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The thymus is a vital organ of the immune system that plays an essential role in thymocyte development and maturation. Thymic atrophy occurs with age (physiological thymic atrophy) or as a result of viral, bacterial, parasitic or fungal infection (pathological thymic atrophy). Thymic atrophy directly results in loss of thymocytes and/or destruction of the thymic architecture, and indirectly leads to a decrease in naïve T cells and limited T cell receptor diversity. Thus, it is important to recognize the causes and mechanisms that induce thymic atrophy. In this review, we highlight current progress in infection-associated pathogenic thymic atrophy and discuss its possible mechanisms. In addition, we discuss whether extracellular vesicles/exosomes could be potential carriers of pathogenic substances to the thymus, and potential drugs for the treatment of thymic atrophy. Having acknowledged that most current research is limited to serological aspects, we look forward to the possibility of extending future work regarding the impact of neural modulation on thymic atrophy.
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Introduction

Senility postponement is a topic of perennial importance for scientists. Aging inevitably leads to tissue damage and organ dysfunction, and individuals also become more sensitive to infections, tumors and other diseases as they age. Scientists have been studying mechanisms of human aging and searching for methods to postpone senility for many years, and several strong theories have been put forward, including the telomeric theory of aging and the free radical theory. Aging also impacts the immune system and thymic atrophy is the most obvious phenomenon of immune system degeneration.

The thymus is the main lymphoid organ of the human body. It is located anterior to the aortic arch and left brachiocephalic vein. It serves as the site for T cell maturation. The thymus parenchyma is surrounded by the thymic capsule, which extends into the parenchyma to form the lobular septum and separates the parenchyma into lobules. The thymus parenchyma consists of cortex and medulla, which are separated by the cortico-medullary junction (CMJ) (1). The cortex is constructed from thymic epithelial cells (TEC) as its framework and thymocytes filling in the interspace. The medulla is made of thymic epithelial cells, single positive (SP) thymocytes and macrophages. When common lymphoid progenitors originating from bone marrow migrate into the thymic cortex through vessels, they complete the expression of rearranged T cell receptors (TCR) in the outer cortex and change their phenotype from double negative (DN) thymocytes to double positive (DP) thymocytes; that is, from CD4-CD8- to CD4+CD8+ thymocytes. Positive selection and negative selection are two crucial processes for the continued development of DP thymocytes. Positive selection will clear DP thymocytes that cannot bind to MHC peptide, while negative selection will induce apoptosis in thymocytes that express self-reactive TCRs (2). After fulfilling the process of positive selection in the inner cortex and negative selection at the medulla, DP thymocytes become single positive thymocytes with self-tolerance; that is, CD4+CD8- or CD4-CD8+ thymocytes. SP thymocytes are then transported out of the thymus to T cell zones of the peripheral lymphoid tissues. In summary, the thymus performs these primary functions, which are essential for peripheral T cell renewal (1).

Thymic atrophy, also known as thymic involution, is inevitable upon aging, and is thus called age-associated thymic atrophy (3). In addition to human beings, thymic atrophy serves as an important characteristic aging hallmark for all species that possess a thymus. Nutrition is also involved: scientific findings indicate that zinc deficiency (4) and malnutrition (5) can cause thymic atrophy. Infection is also a vital factor. The thymus was previously thought to be an immune-privileged organ, but now it has been found that anti-pathogen responses can also be seen within thymus, causing thymic atrophy (6). Thus, infectious disease, as well as aging and nutrition, plays an important role in thymic atrophy. It is suggested that immune insufficiency is the end result of thymic atrophy (7). Thymic atrophy will lead to attenuation of immune reactions to pathogens and vaccines (3). The incident rate of tumors is positively correlated with age because of dysfunction of the monitoring of the immune system (8, 9). Typically, immunosurveillance should protect intact tissue against mutated cells that are recognized as foreign bodies (10). Besides the effects of aging, there are autoimmune diseases associated with thymic atrophy (11). Increased likelihood of pathogen-related mortality and death from opportunistic infection is also observed in patients with immune insufficiency (12). The thymus plays a crucial role in protection against COVID-19 in children (13, 14), whose thymus glands are more functional and active. Virus-specific plasma cells are accumulated in the perivascular space of the thymus (PST), located between thymic epithelial cells and blood circulation. According to the speculation of the researchers of this study (13), plasma cells, also named effector B cells, secrete IgG1 and IgG3 that are main protectors against viral infection. This may be one of the reasons that children are less susceptible to COVID-19. It is worth mentioning that there was no association between T cell development and susceptibility to COVID-19 observed in this study.

Age-associated thymic atrophy leads to decreased naive T lymphocytes, which is then followed by a series of immune sequelae mentioned above (10). This series of age-related changes that affect the immune system are defined as immunosenescence (15), whose main features are defective immune responses, increased systemic inflammation (16) and increased susceptibility to cancer (17). Age-associated thymic atrophy is characterized as expansion of the perivascular space, e.g. adipocytes and stroma. Meanwhile, the epithelial space of the thymus for thymopoiesis shrinks to less than 10% of thymic parenchyma by the age of 70 (10). Similarly, in infectious diseases, acute and chronic infection provokes alterations in inflammation and suppressive pathways that affect the function and integrity of many tissues. Depletion of thymocytes, particularly the cortical lymphocytes bearing the phenotype of double positive, is commonly observed (18). Different mechanisms have been proposed to explain age-associated thymic atrophy, including aging of the lymphocyte progenitor, defects in expression of the TCR gene and change in thymic microenvironment (10, 19, 20). However, few scientific studies have focused on the mechanism of infection related to thymic atrophy.

