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Abstract

THE THYMUS IS A PRIMARY LYMPHOID ORGAN ESSENTIAL FOR THE 

DEVELOPMENT OF T LYMPHOCYTES WHICH ORCHESTRATE ADAPTIVE IMMUNE 

RESPONSES. T CELL DEVELOPMENT IN THE THYMUS IS SPATIALLY REGUALTED; 

KEY CHECKPOINTS IN T CELL MATURATION AND SELECTION OCCUR IN CORTICAL 

AND MEDULLARY REGIONS TO ELIMINATE SELF-REACTIVE T CELLS, ESTABLISH 

CENTRAL TOLERANCE, AND EXPORT NAIVE T CELLS TO THE PERIPHERY WITH THE 

POTENTIAL TO RECOGNIZE DIVERSE PATHOGENS. THYMIC OUTPUT IS ALSO 

TEMPORALLY REGULATED DUE TO AGE-RELATED INVOLUTION OF THE THYMUS 

ACCOMPANIED BY LOSS OF EPITHELIAL CELLS. IN THIS REVIEW, WE DISCUSS THE 

STRUCTURAL AND AGE-RELATED CONTROL OF THYMUS FUNCTION IN HUMANS.
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Introduction

The thymus is an organ that is critically important to the immune system which serves as the 

body’s defense mechanism providing surveillance and protection against diverse pathogens, 

tumors, antigens and mediators of tissue damage. The immune system comprises a complex 

network of cellular and molecular components subdivided into thymus-independent (innate) 
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and thymus-dependent (adaptive) arms which function synergistically in all immune 

responses. Innate immunity constitutes the first line of defense and is mediated by innate 

immune cells such as tissue macrophages, dendritic cells (DC), and granulocytes which 

elicit their effector function within minutes to hours following antigen exposure. Innate cells 

become activated via germ-line encoded pattern recognition receptors (PRR), including toll-

like receptors (TLR) and NOD-like receptors (NLRP) which recognize invariant features of 

pathogens (pathogen-associate molecular patterns or PAMPS) and tissue damage (For a 

review, see 1). Once activated, innate cells such as macrophages and neutrophils can 

effectively clear antigens via phagocytosis. Other types of innate cells, such as DC take up 

and process antigens, resulting in expression of antigenic epitopes in conjunction with their 

major histocompatibility complex (MHC) or HLA molecules. These DC can then serve as 

antigen-presenting cells (APC) for the priming of the adaptive immune system. In this way, 

the early innate response is coupled to, and facilitates adaptive immunity.

The adaptive immune system consists of T and B lymphocytes which express specific 

antigen recognition receptors and develop highly specialized effector functions with the 

ability to form long-term immunological memory. Both B cells and T cells develop from 

bone marrow-derived progenitors; while mature B cells are exported to the periphery 

directly from the bone marrow, T cell development, maturation and export require critical 

differentiation steps to occur in the thymus. Thymus-dependent T cell differentiation 

processes include expression of an antigen-specific cell surface T cell receptor (TCR) 

through recombination of germline-encoded gene segments, and thymic “education” 

involving negative selection of potentially self-reactive T cells and positive selection of T 

cells with the capacity to recognize antigens encountered in the periphery. These important 

thymic processes ensure that T cells can recognize antigens in the context of self-MHC, but 

do not elicit self-reactivity.

One exported from the thymus, the resultant “naïve” T cells populate multiple secondary 

lymphoid organs including spleen and many lymph nodes. Naïve T cells become activated 

by antigens presented by DC in lymphoid sites, resulting in T cell proliferation and 

differentiation to effector cells which can migrate to diverse tissues sites of pathogen 

encounter. Different types of effector T cells mediate diverse functions including enhancing 

inflammatory responses, mediating direct cellular cytotoxicity against virally infected cells 

or tumor cells, or helping B cells differentiate to antibody-secreting cells, and class 

switching of different antibody isotypes. The majority of antibody responses to protein 

antigens, viral and bacterial pathogens require T cell help; however, there are two types of B 

cells responses that occur independent of T cells. Certain types of antigens such as repeating 

polysaccharides within bacterial cell walls can directly crosslink the BCR and activate B 

cells, and have been referred to “thymus-independent antigens”. In addition, “natural” 

antibodies that form part of the innate immune response, also can be generated in the 

absence of T cells 2. Aside from these exceptions, T cells are essential for most aspects of 

adaptive immunity, and because the innate immune response itself cannot effectively clear 

most pathogens, life without T cells is not sustainable.

