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PREFACE

The Science of Immunohematology: Exploring Science and Immunity

In the ever-evolving landscape of biomedical science, few disciplines are as
foundational and transformative as immunohematology. This field—where
the intricacies of the immune system intersect with the complexities of
blood—has not only deepened our understanding of human biology but has
also revolutionized clinical practice, from transfusion medicine to organ
transplantation and autoimmune diagnostics.

The Science of Immunohematology: Exploring Science and Immunity is a timely
and comprehensive exploration of this vital domain. It offers readers—from
students and researchers to clinicians and educators—a lucid and rigorous
journey through the principles, methodologies, and breakthroughs that define
immunohematology today. With clarity and precision, the book navigates topics
such as antigen-antibody interactions, blood group systems, serological
techniques, and the immunological challenges of transfusion compatibility.

What sets this work apart is its commitment to bridging theory with practice.
The authors have masterfully woven scientific depth with clinical relevance,
ensuring that each chapter not only informs but empowers. Whether you're
deciphering the molecular basis of hemolytic disease of the newborn or
evaluating the latest innovations in monoclonal antibody testing, this book
equips you with the tools to think critically and act confidently.

As we face global health challenges that demand interdisciplinary insight
and innovation, The Science of Immunohematology reminds us of the power
of scientific inquiry and the promise of immune-based solutions. It is more
than a textbook—it is a testament to the enduring quest to understand, heal,
and advance.

I invite you to delve into its pages with curiosity and purpose. The science
within is not just about blood and immunity—it is about life itself.

Prof Zaccheaus Awortu Jeremiah
Distinguished Professor of Haematlogy and Blood Transfusion Science
October, 2025






CHAPTER ONE

INTRODUCTION TO IMMUNOHAEMATOLOGY

1.1 Overview

Immunohaematology is the study of blood group antigens and antibodies
and has evolved significantly since its inception, driven by advances in
science, technology, and clinical practice. The chapter “Introduction to
Immunohaematology” typically provides a foundational understanding of
the historical evolution, key concepts, scope and relevance of
immunohaematology to healthcare professionals. Immunohaematology
underpins safe blood transfusions, organ transplantation, and prenatal care
(e.g., preventing HDN with Rh immunoglobulin

1.2 Historical Evolution of Immunohaematology

The history of the development of immunohaematology is crucial in
understanding blood groups, transfusion medicine, and related
immunological phenomena. The following are key milestones in the
development of immunohaematology.

1.2.1 Early Foundations (Pre-1900)

Ancient Observations: Blood has been recognized as vital since antiquity,
with early attempts at transfusion recorded in the 17th century. In 1665,
Richard Lower performed the first successful animal-to-animal blood
transfusion in dogs, while Jean-Baptiste Denys attempted human
transfusions in 1667 using animal blood, often with fatal outcomes due to
immunological reactions. This is because, before the 20th century, the
immunological basis of transfusion reactions was unknown. Incompatible
transfusions, therefore, led to severe reactions, limiting progress.



2 Chapter One

1.2.2 Discovery of Blood Groups (1900-1920)

1900-1901: ABO Blood Group System: Karl Landsteiner, an Austrian
physician, discovered the ABO blood group system, identifying A, B, and
O blood types based on antigen-antibody reactions. This breakthrough,
published in 1901, explained why some transfusions succeeded while
others failed, earning Landsteiner the Nobel Prize in 1930. (Landsteiner
1900, 1132-1134)

1907: Cross-Matching: Reuben Ottenberg introduced cross-matching,
testing donor and recipient blood compatibility before transfusion,
reducing adverse reactions. (Ottenberg 1911, 425-438)

1910: 4B Blood Type: Jan Jansky and William Moss independently
identified the AB blood type, completing the ABO system classification.

1.2.3 Expansion of Blood Group Systems (1920-1940)

1927: MNS Blood Group System: Landsteiner and Philip Levine
discovered the MNS system, identifying new antigens on red blood cells,
expanding the understanding of blood group diversity.

