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I. Course handout  

Faculty: Faculty of Natural and Life Sciences 

Department: Biotechnology 

Master Program: Biotechnology and Health 

Target Audience: Second-Year Master's Students (M2) 

Teaching Unit (UE): Fundamental Unit 

Course Title: Cellular and Molecular Immunology 

Credits: 6 ECTS  

Coefficient: 3 

Total Semester Workload: 67.5 Hours 

Schedule: 

¶ Monday: 11:00 AM ï 12:30 PM 

¶ Wednesday: 08:00 AM ï 09:30 AM 

Classroom: SAM 2 

Instructor:  Dr. Selma HOUCHI 

Teaching Activities: Lectures 

Email:  houchi.selma@univ-setif.dz 

Office Hours: Monday, Tuesday, and Wednesday 08:00 AM ï 12:30 PM; Office A13 

Communication Policy 

Discussion Forum 

All course-related questions should be posted on the dedicated discussion forum to allow all 

students to benefit from the answers provided. Responses will normally be given within 48 

hours. 

Email Communication 

Emails are reserved for urgent matters, particularly technical issues such as access problems to 

the online learning platform. Responses are generally provided within 48 hours, except in 

unforeseen circumstances. Students are encouraged to use the discussion forum as the primary 

communication channel. 

mailto:houchi.selma@univ-setif.dz
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II.  Course description  

Immunity encompasses the biological mechanisms that enable living organisms to recognize, 

resist, and eliminate foreign substances, particularly infectious agents, while maintaining tissue 

integrity and physiological homeostasis. The coordinated network of organs, tissues, cells, and 

soluble mediators involved in these protective processes constitutes the immune system. 

Together, these components generate highly regulated responses that protect the host against 

pathogens and other potentially harmful challenges. 

Immunology is the branch of biomedical science devoted to the study of the immune system, 

its components, and its functions. The origins of modern immunology are commonly traced to 

Edward Jenner, whose pioneering work on vaccination against smallpox in 1796 laid the 

foundation for one of the most significant advances in medical history. Since then, immunology 

has evolved into a multidisciplinary field that integrates molecular biology, genetics, 

microbiology, biotechnology, and clinical medicine. 

Although initially focused on host defense against infectious diseases, immunology now plays 

a central role in understanding a wide range of physiological and pathological processes. 

Advances in immunological research have revealed the involvement of the immune system in 

allergy, autoimmunity, chronic inflammation, transplantation, cancer, metabolic disorders, and 

tissue repair. Consequently, immunology has become an essential discipline for both 

fundamental biological research and modern healthcare. 

The immune system represents a remarkably sophisticated and dynamic network that has 

evolved to provide efficient protection while maintaining self-tolerance. Understanding its 

cellular and molecular mechanisms is essential for deciphering the pathogenesis of numerous 

human diseases and for developing innovative diagnostic, preventive, and therapeutic 

strategies. This course provides an in-depth study of the cellular and molecular mechanisms 

governing immune responses. Particular emphasis is placed on the development, activation, 

regulation, and functional specialization of immune cells, as well as on their applications in 

biotechnology and health sciences. 

By the end of this course, students will possess a comprehensive understanding of immune 

system organization and function, enabling them to apply immunological concepts to research, 

biotechnology, and biomedical innovation. 
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III.  Course content  

According to the Master's curriculum in Biotechnology and Health, the course Cellular and 

Molecular Immunology provides a comprehensive overview of the architecture, mechanisms, 

and functions of the immune system. 

The course is organized into the following major topics: 

1. Organization and Compartmentalization of the Immune System: Hematopoiesis, 

Immune Cells, and Lymphoid Organs 

2. Fundamentals of Innate and Adaptive Immunity 

3. Inflammatory Responses 

4. Structure, Functions, and Signaling of Toll-Like Receptors (TLRs) 

5. Mucosal Immune System 

6. Structure of Major Histocompatibility Complex (MHC) Molecules and Antigen 

Presentation 

7. Structure of Antigen Receptors (TCR and BCR) 

8. Antibody Synthesis and Diversity 

9. Immune Activation: Cellular Cooperation During Immune Responses 

o Antigen-Presenting Cells and T Cells 

o T Cells and B Cells 

10. Regulation of the Immune System 

11. Immunological Memory and Vaccination 

12. Immunology of Pregnancy 

13. Aging and the Immune System 

14. Role of Apoptosis in Immune Homeostasis 

15. Feto-Maternal Tolerance 

16. Immuno-Endocrine Interactions 

Note: In accordance with the official course template, all required topics are listed separately 

in the course content. However, some topics have been integrated into broader chapters for 

pedagogical coherence. Specifically, the topic "Mucosal Immune System" (Item 5) is covered 

within Chapter 1: Organization and Compartmentalization of the Immune System, under the 

section devoted to Mucosa-Associated Lymphoid Tissue (MALT). Likewise, the topics 

"Immunology of Pregnancy" (Item 12) and "Feto-Maternal Tolerance" (Item 15) are presented 
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together in Chapter 11: Immunology of Pregnancy and Feto-Maternal Tolerance, as these 

subjects are closely interconnected and are more effectively addressed within a single integrated 

chapter.  

Prerequisites 

Students are expected to possess basic knowledge of: 

¶ Human anatomy and physiology; 

¶ Cell biology; 

¶ Molecular biology; 

¶ General microbiology. 

A self-assessment test is available on the university e-learning platform: 

https://snv-courses.univ-setif.dz/course/view.php?id=591 

Students should log in using the credentials provided by the instructor and access the course 

entitled Cellular and Molecular Immunology. 

The test remains available throughout the semester and may be repeated as often as necessary. 

Students with insufficient scores will be directed toward supplementary self-learning resources 

available on the same platform. 

https://snv-courses.univ-setif.dz/course/view.php?id=591
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IV.  Learning outcomes  

The main objective of this course is to provide students with an advanced understanding of 

modern immunology and its applications in biotechnology and health sciences. 

Upon successful completion of the course, students will be able to: 

Knowledge 

¶ Describe the organization and function of the immune system. 

¶ Explain the cellular and molecular mechanisms involved in innate and adaptive 

immunity. 

¶ Understand immune regulation, tolerance, inflammation, and immunological memory. 

¶ Analyze immune responses in physiological and pathological conditions. 

Practical and Analytical Skills 

¶ Interpret immunological phenomena using contemporary molecular and cellular 

concepts. 

¶ Apply immunological principles to biotechnology and health-related applications. 

¶ Understand the biological and medical engineering techniques commonly used in 

immunological research and diagnostics. 

¶ Develop scientific reasoning for solving immunology-related problems. 

This course provides a strong foundation for advanced studies and professional careers in 

biotechnology, biomedical research, clinical laboratories, immunodiagnostics, vaccine 

development, and health-related industries. 
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Introduction  

Immunity refers to the set of defense mechanisms that enable living organisms to recognize, 

resist, and eliminate foreign agents, particularly infectious microorganisms, as well as other 

potentially harmful factors that may threaten normal physiological functions or survival. The 

organs, tissues, cells, and molecules involved in these protective processes collectively 

constitute the immune system, while the coordinated actions of these components against 

pathogens are known as the immune response. 

Immunology is the scientific discipline dedicated to the study of the immune system and its 

functions. The foundations of modern immunology are generally attributed to Edward Jenner, 

who demonstrated in 1796 that vaccination could provide protection against smallpox. Since 

then, immunology has evolved into a major branch of life sciences and biomedical research. 

For many years, immunological research focused primarily on the mechanisms of host defense 

against infectious diseases. However, advances in cellular and molecular biology have revealed 

that the immune system plays a central role in a wide range of physiological and pathological 

processes. Today, immunology is essential for understanding allergies, autoimmune diseases, 

chronic inflammatory disorders, cancer, transplantation, immunodeficiencies, and many other 

human diseases. 

The immune system can be viewed as a highly sophisticated and dynamic network composed 

of numerous interacting cells, tissues, and molecular mediators. Its remarkable organization is 

the result of millions of years of evolution, leading to a defense system that is both highly 

efficient and tightly regulated. The ability of the immune system to distinguish self from non-

self, eliminate pathogens, maintain tissue homeostasis, and generate immunological memory is 

fundamental for the survival of all multicellular organisms. 

Understanding how this complex system functions is one of the major challenges of modern 

biomedical sciences. A thorough knowledge of immunological mechanisms is essential not 

only for understanding disease pathogenesis but also for developing innovative diagnostic tools, 

vaccines, immunotherapies, and biotechnological applications. 

The aim of this handbook is to provide a comprehensive overview of the cellular and molecular 

mechanisms that govern immune responses. It presents the fundamental concepts of modern 

immunology, including the organization of the immune system, innate and adaptive immunity, 

antigen recognition and presentation, lymphocyte development and activation, immune 
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regulation, immunological memory, tolerance mechanisms, and their applications in health and 

biotechnology. 

The following chapters are designed to progressively guide students through the fundamental 

and advanced concepts of immunology, providing the theoretical foundation necessary for 

further studies and research in biotechnology and health sciences. 
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Chapter 1. Organization and Compartmentalization of the 

Immune System 

The immune system is composed of numerous organs and tissues distributed throughout the 

body. Based on their functions, these structures can be classified into two major groups. Primary 

lymphoid organs provide the specialized microenvironments required for the development, 

differentiation, and maturation of lymphocytes. In contrast, secondary lymphoid organs are 

responsible for capturing antigens originating from tissues and vascular compartments and 

serve as the sites where mature lymphocytes encounter and respond to these antigens. 

The blood vascular and lymphatic systems connect these organs, integrating them into a 

coordinated functional network. Circulating through the blood and lymph and residing within 

lymphoid organs, various types of white blood cells, or leukocytes, participate in immune 

responses. Among these cells, only lymphocytes possess the fundamental characteristics of 

adaptive immunity, including diversity, specificity, immunological memory, and the ability to 

distinguish self from non-self. 

All other immune cells play supportive roles in adaptive immunity by activating lymphocytes, 

enhancing antigen elimination through phagocytosis, or secreting a variety of effector 

molecules that contribute to immune defense. Together, these cellular and molecular 

components ensure effective protection against pathogens while maintaining immune 

homeostasis. 