Here, we review the mechanism and process of thymic atrophy driven by different pathogens, including viruses, bacteria, parasites and fungi, that have been reported in recent years, with a view to elucidating research on infection-related thymic atrophy. Tables 1–4 provide a summary of this work.


Table 1 | Alterations and characteristics of virus-induced thymic atrophy.




Table 2 | Alterations and characteristics of bacteria-induced thymic atrophy.




Table 3 | Alterations and characteristics of parasite-induced thymic atrophy.




Table 4 | Alterations and characteristics of fungus-induced thymic atrophy.





Viruses

Viruses can induce thymic atrophy through different mechanisms. In general, direct and indirect cell death induced by infection are two common means of thymic atrophy. The indirect cell death pathway includes cytokine alteration and glucocorticoid release. Here we present some typical examples, with further examples summarized in Table 1.


Porcine Reproductive and Respiratory Syndrome Virus (PRRSV)

Porcine reproductive and respiratory syndrome (PRRS) is characterized as reproductive failure and respiratory disorder in sows, as well as immune senescence (108). Porcine reproductive and respiratory syndrome virus (PRRSV) is the pathogen of PRRS, which can be divided into two types: PRRSV-1 (formerly European type) and PRRSV-2 (formerly North American type) (21). PRRSV-1 has been further divided into four different subtypes according to sequence analysis (109) based on highly diverse ORF5 and ORF7 genetic sequences of PRRSV-1.

Highly pathogenic (HP) PRRSV strains have been identified in both PRRSV-1 and PRRSV-2 so far (110). Piglets infected in utero with the SD 23983 PRRSV strain demonstrated severe thymic atrophy, which leads to immunosuppression (111). HP-PRRSV (HuN4 strain) has a much stronger tropism in the thymus than low pathogenic PRRSV (112). Researchers have demonstrated that HP-PRRSV (HuN4 strain) can lead to thymic atrophy, and can cause a significant loss of DP thymocytes when compared to low pathogenic PRRSV (CH-1a strain) (22). HP-PRRSV attenuated strain shows a reduced ability to induce thymocyte atrophy (113), indicating that pathogenicity is positively correlated with the degree of thymic atrophy. Similarly, as for low virulent PR11 and high virulent PR40 PRRSV1 subtype 1 strains, thymic atrophy is more intense in the PR40 group (114). However, CD3+ T cells, the main apoptotic component, are not infected with HP-PRRSV, and viral nucleotides are only found in CD14+ monocyte/macrophages (108), the main replicating sites of PRRSV in the thymus (21). This analysis suggests an indirect route to apoptosis induction, which may be correlated with cytokine release (108). Similar results in PRRSV-1 support the hypothesis above, especially in PRRSV-1 SUI-bel strain. Apoptosis of CD3+ thymocytes in the cortex was noted and the number of TNF-α and IL-10 immuno-stained cells showed an increase in the infected group (21). There was also an increase in the number of macrophages in both the cortex and the medulla of the thymus (21). Cytokines released by macrophages may play an important role in thymocyte apoptosis.

Further research suggests that both apoptosis and autophagy occur in the thymus of piglets infected with HP-PRRSV (23). The main autophagic components are thymic epithelial cells, along with CD14+ cells (23). HP-PRRSV only induces apoptosis in bystander cells (uninfected cells), while autophagy occurs in both infected and bystander cells (23).

A recent hypothesis suggests that thymic antigen presenting cells (TAPCs) infected by PRRSV interact with DP thymocytes, which results in an acute deletion of DP thymocytes and a poor ability to recognize PRRSV and other pathogens (115).



Influenza A Virus

Influenza A virus (IAV) is one of the most common and important viruses that induces recurrent epidemics and causes high morbidity and mortality in the population. IAV infection can also induce thymic atrophy. Research involving mouse-adapted influenza A demonstrated that NK-cells affect thymic atrophy via IFN-γ production (28). The expression of proinflammatory cytokines is elevated in influenza A (H1N1) pdm09-infected thymus tissue (30), the most significant of which is IFN-γ secreted by activated thymic innate CD8+CD44hi SP thymocytes (30). IAV can be presented by thymic DCs (30), resulting in rapid secretion of large amounts of cytokine by CD122+CD44hiEomes+ innate T cells (31). This mechanism may also participate in IAV-induced thymic atrophy.

Avian IAV can lead to thymic atrophy and severe diarrhea in chicks, but thymic atrophy in such cases is thought to be the result of a digestive disorder (29).



Immunodeficiency Virus

Immunodeficiency virus is a retrovirus that affects a variety of animals in addition to humans (47). In human acquired immunodeficiency syndrome (AIDS), severe thymocyte depletion restricts T cell production in the thymus, which is the main pathogenesis of human immunodeficiency virus (HIV). Mice transgenic for HIV-1 Tat protein show an acute thymic atrophy, which is characterized by depletion of cortex and loss of the cortico-medullary border. DP thymocytes and SP thymocytes are significantly reduced as a result of the blocked maturation process from 4th stage DN to DP (39).