1939-1940: Rh Blood Group System: Landsteiner and Alexander Wiener
identified the Rh factor (Rhesus factor), a critical antigen causing
haemolytic transfusion reactions and haemolytic disease of the newborn
(HDN). This discovery revolutionized obstetric and transfusion medicine.
(Levine & Stetson 1939, 126-127; Landsteiner & Weiner 1940, 223)

1.2.4 Advances in Transfusion Medicine (1940-1960)

1940s: Blood Banking: The development of blood banks, pioneered by
Bernard Fantus in 1937, became widespread during World War II. Citrate
anticoagulants and refrigeration enabled blood storage, making
transfusions safer and more accessible. (Fantus 1937, 128-131)

1945: Coombs Test: Robin Coombs, Arthur Mourant, and Robert Race
developed the antiglobulin test (Coombs test), detecting incomplete
antibodies in Rh-related conditions and improving transfusion safety.
(Coombs et al, 1945, 225-266)
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1950s: Other Blood Group Systems: Additional systems like Kell, Dufty,
and Kidd were identified, further refining compatibility testing and
understanding of transfusion reactions.

1.2.5 Immunological and Molecular Advances (1960—-1990)

1960s: Automation and Serology: Automated blood typing and antibody
screening systems improved efficiency and accuracy in blood banks.
Techniques like enzyme-linked immunosorbent assays (ELISA) enhanced
antibody detection. (Reid & Lomas-Francis, 2012)

1970s: HLA System: The human leukocyte antigen (HLA) system, critical
for transfusion and transplantation, was better understood, aiding in
platelet transfusion and organ matching. (Daniels & Reid, 2010, 281-289)

1980s: Molecular Biology: The advent of molecular techniques, such as
polymerase chain reaction (PCR), allowed for genetic analysis of blood
group antigens, improving precision in typing and identifying rare
variants.

1.2.6 Modern Immunohematology (1990—Present)

1990s-2000s: Genomics and Blood Typing: DNA-based typing methods
became standard, enabling identification of blood group alleles at the
molecular level. This was critical for complex cases, such as patients with
rare blood types or multiple antibodies. (Avent & Reid 2000,375-385;
Anstee 2010,4635-4643)

Transfusion Safety: Advances in pathogen screening (e.g., HIV,
hepatitis) and leukoreduction techniques reduced transfusion-related risks.
Monoclonal antibodies improved the specificity of blood typing reagents.
(Westhoff 2006,471-475)

2000s: Personalized Medicine: Immunohaematology integrated with
genomics for personalized transfusion strategies, particularly for patients
with sickle cell disease or thalassemia requiring frequent transfusions.

2010s—Present: Next-Generation Sequencing: High-throughput
sequencing has allowed comprehensive blood group profiling, identifying
novel antigens, and improving donor-recipient matching. Artificial
intelligence and machine learning are now used to predict transfusion
outcomes and manage blood inventories ( Tormey & Hendrickson 2019,
486-493; Harmening 2019)
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1.3 Key Concepts of Imnmunohaematology

Immunohaematology is a specialized branch of haematology and
transfusion medicine that focuses on the interactions between the immune
system and blood components, particularly red blood cells. Key concepts
in this field include:

1.

Blood Group Systems: The identification and classification of
blood groups based on specific antigens present on the surface of
red blood cells. The most well-known systems are:

ABO System, which determines blood groups A, B, AB, and O
based on the presence or absence of A and B antigens.

Rh System, which classifies blood as Rh-positive or Rh-negative
based on the presence of the Rh antigen (commonly the D antigen).
Antigen-Antibody Reactions help us to understand how antibodies
in the plasma react with specific red cell antigens, leading to
agglutination or haemolysis. This knowledge is crucial for:

Blood Typing: To determine an individual’s blood group to ensure
compatibility for transfusions.

Crossmatching: Testing donor and recipient blood to prevent
adverse reactions.