This chapter describes the process of blood cell formation (hematopoiesis) and presents the 

structural and functional compartmentalization of the immune system. 

1. Hematopoiesis  

All blood cells originate from a specialized type of cell known as the hematopoietic stem cell 

(HSC). Stem cells are characterized by their ability to differentiate into multiple cell types and 

by their capacity for self-renewal, allowing them to maintain their population through 

continuous cell division. 

In humans, hematopoiesis, the process by which red blood cells and white blood cells are 

formed and developed, begins in the yolk sac during the early weeks of embryonic 

development. At this stage, yolk sac stem cells differentiate into primitive erythroid cells that 

contain embryonic hemoglobin. During the third month of gestation, hematopoietic stem cells 
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migrate from the yolk sac to the fetal liver and subsequently to the spleen. These organs serve 

as the principal sites of hematopoiesis from the third to the seventh month of fetal development. 

Later, hematopoietic stem cell differentiation takes place in the bone marrow, which becomes 

the primary site of hematopoiesis. Following birth, hematopoietic activity in the liver and spleen 

is greatly reduced or completely absent under normal physiological conditions. 

A pluripotent hematopoietic stem cell differentiates into either a common lymphoid progenitor 

(CLP) or a common myeloid progenitor (CMP). Progenitor cells have lost their capacity for 

self-renewal and are committed to specific cellular lineages. 

Common lymphoid progenitors give rise to T lymphocytes, B lymphocytes, and a specialized 

population of immune cells known as natural killer (NK) cells. Common myeloid progenitors 

generate precursors of red blood cells (erythrocytes), most white blood cells (including 

neutrophils, eosinophils, basophils, monocytes, and mast cells), as well as megakaryocytes, the 

large bone marrow cells responsible for platelet production (Figure 1). 

Within the bone marrow, hematopoietic stem cells proliferate and mature in close association 

with a network of stromal cells, including adipocytes, endothelial cells, fibroblasts, and 

macrophages. These stromal cells provide a specialized hematopoietic microenvironment 

composed of extracellular matrix components, growth factors, and differentiation signals that 

regulate the survival, proliferation, and maturation of hematopoietic stem cells. 

Hematopoietic stem cells (HSCs), characterized by the expression of the CD34 surface marker, 

possess the ability to self-renew and differentiate into all blood cell lineages. Under the 

influence of the bone marrow stromal microenvironment and various growth factors and 

cytokines, HSCs give rise to two major progenitor populations: the common lymphoid 

progenitor (CLP) and the common myeloid progenitor (CMP). The CLP generates cells 

involved primarily in adaptive and innate immunity, including T lymphocytes, B lymphocytes, 

plasma cells, and natural killer (NK) cells. In contrast, the CMP gives rise to erythrocytes, 

platelets, granulocytes (neutrophils, eosinophils, and basophils), monocytes/macrophages, 

dendritic cells, and mast cells. The figure also highlights the essential role of cytokines such as 

IL-7, IL-15, EPO, TPO, G-CSF, GM-CSF, and M-CSF in regulating lineage commitment, 

proliferation, maturation, and differentiation of hematopoietic cells. Together, these processes 

ensure the continuous production and renewal of blood and immune cells throughout life. 
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Figure 1. Hematopoiesis and differentiation of Immune cells in the Bone Marrow 

2. Cells and Organs of the Immune System 

Lymphoid organs and tissues are distributed throughout the body, and immune cells 

continuously circulate within and between these organs through the blood and lymphatic 

systems. 

Immune cells communicate either through direct cell-to-cell contact, involving specific 

receptorïligand interactions, or through soluble molecules secreted into the extracellular 

environment. These soluble signaling molecules are collectively known as cytokines. The term 

cytokine encompasses several groups of mediators, including lymphokines, monokines, and 

chemokines. Some cytokines are also classified as interleukins (ILs) and are designated 

according to an internationally recognized nomenclature. 

Organs of the Immune System 

The immune system is composed of two major categories of lymphoid organs: primary 

lymphoid organs (PLOs) and secondary lymphoid organs (SLOs). 

Primary lymphoid organs are the sites where immunocompetent cells are generated and mature. 

These organs include the bone marrow, where B lymphocytes develop and mature in mammals, 
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and the thymus, where T lymphocytes undergo maturation and selection. In birds, B-cell 

development occurs in a specialized organ known as the bursa of Fabricius. 

Secondary lymphoid organs are the sites where naïve lymphocytes encounter antigens and 

become activated, thereby initiating adaptive immune responses. These organs include highly 

organized lymphoid structures such as the spleen and lymph nodes, which are distributed 

throughout the lymphatic circulation. In addition, secondary lymphoid tissues include non-

encapsulated accumulations of lymphoid cells associated with mucosal surfaces, collectively 

referred to as mucosa-associated lymphoid tissues (MALT) (Figure 2). 

Together, primary and secondary lymphoid organs provide the structural framework necessary 

for the development, activation, and coordination of immune responses. 

 

Figure 2. Organization of the Human Lymphoid System 

Primary lymphoid organs (bone marrow and thymus) are shown in red, whereas secondary 

lymphoid organs and tissues are shown in blue. The lymphatic vessels (purple) ensure the 

circulation of lymphocytes between the different compartments of the immune system. 
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2.1.1. Primary Lymphoid Organs 

2.1.1.1. Bone Marrow 

The bone marrow, also known as red marrow or hematopoietic marrow, is the primary site of 

hematopoiesis. It should not be confused with the spinal cord, which is part of the central 

nervous system. 

Bone marrow is the soft tissue located within the cavities of bones throughout the body. Two 

types of bone marrow can be distinguished: red bone marrow and yellow bone marrow (Figure 

3). Red bone marrow is a highly active tissue that plays a crucial role in the production of 

precursor cells for the various populations of red blood cells, platelets, and immune cells 

involved in host defense. Through the process of hematopoiesis, these precursor cells undergo 

proliferation, differentiation, and maturation to generate the circulating blood cells required for 

oxygen transport, hemostasis, and immune protection. 

In adults, active red bone marrow is primarily found in the vertebrae, ribs, sternum, pelvis, 

skull, and the proximal ends of long bones, whereas yellow bone marrow consists mainly of 

adipose tissue and serves as an energy reserve. Under certain pathological conditions, yellow 

marrow may revert to active hematopoietic tissue to increase blood cell production. 

 

Figure 3. Anatomical organization of red and yellow Bone Marrow in a long bone 
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2.1.1.2. Thymus 

The thymus is the primary site for the maturation and education of T lymphocytes through a 

series of selection processes that ensure the development of a functional and self-tolerant T-cell 

repertoire. It is a bilobed organ located in the anterior mediastinum, behind the sternum and 

above the heart. 

Histologically, each thymic lobe is subdivided into functional units known as lobules, which 

are separated by connective tissue extensions of the capsule called trabeculae. Within each 

lobule, two distinct regions can be identified: an outer cortex and an inner medulla. These 

regions differ in their cellular composition and provide specialized microenvironments that 

support the successive stages of T-cell development. 

Lymphoid progenitor cells originating from the bone marrow enter the thymus through 

postcapillary venules located at the corticomedullary junction. They subsequently migrate 

through the cortex toward the medulla while undergoing a series of differentiation and selection 

events. The primary objective of these processes is to ensure the survival of thymocytes 

expressing a functional T-cell receptor (TCR) while eliminating cells that are unable to 

recognize self-major histocompatibility complex (MHC) molecules appropriately or that 

exhibit excessive reactivity toward self-antigens. 

In addition to thymocytes at various stages of development, the thymus contains several stromal 

cell populations that contribute to T-cell maturation. These include thymic epithelial cells and 

fibroblasts in both the cortex and medulla, as well as macrophages and dendritic cells, which 

are particularly abundant in the medullary region. Together, these cells create a specialized 

microenvironment that regulates thymocyte differentiation, positive and negative selection, and 

the establishment of central immune tolerance (Figure 4). 
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Figure 4. Structure and functional organization of the Human Thymus 

2.1.1.3. Bursa of Fabricius 

The Bursa of Fabricius is a primary lymphoid organ located at the terminal portion of the cloaca 

in birds (Figure 5). It is a specialized lymphoepithelial organ that plays a crucial role in the 

differentiation and maturation of precursor B lymphocytes into mature B lymphocytes. 

In birds, the Bursa of Fabricius serves as the primary site of B-cell development and the 

acquisition of immunocompetence. In mammals, including humans, this function is performed 

by the bone marrow, which is considered the functional equivalent of the Bursa of Fabricius. 

Consequently, B-cell development, maturation, and selection occur within the bone marrow 

before mature B lymphocytes migrate to secondary lymphoid organs. 
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Figure 5. Bursa of Fabricius: Primary Lymphoid Organ for B-cell development in birds 

2.1.2. Secondary Lymphoid Organs 

The lymph nodes and the spleen are the most highly organized secondary lymphoid organs 

(SLOs). They contain not only lymphoid follicles but also distinct regions dedicated to T-cell 

and B-cell activities and are surrounded by a fibrous capsule. Less organized lymphoid tissues, 

collectively known as mucosa-associated lymphoid tissue (MALT), are found in various 

regions of the body. These tissues include Peyerôs patches in the small intestine, the tonsils, the 

appendix, and numerous lymphoid follicles located within the lamina propria of the intestinal 

mucosa and the mucosal surfaces lining the upper respiratory tract, bronchi, and genital tract. 

2.1.2.1. Lymph Nodes 

Lymph nodes are the sites where immune responses are initiated against antigens carried in the 

lymph. They are encapsulated, bean-shaped structures containing a reticular network populated 

by lymphocytes, macrophages, and dendritic cells. Located at strategic points along the 

lymphatic vessels, lymph nodes are the first organized lymphoid structures to encounter 

antigens entering tissue spaces. As lymph flows through a lymph node, particulate antigens are 

trapped and processed by a network of phagocytic cells and dendritic cells, including follicular 

and interdigitating dendritic cells. 
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Morphologically, a lymph node can be divided into three roughly concentric regions: the cortex, 

the paracortex, and the medulla, each providing a specialized microenvironment. 

The outermost region, the cortex, contains numerous lymphocytes, predominantly B cells, 

together with macrophages and follicular dendritic cells organized into primary follicles. 