In other animal models, Simian immunodeficiency virus (SIV)-induced thymic atrophy is characterized by severe depletion of cortical epithelial cells and interdigitating dendrite cells (36). SIV-induced thymic atrophy exhibits shrinkage of the thymic capsule, as opposed to age-related thymic atrophy that is characterized by an unaltered thymus capsule filled with adipose tissue (36). The Vpu protein of HIV-1 enhances the release of virion from infected cells. However, the Simian–Human Immunodeficiency Virus with the deletion of Vpu sequence (novpuSHIVKU-1bMC33) can still result in severe thymic atrophy in macaques (38). In macaques infected with novpuSHIVKU-1bMC33, depletion of thymocytes and destruction of thymic lobes was observed. Lobes were replaced by connective tissue (38), and further research is needed to fully understand the mechanism. HIV can be vertically transmitted to the subsequent generation through the parental pathway. In cats infected with feline immunodeficiency virus and serving as animal models for lentiviral immunodeficiency disease (41), fetal cats show acute thymic atrophy at birth with peak viremia while neonatal cats develop chronic thymic atrophy with low-level productive infection and viremia (42). Interestingly, thymic atrophy in fetal cats is rapid and transient, rebounding 46 days after infection (42). In humans, a reduction in thymus size has been observed in children who have been exposed to HIV but do not have qualitative immunodeficiency (116). Recent findings have showed that treatment of HIV-1 infected adults with growth hormone might reverse thymic atrophy (40).



Other Viruses

Many other domestic viruses are also reported to cause thymic atrophy. The thymus is one of the target organs of viruses. Apoptosis is induced by infection, and alteration in the thymic microenvironment also contributes to thymic atrophy.

Marek’s disease is a lymphoproliferative disease of chickens, whose pathogen is Marek’s disease alpha herpes virus (MDV) (117). Thymic cells infected with replicating MDV subsequently show significant apoptosis. MDV infection also promotes cell death of uninfected cells in the thymus. However, in cases of MDV infection, the number of T-cells in the blood is not significantly decreased, on the contrary, the lymphocytosis of CD4+ and CD8+ T cells occurs (56). At present, thymic atrophy is a key indicator to evaluate a new Marek’s disease vaccine (117–119).

Chicken anemia virus (CAV) can cause anemia in chickens, and thymic atrophy occurs in the CAV infected chicks (120). Depletion of lymphocytes in the thymus cortex is observed, which is characterized by a loss of CD4+CD8+ DP thymocytes (48). CAV antigens, VP1 and VP3, are detected positively in thymic cortex, the main target of CAV (49). In cases of CAV infection, caspase 3 is detected mainly in cells that are compatible morphologically with thymic lymphoblasts (49) indicating that thymic apoptosis mainly occurs in lymphoblasts.

In mouse hepatitis virus (MHV) infection, the MHV receptor (MHVR) glycoprotein is detected on thymic epithelial cells but not on T lymphocytes. Infection of thymic epithelial cells leads to release of cytokines, which results in alteration of the microenvironment and apoptosis of immature CD4+CD8+ DP lymphocytes (51).

In one study, calves were pre-infected with Bovine viral diarrhea virus (BVDV) and secondly infected with bovine herpesvirus 1 (BHV-1). BVDV pre-infected calves showed reduction in cortex: medulla ratio, with severe cortical thymic atrophy, increased type I collagen deposition and increased vascularization (26). The cellular receptor for BVDV, bovine CD46, can be purified from the thymus (27), which suggests that thymic cells may be directly infected by BVDV through the CD46 pathway.

Other mechanisms are also implicated in virus related thymic atrophy. Infection with Vaccinia virus (VV) induces severe thymic atrophy characterized by reduction of CD4+CD8+ DP thymocytes in the thymus (43), and gene A44L of VV is reported to be responsible for encoding 3β-hydroxysteroid dehydrogenase which can synthesize steroid hormones. Thus, VV may affect thymic atrophy by regulating the production of steroid hormones itself (44). Lymphocytic choriomeningitis virus (LCMV) is reported to induce thymic atrophy via type I interferon and signal transducer and activator of transcription 2 (Stat2) (34). Induction of TNF together with high concentration of IL-12 seems to explain the immunotoxicities induced by LCMV infection (35). What’s more, during LCMV infection, self-reactive T cells are able to leave the thymus and enter the peripheral circulation due to impaired negative selection (34). Classical swine fever virus (CSFV) in pigs (52), Muscovy duck parvovirus (MDPV) in ducks (53) and Newcastle disease virus (NDV) in cockerels (54) are all reported as causing thymic atrophy. However, the exact mechanism in each of these cases is still being studied.

In brief, PRRSV is a well-studied virus in the field of virus-related thymic atrophy. Its pathogenesis involves replication of virus in the thymus and changes in the thymus microenvironment and cytokines, which induces apoptosis or autophagy. While the mechanisms of thymic atrophy induced by other viruses have not yet been fully studied, some studies only confirmed that certain viruses may cause thymic atrophy, while others focused on the pathological changes of the thymus after infection. Additionally, some studies focused on changes in thymocyte subpopulations while others focused on changes in the thymus microenvironment. Thus, more comprehensive studies are needed to reveal the mechanisms by which other viruses induce thymic atrophy. Table 1 shows the specific characteristics of thymic atrophy caused by different viruses.