Antibody  Screening and Identification: Detecting and
characterizing antibodies that may cause transfusion reactions.
Haemolytic Disease of the Foetus and Newborn (HDFN): A
condition where maternal antibodies against foetal red cell antigens
cross the placenta, leading to foetal red cell destruction.
Management includes antibody monitoring and, if necessary,
intrauterine transfusions.

Transfusion Reactions: Adverse responses to blood transfusions,
such as haemolytic reactions, allergic reactions, and transfusion-
related acute lung injury (TRALI). Prompt recognition and
management are essential to patient safety.

Blood Component Therapy: Preparation and use of blood
components like red cell concentrates, fresh-frozen plasma, and
platelets. Understanding indications, preparation methods, storage,
and compatibility testing is vital for effective therapy.

Molecular Genotyping: Advancements in molecular biology have
enabled the identification of blood group antigens at the genetic
level, enhancing the accuracy of blood typing and the
understanding of blood group genetics.

Quality Control and Regulatory Compliance: Ensuring the safety
and efficacy of blood products through strict quality control
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measures and adherence to regulatory guidelines. This includes
monitoring blood donor selection, testing for transfusion-
transmissible infections, and maintaining proper storage conditions.
A comprehensive understanding of these concepts is essential for
the safe and effective practice of immunohaematology, particularly
in the context of blood transfusion medicine.

1.4 The Scope of the Book and Its Relevance
to Healthcare Professions

“The Science of Immunohaematology: Exploring Blood and Immunity” is
a comprehensive resource that delves into the intricate interactions
between the immune system and blood components. The book covers a
range of topics, including:

Blood Group Systems: An in-depth examination of various blood group
systems, such as ABO and Rh, and their significance in transfusion
medicine.

Antigen-Antibody Reactions: Detailed discussions on the mechanisms of
antigen-antibody interactions and their clinical implications.

Diagnostic Techniques: Exploration of laboratory methods used to detect
immunological responses, including precipitation tests, agglutination tests,
complement fixation tests, and advanced techniques like flow cytometry.

Immunological Disorders: Insights into autoimmune disorders,
immunodeficiencies, and hypersensitivity reactions, along with their
diagnostic and therapeutic approaches.

Transfusion Medicine: Coverage of the immunological aspects of blood
transfusion, including compatibility  testing, management of
alloimmunization, and the role of immunohematology in patient blood
management. (numberanalytics.com)

The relevance of this book to healthcare is multifaceted:

Enhanced Patient Safety: By understanding blood group antigens and
antibody interactions, healthcare professionals can prevent adverse
transfusion reactions, thereby improving patient outcomes.
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Advancements in Diagnostic Methods: The book introduces modern
diagnostic techniques, such as flow cytometry, which are crucial for the
accurate detection of blood group antigens and antibodies, leading to more
precise and personalized patient care.

Informed Therapeutic Strategies: Knowledge of immunohematology aids
in the development of targeted therapies for conditions like autoimmune
haemolytic anaemia and supports the safe management of patients
requiring blood transfusions.

In summary, “The Science of Immunohaematology: Exploring Blood and
Immunity” serves as an essential guide for healthcare professionals,
offering critical insights into the immunological principles that underpin
blood-related disorders and transfusion practices.
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CHAPTER TWO

THE BIOLOGY OF BLOOD:
COMPOSITION AND FUNCTION

2.1 Overview

Blood is a vital fluid that circulates throughout the body, performing
essential functions to maintain homeostasis and protect against diseases. It
consists of two primary components: plasma and formed elements. Plasma
is the liquid portion of blood, accounting for about 55% of its volume. It is
primarily composed of water (approximately 90%), which serves as a
solvent for various substances. Plasma contains dissolved proteins, nutrients,
hormones, electrolytes, and waste products. Key proteins in plasma include
albumin, globulins, and fibrinogen, each playing roles in maintaining
osmotic pressure, immune responses, and blood clotting, respectively. The
formed elements of blood include red blood cells (erythrocytes), white blood
cells (leukocytes), and platelets (thrombocytes).

Red Blood Cells (Erythrocytes): These cells are responsible for
transporting oxygen from the lungs to body tissues and facilitating the
return transport of carbon dioxide from tissues to the lungs. They contain
haemoglobin, an iron-containing protein that binds oxygen molecules.