Following antigenic stimulation, primary follicles enlarge and develop into secondary follicles, 

each containing a germinal center where B-cell proliferation, somatic hypermutation, and 

affinity maturation occur. 

Beneath the cortex lies the paracortex, a region rich in T lymphocytes. It also contains 

interdigitating dendritic cells that have migrated from peripheral tissues into the lymph node. 

These dendritic cells express high levels of major histocompatibility complex class II (MHC 

II) molecules, enabling efficient antigen presentation to helper T cells and initiation of adaptive 

immune responses. 

The innermost region, the medulla, contains fewer lymphoid cells than the cortex and 

paracortex. Many of the cells present are plasma cells, which actively synthesize and secrete 

antibodies into the lymphatic circulation. The increase in lymphocyte numbers within the lymph 

leaving a lymph node is partly due to lymphocyte proliferation in response to antigenic 

stimulation. However, most of this increase results from lymphocytes entering the lymph node 

directly from the bloodstream. This migration occurs through specialized postcapillary venules 

known as high endothelial venules (HEVs). Unlike ordinary venules, HEVs are lined by plump 

endothelial cells that facilitate the extravasation of circulating lymphocytes into the lymph 

node. HEVs play a critical role in lymphocyte recirculation, as most lymphocytes enter lymph 

nodes through these specialized vessels. During an immune response, antigenic stimulation can 

increase lymphocyte migration into the lymph node by as much as tenfold. Consequently, the 

number of lymphocytes within an activated lymph node rises dramatically, causing visible 

enlargement of the node. This enhanced migration is thought to be mediated by factors released 

within the lymph node during antigenic stimulation (Figure 6). 
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Figure 6. Structure of a lymph node 

2.1.2.2. Spleen 

The spleen is a large, oval-shaped secondary lymphoid organ located in the upper left region of 

the abdominal cavity. It is specialized in the filtration of blood and the capture of blood-borne 

antigens, enabling it to mount immune responses against systemic infections. Unlike lymph 

nodes, the spleen is not supplied by lymphatic vessels. Instead, antigens and lymphocytes are 

delivered to the spleen through the splenic artery. 

The spleen is surrounded by a fibrous capsule that extends inward through numerous 

projections known as trabeculae, creating a compartmentalized structure. Two major 

compartments can be distinguished: the red pulp and the white pulp, separated by a diffuse 

marginal zone (Figure 7). 

The red pulp consists of a network of vascular sinuses populated by macrophages and large 

numbers of erythrocytes. It is the principal site for the removal and destruction of aged, 

damaged, or defective red blood cells. Many macrophages in the red pulp contain phagocytosed 

erythrocytes or iron-containing pigments derived from degraded hemoglobin. 

The white pulp surrounds branches of the splenic artery, forming structures known as 

periarteriolar lymphoid sheaths (PALS), which are composed predominantly of T lymphocytes. 

Associated with the PALS are primary lymphoid follicles, which are rich in B lymphocytes, 

and some of these follicles develop germinal centers following antigenic stimulation. 
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The marginal zone, located at the periphery of the PALS, contains abundant B lymphocytes and 

macrophages. It serves as an important interface between the circulation and the immune 

compartments of the spleen. 

Blood-borne antigens and lymphocytes enter the spleen through the splenic artery and are 

released into the marginal zone. In this region, antigens are captured by interdigitating dendritic 

cells, which transport and present them within the PALS. Circulating lymphocytes also enter 

the marginal sinus system and subsequently migrate into the white pulp, where they participate 

in adaptive immune responses. 

 

Figure 7. Gross anatomy and histological organization of the human spleen 

2.1.2.3. Mucosa-Associated Immune System 

The mucosal surfaces lining the gastrointestinal, respiratory, and urogenital tracts cover a total 

area of approximately 400 m² and represent the major entry sites for most pathogens. These 

vulnerable surfaces are protected by a specialized network of organized lymphoid tissues 

collectively known as Mucosa-Associated Lymphoid Tissue (MALT). 

Secondary lymphoid tissues associated with the respiratory epithelium are referred to as 

Bronchus-Associated Lymphoid Tissue (BALT), whereas those associated with the digestive 

tract are known as Gut-Associated Lymphoid Tissue (GALT). Structurally, these tissues range 
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from loosely organized clusters of lymphoid cells within the intestinal lamina propria to highly 

organized structures such as the tonsils, appendix, and Peyerôs patches, which are located within 

the submucosal layer of the intestinal wall. The functional importance of MALT is reflected by 

its exceptionally large population of antibody-producing plasma cells, whose total number 

exceeds that of the plasma cells found in the spleen, lymph nodes, and bone marrow combined. 

As illustrated in Figures 8 and 9, lymphoid cells are distributed throughout these tissues. The 

outer mucosal epithelial layer contains intraepithelial lymphocytes (IELs), most of which are T 

lymphocytes. Beneath the epithelium lies the lamina propria, which contains numerous B cells, 

plasma cells, activated helper T cells, and macrophages organized in loose aggregates. The 

submucosa, located below the lamina propria, contains Peyerôs patches, which are lymphoid 

nodules composed of 30 to 40 lymphoid follicles. Like lymphoid follicles found elsewhere in 

the body, these follicles may develop into secondary follicles containing germinal centers 

following antigenic stimulation. 

 

Figure 8. Schematic section of the intestinal mucosa showing a cluster of lymphoid follicles 

forming a Peyerôs patch within the submucosa.  

Mucosal epithelial cells play a crucial role in promoting immune responses by delivering small 

samples of foreign antigens from the lumen of the respiratory, gastrointestinal, and 

genitourinary tracts to the underlying mucosa-associated lymphoid tissue. This transport is 

carried out by specialized epithelial cells known as M cells (microfold cells). 



 

 
15 

M cells possess distinctive structural features. They are flattened epithelial cells lacking the 

microvilli that characterize most mucosal epithelial cells. Furthermore, M cells contain a deep 

invagination, or pocket, within their basolateral plasma membrane. This pocket houses clusters 

of B lymphocytes, T lymphocytes, macrophages, and dendritic cells (Figure 9a). Luminal 

antigens are internalized through endocytosis into vesicles that are transported from the apical 

membrane to the basolateral pocket. These vesicles subsequently fuse with the pocket 

membrane, releasing antigens directly to immune cells capable of initiating an immune 

response. 

Antigens transported across the mucosal epithelium by M cells can activate B lymphocytes, 

which differentiate into plasma cells and secrete Immunoglobulin A (IgA) antibodies. IgA is 

the principal antibody class involved in mucosal immunity and represents a critical defense 

mechanism against a wide variety of infections occurring at mucosal surfaces (Figure 9b). 

 

Figure 9. Structure of M Cells and IgA production at inductive sites. 

(a) M cells located within mucosal epithelia endocytose antigens originating from the 

gastrointestinal, respiratory, and genitourinary tracts. The antigens are transported across the M 

cell and released into a large basolateral pocket containing immune cells. 

(b) Antigens transported across the epithelial layer by M cells at inductive sites activate B 

lymphocytes within the underlying lymphoid follicles. Activated B cells differentiate into IgA-

secreting plasma cells, which migrate throughout the submucosal tissue. The outer epithelial 

layer of the mucosa contains intraepithelial lymphocytes (IELs), many of which are CD8  T 

cells expressing ɔŭ T-cell receptors (ɔŭ TCRs) characterized by limited antigen receptor 

diversity. 
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2.1.2.4. Skin-Associated Lymphoid Tissue (SALT) 

The skin constitutes a fundamental anatomical barrier against the external environment, and its 

extensive surface area makes it a major component of the body's innate (natural) defense 

mechanisms. The outermost layer of the skin, the epidermis, is composed primarily of 

specialized epithelial cells known as keratinocytes. These cells secrete numerous cytokines that 

can initiate and regulate local inflammatory responses. 

Scattered throughout the epidermal epithelial matrix are Langerhans cells, a specialized type of 

dendritic cell capable of capturing antigens through phagocytosis and endocytosis. Following 

antigen uptake, Langerhans cells undergo maturation and migrate from the epidermis to 

regional lymph nodes, where they serve as potent antigen-presenting cells capable of activating 

naïve helper T (Th) cells. 

The underlying dermis contains dispersed populations of CD4  and CD8  T lymphocytes, as 

well as macrophages. Most dermal T cells are either previously activated effector cells or 

memory T cells, enabling the skin to mount rapid and efficient immune responses upon re-

exposure to pathogens or other foreign antigens. 
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Chapter 2. Fundamentals of Innate and Adaptive Immunity  

Vertebrate organisms are protected by two major immune systems: the innate immune system 

and the adaptive immune system (Table 1). Innate immunity consists of a set of defense 

mechanisms against infection that are activated immediately following invasion by a 

pathogenic organism. The innate immune system includes physical, chemical, and cellular 

barriers. When the protective barriers of the skin and mucosal membranes are breached, the 

response to invading pathogens is rapid and begins within minutes after infection. 

Despite the multiple levels of protection provided by innate immunity, some pathogens are able 

to evade these defenses. In such cases, a second system, known as adaptive immunity (or 

acquired immunity), is activated. Adaptive immunity develops following exposure to 

microorganisms and combats infection through highly specific responses tailored to each 

pathogen. This system involves populations of B and T lymphocytes, which recognize 

pathogens with remarkable specificity. 

Unlike innate immunity, the adaptive immune response requires time to develop and may take 

one week or longer before becoming fully effective. A defining characteristic of adaptive 

immunity is its capacity for immunological memory. Following an initial infection caused by a 

particular pathogen, subsequent exposures to the same pathogen trigger faster, stronger, and 

more efficient immune responses, thereby providing enhanced protection against reinfection. 

Table 1. Innate and adaptive immunity 
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1. Innate Immunity (Non-Specific Immunity) 

Innate immunity relies on both humoral and cellular mechanisms. The humoral component of 

innate immunity is mediated by the complement system, cytokines, and acute-phase proteins 

involved in inflammation. The cellular component is carried out by cells with phagocytic or 

cytolytic functions, including neutrophils, macrophages, and natural killer (NK) cells. 

Activation of these cells constitutes a critical step in the inflammatory response, which 

represents one of the two major forms of innate immune defense against microbial infections. 