Bacteria

Infections with bacterial pathogens are also known to result in thymic atrophy. Thymic atrophy induced by bacterial infection involves a variety of mechanisms, and the exact mechanism will depend on the type of bacteria that cause the infection. Therefore, it is crucial to determine the specific pathway and specific results of thymic atrophy caused by a given bacteria for the study and prevention of thymic atrophy induced by the bacteria.


Salmonella Typhimurium

The mechanism of thymic atrophy caused by Salmonella Typhimurium (S. Typhimurium) has been well studied. During S. Typhimurium infection in mice, there is a significant decrease in the number of DP thymocytes, but no obvious change in the number of SP thymocytes and peripheral lymphocytes (61). Majumdar et al. (62) further studied the changes in different subsets of thymocytes during S. Typhimurium infection, which revealed that subsets of DP1 (CD5loCD3lo) and DP2 (CD5hiCD3int) were mainly reduced, while the surviving DP3 thymocytes (CD5intCD3hi) expressed elevated amounts of intracellular Bcl2. Corresponding to that, SP thymocytes were more resistant to depletion but their maturation was delayed, leading to accumulation of CD24hiCD3hi SP thymocytes. A blockade in the developmental pathway of DN thymocytes was also observed and all the phenomena above were enhanced by IFN-γ. Indeed, S. Typhimurium indirectly leads to depletion of DP thymocytes by increasing endogenous glucocorticoid and IFN-γ. This induces apoptosis via various mechanisms involving mitochondrial membrane depolarization and activation of caspase-3, but not Fas/FasL pathway (61). Subsequent studies showed that the glucocorticoid and IFN-γ mediated pathways led to the downstream activation of c-Jun NH2-terminal kinase (JNK) in DP thymocytes, which was crucial for apoptosis of immature thymocytes during infection. In turn, there are some feedback regulations of JNK that elevate the serum level of glucocorticoid and IFN-γ (63). Other studies showed that lipopolysaccharides (LPS) could be the main pathogenic factor of thymic atrophy in chicks during infection with S. Typhimurium, and that the process might involve TLR4-FOS/JUN signaling pathway (64). Interestingly, when attenuated strains were used to induce thymic atrophy, different results emerged. Ross et al. (65) found that thymic atrophy induced by attenuated strains of S. Typhimurium was neither dependent on regulation of endogenous glucocorticoids nor IFN-γ. Furthermore, the maturation and output of thymic T cells were maintained during atrophy. Once bacterial numbers decreased, thymocyte numbers recovered, indicating that the thymus has some adaptability to attenuated strains and can maintain its function during infection.



Escherichia coli and Gastrointestinal Microbiota

Thymus weight, cellularity, thymocyte viability and absolute number of DP thymocytes decrease after injection of Escherichia coli (E. coli) or E. coli-derived LPS into mice (67, 68). TNF-α and corticosterone play an important role in the apoptosis of thymocytes in vivo induced by LPS of E. coli (68). Other studies found that the LPS-induced thymic atrophy during E. coli infection was significantly mediated by leukemia inhibitory factor (LIF, a member of the IL-6 cytokine family) which was able to enhance systemic and intrathymic corticosteroids (67). When cultured with T cells in vitro, high doses of the cholera toxin (CT) or its B sub-units (CT-B) from E. coli induce apoptosis by increasing cAMP or by cross-linking of cell surface GM1 and CT-B (121, 122). Intravenous administration of CT or heat-labile enterotoxin (LT) induce decreased thymus weight due to in vivo necrosis of thymocytes, but not apoptosis (69, 70). However, intramuscular administration of LT to mice induces apoptosis in the thymus, which may be the result of the body’s immune response, rather than the toxin directly interacting with thymocytes through circulation (71).

Thymic atrophy is observed in a model of sepsis induced by cecal ligation and puncture (CLP) in mice. Apoptotic thymocytes increase sphingosine-1-phosphate (S1P) in the thymus, which disrupts the normal S1P gradient in vivo, leading to thymic involution and inhibition of T cell emigration. S1P also increases IL-6 and aggravates the apoptosis of thymocytes (72). In another sepsis model induced by CLP or by continuous injection of E. coli-derived LPS, Kong et al. (73) observed some phenomena from the perspective of early T lineage progenitors (ETPs). In this model, there was a depletion of ETPs, which was due to decreased expression of some chemokine receptors such as CCR7, CCR9 and P-selectin glycoprotein ligand-1 on the surface of bone marrow (BM) progenitors for ETPs, contributing to impaired homing capacity of these cells. There was also a defect in lymphoid lineage commitment. Progenitors were more likely to differentiate towards the myeloid rather than the lymphoid lineage.



Streptococcus

Wang et al. (74) found that Streptococcus suis (S. suis) induced thymus apoptosis by promoting apoptosis of CD3+, CD14+, DP and thymic epithelial cells. By destroying mitochondrial function and releasing cytochrome C (CytC) and apoptosis-inducing factors (AIF) into the cytosol, S. suis triggers p53-dependent apoptosis. Caspase-dependent pathway is another way to induce thymocyte apoptosis during S. suis infection. The bioavailability of L-arginine is an important condition for thymogenesis (123). Studies have shown that L-arginine is an important regulator of the mTOR signaling pathway (124), which is essential for the development of T cells (125). Based on this theory, a Russian team found that Streptococcus pyogenes infection could induce thymic atrophy in mice and confirmed that this atrophy was inextricably associated with the reduction of L-arginine in the bloodstream by arginine deiminase produced by Streptococcus pyogenes (75). In fact, many pathogens that cause thymic atrophy can express products that reduce L-arginine in the blood (126).



