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Abstract:

Histological analysis of immunological tissues can provide a full description of cell composition, morphology,
and functional organization of lymphoid organs such as the spleen, lymph nodes, thymus, and mucosa-
associated lymphoid tissue (MALT). By immune cell type identification, research on tissue structure, and
pathological change identification, the technique can be employed in immunological response studies,
inflammation, and diseases such as autoimmune diseases, infections, and cancer. Broader recognition of
particular immune markers through the use of staining techniques such as immunofluorescence and
immunohistochemistry make it easier to understand cellular interactions along with the immunological
microenvironment.
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Introduction

The immune system is a complex organized network of specialized cells, tissues and organs that collectively
defend the body against infections, cancer and other harmful foreign agents. They are divided into primary and
secondary lymph organs, each of which has distinct roles in the development, maturation and activation of
immune cells. Primary lymphatic organs, including bone marrow and thymus, are essential for the production
and maturation of immune cells. In contrast, secondary lymphatic organs such as the spleen, lymph nodes, and
lymphoid tissue associated with the mucosa (MALT) are responsible for facilitating immune responses to
foreign pathogens and maintaining immune balance (1).

Histological examination of immune tissues plays an important role in understanding the cellular engineering,
morphological characteristics and functional importance of these immune organs. This analysis provides insight
into the location, composition, and behavior of immune cells, which are essential for the study of immune
responses in both healthy and diseased conditions. Histological techniques, including immunohistochemistry
(IHC), immunofluorescence (IF), and hematoxylin and eosin (H&E) coloring, allow researchers to examine
immune cell populations and their interactions within the tissue microenvironment. These methods help clarify
the complex relationships between immune cells and their roles in various disease processes, including
infections, infections, autoimmune diseases, and cancer (2).

For example, the spleen consists of two basic areas: the white pulp, which contains lymphocytes responsible for
adaptive immunity, and the red pulp, which is involved in the removal of old red blood cells and the recycling of
iron. The immune response in the spleen is regulated by the activation of lymphocytes and antigen-progenic
cells. Similarly, lymph nodes are vital sites for immune monitoring and antigen presentation. The structure of
the lymph node allows the division of immune cells, with localized B cells in the outer cortex and concentrated
T cells in the adjacent cortex. This fragmented organization improves immune cell interactions, enabling
immune activation and an effective response (3)

Histological examination is also fundamental in diagnosing and understanding diseases involving immune
dysfunction. For example, inflammatory diseases such as rheumatoid arthritis and systemic lupus erythematosus
(SLE) lead to characteristic pathological histological changes in the affected tissues, aiding in the diagnosis and
monitoring of the disease (4). Likewise, hematologic malignancies such as leukemia and lymphoma exhibit
characteristic histological features necessary for their classification and diagnosis. Histology also provides
insight into tissue damage caused by viral infections such as HIV and tuberculosis, which can severely alter the
structure of immune tissues and impair immune function (5).

Table 1: Primary and Secondary Lymphoid Organs (6).

Organ Function Histological Features
Bone Marrow Hematopoiesis (formation of blood cells) Rich in hematopoietic cells, adipocytes
Thymus T-cell maturation and selection Cortical and medullary regions, Hassall’s
corpuscles
Spleen Immune response, blood filtration White pulp (lymphocytes), red pulp
(macrophages)
Lymph . . .
Nodes Immune surveillance, antigen presentation Cortex (B cells), paracortex (T cells)

Defense at mucosal surfaces (e.g., gut,

MALT
lungs)

Organized lymphoid follicles, M cells

119 | African Journal of Advanced Pure and Applied Sciences (AJAPAS)




AT

/ \

{ , Adenoids

\ >
\,“‘—“— Tonsils

S

Thymus —rq i \

[ (]
Bone Marrow / -}——— Lymph nodes

;7.;_._._ Spleen

Y |[ex _ Peyer's patches

' [ [ r Appendix

'—2—~— Lymph nodes

Primary Organs Secondary Organs

Figure 1: Diagram of the Immune System; the primary and secondary lymphoid organs (from SlideShare).