White Blood Cells (Leukocytes): Leukocytes are integral to the
immune system, defending the body against infections and foreign
invaders.

There are several types of leukocytes, each with specialized functions:

Neutrophils: Engulf and destroy bacteria and fungi.

Lymphocytes: Include B cells and T cells, which are pivotal in adaptive
immunity.

Monocytes: Differentiate into macrophages and dendritic cells to
phagocytose pathogens.
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Eosinophils: Combat multicellular parasites and participate in allergic
reactions.

Basophils: Release histamines during allergic responses and inflammation.

Platelets (Thrombocytes): Platelets are small, cell-like fragments derived
from megakaryocytes in the bone marrow. They play a critical role in
haemostasis, the process of blood clotting. Upon vessel injury, platelets
adhere to the site, aggregate to form a temporary plug, and release factors
that initiate the coagulation cascade, leading to the formation of a stable
fibrin clot (Alberts, 2015; Diez-Silva et al, 2010).

2.2 Roles in Immunity and Homeostasis

Immunity: White blood cells are central to the body’s defense mechanisms.
They identify and target pathogens, such as bacteria and viruses, and remove
foreign substances and dead cells. Lymphocytes, including B cells and T
cells, are pivotal in adaptive immunity, recognizing specific antigens and
orchestrating targeted immune responses.

Homeostasis: Blood plays a crucial role in maintaining internal stability by
regulating temperature, pH, and fluid balance. It transports nutrients and
hormones to cells, removes waste products, and helps regulate body
temperature by distributing heat. Additionally, blood maintains osmotic
pressure, which is essential for the proper function of cells and tissues.

In summary, blood’s components work synergistically to transport
gases, nutrients, and waste products, defend against infections, and
regulate various physiological processes, thereby maintaining the body’s
internal balance and overall health (Harmening, 2019).

2.3 Structure and Function of Red Blood Cells

Red blood cells (RBCs), or erythrocytes, are highly specialized cells
designed for oxygen transport in the bloodstream. Their structure is
optimized for this function, with unique features that enhance efficiency,
flexibility, and durability.
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Shape and Size:

2.0 micrometers

Fig. 2-1 Shape and size of a red blood cell (Diez-Siver et al, 2010)

Biconcave Disc: RBCs are biconcave discs, flattened with a central
depression on both sides. This shape increases surface area (approximately
140 um?) for oxygen diffusion, enhances flexibility for navigating narrow
capillaries (7-8 um diameter), and minimizes diffusion distance for gases.

Dimensions: Mature human RBCs are approximately 6—-8 um in diameter
and 2 um thick at the edges, with a thinner center (~0.8 um).
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Fig. 2-2 Membrane structure of the red blood cell (Mohandas et al, 2008)

2.4 Plasma Membrane

The RBC membrane is a flexible, lipid bilayer embedded with proteins,
providing structural integrity and elasticity. Key components include:

Lipids: Phospholipids and cholesterol form a fluid mosaic, allowing
deformability.

Proteins: Integral proteins (e.g., band 3, glycophorins) and peripheral
proteins (e.g., spectrin, ankyrin) form a cytoskeleton. Spectrin meshwork
maintains the biconcave shape and enables RBCs to deform and recoil
when passing through microvasculature.

Antigens: The membrane hosts blood group antigens (e.g., ABO, Rh)
critical for immunohematology and transfusion compatibility.

Cytoplasm: A red blood cell (RBC) cytoplasm, also known as the cytosol,
is the fluid-filled space within the cell membrane that contains various
molecules and proteins, including haemoglobin. Haemoglobin, the protein
responsible for carrying oxygen, is the most prominent component. The
cytoplasm also contains other proteins involved in metabolism, transport,
and cellular processes, as well as ions and other small molecules.
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Haemoglobin: The cytoplasm is primarily filled with haemoglobin (about
33% by volume), a protein that binds oxygen (and carbon dioxide to a
lesser extent). Each RBC contains ~270 million haemoglobin molecules,
enabling efficient gas transport.