Staphylococcus

Lin et al. (77) reported that staphylococcal enterotoxin B (SEB) could induce thymocyte apoptosis, and I-E molecule on antigen-presenting cells played an important role in this process. According to this report, in addition to a decrease in the number of DP thymocytes, there was a higher expression of surface markers such as CD25, TCRαβ, CD3, and CD69 in thymocytes after SEB injection, which was not observed in I-E negative mice. This report also mentions that staphylococcal enterotoxin A (SEA) can also induce thymocyte apoptosis independent of I-E expression.



Mycobacterium

In the study of mice infected with Mycobacterium avium (M. avium), it was found that the synergistic effect of nitric oxide produced by IFN-γ-activated macrophages and glucocorticoid played a major role in inducing thymic atrophy (81). During M. avium infection, the number of thymocytes decrease, including earliest thymic precursors. This suggests defects in the homing of BM progenitor cells and their differentiation into thymocytes (81). In theory, Mycobacterium tuberculosis (M. tuberculosis) can also induce thymic atrophy. M. tuberculosis not only elevates levels of IFN-γ, IL-6 and glucocorticoids, but also disrupts the endocrine system, increasing growth hormone, thyroid hormone, estradiol and prolactin (82). Abnormal elevations of these hormones may indicate impaired thymus function (127–131). Injections of M. tuberculosis-derived cord factor (CF) and LPS instead of sulfides were proved to induce thymic atrophy (83). TNF-α and corticosterone increased remarkably after LPS injection, but they did not change significantly after CF injection. However, administration of anti-TNF-α antibody almost completely inhibited thymic atrophy caused by CF (83). Additionally, anti-TNF-α antibodies can also completely or partially inhibit thymocyte apoptosis caused by various gram-negative and gram-positive bacteria, such as E.coli, Klebsiella pneumoniae, Pseudomonas aeruginosa and Streptococcus pneumoniae (84). In this regard, the TNF-α signal pathway seems to be one of the common pathways leading to thymocyte apoptosis in various bacteria.



Other Bacteria

Merrick et al. (132) reported that after Listeria monocytogenes (LM) infection in mice, significant lymphocyte apoptosis was found in the T cell zones of the lymph nodes and spleen. Subsequently, Chen et al. (76) reported that P53, Bax and c-myc genes might co-regulate LM-induced thymocyte apoptosis. The relevant mechanisms need to be further studied.

Low dose aerosol infection with type A Francisella tularensis (F. tularensis) induces thymic atrophy in mice, where F. tularensis can be found in thymic tissue with large numbers of DP cells undergoing necrosis instead of apoptosis. This process is under the regulation of corticosteroids and TNF, rather than Fas (78). It has also been reported that, in the early stage, intraperitoneal injection of high-dose F. tularensis caused thymic atrophy through a series of stress responses, but no bacteria were found in the thymic tissue (133).

Intraperitoneal administration of culture supernates from Yersinia enterocolitica (Y. enterocolitica) causes thymocyte apoptosis and increases the proportion of TCRαβhigh cells in mice, which is related to the increase in the percentage of cells with high levels of Vβ6 and Vβ8 TCRs (79). In addition, LPS is not involved in thymic atrophy induced by Y. enterocolitica (79). The V antigen of Yersinia pestis can interact with receptor-bound human IFN-γ located in thymocytes, triggering thymocyte apoptosis in vitro (80). Again, the specific mechanism here remains to be clarified.

In general, studies on bacteria-induced thymic atrophy are relatively complete, and some of them even delve into the level of signaling pathways and gene expression. Considering that different bacteria have different invasiveness and produce different toxins, the mechanisms of thymic atrophy induced by different bacteria cannot be simply classified. In other words, the mechanisms by which one type of bacteria induces thymic atrophy are often different from the mechanisms utilized by other bacteria. Therefore, it is important to explore the specific mechanisms of thymic atrophy caused by each type of bacteria, which puts forward new requirements for the future research of thymic atrophy. Table 2 shows the specific characteristics of thymic atrophy caused by different bacteria.




Parasites

Parasite-induced thymic atrophy is associated with Trypanosoma cruzi, Leishmania infantum, Plasmodium, Angiostrongylus cantonensis, and Schistosoma. This kind of thymic atrophy is related to apoptosis of thymocytes (especially DP thymocytes), reduced proliferation of thymocytes, premature exiting of thymocytes and alteration of the thymic microenvironment, which may be the direct effect of parasites. Parasites can interrupt hormone balance to induce thymic atrophy indirectly. More detailed mechanisms of some parasite-induced thymic atrophy are yet to be determined.


Trypanosoma cruzi

The hemoflagellate protozoan T. cruzi causes Chagas disease, a potentially life-threatening disease with complications such as cardiomegaly, gastrointestinal disease, and peripheral neuropathy in some cases (134). T. cruzi is transmitted by the vector of blood-sucking insects of the subfamily Triatominae and usually found in South America, Mexico, the United States, Europe and the Western Pacific region (135, 136). It attacks human organs like the thymus, spleen and lymph nodes.