Recent advancements in histological techniques have revolutionized the study of immune tissues. High-
throughput imaging methods and multiplex immunostaining, combined with digital pathology, have
significantly enhanced our ability to study the immune system at a detailed cellular level. These innovations
enable researchers to simultaneously analyze multiple immunological markers, providing a comprehensive
understanding of the immune microenvironment and cellular interactions. This capability is crucial for
advancing the design of targeted therapies and personalized immunotherapies. Digital pathology, for example,
allows for the precise quantification of immune cell populations, enabling more accurate disease diagnosis and
monitoring (7).

The histopathological study of immune organs provides a wealth of information about the mechanisms
underlying immune-mediated diseases, such as autoimmune disorders, infectious diseases, and cancers. The
detailed analysis of tissue structure and immune cell interactions is indispensable for identifying disease
mechanisms, assessing disease progression, and evaluating therapeutic interventions. As histological techniques
continue to evolve, they hold great promise for advancing our understanding of immune system function and
providing new avenues for the development of effective diagnostic and therapeutic strategies (8).

Immune Tissue Classification

The constituent tissues of the immune system are involved in the production, activation, and regulation of
immunological responses. The tissues are categorized into primary or secondary lymphoid tissues, and they both
play a specific role in the generation and function of immune cells. The categorization indicates the multiple but
specialized roles that the tissues have to play in the maintenance of immunological homeostasis and in
combating infection. Maturation and proliferation of the immune cells depend on primary lymphoid organs.
Hematopoiesis, or the generation of all blood cells, or immune cells like lymphocytes, monocytes, and dendritic
cells, is carried out mainly in the bone marrow inside long bone cavities (5). Bone marrow B cells create unique
B cell receptors (BCRs) through somatic recombination to make them capable of reacting to antigens (9). But T
cell precursors from the bone marrow continue to develop in the thymus. The thymus is located at the upper
region of the chest and is the site of T cell development. In order that only the thymocytes, or newly formed T
cells, with the ability to recognize self-major histocompatibility complex (MHC) molecules can survive, they
are subjected to strict selection. Positive selection is the process by which T lymphocytes gain adhesion to
antigen-presenting cells (10). Negative selection would destroy autoreactive T cells, leading to autoimmune
diseases. Adult T cells and characteristic epithelial masses referred to as Hassall's corpuscles, in the internal
medulla and outer cortex packed with immature thymocytes, are responsible for the thymus' normal histological
structure. These corpuscles have been deemed to be the cause of inhibiting autoimmunity and regulation of
immunological tolerance (11). While the immune cells are stimulated in secondary lymphoid organs for an
increase in defense against invading infections, the most important members of this group include the spleen,
the lymph nodes, and mucosa-associated lymphoid tissue (MALT). Very small, bean-like bodies called lymph
nodes are linked with lymphatic veins to serve as centers of immune surveillance. Adaptive immune responses
are triggered with the encounter of antigens on the lymph fluid and naive T and B cells. Microscopically, the
lymph nodes are structured and composed of a paracortex with T cells and dendritic cells, an outer cortex of B
cell follicles, and an inner medulla of macrophages and plasma cells (12). This compartmentalization allows for
immune cell traffic, lymphocyte activation, and maximal antigen presentation.
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Figure 2: Schematic Representation of the Immune System Organs [from Lymphoid Organs].

Besides blood purification, the spleen protects against infection through the bloodstream on behalf of the
immune system. Microscopically, the spleen is composed of white pulp and red pulp. While the white pulp is
made up of periarteriolar lymphoid sheaths (PALS) with a rich T cell population but bordered by B cell follicles,
red pulp harbors macrophages that break down lysed or senescent red blood cells and recycle iron. Marginal
zones of red and white pulp have specialized dendritic cells and macrophages that remove pathogens from the
bloodstream and initiate immunologic responses. The structure of the spleen also makes it a location for immune
activation as well as blood filtration. There is also an immunological tissue called mucosa-associated lymphoid
tissue (MALT) that lines the mucosal surfaces of the gastrointestinal, urogenital, and respiratory tracts. MALT
is made up of Peyer's patches of the small bowel, tonsils, and bronchus-associated lymphoid tissue (BALT).
Mucous surfaces are extremely important for defending the body against disease since they are the initial points
of entry for most disease-producing microbes (13). Histologically, MALT consists of organized lymphoid
follicles that consist of B and T lymphocytes and normal epithelial cells known as M cells. The M cells are used
for the transport of the antigen from the mucosal surface to immunecells in order to prevent potential invasions
and sampling. Organization of the immune system is explained through the immunologic tissues dividing into
minor and major lymphoid organs. While secondary lymphoid tissues are the habitat for immunologic response
and activation, primary lymphoid tissues generate self-tolerant, functionally mature immune cells. Through
preservation of tolerance to self-antigen and the potentially strong defense in the body to most pathogens, this
ongoing crosstalk of immunologic tissue precludes autoimmune disease. Their functional domains and
compartmentalized cell structures and their role in immune memory, response, and essential function are also
evidenced in their histological organization (14).