No Nucleus or Organelles: Mature RBCs lack a nucleus, mitochondria,
and other organelles, maximizing space for haemoglobin and reducing
energy demands. This results in a lifespan of ~120 days, as RBCs cannot
synthesize new proteins or repair damage. (Mohandas et al, 2008)

Hemoglobin B2 B1

d o oy
HaC /AN Iron
HsC CHs
Heme
Group
07 MoK o7 TOH
a2
heme b

Fig. 2-2 Structure of Hemoglobin (Diez-Silva et al, 2010)

2.5 Metabolic Features

Anaerobic Metabolism: Without mitochondria, RBCs rely on glycolysis
for energy, producing ATP to maintain membrane integrity and ion bal-
ance (e.g., via the Na+/K+ ATPase pump).

Antioxidant Systems: Enzymes like superoxide dismutase and catalase
protect hemoglobin from oxidative damage, preserving its function.

2.6 Flexibility and Deformability

The combination of the spectrin-based cytoskeleton and the fluid lipid
bilayer allows RBCs to deform dramatically (e.g., elongating to pass
through 3 um capillaries) while returning to their original shape. This is
critical for microcirculation and spleen passage. (Diez-Silva et al, 2010)
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2.7 Functional Implications

Oxygen Transport: The biconcave shape and high haemoglobin content
optimize oxygen binding in the lungs and release in tissues.

Circulatory Efficiency: Deformability ensures RBCs can navigate the
microvasculature without haemolysis.

Immunological Role: Surface antigens determine blood group compatibil-
ity, critical for transfusions and pregnancy.

2.8 Structure And Function of White Blood Cells

White blood cells (WBCs), or leukocytes, are essential components of the
immune system, responsible for defending the body against infections,
foreign substances, and abnormal cells. They are produced primarily in the
bone marrow and circulate through the bloodstream and lymphatic system.
WBCs are characterized by their lack of hemoglobin, which distinguishes
them from red blood cells. Understanding the structure and function of
white blood cells is crucial, as they play a vital role in maintaining the
body’s defense mechanisms and overall health.

2.9 Structure of White Blood Cells

WBCs are typically spherical and range in size from 12 to 15 micrometers
in diameter. They possess a distinct nucleus, which varies in shape and
number of lobes, aiding in their classification. The cytoplasm of WBCs
may contain granules, leading to the categorization into granulocytes and
agranulocytes.

2.10 Types and Functions of White Blood Cells

There are five primary types of white blood cells, each with unique struc-
tures and functions:

Neutrophils: The most abundant WBCs, constituting 60—70% of circulat-
ing leukocytes. They have a multi-lobed nucleus and fine granules in their
cytoplasm. Neutrophils are the first responders to bacterial and fungal
infections, engaging in phagocytosis to engulf and destroy pathogens.
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Lymphocytes: Comprising 20-30% of WBCs, lymphocytes include B
cells, T cells, and natural killer cells. B cells produce antibodies that
specifically target pathogens, while T cells are involved in cell-mediated
immunity, directly attacking infected or abnormal cells.

Monocytes: Making up 4-8% of WBCs, monocytes have a kidney-shaped
nucleus and no granules. They differentiate into macrophages and
dendritic cells upon migrating into tissues, where they perform
phagocytosis and play a role in activating other immune cells.

Eosinophils: Accounting for 1-4% of WBCs, eosinophils have a bi-lobed
nucleus and large granules that stain red. They are involved in combating
parasitic infections and modulating allergic inflammatory responses.

Basophils: The least common WBCs, comprising less than 1% of the total,
basophils have a bi-lobed or tri-lobed nucleus and large granules that stain
blue-black. They release histamine and other mediators during allergic
reactions, contributing to inflammation. (Asghar et al, 2023; Pal, et al 2023;)

2.11 Functions of White Blood Cells
The primary functions of WBCs include:

Immune Defense: WBCs identify and eliminate pathogens through
mechanisms such as phagocytosis, antibody production, and direct
cytotoxicity.