The role of the thymus in the development and function of T cells a highly regulated process 

within the tissue; specific differentiation and events occur in cortical and medullary regions3, 
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and are regulated with age. The thymus structure comprises specialized stromal cells 

designated thymic epithelial cells (TECs) consisting of two major subsets: cortical and 

medullary thymic epithelial cells (cTEC and mTEC respectively), that govern both positive 

and negative selection of T cells; the localization and interaction of developing thymocytes 

with TEC subsets is critical for proper T cell export4. In addition, thymic output is also 

highly regulated by age and life stage; thymic-dependent production of T cells is critical 

during fetal development and early life, but is dispensable thereafter and wanes during early 

adulthood. Infants born lacking proper development of a thymus (due to DiGeorge syndrome 

or FoxN1 mutations) suffer from life threatening infections resulting in early mortality 

during the first year of life, due to reduced numbers and impaired function of peripheral T 

cells 5-7. Thymus transplantation during early life can establish normal T cell numbers and 

function and enable these individuals to survive and thrive5,6,8. By contrast, thymectomy 

during infancy and early childhood typically is performed during cardiac surgery for repair 

of congenital abnormalities, does not compromise peripheral T cell functions and immune 

responses9,10, as infants are born with a full T cell complement in the periphery. In addition, 

there are multiple peripheral mechanisms for maintaining T cell numbers which have been 

partly elucidated in mice and are just beginning to be understood in humans.

In this review, we will discuss how the complex structure of thymus provides a unique 

microenvironment to orchestrate the differentiation of thymocytes and TEC, and educates T 

cells to recognize self from non-self. We will review how T cell development occurs in the 

thymus and the developmental checkpoints that thymocytes progress through to become 

mature T cells exported to the periphery. We will also discuss age-related regulation of 

thymic function based on results from mouse and human studies, and implications for 

immunosenescence and regulation.

Thymic structure and development

The development of thymic epithelial cells (TEC) are critical for thymic organogenesis 

which occurs during fetal development. Studies using mouse embryos have elucidated 

several factors intrinsic to TECs that play crucial roles in the development of thymic 

structure both pre-natally and post-natally3,11. The transcription factor FoxN1 is critical for 

all TEC development and maintenance (fetal and postnatal); loss of FoxN1 lead to loss of 

thymic structure and autoimmune disease in both humans and mice12-17 FoxN1 is highly 

expressed by embryonic thymic epithelial cells and at least 50% of postnatal TECs retain 

FoxN1 expression, highlighting its importance18. The regulation of FoxN1 expression in 

TEC is not fully understood although signaling pathways such as the bone morphogenetic 

protein (BMP) and wingless/integrated (wnt) factors have been described 19,20. Considerably 

less is known about the regulation of FoxN1 in humans, and its role in maintaining thymus 

integrity.

The proper development of thymus tissue requires the generation of structurally and 

functionally distinct cortical and medullary regions via development of cTECs and mTECs, 

respectively. Early fetal TECs are bipotent, giving rise to both cortical and medullary 

epithelial cells (cTEC and mTECs, respectively)12,21,22. After homing to the thymic 

structure, the differentiation of cTECs and mTECs is perpetuated by additional mechanisms 
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unique to each cortical or medullary epithelial cell lineage. The cTEC and mTEC lineages 

exhibit distinct expression of specific markers; cTECs can be identified by surface 

expression of Cytokeratin 8, Ly51 and CD205 while mTECs express cytokeratin 5, CD80 

and UEA123. Although these markers identify the specific TEC lineage, expression of these 

factors varies within each subset, which may reflect maturation stages3,24. Recent studies on 

transcriptome profiling of murine TECs on the single cell level revealed that cellular 

heterogeneity of TECs may be reflection of the developmental stage of TECs 25.