Table 2: Primary and Secondary Lymphoid Organs and Their Functions (15).

Lymphoid Organ Type Key Function Histological Features
. Hematopoiesis (formation of Rich in hematopoietic cells,
Bone Marrow Primary - .
immune cells) adipocytes
Thymus Primary | T cell maturation and selection Cortical and rlnedullary regions,
Hassall's corpuscles
Spleen Secondary Blood filtration, immune White pulp (T cells), red pulp
response (macrophages)
Lymph Nodes Secondary Immune survelllar_lce, antigen Cortex (B cells), paracortex (T
presentation cells)
MALT (e.g., Pe_yer s Secondary Immune defense at mucosal Lymphoid follicles, M cells
Patches, Tonsils) surfaces
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Histological Techniques

Histologic methods that provide information in detail on tissue structure, cell shape, and interaction among
immune cells must be used to investigate immune tissue. Histologic methods assist in the recognition of tissue
pathology, immunological processes, and alteration of population of immune cells by demonstrating tissue
architecture and cell morphology. The appropriate method will vary with the degree of study required, from
basic tissue morphology to sophisticated molecular analysis. The first phase of the process, healing of tissue,
protects the tissue and keeps it away from damage. Formalin, 10% formaldehyde solution, is the most common
cross-linking protein fixative that is applied to immaobilize cell structure. Glutaraldehyde or paraformaldehyde is
used in certain situations as other fixatives; glutaraldehyde achieves better preservation for electron microscopy.
Excessive fixation does repress antigens and antigen retrieval techniques must be utilized to restore epitopes to a
recoverable state, but fixation is required for the maintenance of antigens, particularly for
immunohistochemistry (IHC) and immunofluorescence (IF) techniques. Tissue processing involves dehydration,
washing, and embedding following fixation. Dehydration to obtain tissue transparency is usually a matter of
water removal through concentrating ethanol and xylene clearing. The tissue is then paraffin wax-fixed before
the preparation of thin sections. Freeze-drying, or cryosectioning, is more desirable when antigenicity needs to
be preserved and enzyme activity measurement or quick processing needs to be done, yet paraffin embedding is
a standard method because routine staining and IHC are tolerable with it. Sectioning produces slices that are
typically 3-5 microns thick using a microtome. Thin slices have greater cellular detail but are more likely to
shatter, whereas thicker sections may cover minute details. Cryosectioning produces slightly thicker slices than
paraffin sections but retains lipids and enzyme activity more effectively. The foundation of histological analysis
is staining. The most frequent standard stain, hematoxylin and eosin (H&E), gives a general impression of tissue
architecture. Eosin counterstains fuchsia extracellular matrix and cytoplasm, and hematoxylin stains nuclei blue.
Dense, black nuclei of immune cells, especially lymphocytes, stand out from the surrounding tissues and thus
become conspicuous. More sophisticated methods are utilized since H&E is not specific enough to distinguish
immune cell types or chemical molecules. Immunohistochemistry (IHC) is a sensitive method of detection of
specific antigens in tissue by using antibodies. During this process, the primary antibodies are used to attach to a
protein of interest and the secondary antibodies conjugated with enzyme tags like horseradish peroxidase (HRP)
or alkaline phosphatase (AP) are used. A color reaction that results in a visible signal detects tissue antigen. T
cells (CD3), B cells (CD20), and macrophages (CD68) are a few of the immune cells which could be identified
through immunohistochemistry (IHC), usually applied in identifying the immune cells' localization within
lymphoid tissue or within areas of inflammation The research aim determines the histology method employed
(16). IHC and IF stain specific types of immune cells and molecules, but overview stains like H&E give the
general picture. Correlating sophisticated molecular and ultrastructural data derived using techniques like ISH
and EM, we are able to translate immune tissue structure and function correctly. Immunology and pathology
research depend on continuous improvement of histological methods, especially those incorporating molecular
techniques (17).