Several studies have revealed thymic atrophy during T. cruzi infection. Once infected by T. cruzi, a distinct thymic atrophy occurred with loss of cortical thymocytes, apoptosis of thymocytes (especially DP thymocytes) (137), migration disturbances, premature exiting of thymocytes, decreased IL-2 level and increased IL-4,5,6, IFN-γ, TNF-α level (85–87). The mechanism underlying premature release of DP thymocytes is being studied. Initially it was believed that it was related to negative selection, but recent research has confirmed that the negative selection is normal during experimental T. cruzi infection (138). Experiments revealed that the key intrathymic factors essential for promoting negative selection of thymocytes, such as the expression of autoimmune regulator factor (AIRE) gene, tissue-restricted antigen (TRA) gene and proapoptotic Bim protein, remain normal during acute Chagasic thymic atrophy (138). Subsequent experiments further confirmed this by injecting ovalbumin (OVA) peptide into OVA-specific TCR transgenic mice with or without infection-induced thymic atrophy, in which infection promoted apoptosis of OVA-specific thymocytes (138). Except for DP thymocytes, researchers found an increase in peripheral CD4-CD8- (DN) thymocytes in patients with severe cardiomyopathy of Chagas disease. In the thymus of T. cruzi infected mice, researchers detected decreased transcription of S1P kinase 1 and 2 genes associated with S1P biosynthesis and increased transcription of the S1P lyase gene associated with S1P inactivation, indicating decreased intrathymic levels of S1P. However, DN thymocytes upregulate S1P receptor during infection, resulting in DN thymocytes migrating to peripheral blood where the level of S1P is relatively higher (139, 140). The trans-sialidase of T. cruzi can activate the MAPK-JNK pathway and actin filament mobilization in thymocytes, modulating the adhesion of thymocytes to TECs and their migration towards extracellular matrix, or modulating the escape of immature thymocytes during infection (141). Abnormal migration and export of thymocytes are not only related to the cell itself, but also to the surrounding microenvironment. Scientists found that the TECs infected by T. cruzi exhibited an increased expression of extra-cellular matrix (ECM), especially the fibronectin (FN), which led to deposits of ECM and enhancement of TECs-infection and thymocyte-TECs interaction. This may be related to the abnormal migration and export of abnormal thymocytes (142). Pe´rez et al. (85) unraveled that TNF-α together with FN triggered alterations in thymocyte migration and promoted the export of premature thymocytes, which linked the increased TNF-α (induced by T. cruzi infection) and fibronectin deposits with abnormal migration and export of thymocytes. Galectin-3, produced mainly by TECs, is also found to accelerate the premature death of thymocytes (143).

In addition to SP thymocytes, the thymus is also the site of differentiation of natural Tregs. T. cruzi infection gives rise to a noticeable loss of Tregs and results in localization, phenotypic, and functional abnormalities of the remaining Tregs (144). In addition, the differentiation of CD4+Foxp3+ T cells in peripheral blood is impaired due to an abnormal Th1-like phenotype and functional changes caused by T. cruzi infection, which may aggravate the immune imbalance and further affect the progression of the disease (144, 145).

Researchers further found that T. cruzi infection could induce thymic atrophy through affecting hormones. During infection, cytokines such as IL-1, IL-6, and TNF-α are obviously elevated, which stimulates the hypothalamic-pituitary-adrenal (HPA) axis and then increases the production of glucocorticoid, which is the main course of thymic atrophy (87, 146). For instance, elevation of IL-6 is found to be involved in the disruption of the differentiation of DN (88). Increased glucocorticoid can contribute to DP thymocyte apoptosis via caspase-8 and caspase-9 (147) and mediate premature release of DP thymocytes to the periphery, which may lead to autoimmune responses such as myocarditis (148). These effects can be reversed largely by blocking glucocorticoid receptors through steroid receptor antagonist RU486, resulting in an increase in thymus weight and the proportion and number of DP thymocytes. However, these effects cannot be reversed in TNF receptor 1 and 2 knockout mice (87, 147, 149). Eduardo Roggero et al. (150) considered that endogenous glucocorticoid was protective for the host during infection, given the fact that blockade of glucocorticoid receptor by RU486 resulted in elevated TNF-α level and accelerated death in experimental mice.

As noted, glucocorticoids induce apoptosis of thymocytes. In contrast, prolactin, another stress-induced hormone, antagonizes the apoptosis mediated by glucocorticoid (151–153). Glucocorticoid and prolactin have a mutual influence on thymic atrophy during T. cruzi infection. Researchers confirm that systematic prolactin impairment during infection increases the level of glucocorticoid, leading to thymic atrophy. Injection of metoclopramide (MET) enhances prolactin secretion, limiting the glucocorticoid-induced thymic atrophy and the export of immature DP thymocytes to the periphery (154).