Another key transcription factor important in TEC function, designated autoimmune 

regulator (AIRE) protein is specifically expressed by mTECs and functions to induce 

promiscuous expression of tissue-restricted antigens (TRA) such as insulin (pancreas-

specific) and kidney-specific proteins 26-3026,27,31. The presentation of TRA by mTECS is 

one of the key mechanisms that leads to deletion of self-or auto-reactive T cells in the 

thymus establish central tolerance. AIRE deficiency leads to robust autoimmunity in both 

humans and mice 32,33. In humans, AIRE dysfunction leads to a rare disorder called 

autoimmune poly endocrinopathy-candidiasis-ectodermal dystrophy (APECED)26, 

characterized by multi-endocrine autoimmune disease, chronic mucocutanous candidiasis 

and dystrophy of dental enamel and nails 34. More than 40 mutations in the AIRE gene that 

leads to dysfunctional protein have been identified to cause this autosomal recessive 

inherited disease34. Together, the TEC-specific factors are not only crucial for thymic 

structural integrity, but also play key roles in the promoting the development and selection of 

thymocytes as described below.

T cell development in the thymus

The earliest stage for T cell development originates in the bone marrow (BM) as 

hematopoietic stem cells (HSC) which are self-renewing and can differentiate into both 

myeloid and lymphoid progenitors; the latter give rise to both T and B-lymphocytes. 

Lymphoid progenitors circulate out of the bone marrow and those expressing platelet (P)-

selected glycoprotein ligand 1(PSGL1) will enter the thymus via their interaction with P-

selectin on thymic endothelial cells. Additional thymus homing signals are received via 

chemokines binding to CCR7 and CCR9 on the progenitor cells 35-37. This thymus homing 

step is the earliest step in the development of functional T cells that is described below and 

diagrammed in Figure 1.

The migration of thymocytes within the thymic microenvironment directs their proper 

development 38,39. Thymocytes are guided by various chemokines secreted by stromal cells 

including cTECS and mTECs that govern their movement from medullary to the cortical 

region and back to medullary region within the thymus before egress to the periphery 

(Figure 1). Beginning in the cortical-medullary junction, BM derived lymphoid progenitors 

first commit to the T cell lineage by receiving notch ligands (DLL4) and IL-7 provided by 

cTECs to become early thymic precursors (ETP)40,41, also designated as “double negative” 

thymocytes for their lack of expression of CD4 and CD8 co-receptors which are markers of 

mature T cells. DN1/ETPs proceed on to migrate toward the subcapsular cortical region, 

triggering their development into DN2 and DN3 stages where they begin to rearrange the 

TRB locus 42,43, and express CD25/CD44 (Figure 1). Maturation to the DN3 stage involves 
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a β–selection checkpoint where thymocytes progress onto the next developmental stage only 

when they are successful in generating an in frame TCRβ chain rearrangement. The 

rearranged TCRβ chain is paired with a pre-TCRα chain and tested for its ability to form a 

cell surface pre-TCR complex 44. Successful expression of the pre-TCR complex initiates 

the proliferation and differentiation from DN3 to DN4 and to “Double positive” 

(CD4+CD8+) thymocytes characterized by co-expression of both co-receptors45,46. These 

DP cells form the majority of thymocytes in the thymus during early life47.

Formation of DP thymocytes is a key step in T cell development, as it is this stage which 

undergoes final maturation and selection for potential export to the periphery. The mature 

TCR complex is formed during this DP stage following TRA rearrangement, expression of a 

functional TCRa chain and association with the TCRβ chain and CD3 signaling molecules. 

DP thymocytes expressing mature TCR subsequently undergo positive selection for 

recognition of peptides in the context of self major histocompatibility complex (MHC). 

Through this process, low avidity recognition of self peptide: self MHC on cTECs by the 

TCR complex leads to a positive signal for survival (such as Bcl-2) while no recognition 

leads to death by neglect 48. The recognition of self peptide: self MHC is also in part 

governed by the co-receptors CD4 and CD8 promoting lineage choice to be “single positive” 

(SP) cells expressing either the CD4 or CD8 coreceptor49 (Figure 1). These newly generated 

SP T cells are still not ready for export, as they require another selection event to screen for 

self-reactive T cells.