Table 3: Histological Staining Methods and Their Applications (18).

Staining Method

Purpose

Application

Limitations

Hematoxylin & Eosin
(H&E)

General tissue
architecture and
morphology

Common in routine tissue
examination

Does not distinguish
specific immune cell

types

Immunohistochemistry
(IHC)

Detection of specific
antigens in tissue

Used for identifying immune
cell types (e.g., T cells, B
cells, macrophages)

Requires specific
antibodies for each
antigen

Immunofluorescence

(IF)

Detection of multiple
markers
simultaneously

Detects protein localization
and interactions

Requires special
equipment for
visualization
(fluorescence)

In Situ Hybridization
(ISH)

Detects RNA or DNA
within tissue samples

Used for detecting gene
expression or pathogens

Requires probe-specific
targeting

Electron Microscopy
(EM)

Ultrastructural details
at high resolution

Used for studying cellular and
subcellular details

Expensive, requires
special preparation
methods
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Cellular Composition

They possess a humongous number of specialized cells that develop into immunological tissues, which work
together in concord to boost immune coordination. Depending on the diverse routes along which they evolve
and function, such cells are generally either lymphoid or myeloid lineage. The unique composition of
immunological tissues, with balanced importance assigned to immune activation and resolution as well as
surveillance, is the one that keeps tissue homeostasis and defense unscathed. Adaptive immunity is largely based
on lymphocytes. Because of their ability to produce antibodies that defend and clear infection, humoral
immunity is credited to B lymphocytes or B cells. B lymphocytes mature and become established in the bone
marrow. There, they are subjected to somatic recombination to generate individual B cell receptors (BCRs)
capable of binding to a specific antigen (19). B cells differentiate into plasma cells that secrete antibodies or
memory B cells with long lives in secondary lymphoid organs such as lymph nodes to confer immunity in the
long term. Folicle dendritic cells (FDCs) aid maturing B cells of lymphoid germinal centers within follicles
during antigen presentation and affinity maturation to improve specificity of the antibodies. The thymus is
where the T lymphocytes, or the T cells that contribute to cellular immunity, mature. They are there positively
and negatively selected in an attempt to be functional competent and self-tolerant. There are three classes of T
cells: CD8+ cytotoxic T cells, CD4+ helper T cells, and regulatory T cells (Tregs). CD4+ cells help to organize
immune responses by helping B cells, triggering macrophages, and release of cytokines. However, during
apoptosis, during the production of granzymes and perforin, CD8+ lymphocytes mercilessly destroy defective or
damaged cells. FoxP3-positive regulatory T cells are also very essential in immunological tolerance as they
down-regulate over-activation and suppress autoimmunity. The remaining organs that possess spaces for T cells
but do not fall under the lymphoid organs category are the lymph nodes and spleen. Dendritic cells start the
adaptive immunity as they establish some contact with the T cells such that adaptive responses can begin (20).

Table 4: Types of T Cells and Their Functions (21).