¶ Inflammation is the process by which leukocytes and circulating plasma proteins are 

recruited and activated at sites of infection to destroy and eliminate invading pathogens. 

Inflammation also serves as the primary response to damaged or dead cells and to the 

accumulation of abnormal substances within tissues. 

¶ Antiviral defense consists of inducing cellular changes that prevent viral replication. In 

addition, antiviral mechanisms increase the susceptibility of infected cells to destruction 

by cytotoxic lymphocytes, thereby eliminating viral reservoirs. 

1.1.  Physical, Chemical, and Biological Barriers 

The most evident components of innate immunity that protect against microbial invasion are 

the physical, chemical, and biological barriers that constitute the first line of non-specific 

defense (Table 2). Physical barriers include the impermeability of the skin and epithelial 

surfaces, as well as mechanical clearance mechanisms such as the action of cilia, tears, saliva, 

nasal and bronchial mucus, gastric secretions, bile, and the continuous flow of fluids across 

mucosal surfaces. Chemical barriers further reinforce host protection through factors such as 

body temperature, acidic pH, the antifungal activity of certain fatty acids, the antibacterial 

properties of lactic acid present in sebum and sweat, and antimicrobial molecules including 

lysozyme, interferons, defensins, digestive enzymes, and components of the complement 

system. Biological barriers are primarily represented by the hostôs normal microbiota, which 

colonizes the skin, respiratory tract, gastrointestinal tract, and genitourinary mucosa. This 

commensal flora contributes significantly to innate defense by producing antimicrobial 

substances, inhibiting pathogen colonization, competing with invading microorganisms for 

nutrients and ecological niches, and helping maintain immune homeostasis. Together, these 

physical, chemical, and biological barriers provide continuous protection against infection and 
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greatly reduce the likelihood of pathogen invasion before the activation of cellular and adaptive 

immune responses. 

Table 2. Physical, chemical, and biological barriers of innate immunity. 

 

1.2. Cellular Components  

The cellular arm of innate immunity consists of a diverse group of immune cells that provide 

rapid, non-specific protection against invading pathogens. These cells recognize conserved 

microbial structures through pattern-recognition receptors (PRRs) and initiate immediate 

defense mechanisms, including phagocytosis, cytotoxicity, cytokine production, and antigen 

presentation. The principal cellular components of innate immunity include neutrophils, which 

are the first leukocytes recruited to sites of infection and are highly efficient phagocytes; 

monocytes and macrophages, which engulf and destroy microorganisms while producing 

inflammatory mediators; dendritic cells, which act as sentinel cells and bridge innate and 

adaptive immunity through antigen presentation; and natural killer (NK) cells, which eliminate 

virus-infected and transformed cells through cytotoxic mechanisms. Other important innate 

immune cells include mast cells, eosinophils, and basophils, which contribute to inflammatory 

responses, allergic reactions, and defense against parasites. Together, these cellular components 

coordinate the early immune response and play a crucial role in controlling infections before 

the activation of adaptive immunity (Figure 10). 
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Figure 10. Major Cellular Components and Functions of the Innate Immune System. 

1.3.  Soluble mediators  

Soluble mediators are essential components of innate immunity that coordinate the recognition, 

elimination, and containment of invading pathogens. These molecules are produced by immune 

cells, epithelial cells, endothelial cells, and other tissue-resident cells in response to infection 

or tissue damage. They contribute to the initiation and amplification of inflammation, 

recruitment of immune cells, pathogen destruction, and regulation of immune responses. The 

principal soluble mediators of innate immunity include the complement system, cytokines and 

chemokines, antimicrobial peptides and enzymes, and various inflammatory mediators such as 

histamine, prostaglandins, leukotrienes, and platelet-activating factor (PAF). Together, these 

molecules provide rapid protection against microbial invasion and help establish the conditions 

necessary for the development of adaptive immune responses. 

1.3.1. Complement System 

The complement system is a major component of innate immunity and consists of more than 

30 plasma and membrane-associated proteins that work together to protect the host against 

infections. These proteins circulate in the blood in an inactive form and become activated 

through a cascade of enzymatic reactions when microorganisms invade the body. Complement 
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proteins are primarily synthesized by the liver, although several immune cells can also produce 

them locally at sites of infection. 

Once activated, the complement system contributes to host defense through three principal 

mechanisms. First, it promotes opsonization, whereby complement fragments such as C3b coat 

the surface of pathogens, facilitating their recognition and phagocytosis by macrophages and 

neutrophils. Second, complement activation generates inflammatory mediators 

(anaphylatoxins), including C3a and C5a, which recruit leukocytes to sites of infection, increase 

vascular permeability, and amplify the inflammatory response. Third, the terminal components 

of the complement cascade assemble into the Membrane Attack Complex (MAC), which forms 

pores in the membranes of target cells, leading to their lysis and destruction. The complement 

system can be activated through three distinct pathways: the classical pathway, triggered mainly 

by antigen-antibody complexes; the lectin pathway, initiated by the recognition of microbial 

carbohydrates; and the alternative pathway, which is activated directly on microbial surfaces. 

Although these pathways differ in their initiation mechanisms, they converge at the activation 

of C3 and ultimately generate the same effector functions. Thus, the complement system serves 

as a critical link between innate and adaptive immunity, enhancing pathogen elimination and 

contributing to immune surveillance (Figure 11). 

 

Figure 11. Complement system: activation pathways and effector functions. 
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1.3.2. Cytokines and Chemokines 

Cytokines and chemokines are small soluble proteins that play essential roles in cell-to-cell 

communication during immune responses. They are produced by a wide variety of cells, 

including macrophages, dendritic cells, lymphocytes, endothelial cells, epithelial cells, and 

fibroblasts, in response to infection, inflammation, or tissue injury. These mediators regulate 

the activation, proliferation, differentiation, migration, and effector functions of immune cells, 

thereby coordinating both innate and adaptive immune responses. Cytokines can be broadly 

classified according to their biological functions. Pro-inflammatory cytokines, such as tumor 

necrosis factor (TNF), interleukin-1 (IL-1), and interleukin-6 (IL-6), promote inflammation and 

enhance host defense mechanisms. Antiviral cytokines, including interferon-Ŭ (IFN-Ŭ) and 

interferon-ɓ (IFN-ɓ), induce an antiviral state in infected and neighboring cells. Regulatory 

cytokines, such as interleukin-10 (IL-10) and transforming growth factor-ɓ (TGF-ɓ), limit 

excessive inflammation and contribute to immune homeostasis. Chemokines are a specialized 

family of cytokines that primarily regulate leukocyte trafficking. They create concentration 

gradients that direct immune cells toward sites of infection, inflammation, or tissue damage. A 

prominent example is CXCL8 (IL-8), which recruits neutrophils to inflammatory sites. Through 

their coordinated actions, cytokines and chemokines orchestrate the recruitment and activation 

of immune cells, ensuring an effective and controlled immune response. 

1.3.3. Antimicrobial Peptides and Enzymes 

Antimicrobial peptides and enzymes are important soluble components of innate immunity that 

provide rapid protection against invading microorganisms. They are produced by epithelial 

cells, neutrophils, macrophages, mast cells, and other immune cells, and are found in body 

secretions such as saliva, tears, mucus, sweat, and gastrointestinal fluids. These molecules act 

as a first line of defense by directly inhibiting microbial growth, disrupting pathogen 

membranes, or enhancing the activity of other immune mechanisms. 

Among the most important antimicrobial peptides are defensins and cathelicidins, which 

possess broad-spectrum activity against bacteria, fungi, viruses, and certain parasites. These 

peptides disrupt microbial membranes, leading to pathogen death. Innate immunity also relies 

on several antimicrobial enzymes, including lysozyme, which degrades the peptidoglycan layer 

of bacterial cell walls, and myeloperoxidase (MPO), produced by neutrophils to generate 

reactive antimicrobial compounds. Other molecules, such as lactoferrin, contribute indirectly 

to antimicrobial defense by sequestering iron, an essential nutrient required for microbial 
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growth. Together, antimicrobial peptides and enzymes play a crucial role in limiting pathogen 

colonization and supporting the early phases of immune defense (Figure 12). 

Figure 12: Major Antimicrobial Peptides and Enzymes of Innate Immunity and Their 

Mechanisms of Action. 

1.3.4. Inflammatory Mediators 

Inflammatory mediators are soluble molecules released by immune cells, endothelial cells, 

platelets, and damaged tissues in response to infection or injury. They play a central role in 

initiating, amplifying, and regulating the inflammatory response by promoting vasodilation, 

increasing vascular permeability, recruiting leukocytes, and facilitating pathogen elimination. 

These mediators ensure the rapid delivery of immune cells and plasma proteins to sites of 

infection or tissue damage. 

Among the most important inflammatory mediators are histamine, prostaglandins, leukotrienes, 

and platelet-activating factor (PAF). Histamine, released primarily by mast cells and basophils, 

induces vasodilation and increases capillary permeability. Prostaglandins contribute to 

inflammation, fever, and pain, whereas leukotrienes promote leukocyte recruitment and 

bronchoconstriction. PAF is involved in platelet activation, leukocyte adhesion, and vascular 

responses. In addition, neuropeptides such as substance P contribute to pain perception and 

neurogenic inflammation. Together, these mediators coordinate the vascular and cellular events 
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required for an effective inflammatory response while also participating in tissue repair and 

immune regulation (Figure 13). 

Figure 13. Major inflammatory mediators and their biological effects 

1.4. Effector Mechanisms of Innate Immunity 

The innate immune system employs several effector mechanisms that provide rapid protection 

against invading pathogens and tissue damage. These mechanisms are activated immediately 

after infection and act to eliminate microorganisms before the development of adaptive immune 

responses. The major effector mechanisms include inflammation, phagocytosis, natural killer 

(NK) cell-mediated cytotoxicity, complement activation, and antiviral responses induced by 

interferons. Inflammation promotes the recruitment of leukocytes and plasma proteins to sites 

of infection, facilitating pathogen destruction and tissue repair. Phagocytic cells, such as 

neutrophils and macrophages, engulf and eliminate microorganisms through intracellular 

killing mechanisms. NK cells recognize and destroy virus-infected and transformed cells by 

releasing cytotoxic granules containing perforin and granzymes. The complement system 

contributes through opsonization, inflammation, and direct lysis of target cells via the 

membrane attack complex (MAC). In addition, type I interferons (IFN-Ŭ and IFN-ɓ) induce an 

antiviral state in infected and neighboring cells, limiting viral replication and spread. Together, 

these mechanisms provide an effective first line of defense against infection. 
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1.4. Link Between Innate and Adaptive Immunity 

Although innate and adaptive immunity are often described as distinct systems, they function 

in close coordination. The innate immune response provides the first defense against pathogens 

and generates signals that initiate and shape adaptive immune responses. This connection is 

mediated primarily by dendritic cells, which serve as a bridge between the two arms of 

immunity. 