Following positive selection, SP T cells increase their expression of CCR7 and migrate to 

the medullary region via CCL19 and CCL21 produced by mTECs42,43. In the medulla, SP 

CD4+ and SP CD8+ T cells undergo a process called negative selection, whereby self-

reactive T cells are deleted, establishing central tolerance. During negative selection SP T 

cells are presented TRAs by mTECs and tested for their affinity towards self-antigen 29. 

Strong recognition of self-peptide will lead to apoptosis mediated by Bim pro-apoptotic 

molecule and deletion of self-reactive T cells before they can migrate to the periphery and 

potentially trigger autoimmunity50,51. Together, these studies show that the thymic structure 

is highly organized with distinct cortical and medullary compartments to facilitate the proper 

development and selection of T cells with the ability to protect, but not generate self-

reactivity.

The thymic selection events described above are quite stringent; the majority (>95%) of 

developing T cells “fail” positive or negative selection and die or fail to be exported. 

However, a full complement of naïve CD4+ and CD8+ T cells emerge following this 

rigorous selection, which collectively express a diverse array of TCR with the potential to 

recognize millions of different antigenic epitopes. Naïve CD4+ T cells recognizing epitopes 

presented by MHC class II molecules can be activated and differentiate to T-helper effector 

cells for coordinating all aspects of cellular immunity to diverse pathogens; naïve CD8+T 

cells recognizing epitopes presented by MHC Class I molecules differentiate into cytotoxic 

T cells important for anti-viral and anti-tumor immunity. A third type of T cell lineage, 

designated regulatory T cells (Tregs) also develops in the thymus as a result of the same 

selection events. Tregs are distinguished by their expression of the Foxp3 transcription factor 

and are required in the periphery for proper immunoregulation and prevention of 
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autoimmunity52. Interestingly, Tregs experience stronger positive selection signals and are 

more self-reactive than other conventional T cells 53, and therefore result from a third 

decision point in the selection process. Tregs also express diverse TCR, but are distinct from 

the TCR expressed by conventional naïve CD4+T cell counterparts54.

In addition to mature T cells with diverse TCR, a type of “innate”-like T cell called Natural 

killer T (NKT) cells also develop in the thymus. NKT cells are designated as innate T cells 

because they respond rapidly (minutes to hours) following stimulation and exhibit a limited 

TCR repertoire (and therefore limited specificity) with the majority of NKT cells expressing 

a common alpha chain, Vα24 in human and Vα14 in mice paired with Jα18 55. NKT cells 

also undergo positive selection at the DP thymocytes stage in the thymus but are selected by 

other DP thymocytes presenting endogenous glycolipids on CD1d molecules. NKT cells 

experience stronger TCR signal during positive selection and express PLZF, a transcriptional 

factor that commits NKT cells to their lineage 53,56. Although NKT cells share a common 

progenitor stage (DP) as conventional T cells, they have distinct transcriptional programs 

that direct their commitment to NKT cells upon positive selection 57,58. Several transcription 

factors have been identified that regulates the positive selection of NKT cells but not 

conventional T cells at the DP thymocyte stage57. NKT cells have diverse effector functions 

with cytotoxic capacity and both pro and anti-inflammatory cytokine production, and are 

potential targets for immunotherapies in cancer and autoimmunity 59. The thymus therefore 

serves a key role in promoting and directing the development and selection of multiple types 

of T lymphocytes with specific functional roles in immune responses.

Thymic involution and aging

Much of our knowledge about thymus integrity and thymopoesis derives from studies in 

mice, which have been essential in revealing the molecular mechanisms underlying these 

processes. Human studies have provided new insights into the key differences between mice 

and human in this regard. Mice are born lymphopenic and have a small thymus that grows in 

size before it involutes with age. Unlike mice, humans are born with a full complement of T 

cells in circulation and lymphoid tissues and the human thymus is largest at birth and is most 

active up until puberty. After puberty, the thymus starts to involute with age and turns into 

fatty tissue60. The timing requirement for thymic output in immunoregulation also differs in 

mice and humans. Neonatal thymectomy in mice can give rise to lethal autoimmunity 

marked by multi-organ infiltrates which has been shown to occur due to a lack of Treg 

maturation61,62. By contrast, neonatal thymectomy in humans that has been performed 

during infant cardiac surgery, is not associated with autoimmunity later in life and 

individuals develop and maintain normal frequencies of Tregs in peripheral blood63,64. 

