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THYMUS

Primary Disciplinary Field(s): Anatomy, Immunology, Endocrinology

1. Core Definition and Location

The thymus is a specialized, primary lymphoid organ central to the vertebrate immune system,

serving as the essential site for T-cell maturation and differentiation. It functions as the crucial

developmental niche where immature T lymphocytes, originating from hematopoietic stem cells in

the bone marrow, undergo rigorous selection processes before entering systemic circulation.

These processes ensure that the resulting T-cells are both functional (able to recognize antigens

presented by the Major Histocompatibility Complex, or MHC) and self-tolerant (incapable of

mounting an autoimmune response against host tissues). Anatomically, it is a bilobed structure

positioned in the superior and anterior mediastinum, situated immediately posterior to the sternum

and anterior to the heart and great vessels, often extending superiorly into the lower neck region,

as noted in early descriptions.

Despite its critical role in establishing adaptive immunity early in life, the thymus is unique among

organs due to its dramatic and programmed involution. It achieves its maximum absolute weight

and functional capacity during infancy and early childhood, typically reaching its peak size around

the time of puberty (pubescence). Following this period, the organ begins a gradual process of

atrophy, where the functional thymic tissue is progressively replaced by adipose tissue. This

reduction in size and functional capacity is often referred to as thymic involution, though the organ

remains metabolically active and continues to produce T-cells throughout the adult lifespan, albeit

at significantly reduced rates compared to infancy.

Functionally, the thymus is fundamentally a sophisticated endocrine gland as well as a lymphoid

center. The epithelial cells within the thymic stroma secrete various hormones and cytokines, such

as thymosin, thymopoietin, and thymulin, which are instrumental in driving the differentiation and

maturation of T-cell precursors. The microenvironment created by these stromal cells and signaling

molecules dictates the highly regulated sequence of events necessary for proper T-cell education.

Without the presence of a functional thymus, individuals would suffer from severe

immunodeficiency due to the lack of mature, functioning T-cells, rendering them vulnerable to

opportunistic infections and potentially leading to conditions such as severe combined

immunodeficiency (SCID).

2. Anatomy and Histology

The gross anatomy of the thymus reveals a soft, lobulated, pinkish-gray organ consisting primarily

of two symmetrical lobes, which are often fused in the midline. These lobes are encapsulated by a

thin connective tissue capsule, from which septa (trabeculae) extend inward, dividing the organ
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into numerous smaller lobules. Each lobule possesses a distinct organizational structure that

facilitates T-cell development, maintaining a strict distinction between the outer cortex and the

inner medulla, which represent different stages of lymphocyte maturation.

The outer cortex is densely populated with immature T lymphocytes, known as thymocytes, which

are actively proliferating. This region also contains cortical epithelial cells (cTECs), which are

essential for the first stage of T-cell education: positive selection. Cortical epithelial cells express

both MHC Class I and MHC Class II molecules, presenting self-peptides to the developing

thymocytes. Only those thymocytes whose T-cell receptors (TCRs) can weakly bind to these self-

MHC complexes are selected to survive and proceed to the medulla; those that fail to bind undergo

apoptosis, ensuring MHC restriction. The high density of cells and ongoing selection processes

give the cortex a much darker staining appearance under a microscope compared to the medulla.

The inner medulla is less cellular than the cortex and is primarily characterized by the presence of

mature thymocytes, medullary epithelial cells (mTECs), dendritic cells, and macrophages. The

mTECs are responsible for the second crucial stage of T-cell education: negative selection. This

process involves mTECs expressing a wide array of tissue-specific self-antigens via the

transcription factor AIRE (Autoimmune Regulator). Any thymocyte whose TCR binds strongly to

these self-antigens is rapidly eliminated through apoptosis. This stringent negative selection

process is paramount for establishing central self-tolerance, preventing the mature T-cells that exit

the thymus from mistakenly attacking the host body's own tissues. A hallmark feature of the thymic

medulla is the presence of Hassall's corpuscles, concentric layers of keratinized epithelial cells

whose precise function remains debated but are thought to play a role in regulatory T-cell

development or cytokine production.

3. Immunological Function: T-Cell Development (Thymopoiesis)

The central function of the thymus is thymopoiesis, the generation of a repertoire of mature,

immunocompetent T lymphocytes (T-cells). This complex process begins when T-cell progenitors

migrate from the bone marrow to the thymus, entering the cortex. Upon arrival, these cells are

initially 'double negative' (DN), meaning they lack the expression of the CD4 and CD8 co-

receptors. They proliferate and begin the arduous process of rearranging the genes that encode

their T-cell receptor (TCR), a critical step for generating the enormous diversity needed to

recognize potential foreign invaders.