Upon recognizing pathogens through pattern-recognition receptors (PRRs), dendritic cells 

undergo activation and migrate to secondary lymphoid organs. There, they process microbial 

antigens and present peptide fragments to naïve T lymphocytes through major 

histocompatibility complex (MHC) molecules. In addition to antigen presentation, dendritic 

cells express co-stimulatory molecules and secrete cytokines that influence T-cell activation 

and differentiation. Macrophages and B lymphocytes can also function as antigen-presenting 

cells under certain conditions. Through these interactions, innate immunity not only provides 

immediate protection but also directs the specificity, magnitude, and quality of adaptive 

immune responses, ensuring efficient long-term immunity and immunological memory (Figure 

14). 

Figure 14. Dendritic Cells as the link between innate and adaptive immunity. 
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2. Adaptive Immunity  

2.1. Specificity and Diversity 

Adaptive immunity is characterized by its ability to recognize and respond specifically to an 

almost unlimited variety of antigens. This remarkable specificity is mediated by antigen 

receptors expressed on B and T lymphocytes, namely the B-cell receptor (BCR) and the T-cell 

receptor (TCR). Unlike innate immune receptors, which recognize conserved molecular 

patterns, BCRs and TCRs are highly variable and can distinguish subtle differences between 

antigens. 

The extraordinary diversity of adaptive immunity results from the random rearrangement of 

gene segments encoding antigen receptors during lymphocyte development, a process known 

as V(D)J recombination. Additional diversity is generated through junctional modifications 

and, in B lymphocytes, through somatic hypermutation. Together, these mechanisms enable the 

immune system to generate millions of distinct antigen receptors, ensuring effective recognition 

of a vast array of pathogens and foreign substances. 

2.2. Humoral and Cell-Mediated Responses 

Adaptive immunity operates through two complementary mechanisms: humoral immunity and 

cell-mediated immunity. Humoral immunity is mediated by B lymphocytes, which differentiate 

into plasma cells that produce antibodies. These antibodies circulate in blood and body fluids, 

where they neutralize pathogens and toxins, promote phagocytosis, and activate the 

complement system. Humoral immunity is particularly effective against extracellular 

microorganisms and their products. 

Cell-mediated immunity is mediated primarily by T lymphocytes. CD4  helper T cells 

coordinate immune responses by secreting cytokines that activate and regulate other immune 

cells, whereas CD8  cytotoxic T cells directly eliminate virus-infected and transformed cells. 

Cell-mediated immunity is especially important for the control of intracellular pathogens, 

including viruses and certain bacteria and parasites. Together, humoral and cell-mediated 

responses provide comprehensive protection against a wide range of infectious agents (Figure 

15). 
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Figure 15. Humoral and cell-mediated adaptive immune responses. 

2.3. Immunological Memory 

One of the defining characteristics of adaptive immunity is its ability to generate immunological 

memory. Following primary exposure to an antigen, a fraction of activated B and T 

lymphocytes differentiates into long-lived memory cells. These cells persist for years or even 

decades after the initial infection has been eliminated. 

Upon subsequent exposure to the same antigen, memory lymphocytes respond more rapidly 

and more effectively than naïve lymphocytes. Memory B cells rapidly differentiate into 

antibody-secreting plasma cells, while memory T cells quickly acquire effector functions. As a 

result, secondary immune responses are faster, stronger, and often more protective than primary 

responses. Immunological memory forms the biological basis of vaccination and provides long-

term protection against previously encountered pathogens (Figure 16). 
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Figure 16. Primary and secondary immune responses and the generation of 

immunological memory. 
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Chapter 3. Inflammatory Reactions 

Inflammation is the protective response of living, vascularized tissues to injury, infection, or 

other harmful stimuli. It represents one of the major mechanisms of innate immunity and 

constitutes an essential defense process aimed at eliminating the cause of tissue damage, 

removing injured cells, and initiating tissue repair. Tissues lacking blood vessels, such as 

cartilage and the cornea, are unable to develop a complete inflammatory response because 

inflammation depends on the vascular system. 

Connective tissues play a central role in inflammation because they contain the 

microcirculation, resident macrophages, extracellular matrix components, and fibroblasts 

necessary for tissue repair and healing. Epithelial tissues, on the other hand, primarily function 

as protective barriers against the external environment, although they are often the first 

structures affected during inflammatory processes. Following injury, restoration of tissue 

integrity depends on regenerative mechanisms, which vary considerably among organs and may 

be limited in highly specialized tissues such as the nervous system. 

Inflammation may be triggered by a wide variety of stimuli, including physical agents such as 

heat, cold, trauma, and ionizing radiation; chemical agents such as acids, alkalis, and bacterial 

toxins; infectious microorganisms including bacteria, viruses, fungi, and parasites; immune 

reactions such as allergies and hypersensitivity responses; and tissue necrosis resulting from 

ischemia or other pathological conditions. 

One of the earliest events during inflammation is the recruitment of leukocytes from the 

bloodstream to the site of injury. Among these cells, neutrophils are the first to arrive and 

constitute the predominant cellular population during acute inflammation. Their migration from 

blood vessels into tissues, known as extravasation, occurs through a series of coordinated steps 

involving adhesion to vascular endothelial cells, passage through the endothelial junctions, and 

migration across the basement membrane into the affected tissue. 

The accumulation of neutrophils at inflammatory sites is directed by chemotactic factors 

released during the inflammatory response. These include complement fragments, coagulation 

products, cytokines, and chemokines produced by activated macrophages and lymphocytes. 

Once they reach the site of infection or injury, neutrophils eliminate microorganisms through 

phagocytosis and the release of antimicrobial substances contained within their cytoplasmic 

granules. 
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Neutrophils possess two major types of granules. Primary granules, also known as azurophilic 

granules, contain lysosomal enzymes, myeloperoxidase, lysozyme, and various hydrolytic 

enzymes. Secondary granules contain collagenase, lactoferrin, lysozyme, and additional 

antimicrobial proteins. Following phagocytosis, these granules fuse with phagosomes, leading 

to the destruction and digestion of engulfed microorganisms. Through these mechanisms, 

neutrophils play a fundamental role in the early control of infection and the initiation of tissue 

repair. 

1. Stages of Inflammation 

The inflammatory response is a dynamic and coordinated process that develops through several 

successive stages. These stages include the vascular and exudative reaction, the cellular 

reaction, the removal of damaged tissue and debris, and finally tissue repair and healing. 

1.1. Vascular and Exudative Reaction 

The vascular and exudative phase is responsible for the four classical cardinal signs of acute 

inflammation: redness (rubor), heat (calor), swelling (tumor), and pain (dolor). These 

manifestations result from vascular changes occurring shortly after tissue injury. 

1.1.1. Active Congestion 

The earliest vascular event is arteriolar and capillary vasodilation within the affected area. This 

vasodilation increases local blood flow and slows the rate of blood circulation. Active 

congestion is rapidly induced through neural mechanisms involving vasomotor nerves and by 

chemical mediators released at the site of injury. The increased blood supply accounts for the 

redness and warmth characteristic of inflamed tissues. 

1.1.2. Inflammatory Edema 

Inflammatory edema results from the leakage of fluid rich in plasma proteins, known as an 

exudate, from the circulation into the interstitial connective tissue or serous cavities. Clinically, 

edema appears as tissue swelling and contributes significantly to pain by compressing local 

nerve endings. 

The formation of inflammatory edema is caused by both increased hydrostatic pressure 

resulting from vasodilation and increased vascular permeability induced by inflammatory 

mediators such as histamine, bradykinin, and cytokines. This exudate carries antibodies, 
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complement proteins, and coagulation factors to the site of injury. In addition, it dilutes toxins, 

helps localize infectious agents through fibrin deposition, and promotes leukocyte migration by 

slowing blood flow within the microcirculation. 

1.1.3. Leukocyte Diapedesis 

Leukocyte diapedesis initially involves neutrophils, which predominate during the first 6 to 24 

hours of acute inflammation, followed by monocytes and lymphocytes, which become more 

abundant between 24 and 48 hours. Diapedesis is an active process by which leukocytes leave 

the bloodstream and migrate into injured tissues. This process occurs in several sequential steps. 

First, leukocytes move toward the endothelial surface, a phenomenon known as margination, 

which is facilitated by the slowing of blood flow within inflamed vessels. Second, leukocytes 

adhere firmly to endothelial cells through interactions between adhesion molecules expressed 

on both leukocytes and the vascular endothelium. Finally, leukocytes cross the endothelial 

barrier by extending pseudopodia between adjacent endothelial cells. They subsequently 

penetrate the basement membrane through localized enzymatic degradation, allowing their 

migration into the surrounding tissues (Figure 17). 

 

Figure 17. Molecular mechanisms of leukocyte recruitment and transendothelial 

migration during inflammation  
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1.2. Cellular Reactions 

The cellular phase of inflammation is characterized by the accumulation and activation of 

cells originating either from the bloodstream or from resident tissue populations (Figure 18). 

1.2.1. Blood-Derived Cells 

Neutrophils are the first inflammatory cells to arrive at the site of injury and are particularly 

abundant during the early hours of acute inflammation. Their numbers typically decline after 

approximately two days. Monocytes subsequently migrate into the affected tissue, where they 

differentiate into macrophages and become the predominant inflammatory cells. Lymphocytic 

infiltrates are generally associated with subacute and chronic inflammatory responses. 

Following diapedesis, leukocytes leave the perivascular region and migrate toward the site of 

tissue damage through a process known as chemotaxis. Chemotactic factors released by injured 

tissues, invading microorganisms, and previously recruited leukocytes bind to specific 

receptors on leukocyte membranes. This interaction activates the cytoskeleton and promotes 

directed cell migration toward the inflammatory focus. 