Similarly, individuals who experienced neonatal thymectomy (and are now in their third to 

fourth decade of life) do not exhibit increased susceptibility to infections during the critical 

window of childhood65. Together, these results indicate that the certain key events in 

thymus-dependent T cell development and the contribution of thymic output to establishing 

T cell homeostasis is largely set pre-natally and during the early post-natal period in 

humans.

THAPA and FARBER Page 6

Thorac Surg Clin. Author manuscript; available in PMC 2020 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Despite the lack of overt immune dysregulation within individuals thymectomized in early 

life, there are several caveats that should be taken into consideration in evaluating these data. 

First, mediastinal extraction of the thymus during cardiac surgery may not remove all 

thymus tissue, as thymic remnants may extend into cervical regions 66,67, and could mediate 

partial thymic function. In addition, the peripheral T cell compartment, including T cell 

numbers early after thymectomy and the proportion of naïve and memory T cells, is altered 

in thymectomized individuals compared to individuals with an intact thymus. There is an 

early reduction in T cell numbers after thymectomy and several studies have reported an 

accelerated accumulation of memory T cells in thymectomized compared to control 

individuals10,68-70, indicating that thymic output later in life is important for replenishing 

naïve T cells and maintaining the ability to respond to new pathogens. Notably, 

thymectomized populations are living in the modern era, with advanced hygiene and low 

pathogen load, and also have generally received childhood vaccinations. Therefore, the lack 

of naïve T cells later in life may not have the same consequences in an environment of high 

pathogen load.

During normal human aging, the thymus continues its active process of thymopoiesis into 

the fourth decade of life manifested by the presence of active thymic tissue with DP 

thymocytes, which are greatly reduced after 40yrs of age71. Thymic output can also be 

measured by assessing the presence of T cell receptor excision circles (TRECs) in naïve T 

cells marking recent thymic emigrants (RTEs) in both mice and human72. These studies 

show that with age, the presence of TRECs also decline, with a precipitous decrease after 

age 40, indicating lower thymic output in humans 73,74 In contrast, mice at 2 years of age is 

fully capable of generating recent thymic emigrants, indicating that mice thymic output is 

independent of age related thymic size75. Direct comparison studies showed that in humans 

the naïve T cell compartment is largely maintained by homeostatic turnover in the periphery 

and not by thymic output while thymic output maintains T cells numbers throughout the 

much shorter mouse lifetime72. These peripheral mechanisms involve the action of 

homeostatic and T cell survival cytokines such as IL-7 and IL-15 and contact of T cells with 

cognate or non-cognate stimuli, as defined in mouse models. In humans, the molecular 

mechanisms underlying peripheral T cell turnover have not been elucidated; however, recent 

evidence suggests that lymph nodes may create a tissue reservoir for long-term maintenance 

of naïve and resting T cells76,77.

The thymus atrophies with age in both mice and humans; however, mechanisms driving 

thymic involution are still not fully understood 78,79. In mouse models and humans, the loss 

of TECs appears to be primarily associated with thymic atrophy and reductions in 

thymopoiesis, with several factors playing important roles in this process. The expression of 

the key TEC transcription factor, FoxN1 decreases with age causing rapid degradation of 

TECs, while forced expressed of FoxN1 reversed thymic degradation 13,17. Moreover, 

expression of thymopoeisis-promoting factors such as IL-7 and MHC-II is also reduced in 

TECs with age 80-82. Loss of either factors will inhibit the ability of TECs to interact and 

provide growth factors to developing thymocytes, thereby inhibiting thymopoiesis. With 

increasing age, TECs do not readily regenerate leading to hypostromal structure, enabling fat 

cells to accumulate and fill the thymic space in humans 83,84. Cell ablation studies in mouse 

models suggest that cTEC may exhibit regeneration capacities during aging 85, suggesting 
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that therapeutic targeting of this subset could be a promising area for boosting thymic 

activity.