Sex steroids also play a significant role in thymic atrophy during T. cruzi infection. Testosterone is an immunosuppressor, while dehydroepiandrosterone (DHEA) is an immunopotentiator that counteracts immunosuppressive effects of glucocorticoid (155, 156). Testosterone promotes the synthesis and release of thymogenic glucocorticoids by upregulating enzymes involved in glucocorticoid synthesis, leading to anti-proliferative and apoptotic responses of thymocytes (157). Another study showed that testosterone was involved in the apoptosis of thymocytes induced by exogenous changes of the surface sialylation, which is catalyzed by trans-sialidase (virulence factor of T. cruzi) in vivo, where the alternated sialyl residue interacts with TECs. This apoptosis process involves caspase-3 (158). Treatment with DHEA has been reported to enhance thymocyte proliferation and reduce TNF-α production during the acute phase of infection (159). Interestingly, in another study, DHEA treatment induced thymic atrophy via classical estrogen signaling pathways (160). To date, the mechanism of action of DHEA is unclear and more research is needed to elucidate its role.

To better understand the mechanism of thymic atrophy caused by T. cruzi infection, researchers tried to understand it by using molecular patterns. They found that 29 microRNAs in infected TEC were expressed differently in genes related to cell death, chemotaxis and adhesion. This highlighted that microRNAs may be mediators of thymic atrophy during T. cruzi infection (161). For example, the elevated level of miR-10a in TEC, which participates in T cell differentiation in the thymus through TGF-β stimulation, may influence thymic atrophy during infection (161, 162).



Leishmania infantum

Leishmania infection causes leishmaniasis, which is transmitted via female phlebotomine sandflies. Zoonotic leishmaniasis shows different clinical forms such as visceral leishmaniasis, cutaneous leishmaniasis, or muco-cutaneous leishmaniasis (163). L. infantum is the main zoonotic pathogen that infects humans, usually in the form of visceral leshmaniasis (163).

Thymic atrophy is also observed in L. infantum infected malnourished mice. As a precondition, malnutrition has a deleterious effect on the T cell-mediated immune response to Leishmania infantum infection. L. infantum infection combined with protein malnutrition leads to decreased chemotactic factors, dysregulation of migratory factors, decreased cortical area, decreased proliferation and increased apoptosis. Altered protein abundance suggests that a dysfunctional thymic microenvironment contributes to thymic atrophy (89, 90).



Plasmodium

Plasmodium is the cause of malaria and is transmitted through the bite of anopheles mosquitoes (164). Malaria has symptoms like fever, chills, headache, body-aches, cough, diarrhea and, in severe cases, brain, lung or kidney damage (165). Plasmodium berghei and Plasmodium chabaudi are rodent malaria parasites, widely used in mice models of malaria infection (166).

P. berghei is often observed in the thymus of infected experimental mice (91). P. berghei infection results in pronounced loss of thymus weight, loss of cortical-medullary delimitation, apoptosis and premature egress of thymocytes, especially DP and DN thymocytes (91, 92). Based on the degree of apoptosis, the apoptosis pattern can be divided into three types: starry-sky pattern of diffuse apoptosis maintaining cortical-medullary structure, intense apoptosis with cortical atrophy and severe cortical thymocyte depletion resulting in cortical-medullary inversion (167). During P. berghei infection, thymic atrophy is accompanied by changes in the microenvironment, where CXCL12 and CXCR4 are significantly increased, CCL25 and CCR9 are significantly decreased, the expression of the ECM component is increased, and the expression of laminin and FN receptor on thymocyte surfaces are downregulated, thereby altering the migration pattern of thymocytes (93).

Similarly, Plasmodium chabaudi causes thymic atrophy, and the number of mature, SP (CD4+ or CD8+) and δγ+ T cells in the thymus decreases (94). Recently, the effect of Plasmodium yoelii lethal (17XL) and Plasmodium yoelii nonlethal (17XNL) on the thymus has been illuminated. During P. yoelii lethal (17XL) infection, the decrease of DP and CD4+ SP thymocytes, the reduced proliferation of DP thymocytes and the downregulation of CD8 expression on the thymic T-cell subpopulations were observed. However, during P. yoelii nonlethal (17XNL) infection, an earlier decrease of DN, DP, and CD4+ SP thymocytes and the reduced proliferation of DN and DP thymocytes were observed. This effect is reversible, but it is even greater when parasitemia is much lower. In addition, in Plasmodium infection, TNF-α has a protective effect on the thymus, while the increase of TNF-α during T. cruzi infection exacerbates thymic atrophy (95). Interestingly, the co-infection of malaria and cutaneous leishmaniasis may influence the outcome of thymic atrophy. Researchers found that thymus glands co-infected with Leishmania braziliensis and P. yoelii recovered earlier from atrophy than those infected with P. yoelii alone (168).



Angiostrongylus cantonensis

Angiostrongylus cantonensis, a rat lungworm, causes human angiostronglyliasis. Humans, its non-permissive hosts, are infected by ingesting undercooked snails or slugs, paratenic hosts such as prawns, or infected larvae-contaminated vegetables (169). It usually induces eosinophilic meningitis in humans (170). Recent research found that it could also cause thymic atrophy in the non-permissive host, which may be explained by two mechanisms. One is the activation of the HPA axis, which impairs thymocyte development (96). Another is the direct action of soluble antigen from A. cantonensis, which leads to increased apoptosis of thymic stromal cells and thymocytes (97).



Schistosoma

Schistosoma is mainly prevalent in endemic regions of Africa and is also seen in the Middle East, Caribbean, South America, and South East Asia (171). The most common pathogenic species include Schistosoma haematobium, Schistosoma mansoni and Schistosoma japonicum, which cause urinary, intestinal and hepatosplenic schistosomiasis respectively (172, 173). Most infected people show no, or limited, atypical symptoms such as abdominal pain, diarrhea, anorexia, ascites, splenomegaly and portal hypertension (173).

