial, fungal, and viral cultures
(Buchanan & Gibbons, 1974).

e Transport media: Some samples, such as swabs or tissue, require transport media to
maintain microorganism viability during transportation. These transport media are often

used for microbiological tests like culture and PCR.

Improper transport or inadequate preservation can lead to false-negative results or
contamination by irrelevant microorganisms (Zhang & Zhang, 2020).

8.2. Identification of Microorganisms
Once the sample is collected, it needs to be analyzed to identify the microorganisms
responsible for the infection. Several methods are used to isolate and identify the pathogens.
The goal is to detect the microorganism, characterize it, and determine its susceptibility to

available treatments.

8.2.1 Culture Techniques
Culture remains a key diagnostic method because it allows microorganisms in the
sample to proliferate, providing a sufficient quantity for analysis. This is usually performed in

the laboratory on specific growth media.
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Figure 60 : Types of Culture Media.

= Nutrient media: Support the growth of a wide variety of microorganisms. These

media are generally used for general bacterial cultures.

= Selective media: Contain substances that inhibit the growth of some species while

promoting the growth of the pathogen being sought. For example, MacConkey agar

is used to isolate Gram-negative bacteria, and Sabouraud agar is used for fungi.

= Differential media: Allow differentiation of microorganisms based on their

biochemical activities (e.g., sugar fermentation). For example, blood agar helps

identify bacteria based on how they degrade red blood cells (Buchanan & Gibbons,

1974).

Incubation:

Samples are incubated under conditions favorable for microorganism growth

(temperature, humidity, aerobic or anaerobic conditions) to promote their development.

The incubation temperature varies depending on the type of microorganism (e.g., 37°C

for most human pathogens).

8.2.2 Identification by Microscopic Examination

The Gram stain, developed by Hans Christian Gram in 1884, is the most widely used

staining method in clinical microbiology. It is based on differences in the structure of the

bacterial cell wall:

120



Aga ) Ak Ba Al Ay 9 3al) A e gaall
République Algérienne Démocratique et Populaire

el a N a Y g, Na ) ol a9 Y55,

Ministére de I'Enseignement Supérieur et de la Recherche Scientifique

E S S B@ DB g d gt agtalll lall d_jaal)

Ecole Supérieure en Sciences Biologiques d'Oran

= Gram-positive bacteria retain crystal violet and appear purple (e.g., Staphylococcus
aureus, Streptococcus pneumoniae);

= Gram-negative bacteria lose the primary stain and appear pink after counterstaining with
safranin (e.g., Escherichia coli, Neisseria meningitidis).

This stain  provides immediate | Gram Positive Bacteria ‘Gram Nagative Bactena
diagnostic  orientation, for example by
distinguishing a Gram-positive coccal infection
from a Gram-negative bacillary infection
(Baron et al., 2019; Zhang & Zhang, 2020).

e Ziehl-Neelsen Stain

The Ziehl-Neelsen stain is used for the detection of acid- " ¥ § o= e
e Zie eelsen stain is used for the detection of aci & o }‘x

fast bacilli (AFB), such as Mycobacterium tuberculosis. . A\ 'a.._‘? 3
A T = @
SN o »
which makes them resistant to decolorization by acids after staining l "‘1 ‘ ""
with carbol fuchsin. AFB therefore appear red against a blue B‘}‘\ﬁ "g

i

These bacteria possess a cell wall rich in mycolic acids,

background after counterstaining with methylene blue.

. . . . Figure 62 : Ziehl neelsen stain.
This method remains indispensable for the diagnosis of '8t ! '

tuberculosis and other mycobacterial infections (Kent & Kubica,
1985; WHO, 2020).

g » "’
e Methylene Blue Stain ?‘t‘ ’ 5"“
§ | \"-' 'Op " 14
The methylene blue stain is used as a simple staining Q_‘ | &ﬂ t *i
method to help visualize bacterial and fungal structures, especially * » Y\ ““»‘ g..
” 3
in the context of basic identification and differentiation. ?. ‘,)Q /; . »
'_ y B\ é?.

= It can also be used to identify fungi by visualizing their
Figure 63 : Methylene Blue Stain.
hyphal structures and spores.
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= In addition, methylene blue can be employed for detecting parasites and other
microorganisms in clinical samples, providing rapid orientation for further diagnostic
steps.

e Microscopic Examination of Fungi:

Fungi can be identified by examining their
morphology (spores, hyphae). Special stains like KOH

staining are used to visualize fungal structures (Miller &

Wolin, 2007). Figure 64 : Microscopic Examination
of Fungi.
8.2.3 Biochemical Tests

Biochemical tests are used to identify the metabolic properties of microorganisms.
These tests help differentiate microorganisms based on their ability to break down certain

substrates or produce specific metabolites.

o (Catalase test: Differentiates bacteria that produce the catalase enzyme, an important
marker for distinguishing staphylococci from streptococci.

e Oxidase test: Identifies bacteria like Pseudomonas based on the presence of
cytochrome c oxidase.

e Fermentation test: Used to observe a microorganism's ability to ferment specific
sugars (e.g., glucose or lactose) (Bhat & Pradhan, 2019).