Sex hormones may also play an important role in thymic regeneration. Thymic involution 

occurs at a faster rate in males than females suggesting a role for androgens in thymic 

atrophy 86,87. Consistent with this idea, gonadal steroid hormones have shown to negatively 

impact TEC survival, and conversely, sex steroid ablation therapy (SSA) leads to an increase 

in thymus size and thymocyte development 86,88,89. Together, the reduction in epithelial cell 

turnover and expression of key TEC-associated transcription factors coupled with age- and 

sex-related effects on thymic structural integrity and increased fat accumulation result in 

reduced homing of bone marrow progenitors and induction of thymopoiesis.

Concluding remarks

The thymus provides a specialized microenvironment for the development of highly diverse 

and functional T cells that are also tolerant to self. Thymopoiesis is spatially regulated 

within the thymus with distinct checkpoints occurring as thymocytes progress through their 

developmental stages from the cortical-medullary region to the cortex where cTECs mediate 

positive selection. Upon positive selection, SP thymocytes migrate to the medulla where 

mTECs govern negative selection to delete autoreactive T cells, establish central tolerance. 

Thymopoiesis results in a full complement of peripheral naïve T cells with diverse 

recognition capacity against diverse pathogens and subsets of regulatory T cells to inhibit 

overactive immune responses and autoimmunity. This highly regulated process is quite 

active at birth in humans; however, thymic involution associated with reduced TEC content 

and integrity begins during early childhood and continues through adulthood, resulting in a 

loss of thymic structural integrity and cessation of thymopoiesis that occurs well before the 

natural end of the human lifespan. Remarkably, much of the functional and regulatory 

aspects of thymus-dependent T cell responses occur early in life and may be largely 

dispensable thereafter; multiple peripheral mechanisms for homeostasis maintain T cell 

numbers and proper immunoregulation. Targeting thymic regeneration and modulation of 

thymic output can nevertheless be therapeutic for boosting production of new naïve T cells 

in vaccines and promoting human T cell reconstitution after treatments that severely depletes 

T cells, such as in bone marrow transplantation, chemotherapy and following severe viral 

infections. A greater understanding of these processes in human thymic tissue will be 

important for translating findings from mice to humans and revealing mechanisms 

underlying the complexity of the human thymus.
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KEY POINTS:

• THE THYMUS IS A SPECIALIZED ORGAN THAT DIRECTS THE 

DEVELOPMENT AND SELECTION OF T CELLS WHICH DIRECT 

ADAPTIVE IMMUNITY.

• THYMIC FUNCTION IS SPATIALLY AND TEMPORALLY REGULATED 

AND WANES WITH AGE

• THYMIC OUTPUT IS ESSENTIAL DURING EARLY LIFE TO 

ESTABLISH IMMUNE COMPETENCE AND HOMEOSTASIS BUT IS 

DISPENSABLE THEREAFTER
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Figure 1: The development of T cells in the thymus.
Bone marrow (BM)-derived lymphoid progenitor cells enter the thymus to begin 

commitment to the T cell lineage, becoming double negative ‘DN’ thymocytes (tan-orange) 

based on the lack of expression of CD4 and CD8 co-receptors. DN thymocytes progress 

through sequential DN1-4 stages, as defined by the coordinate expression of CD44 and 

CD25 on the cell surface. The T cell receptor (TCR) β-chain is expressed at DN3, triggering 

progression and maturation to double positive ‘DP’ thymocytes (pink) expressing both CD4 

and CD8 co-receptors. Positive selection delineates selection of thymocytes into the CD4, T-

helper, or CD8, cytotoxic T cell lineage to become single positive ‘SP’ CD4 or CD8 T cells 

(maroon). After positive selection, SP CD4+ or CD8+ T cells migrate to the medulla to go 

through negative selection mediated by mTECs, where autoreactive SP T cells are deleted by 

apoptosis while SP T cells that pass negative selection are exported to the periphery. This 

process of thymopoiesis results in population of peripheral blood and lymphoid sites with 

naive CD4+ and CD8+T cells and CD4+ regulatory T cells (Tregs).
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