Inflammatory Response: They release various chemicals, such as
cytokines and histamine, to initiate and regulate inflammation, aiding in
the recruitment of other immune cells to sites of infection or injury.

Tissue Repair and Healing: By removing dead cells and promoting tissue
regeneration, WBCs contribute to the repair and healing of damaged
tissues. (Seisoma, 2024; Tsutsui, 2023; Yu ,2024; Zhu 2022)

2.12 Structure and Functions of Platelets

Platelets, or thrombocytes, are small, anucleate cell fragments essential for
hemostasis—the process of stopping bleeding. They are produced in the
bone marrow from large cells called megakaryocytes and circulate in the
bloodstream for approximately 7 to 10 days before being removed by the
spleen.
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Structure of Platelets (Emsley, 2000: 47)
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Fig. 2-3 The structure of a platelet (Li & Emsley, 2013)

Platelets are approximately 2 to 4 micrometers in diameter and have a
biconvex disc shape, which facilitates their movement through blood
vessels. Their structure includes several key components:

Plasma Membrane: The outer membrane is rich in glycoproteins that play
arole in adhesion and aggregation.

Granules: Platelets contain three types of granules:

Alpha Granules: These are the most abundant and contain proteins such as
fibrinogen, von Willebrand factor, platelet-derived growth factor, and
other clotting factors.

Dense Granules: These contain molecules like adenosine diphosphate
(ADP), calcium, and serotonin, which are crucial for platelet activation
and aggregation.
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Lysosomes: These contain hydrolytic enzymes that aid in the breakdown
of substances.

Cytoskeleton: Composed of microtubules and actin filaments, the
cytoskeleton provides structural support and facilitates shape changes
during platelet activation. (Quach & Li,2020; Rivera et al, 2009;
Sivaraman & Latour, 2011: 5365.)

2.13 Functions of Platelets

Platelets play a critical role in haemostasis through several key processes:

Platelets

—— Megakaryocyte

@

Fig. 2-4: a) Formation of platelets from megakaryocytes. b) Platelet function at the
site of injury

1. Adhesion: Upon vascular injury, platelets adhere to exposed
collagen and von Willebrand factor at the site of injury, forming a
temporary plug.

2. Activation: Adhered platelets undergo activation, leading to shape
change, granule release, and the expression of surface receptors
that promote further platelet aggregation.

3. Aggregation: Activated platelets aggregate to form a stable
platelet plug, which is essential for sealing the wound and
preventing blood loss.

In addition to these primary functions, platelets contribute to the
coagulation cascade and fibrin clot formation, further stabilizing the blood
clot. Understanding the structure and function of platelets is crucial, as
they play a vital role in maintaining vascular integrity and preventing
excessive bleeding. (Mehic et al 2024:1-10)
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2.14 Compositions and functions of Plasma

Blood plasma is the pale-yellow liquid component of blood that
constitutes approximately 55% of its total volume. It serves as the medium
for transporting blood cells and various substances throughout the body.

2.14.1 Composition of Plasma

Plasma is composed of about 90-92% water, which acts as a solvent and
facilitates the transport of various substances. The remaining 8-10%
consists of a diverse array of components, including:

Proteins: Approximately 6—8% of plasma is made up of proteins, such as
albumin, globulins, and fibrinogen.

Electrolytes: Plasma contains ions like sodium, potassium, calcium,
chloride, and bicarbonate, which help maintain fluid balance and pH
levels.

Nutrients and Waste Products: Plasma transports nutrients (e.g., glucose,
amino acids, lipids) to cells and carries waste products (e.g., urea, carbon
dioxide) to excretory organs.

Hormones and Gases: Plasma carries hormones and dissolved gases like
oxygen and carbon dioxide, facilitating communication and respiration.

Functions of Plasma
Plasma performs several vital functions, including:

Transportation: It delivers nutrients, hormones, and waste products to and
from cells.

Regulation: Plasma helps maintain blood pressure, body temperature, and
pH balance.