T Cell Type Function Characteristics
CDB8+ Cytotoxic Destroy infected or cancerous cells by inducing Directly kill infected or malignant
T Cells apoptosis cells

Help organize immune responses by assisting B

CD4+ Helper T . . -
cells, triggering macrophages, and releasing

Cells

Key players in adaptive immunity
and immune coordination

cytokines
Regulatory T Maintain immunological tolerance and prevent Suppress immune overactivation to
Cells (Tregs) autoimmunity maintain balance

Natural killer (NK) cells, part of the innate lymphoid cell lineage, exert non-specific defense against virus-
infected and cancer cells. The NK cells are not previously primed with the antigen unlike T and B cells. NK
cells detect "missing self" signals and release cytotoxic granules to destroy the target cells when MHC class |
molecules are absent. There are a few NK cells, which are involved in the generation of the initial wave of
immunity and cytokine production, found in the spleen, liver, and mucosal tissues. Myeloid cells form the
backbone of innate immunity and a type of adaptive immunity. Heterogenous, phagocyte-derived monocyte
macrophages are found. They engulf pathogens, clear dead cells, and secrete inflammatory cytokines such as
tumor necrosis factor-alpha (TNF-0) and interleukin-6 (IL-6) (22). Tissue-resident macrophages, depending on
the tissue they reside in, acquire specialized roles—such as the brain's microglia, liver's Kupffer cells, and lung's
alveolar macrophages. Macrophages also play a role in antigen delivery to lymphoid tissues and debris
clearance from lymph node medullary sinuses. Dendritic cells (DC) are perhaps the most important antigen-
presenting cell (APC) bridging innate and adaptive immune system. DCs migrate to lymph nodes prior to
presenting peptide fragments to naive T cells in an attempt to induce adaptive responses as well as bait antigens
in peripheral organs. All DC subsets, including the classical DCs (cDCs), plasmacytoid DCs, and Langerhans
dendritic cells of the skin, have a specific role in antigen processing and cytokine production. Dendritic cells
that have roles in recognition and in the formation of immunological synapses with T cells can be readily
observed on standard histology sections of T cell areas of lymphoid tissues. The most prevalent leukocytes in
the blood are neutrophils, which are quick to respond to infection. The features blamed for distinguishing them
include multilobed nuclei and antimicrobial protein-containing granules such as myeloperoxidase, defensins,
and NETS, which are fibrous and capture and kill infection, argued Papayannopoulos. Neutrophils are capable of
invading tissue in acute inflammation and contributing to tissue remodeling and pathogen killing even though
the main role is patrolling the circulation. Even though they are less common in lymphoid tissues, they can be
mobilized to inflammation. Naturally and adaptively, immunity is strictly controlled in cellular makeup within
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immune organs. Every cell has a native function besides it, i.e., memory, pathogen recognition and Kkilling,
immunomodulation, etc. Such a molecular sophistication is facilitated because of spatial segregation of such
cells in the lymphoid tissue, i.e., T cells in paracortical regions, B cells in follicles, and macrophage and
dendritic cell type of cells in medullary and marginal regions to facilitate proper immune surveillance and
response. Pathogenesis of disease, physiology of immunity tissues, and regulation are founded on an
appreciation of this molecular sophistication (23).
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Figure 3: Immune Cell Types.

Tissue Architecture

The tissue structure is critical to organ and system function and the structural integrity helps to support some of
the cellular functions. In non-immune tissues such as epithelial, connective, muscle, and neurological tissues,
the cellular organization, the vascular networks, and the extracellular matrix (ECM) all help to make each tissue
functional to perform its own unique physiological function efficiently. To understand such organization is
essential to understanding how tissues heal from trauma, respond to stress, and become homeostatic. Where and
what epithelial tissue is, is what dictates the structural changes that occur. Tight, compact epithelial cells
construct water-proof sheets that block water loss as well as pathogen entry in cover barriers like skin or gut
lining. Stratified squamous epidermis that makes up the epidermis is composed of numerous layers of renewing
cells. The mitotic basal cells force old cells to the outer surface, where they are shed. The goblet cells scattered
between epithelial cells but secreting mucus to lubricate and protect the tissue, and simple columnar epithelium
of intestines increases surface area for absorption by microvilli (24).

Conclusion

Histological examination can yield details regarding cellular organization, structure, and functional arrangement
of immune tissue, essential for comprehending patterns of immune activity. With study of tissue organization,
cellular structure, and morphologic reaction to immunologic disease or challenge, researchers can establish the
mechanism of action of the immunologic tissues to infection, to maintenance in homeostasis, and reaction to
injury or to chronic inflammation. In order to further move ahead with single immunotherapies, optimize
therapy for immune system diseases, and create diagnostics is necessary.
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