1.2.2. Tissue-Resident Cells 

Several resident cells also participate actively in inflammatory reactions, including fibroblasts, 

endothelial cells, mast cells, and resident macrophages. Certain chronic inflammatory 

conditions, known as granulomatous inflammations, are characterized by the presence of 

epithelioid cells and multinucleated giant cells. Epithelioid cells are activated macrophages with 

reduced phagocytic activity and abundant endoplasmic reticulum. Giant cells arise either 

through the fusion of epithelioid cells or, less frequently, through repeated nuclear division 

without cytoplasmic division. The composition of granulation tissue changes over time. 

Neutrophils represent the hallmark of acute inflammation; however, after several days or weeks, 

the inflammatory infiltrate becomes dominated by mononuclear cells, particularly 

macrophages, lymphocytes, and plasma cells. As healing progresses, growth factors stimulate 

the proliferation of fibroblasts and endothelial cells, leading to the formation of new blood 

vessels and connective tissue. At this stage, the granulation tissue is often referred to as vascular 

granulation tissue. The cellular composition of the inflammatory infiltrate may also vary 

according to the underlying cause of inflammation, with certain cell populations predominating 

depending on the nature of the stimulus. 
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Figure 18. Cellular components involved in the inflammatory response 

1.3. Debridement 

Debridement is an essential step in tissue repair and healing. It consists of the removal of foreign 

materials, microorganisms, and necrotic tissue present within the inflammatory focus. 

Debridement is considered internal when it is entirely carried out by macrophages through 

phagocytosis and intracellular degradation. It is considered external when the inflammatory 

products are discharged through the skin or a natural body passage. For example, a 

subcutaneous abscess may drain through the skin, whereas a pulmonary abscess may empty 

into a bronchus. 

In some situations, debridement occurs indirectly when the inflammatory focus is located far 

from the skin surface or a natural cavity. In such cases, a newly formed channel known as a 

fistula develops, connecting the inflammatory site to the external environment. Surgical 

debridement is a therapeutic procedure aimed at removing necrotic tissue and inflammatory 

debris in order to accelerate or facilitate healing. 
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1.4. Tissue Repair 

Tissue repair occurs through two principal mechanisms: scar formation and regeneration. Scar 

formation results in the replacement of damaged tissue by newly formed connective tissue. 

Although this process restores tissue integrity, it may impair organ function because fibrous 

tissue replaces specialized functional parenchyma. The early phase of scar formation is 

characterized by intense angiogenesis, leading to the development of highly vascularized 

granulation tissue. 

The second mechanism of repair is regeneration. When tissue destruction is limited and 

surviving cells retain proliferative capacity, damaged tissues may regenerate and recover their 

original structure and function. The regenerative potential varies among tissues. Historically, 

post-mitotic tissues such as nervous tissue were considered incapable of regeneration. However, 

the discovery of pluripotent stem cells within the central nervous system suggests that a limited 

degree of neural regeneration may be possible under certain conditions. 

1.5. Molecules Involved in Inflammation 

Inflammatory cells accumulate precisely at sites of injury through complex interactions 

involving adhesion molecules, chemotactic factors, and soluble mediators. Endothelial cells at 

the inflammatory focus express adhesion molecules that facilitate leukocyte recruitment and 

retention. The initiation, amplification, and propagation of inflammation depend on mediators 

that are either synthesized locally or circulate as inactive precursors and become activated 

during the inflammatory response. 

1.5.1. Locally Produced Mediators 

Among the earliest inflammatory mediators are vasoactive amines, particularly histamine and 

serotonin. These preformed mediators are stored within mast cells, basophils, and platelets and 

are rapidly released following tissue injury. Their principal effects include vasodilation and 

increased vascular permeability, which contribute to active congestion and inflammatory 

edema. Other important mediators are the eicosanoids, including prostaglandins and 

leukotrienes, which are synthesized from arachidonic acid released from cellular membranes. 

These newly formed mediators exert both local and systemic effects. Locally, they promote 

vasodilation, pain, vascular permeability, and leukocyte recruitment. Systemically, they 

contribute to fever and other manifestations of inflammation. Cytokines constitute another 

major group of inflammatory mediators. These small proteins are produced by numerous cell 
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types, particularly T lymphocytes, monocytes, and macrophages. Cytokines act through 

specific membrane receptors and may exert autocrine, paracrine, or endocrine effects. Some 

cytokines, such as IL-1, IL-6, and TNF-Ŭ, are predominantly pro-inflammatory, whereas others, 

including IL-4, IL-10, and IL-13, exert anti-inflammatory functions (Figure 19). 

a. Mediation of Innate Immunity 

Certain cytokines contribute primarily to innate immune defense. Among these, interferons 

induce antiviral states in infected and neighboring cells, thereby limiting viral replication and 

spread. Their action constitutes a key component of the early, non-specific immune response 

against viral infections. 

b. Regulation of Lymphocyte Activation, Growth, and Differentiation 

Cytokines play a central role in determining the nature of adaptive immune responses. 

Infections caused by intracellular pathogens, such as viruses, mycobacteria, and certain 

parasites, predominantly stimulate cell-mediated immunity. In contrast, extracellular bacteria 

and parasites generally induce strong antibody-mediated responses. The polarization of immune 

responses depends largely on cytokines produced by helper T lymphocytes. Cytokines 

associated with Th1 responses promote cellular immunity, whereas Th2 cytokines favor B-cell 

activation and antibody production. 

c. Stimulation of Hematopoiesis 

Several cytokines, collectively known as colony-stimulating factors (CSFs), regulate 

hematopoiesis by stimulating the proliferation and differentiation of hematopoietic progenitor 

cells. These factors promote the production of specific blood cell lineages, including 

granulocytes, macrophages, and megakaryocytes, thereby ensuring an adequate supply of 

immune and inflammatory cells during host defense responses. 
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Figure 19. Local and systemic actions of pro-inflammatory cytokines during 

inflammation. 

The major pro-inflammatory cytokines TNF-Ŭ, IL-1, and IL-6 exert both local and systemic 

effects. Locally, they activate endothelial cells, increase vascular permeability, induce the 

expression of adhesion molecules, and promote leukocyte recruitment. Systemically, they 

stimulate fever through actions on the hypothalamus, induce acute-phase protein synthesis by 

the liver, and enhance leukocyte production in the bone marrow. Excessive cytokine production 

may also lead to pathological effects, including vascular leakage, thrombosis, cardiac 

dysfunction, insulin resistance, and septic shock. 

1.5.2. Circulating Plasma-Derived) Mediators 

Circulating inflammatory mediators are present in the bloodstream as inactive precursors and 

become activated through enzymatic cascade reactions that tightly regulate their production and 

activity. These mediators play essential roles in amplifying and coordinating inflammatory 

responses. 

The kinin system originates from kininogen, which is cleaved by kallikrein. Kallikrein itself is 

generated from circulating prekallikrein through proteolytic activation. One of the molecules 

responsible for this activation is activated Factor XII (Hageman factor). Kinins are potent 

vasoactive mediators that induce vasodilation and increase vascular permeability. Among them, 

bradykinin is particularly important because it is a major mediator of inflammatory pain. 

Another major plasma-derived inflammatory system is the complement system, which consists 

of a group of serum proteins activated through sequential proteolytic reactions. Activation of 
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complement generates several biologically active fragments that contribute to host defense and 

inflammation. 

a. C3a: Anaphylatoxin 

C3a is an anaphylatoxin that stimulates the degranulation of mast cells and basophils. The 

release of histamine and other vasoactive mediators increases vascular permeability and 

promotes inflammation. Excessive activation may contribute to severe hypersensitivity 

reactions, including anaphylactic shock. 

b. C3b: Opsonin 

C3b functions as a powerful opsonin. It binds to the surface of microorganisms, particularly 

bacteria, facilitating their recognition and engulfment by phagocytic cells such as neutrophils 

and macrophages. This process, known as opsonization, significantly enhances phagocytosis 

and microbial clearance. 

c. C5bïC9: Membrane Attack Complex (MAC) 

The terminal complement components C5b, C6, C7, C8, and C9 assemble to form the 

Membrane Attack Complex (MAC). This complex inserts into the membrane of susceptible 

microorganisms, creating transmembrane pores that disrupt cellular integrity and ultimately 

lead to bacterial lysis. 

Together, the kinin and complement systems represent major plasma-derived effector 

mechanisms that contribute to vasodilation, vascular permeability, leukocyte recruitment, 

pathogen elimination, and amplification of the inflammatory response. 
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Chapter 4. Structure, Functions, and Signaling of Toll-Like 

Receptors (TLRs)  

1. Molecular Structures Recognized by the Innate Immune System 

1.1. The Emergence of the Concept of Molecular Patterns Recognized by Innate Immunity 

The receptors of the innate immune system and the molecular structures recognized by these 

receptors were identified much later than the receptors of adaptive immunity. Antibodies, for 

example, were recognized at the beginning of the twentieth century and are capable of 

recognizing an almost unlimited variety of molecular structures. Owing to their remarkable 

specificity, antibodies have become indispensable experimental and therapeutic tools. 

However, under certain circumstances, antibodies may also recognize self-components, raising 

important questions regarding the regulation and tolerance of adaptive immunity. 

In 1949, Frank Burnet introduced the concept of "self versus non-self" , proposing that foreign 

elements constituting the "non-self" could trigger adaptive immune responses, whereas 

endogenous components of the "self" would be tolerated and would not induce immune 

activation. Several mechanisms of immune tolerance have since been identified, some of which 

involve interactions between the innate and adaptive immune systems. 

In 1989, Charles Janeway proposed that the discrimination between self and non-self is largely 

mediated by the innate immune system. He suggested the existence of specialized receptors, 

termed Pattern Recognition Receptors (PRRs), capable of recognizing conserved molecular 

structures expressed by microorganisms. These microbial structures were initially designated 

Pathogen-Associated Molecular Patterns (PAMPs). Subsequent studies demonstrated that these 

molecular motifs are not restricted to pathogenic microorganisms but are present in a broad 

range of microbes, including non-pathogenic species. Consequently, the term Microbe-

Associated Molecular Patterns (MAMPs) is now considered more appropriate than PAMPs. 