Clotting: It contains clotting factors like fibrinogen, which are essential for
blood coagulation.

Immune Response: Plasma carries antibodies and other immune proteins
that help defend the body against infections.
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Understanding the structure and functions of plasma is crucial, as it plays a
central role in maintaining homeostasis and supporting various
physiological processes.

2.15 Haemopoiesis

Haematopoiesis is the continuous process by which the body produces
blood cells, including red blood cells (erythrocytes), white blood cells
(leukocytes), and platelets (thrombocytes). This vital function ensures the
maintenance of a healthy blood supply, which is essential for oxygen
transport, immune defense, and blood clotting. Understanding
haematopoiesis is crucial for diagnosing and treating various blood
disorders, including anaemias, leukaemias, and other haematological
malignancies. Therapeutic interventions, such as haematopoietic growth
factors, can stimulate haematopoiesis in cases of bone marrow failure or
suppression.(Bruck, 2023:2225)

Haematopoiesis is a complex and tightly regulated process that ensures
the continuous production of blood cells, maintaining essential functions
like oxygen transport, immune defense, and blood clotting throughout an
individual’s life.
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2.16 Stages of Hematopoiesis
2.16.1 Embryonic Hematopoiesis

Primitive Haematopoiesis: Initiates in the yolk sac around day 19 of
conception, producing primitive erythrocytes for oxygen transport and
myeloid cells for early immune function. This phase lasts until
approximately the 8th week.

Intraembryonic Haematopoiesis: Occurs in the aorta-gonad-mesonephros
(AGM) region, where haematopoietic stem cells (HSCs) arise from the
ventral endothelial wall of the dorsal aorta.

Fetal Haematopoiesis: Around 5-8 weeks of gestation, haematopoiesis
shifts to the liver and spleen, where HSCs differentiate into myeloid and
lymphoid lineages. By 16-20 weeks, bone marrow becomes the primary
site (medullary haematopoiesis), continuing into adulthood.

Adult Haematopoiesis: In adults, haematopoiesis primarily occurs in the
bone marrow of the skull, pelvic bones, vertebrae, and sternum.

2.16.2 Haematopoietic Stem Cells (HSCs): (Girotra, 2023)

HSCs are multipotent cells capable of self-renewal and differentiation into
various blood cell types. They reside in specialized bone marrow regions
called niches and are essential for the continuous production of blood cells
throughout life.

Regulation of Haematopoiesis: The differentiation of HSCs into specific
blood cell lineages is regulated by growth factors and cytokines. These
soluble agents and membrane-bound molecules interact with progenitor cells,
promoting their proliferation and differentiation into mature blood cells.

2.17 Recent Advances in Haematopoiesis Research

Single-Cell Genomics: Advancements in single-cell genomics have
provided intricate details about HSC biology, differentiation, and lineage
commitment. These technologies have highlighted extensive heterogeneity
of cell populations and the continuity of differentiation routes. (Safina &
Galen 2024: 1039)
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Clonal Haematopoiesis: Clonal haematopoiesis refers to the clonal
expansion of HSCs caused by somatic mutations. Recent bibliometric
analyses have identified gene mutations associated with an increased risk
of acute myeloid leukemia and highlighted cardiovascular diseases and
inflammation as emerging research hotspots. (Ryu et al, 2024)

Impact of Infection and Inflammation: Studies have shown that HSCs can
directly respond to inflammatory cytokines, leading to proliferative
responses that mediate the emergency production of mature blood cells.
However, this activation may result in HSC exhaustion and haematologic
dysfunction over time. (Buttigieg & Rauh, 2023; Paraidi et al, 2024;
Histola et al, 2025)

2.18 Epigenetic Regulation

Research has uncovered the role of epigenetic regulators, such as
bromodomain protein 4 (BRD4), in haematopoiesis. BRD4 has been
shown to direct HSC development and modulate macrophage
inflammatory responses, indicating its crucial role in maintaining
haematopoietic homeostasis. (Sarkis et al, 2023, Yang et al, 2023)
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