Macro-galerie Micro-galerie

Figure 65 : Biochemical Tests.
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Molecular methods are increasingly used for rapid and accurate identification of

microorganisms. These techniques rely on the detection of DNA or RNA from the pathogen.

Polymerase Chain Reaction (PCR): This method amplifies specific segments of DNA

from microorganisms. It is particularly useful for microorganisms that are difficult to

culture or for viral infections (Miller & Wolin, 2007).

Genetic Sequencing: Complete or targeted sequencing of the genome allows for

precise identification of microbial strains, even those that are very similar or difficult to
differentiate by other methods (Zhang & Zhang, 2020).

MOLECULAR METHODS

Detection of DNA or RNA from pathogens for rapid and accurate identification

1. POLYMERASE CHAIN REACTION (PCR)

Amplifies specific segments of DNA
from microorganisms.

Useful for microorganisms that are
difficult to culture or for viral
infections.

Sample (e.g., clinical specimen)

2. GENETIC SEQUENCING

Complete or targeted sequencing
of the genome allows for precise
identification of microbial strains,
even those that are very similar
or difficult to differentiate by
other methods.

Y

—aw =

=y I=-I= = i

PCR CYCLE (30-40 cycles) Amplified DNA
prsmussnsnsnnannsy
0 Denaturation 0 Annealing 9 Extension P —————
94-98 °C 50-65 °C 72°C ——
a prsmussssnsnnnnnny
TITITOITIIIT TITITOTITIT TITIDIIITIT prsmssnsssnnnsansgy
L LILIIU T aL e —
. l Primers J IO
i 4 = e
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\/ 7 — /
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=
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ATGCTACGTTGACCTGACTGA /"*. Species: Escherichia coli E. coli 0157:H-
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Molecular methods provide rapid, sensitive and specific identification,
a complementing conventional microbiological techniques.

Figure 66 : Molecular Methods.
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8.2.5 MALDI-TOF Mass Spectrometry

Matrix-assisted laser

desorption/ionization time-of-flight (MALDI-TOF) mass

spectrometry is a powerful, rapid technique used to identify microorganisms based on their

unique protein profiles. The technique is widely used for bacterial and fungal identification due

to its high accuracy and speed.

e MALDI-TOF Process: The microorganisms are cultured, and their protein extracts are

ionized using a laser. The ions are then analyzed based on their mass-to-charge ratios,

generating a unique spectrum that can be compared to a database of known microbial

profiles. This technique offers rapid identification (within hours) and high throughput,

making it increasingly popular in clinical laboratories (Zhang & Zhang, 2020).

A

Vitek® MS

(bioMérieux).

ol

Microflex®

LT2 Andromas®.

Figure 67 : MALDI-TOF Mass Spectrometry.
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8.2.6 Serological Tests
Serological tests are used to detect specific antibodies or antigens produced in response
to infection. These tests are often used for diagnosing viral infections or detecting bacteria in

low concentrations in the blood.

e Enzyme-Linked Immunosorbent Assay (ELISA): Used to detect specific antibodies
or antigens in serum (Miller & Wolin, 2007).

e Western Blot (Immunoblotting): A method used to detect specific antibodies in a
sample by using a membrane with proteins separated by electrophoresis, then

transferred and detected by a specific antibody.

e Immunofluorescence (IFA): A test based on the use of antibodies labeled with
fluorochromes to detect antigens in tissues or cells, often used to diagnose viral or

autoimmune infections.

e Agglutination (Agglutination Tests): Based on the ability of antibodies to agglutinate
particles when reacting with specific antigens. Commonly used to detect pathogens.

e Radioimmunoassay (RIA): A test that uses radioactive isotopes to detect and measure
antibodies or antigens in a sample, often used for hormone assays or viral detection

tests.

e Lateral Flow Assay (Lateral Flow Tests): Rapid tests that allow for easy and quick
detection of infections, commonly used in field diagnostics, such as pregnancy tests or
COVID-19 tests.
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Figure 68 : Serological Tests.
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Once the microorganism is identified, it is essential to perform an antibiogram to test

the strain's sensitivity to various antibiotics. This analysis helps determine which antibiotics

will be most effective in treating the infection by identifying potential resistances (Bhat &

Pradhan, 2019).

Bite de Pétri
Pas d'inhibition du
développemert : la
hactérie est
résistante 4 cet
artitiotique

Développemert,
bactérien sur la
gélose nuritive

Pastilles
antibiotigues

Réaction
inermédiaire &

1 antibi e
Bactérie sensivle &
1 antibi s

Un antibiogramme @ Georges Dolist

Figure 69 : Antibiogram.

The diagnosis of microbial infections relies on a methodical and rigorous approach,

from sample collection to the precise identification of the microorganisms responsible for the

infection. Each step, from specimen collection to laboratory analysis, plays a crucial role in

ensuring diagnostic accuracy and treatment effectiveness. The use of advanced techniques such

as culture tests, biochemical methods, microscopy, and molecular techniques helps differentiate

pathogens, while serological tests and antibiograms guide the selection of the most appropriate

treatments. Rapid and accurate diagnosis is essential not only for managing infections but also

for limiting the spread of bacterial resistance and optimizing treatment efficacy.
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