Examples of MAMPs include bacterial lipopolysaccharides (LPS), peptidoglycans, flagellin, 

unmethylated CpG DNA, and viral double-stranded RNA. 

In 1994, Polly Matzinger introduced the "danger model", proposing that the immune system 

responds not only to microbial products but also to endogenous molecules released by stressed, 

injured, or dying cells. These host-derived molecules were termed Damage-Associated 

Molecular Patterns (DAMPs), also known as alarmins. Examples include HMGB1, ATP, uric 

acid crystals, heat-shock proteins, and DNA released from damaged cells. 
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The danger model provided an explanation for why immune responses induced by sterile tissue 

injury often resemble those triggered by infection. Indeed, both MAMPs and DAMPs can be 

recognized by the same pattern-recognition receptors and activate similar intracellular signaling 

pathways, leading to inflammation and immune activation. Importantly, the detection of 

MAMPs and DAMPs by PRRs represents the first step in the initiation of virtually all immune 

responses. Through this recognition process, innate immunity serves as the primary sensor of 

danger and infection, while simultaneously orchestrating the activation of adaptive immune 

responses (Figure 20). 

 

Figure 20. Differences between MAMPs and DAMPs 

1.2. Microbe-Associated Molecular Patterns (MAMPs) 

Many MAMPs correspond to structures located on the surface of microorganisms. Bacterial 

lipopolysaccharides (LPS), formerly known as endotoxins, are found on the outer membrane of 

Gram-negative bacteria. Other MAMPs include bacterial flagellin, lipoteichoic acid, and 

peptidoglycans. In unicellular fungi such as yeasts and molds, important MAMPs include ɓ-

glucans and Ŭ-mannans. Other unicellular eukaryotes express glycosylphosphatidylinositol 

(GPI)-anchored proteins that can also be recognized by the innate immune system. When 

microorganisms are degraded, for example during phagocytosis, intracellular components 
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become exposed and can also function as MAMPs. Microbial nucleic acids are particularly 

important targets. The DNA of bacteria, unicellular eukaryotes, and some viruses contains 

unmethylated CpG motifs that are much less methylated than those found in mammalian DNA. 

These unmethylated CpG sequences constitute important MAMPs that enable the immune 

system to detect foreign DNA. Recognition of unmethylated CpG DNA and endosomal single-

stranded RNA is crucial for antiviral immunity. In addition, viruses can be detected through the 

presence of double-stranded RNA or cytosolic DNA generated during their replication cycle. 

1.3. Damage-Associated Molecular Patterns (DAMPs or Alarmins) 

Certain molecules normally confined within cells may be released into the extracellular 

environment either passively from dying cells or actively in response to cellular stress. Once 

outside the cell, molecules such as heat-shock proteins (HSPs), HMGB1 (High Mobility Group 

Box 1), S100 proteins, nucleic acids, ATP, and uric acid become DAMPs that can be recognized 

by pattern-recognition receptors. Tissue injury may also generate extracellular matrix-derived 

DAMPs, including hyaluronic acid fragments and heparan sulfate. Furthermore, disruption of 

plasma membrane integrity, such as that induced by bacterial toxins, can lead to the release of 

intracellular ions. Potassium efflux is therefore considered another form of DAMP and can be 

detected by intracellular PRRs. 

2. Pattern Recognition Receptors (PRRs): The Immunoreceptors of Innate 

Immunity  

In his 1989 theory, Charles Janeway proposed that microorganisms are detected by specialized 

receptors known as Pattern Recognition Receptors (PRRs), even before the first PRRs were 

experimentally identified. In 1996, the research group led by Jules Hoffmann demonstrated that 

the Toll signaling pathway, originally described in Drosophila embryonic development, also 

played a role in antifungal immunity. Subsequently, Ruslan Medzhitov and Charles Janeway 

showed that a human homolog of Toll was involved in initiating adaptive immune responses. 

Further studies by Paul Godowski and Bruce Beutler established that human Toll homologs 

recognize microbial products. These discoveries led to the identification of the Toll-Like 

Receptor (TLR) family, one of the most important classes of PRRs in mammals. Since then, 

additional PRR families have been identified. PRRs are highly conserved throughout evolution 

and are found in nearly all eukaryotic organisms. 
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In vertebrates, PRRs play essential roles in inflammation and in the initiation of adaptive 

immunity, particularly through the activation and maturation of dendritic cells. 

PRRs can be divided into three major categories: soluble PRRs (opsonins), endocytic receptors, 

and signaling receptors. They may be membrane-bound, cytosolic, or extracellular. 

Scavenger Receptors (SRs) are PRRs that promote the phagocytosis of apoptotic cells and 

microorganisms. Their signaling primarily regulates actin cytoskeleton remodeling and target 

internalization. Most other PRRs function as signaling receptors, transmitting information to 

neighboring or distant cells. Some TLRs are expressed on the plasma membrane, where they 

recognize structures present on intact microorganisms, whereas others are located within 

endosomal membranes and recognize degradation products such as microbial nucleic acids. C-

type Lectin Receptors (CLRs) recognize carbohydrate structures predominantly expressed on 

fungi. Intracellular bacteria and viruses are detected by cytosolic PRRs. Nod-Like Receptors 

(NLRs) recognize both bacterial MAMPs and endogenous DAMPs. Viral nucleic acids are 

detected by several classes of cytosolic receptors, including Protein Kinase R (PKR), 

Oligoadenylate Synthetase (OAS), RIG-I-Like Receptors (RLRs), and cytosolic DNA sensors 

such as cGAS, IFI16, and AIM2. In the extracellular environment, soluble PRRs such as C-

reactive protein (CRP) and Mannose-Binding Protein (MBP) contribute to pathogen 

recognition. MBP is notably involved in activating the complement system through the lectin 

pathway. Recognition of a PAMP by a PRR may trigger phagocytosis and activate intracellular 

signaling pathways that initiate antimicrobial and inflammatory responses. 

2.1. Toll -Like Receptors (TLRs) 

Toll-Like Receptors (TLRs) are proteins homologous to the Drosophila Toll receptor, which 

protects fruit flies against infection. TLRs recognize conserved molecular structures repeatedly 

expressed on microorganisms. In humans, ten functional Toll-like receptors (TLR1ïTLR10) 

have been identified. TLR11 is functional in several animal species, particularly mice, but is 

not functional in humans. Some are located on the cell membrane (TLR1, TLR2, TLR4, TLR5, 

TLR6, TLR10, and TLR11), whereas others are found within intracellular endosomal 

compartments (TLR3, TLR7, TLR8, and TLR9). 
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2.1.1. Localization 

TLRs are expressed by numerous immune cells, including macrophages, dendritic cells, B and 

T lymphocytes, neutrophils, natural killer (NK) cells, monocytes, and eosinophils. They are 

also found on non-immune cells such as fibroblasts, synoviocytes, keratinocytes, and epithelial 

cells lining the intestinal, respiratory, and urogenital tracts. These receptors recognize 

conserved microbial structures known as Pathogen-Associated Molecular Patterns (PAMPs). 

PAMPs possess three defining characteristics: they are absent from host cells, shared by many 

microbial species, and essential for microbial survival, limiting the emergence of escape 

mutants. TLR1, TLR2, TLR4, TLR5, TLR6, TLR10, and TLR11 are located on the plasma 

membrane, whereas TLR3, TLR7, TLR8, and TLR9 are localized within endosomes. 

2.1.2. Structure 

TLRs are type I transmembrane glycoproteins characterized by an extracellular domain 

containing multiple Leucine-Rich Repeats (LRRs) flanked by cysteine-rich motifs. This N-

terminal region contains between 16 and 28 LRRs responsible for ligand recognition and 

binding. Each LRR consists of approximately 20ï30 amino acids and includes the conserved 

sequence LxxLxLxxN, where L represents leucine, x any amino acid, and N asparagine. The 

intracellular C-terminal region is approximately 150 amino acids long and shares strong 

homology with members of the Interleukin-1 Receptor (IL-1R) family. This conserved 

intracellular region is known as the TIR domain (Toll/IL-1 Receptor/Resistance domain). TIR 

domains are also found in several plant resistance proteins and in the cytoplasmic tails of the 

IL-18 receptor, highlighting their evolutionary conservation and central role in innate immune 

signalling (Figure 21). 
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Figure 21. Localization, ligand recognition, and structural organization of human toll-like 

receptors (TLR s).  

2.1.3. Ligands 

TLR activation is initiated through the binding of microbial molecules known as Pathogen-

Associated Molecular Patterns (PAMPs). Typical examples of PAMPs include 

lipopolysaccharides (LPS) from Gram-negative bacteria, peptidoglycans from Gram-positive 

bacteria, viral double-stranded RNA (dsRNA), and unmethylated CpG DNA motifs that are 

characteristic of bacterial genomes and certain DNA viruses. The discovery of endogenous 

molecules that resemble PAMPs, known as Damage-Associated Molecular Patterns (DAMPs), 

has provided important insights into the involvement of TLRs in the pathophysiology of various 

inflammatory diseases. DAMPs are endogenous molecules released during tissue injury, 

cellular stress, hemorrhagic shock, ischemia, or cell death. Examples include High-Mobility 

Group Box 1 (HMGB1), Heat Shock Proteins (HSPs), extracellular DNA and RNA, hyaluronan 

fragments, heparan sulfate, fibronectin, and fibrinogen. 

The various endogenous and exogenous ligands recognized by TLRs are summarized in Table 

3. Engagement of TLRs by their ligands initiates a cascade of molecular events that ultimately 

results in the production of cytokines and other mediators capable of stimulating both innate 

and adaptive immune responses, including interferons, TNF-Ŭ, and several interleukins such as 

IL-1, IL-6, and IL-12. 
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Table 3. Distribution, localization, and ligand specificity of human toll-like receptors 

(TLRs) 

 

 

2.1.4. TLR Signaling Pathways 

The interaction between TLRs and their ligands triggers intracellular signaling pathways 

responsible for cellular activation. Some TLRs function as heterodimers, thereby expanding the 

spectrum of ligands they can recognize. For example, the recognition of triacylated lipopeptides 

requires the formation of a TLR1/TLR2 heterodimer, whereas the detection of diacylated 

lipopeptides depends on the TLR2/TLR6 heterodimer. 