Successful TCR gene rearrangement leads the thymocytes to become 'double positive' (DP),

expressing both CD4 and CD8 co-receptors. It is at this DP stage that the selection processes--

positive and negative selection--take place. The environment of the cortical epithelial cells tests the

functionality of the newly formed TCRs. Positive selection ensures that the resulting T-cells are

MHC-restricted: DP cells that recognize self-MHC (either Class I or Class II) are saved, while those
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that do not are eliminated. This is a massive filtering step, with often more than 90% of developing

thymocytes failing positive selection and undergoing programmed cell death.

The surviving cells then migrate to the medulla, where negative selection occurs. This stage is

crucial for preventing autoimmunity. Thymocytes that strongly recognize self-antigens presented by

medullary epithelial cells or dendritic cells are eliminated. Failure to efficiently execute negative

selection can result in the escape of autoreactive T-cells, leading to autoimmune diseases.

Through this highly controlled process of positive and negative selection, the thymus guarantees

that the vast majority of T-cells released into the peripheral circulation are competent to recognize

non-self antigens (via MHC presentation) and harmless to self-tissues. After successful selection,

the cells become 'single positive' (either CD4+ helper cells or CD8+ cytotoxic cells) and exit the

thymus via efferent lymphatic vessels.

4. Hormonal Role and Involution Dynamics

The thymus acts as an endocrine organ by producing several peptide hormones collectively known

as thymic hormones, which play supportive roles in T-cell differentiation and peripheral T-cell

function. Key among these are thymosin alpha 1, thymopoietin, and thymulin. These hormones act

both locally within the thymic microenvironment to regulate proliferation and maturation, and

peripherally in the bloodstream, influencing the activities of mature T-cells and other immune cells.

The secretion of these factors underscores the intimate connection between the immune and

endocrine systems.

The most defining characteristic of the thymic lifespan is its inevitable, age-dependent atrophy,

known as involution. Involution begins shortly after puberty, a process linked primarily to

circulating levels of steroid hormones, particularly glucocorticoids and sex steroids. As these

hormone levels rise during adolescence, they trigger apoptosis in cortical thymocytes and initiate

the structural breakdown of the thymic lobules. The functional epithelial components shrink, and

the parenchyma is progressively replaced by adipose (fat) tissue, often leading to the adult thymus

being described as a fatty remnant. This process is highly evolutionarily conserved across

vertebrates.

While involution drastically reduces the output of new, naive T-cells, it does not stop thymopoiesis

entirely, meaning the adult thymus remains capable of generating a small number of new T-cells

throughout life. However, the capacity of the immune system to respond to entirely novel

pathogens gradually declines with age, a phenomenon attributed partly to this decrease in thymic

output and the associated restriction of the T-cell repertoire. Research is intensely focused on

understanding the molecular mechanisms underlying involution, particularly the role of the FOXN1

transcription factor, as a means to potentially reverse or mitigate thymic atrophy and enhance

geriatric immune function.
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5. Clinical Significance and Related Disorders

The integrity of the thymus is paramount for maintaining immune health, and defects in its

development or function are linked to several serious clinical conditions. One of the most severe is

DiGeorge syndrome, a congenital disorder often resulting from a deletion on chromosome

22q11.2. This deletion frequently leads to the partial or complete absence of the thymus (thymic

aplasia or hypoplasia). Patients with DiGeorge syndrome typically suffer from profound T-cell

immunodeficiency, alongside other clinical features such as hypoparathyroidism and congenital

heart defects, highlighting the concurrent embryological development of these structures.

Conversely, the thymus can also be the source of pathological conditions involving uncontrolled

growth or aberrant immune function. A thymoma is a tumor originating from the epithelial cells of

the thymus; while typically slow-growing and localized, these tumors are often associated with

systemic autoimmune disorders. The most common paraneoplastic syndrome associated with

thymoma is Myasthenia Gravis (MG), an autoimmune disorder characterized by muscle

weakness due to antibodies attacking acetylcholine receptors at the neuromuscular junction. It is

hypothesized that the thymoma environment may break self-tolerance, leading to the generation of

these autoantibodies.

The thymus also plays a crucial role in post-transplant immunity. Procedures such as allogeneic

hematopoietic stem cell transplantation (HSCT) rely on the host's thymus to regenerate a

functional T-cell repertoire from the donor progenitor cells. The speed and success of this T-cell

reconstitution are significant determinants of long-term immune competence following

transplantation. Poor thymic function, often due to damage from pre-conditioning chemotherapy or

radiation, leads to delayed immune reconstitution and increased risk of opportunistic infections and

relapse, motivating clinical efforts to enhance thymic regeneration in these patients.

6. Further Reading

Thymus - Wikipedia

Thymic Development and T-Cell Selection - NIH/NCBI

Thymic Involution - ScienceDirect

The AIRE transcription factor in central tolerance - Nature Reviews Immunology
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