Other TLRs, including TLR3, TLR4, TLR5, and TLR9, generally function as homodimers, 

although optimal ligand recognition and signaling often require accessory molecules such as 

CD14 and MD-2. Activation of TLRs initiates multiple signaling cascades that ultimately 

activate transcription factors responsible for regulating the expression of inflammatory genes. 

These pathways induce the production of pro-inflammatory cytokines such as TNF-Ŭ, IL-1, IL-

6, and IL-12, as well as the co-stimulatory molecules CD80 and CD86, which are essential for 

adaptive immune responses. 

Signal transduction is mediated by the intracellular TIR (Toll/IL-1 Receptor) domain. TLR 

signaling involves a complex network of cytoplasmic proteins that also contain TIR domains. 

The adaptor protein MyD88 (Myeloid Differentiation Primary Response 88) is the central 
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mediator of most TLR signaling pathways. Through TIR-TIR interactions, MyD88 is recruited 

to activated TLRs and subsequently engages members of the IRAK (Interleukin-1 Receptor-

Associated Kinase) family via its N-terminal death domain (DD). 

Studies using MyD88-deficient mice demonstrated that this adaptor protein is essential for NF-

əB-dependent transcription of pro-inflammatory cytokines such as TNF-Ŭ and IL-6. However, 

these studies also revealed the existence of MyD88-independent signaling pathways. In 

MyD88-deficient animals, signaling downstream of the TLR4-LPS and TLR3-dsRNA 

complexes is not completely abolished but only delayed. Furthermore, induction of Interferon-

ɓ (IFN-ɓ) by TLR3 and TLR4 occurs largely through a MyD88-independent mechanism. 

These observations led to the identification of a second major adaptor molecule, TRIF (TIR-

domain-containing adaptor-inducing interferon-ɓ), also known as TICAM-1. TRIF is essential 

for the activation of NF-əB, AP-1, and antiviral signaling pathways. In addition, activation of 

the transcription factor IRF3 (Interferon Regulatory Factor 3) is required for IFN-ɓ gene 

expression. 

Two additional TIR-domain-containing adaptor proteins contribute to TLR signaling. The first, 

TIRAP (TIR-domain-containing adaptor protein), also known as MAL, functions as a cofactor 

for MyD88 and is specifically involved in signaling through TLR2 and TLR4. The second, 

TRAM (TRIF-related adaptor molecule), acts as a cofactor for TRIF and is required specifically 

for TLR4 signaling. Once adaptor proteins are recruited to the TIR domain of activated TLRs, 

they undergo conformational changes and activate downstream signaling molecules, including 

members of the IRAK family. These kinases subsequently trigger signaling cascades leading to 

the activation of transcription factors such as NF-əB, AP-1, and IRF3, resulting in the 

expression of inflammatory cytokines, chemokines, co-stimulatory molecules, and antiviral 

mediators that coordinate innate and adaptive immune responses (Figure 22). 



 

 
46 

Figure 22. Major signaling pathways activated by toll-like receptors (TLR s): Myd88-

dependent and trif-dependent pathways. 
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Chapter 5. Structure of Major Histocompatibility Complex 

(MHC) Molecules and Mechanisms of Antigen Presentation 

Major Histocompatibility Complex (MHC) molecules were first described by Jean Dausset in 

1952 and were named the Major Histocompatibility Complex because of their critical role in 

tissue compatibility and organ transplantation. Historically, the discovery of this system 

provided a molecular explanation for the almost inevitable rejection of transplanted organs 

between genetically unrelated individuals. 

In humans, MHC molecules are known as Human Leukocyte Antigens (HLA). The HLA 

system consists of a cluster of closely linked genes encoding membrane glycoproteins that bind 

and present antigenic peptides to T-cell receptors (TCRs). Consequently, the HLA system plays 

a fundamental role in the initiation and regulation of adaptive immune responses. The HLA 

gene complex is located on the short arm of chromosome 6 (6p21.3). This genomic region 

contains numerous genes organized into three major classes. Class I and Class II HLA genes 

are directly involved in antigen presentation and immune responses, whereas Class III genes 

encode several complement proteins and inflammatory cytokines, including Tumor Necrosis 

Factor-alpha (TNF-Ŭ) and Tumor Necrosis Factor-beta (TNF-ɓ). 

The Class I HLA system primarily includes the genes HLA-A, HLA-B, and HLA-C. The Class 

II HLA system comprises several gene families, the most important of which are HLA-DR, 

HLA-DQ, and HLA-DP. Within each family, both functional genes and non-functional genes 

(pseudogenes) are present. 

1. Structure of MHC Class I Molecules 

MHC Class I molecules consist of two non-covalently associated polypeptide chains: a 

transmembrane heavy Ŭ-chain with a molecular weight of approximately 45 kDa and a light 

chain called ɓ2-microglobulin with a molecular weight of approximately 12 kDa. Unlike the Ŭ-

chain, ɓ2-microglobulin is not anchored in the plasma membrane. The extracellular portion of 

the heavy Ŭ-chain contains three domains designated Ŭ1, Ŭ2, and Ŭ3. The Ŭ1 and Ŭ2 domains 

fold together to form a peptide-binding groove composed of a ɓ-pleated sheet platform topped 

by two Ŭ-helices. This groove serves as the antigen-binding site and accommodates peptides 

that are presented to CD8 T lymphocytes. The Ŭ3 domain is structurally associated with ɓ2-

microglobulin and contributes to the overall stability of the molecule. The three-dimensional 
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structure of the MHC Class I molecule fits approximately within a cylinder measuring 7 nm in 

length and 4ï5 nm in diameter . 

The heavy Ŭ-chain is a glycoprotein composed of 348 amino acids, distributed as follows: 

¶ 274 amino acids form the extracellular region, including: 90 amino acids in the Ŭ1 

domain, 92 amino acids in the Ŭ2 domain,92 amino acids in the Ŭ3 domain. 

¶ 27 amino acids constitute the transmembrane region, which is rich in hydrophobic 

amino acids and ensures stable anchoring of the molecule within the plasma membrane. 

¶ The remaining amino acids form the intracellular (cytoplasmic) tail, which contains 

phosphorylation sites and represents the carboxy-terminal end of the molecule. 

The ɓ2-microglobulin chain is a polypeptide composed of 99 amino acids. It contains a single 

immunoglobulin-like domain and associates non-covalently with the Ŭ3 domain of the heavy 

chain. ɓ2-microglobulin is essential for maintaining the proper conformation and stability of 

the MHC Class I molecule. In its absence, the Ŭ-chain cannot fold correctly and therefore cannot 

be expressed on the cell surface. Thus, the association between the heavy Ŭ-chain and ɓ2-

microglobulin is indispensable for the assembly, stability, and antigen-presenting function of 

MHC Class I molecules (Figure 23). Crystallographic studies have elucidated the three-

dimensional structure of MHC Class I molecules and their antigen-binding site. The peptide-

binding groove is formed at the junction of the Ŭ1 and Ŭ2 domains of the heavy chain. The floor 

of the groove consists of an eight-stranded ɓ-sheet, with four ɓ-strands contributed by each 

domain, while the sides are formed by two Ŭ-helices. This groove accommodates antigenic 

peptides approximately 8ï10 amino acids in length, allowing their presentation to CD8  T 

lymphocytes. 
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Figure 23. Structure of MHC Class I molecules 

2. Structure of MHC Class II Mol ecules 

MHC Class II molecules are transmembrane glycoproteins structurally related to MHC Class I 

molecules. They are composed of two non-covalently associated polypeptide chains: an Ŭ-chain 

with a molecular weight of approximately 34 kDa and a ɓ-chain with a molecular weight of 

approximately 29 kDa. Unlike MHC Class I molecules, the Ŭ and ɓ chains of MHC Class II 

molecules are structurally homologous. Each chain consists of an extracellular N-terminal 

region of approximately 190 amino acids, a transmembrane segment of about 20 amino acids, 

and a short cytoplasmic C-terminal tail of 4ï5 amino acids. 

The extracellular portions of both chains contain two domains of approximately 90 amino acids 

each. Sequence polymorphisms are primarily concentrated within the Ŭ1 and ɓ1 domains, which 

contain hypervariable regions responsible for peptide recognition. In contrast, the Ŭ2 and ɓ2 

domains are relatively conserved (Figure 24). The peptide-binding groove is formed through 

the interaction of the Ŭ1 and ɓ1 domains and serves as the site where antigenic peptides are 

presented to CD4  T lymphocytes. Structural studies have shown that these two domains are 

highly symmetrical. Each domain folds into a four-stranded antiparallel ɓ-sheet topped by a 

long Ŭ-helix of approximately 30 amino acid residues. Hydrogen bonds between the ɓ-sheets 

of the Ŭ1 and ɓ1 domains generate a single eight-stranded ɓ-sheet platform, while the two Ŭ-
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helices form the walls of a deep groove. This groove constitutes the functional peptide-binding 

site of MHC Class II molecules. 

                                                

Figure 24. Three-dimensional structure of the antigen-binding site of MHC class II  

molecules 

3. Peptide Loading onto MHC Molecules 

3.1. MHC Class I Antigen Presentation Pathway (Endogenous Pathway) 

MHC Class I molecules present peptides generated within the cell. These peptides may 

originate from normal cellular proteins, tumor-associated proteins, or viral proteins synthesized 

by infected cells. Therefore, MHC Class I molecules primarily present endogenous antigens 

derived from the cytoplasm. Intracellular proteins are first degraded into peptide fragments by 

the proteasome. Additional trimming may occur within the endoplasmic reticulum (ER) 

through the action of Endoplasmic Reticulum Aminopeptidases (ERAPs). The heavy Ŭ-chain 

and ɓ2-microglobulin are synthesized independently in the rough endoplasmic reticulum of 

nucleated cells. Their proper assembly requires molecular chaperones, including calnexin and 

calreticulin, which maintain correct protein folding. The resulting complex then associates with 

the peptide-loading machinery, including the TAP1 and TAP2 transporters (Transporters 

Associated with Antigen Processing), which form a channel within the ER membrane. The 


































































































































