The thymic cortex atrophied and the number of cortical thymocytes decreased in mice infected with S. mansoni, resulting in the loss of distinction in the corticomedullary region during the acute infection phase (98). S. japonicum can also induce thymic atrophy with the accumulation of both CD8+CD28- T cells and CD4+CD28- T cells (99). In addition, thymocytotoxic autoantibodies induced by S. japonicum were found in the thymus (100).

In summary, T. Cruzi is currently the most thoroughly studied parasite that causes thymic atrophy. The mechanisms of T. Cruzi -induced thymic atrophy mainly include apoptosis of thymocytes, premature exiting of thymocytes, alteration of the thymic microenvironment and regulation of hormones. So far, there are few studies on thymic atrophy caused by other parasites, and most of them focused on changes in thymus structure and changes in different thymocyte subpopulations, including cortical loss, CMJ loss and depletion of certain T cell subgroups (more details could be seen in Table 3). It needs further exploration in molecular mechanisms, changes of the thymic microenvironment and the interaction between the host and parasites. Besides, given that parasites are typical pathogens of chronic infection, more mechanisms of thymic atrophy induced by parasites need to be further studied, which is of great significance to study the damage of chronic infection to the body.




Fungus

Paracoccidioides brasiliensis (P. brasiliensis, Pb) can invade the thymus causing severe thymic atrophy. Brito et al. (101) reported that after intraperitoneal injection of P. brasiliensis, the weight of the thymus decreased, the thymic cortex degenerated substantially and the CMJ disappeared. In the medullary region, Pb yeast cells were surrounded by histiocytes and there was predominant inflammatory infiltration of neutrophils and eosinophils in the medullary and subcapsular region. A subsequent study by Di Gangi et al. (102) showed that the spatial distribution of TECs was misplaced after Pb invasion of the thymus. The gene expression levels of IL-2, IL-7, IL-17, TNF-α and autoimmune regulator (AIRE) in the thymus increased significantly. Pb-induced thymic atrophy did not change the proportion of the various thymocyte subpopulations, that is, the cell number of all subpopulations decreased in the same proportion. This is different from the thymic atrophy characterized by significant reduction of DP cells caused by other pathogens. The increased expression of CCL19 and CCR7 in the thymus of infected mice indicated that the maturation of thymocytes was accelerated and the migration ability of thymocytes was stronger than that of the control group. In addition, autoreactive T cells that should have been eliminated during negative selection were found in peripheral lymphoid tissue, suggesting a potential risk of autoimmune disease after Pb infection. Costa et al. (103) established a model of chronic infection of Pb in mice. In the process of chronic infection, Pb severely infiltrated the thymus gland and granulomas were formed. In addition to the increased levels of IL-1β, IL-17, IL-18, IFN-γ and TNF-α in the thymus, high expression of caspase-1 and caspase-8 and the activation of inflammasome NLRP3 were also detected. Furthermore, an increase in the proportion of Th17 and CD8+ IFN-γ producing T cells in the thymus was detected, suggesting that mature T cells returned to the thymus to participate in the inflammatory response. Finally, apoptosis of thymocytes and thymic epithelial cells occurred, and the morphology and function of the thymus changed, forming the characteristics resembling secondary lymphoid tissues.

Some fungi release substances that mediate thymic atrophy. Gliotoxin produced by Aspergillus fumigatus has been proved to induce apoptosis of thymocytes in vivo (104). The T-2 toxin produced by the Fusarium species could also induce apoptosis of four thymocyte subsets (DN, DP, CD8+ CD4-, CD8-CD4+) in vivo, resulting in thymic atrophy, but this process did not involve regulation of glucocorticoid and TNF-α (105). In addition, there has been a report of thymic atrophy in fish caused by Saprolegnia (106). More information about fungi that induce thymic atrophy can be seen in Table 4.



Discussion

Thymic atrophy induced by pathogens is a common phenomenon in infectious diseases. At the structural level, thymic atrophy caused by different pathogens presents certain similarities, but also has differences. In terms of structural alteration, the thymic cortex seems to be mainly affected by thymic atrophy. Depletion of thymocytes in the cortex can be observed in PRRSV, BVDV, SIV, MuLV, Salmonella Typhimurium, Francisella tularensis and many other pathogens. Accompanied by cortical involvement, CMJ also becomes obscure. Additionally, there are other histological changes that can be observed, including collagen deposition in BVDV (26) and congestion in (AIV)-H9N2 (33).

The thymus is the specific site for T cell maturation, and therefore, thymic atrophy will lead to a series of dysfunctions in the thymocyte maturation process. Positive selection occurs in the inner cortex whereas negative selection occurs in the medulla. The cortex and (occasionally) the medulla are structurally damaged in infection-induced thymic atrophy, thus interrupting both positive and negative selection. Failing to undergo positive selection, a premature exit of DP thymocytes is observed in MDV (56), Trypanosoma cruzi (85, 86) and Plasmodium berghei (91, 92). Disordered cortical structure leads to delayed maturation of SP thymocytes, which results in the accumulation of CD24highCD3high SP cells. This phenomenon is observed in Salmonella Typhimurium infection (62). Skipping the process of negative selection, T cells become auto-reactive. T. cruzi infection-induced myocarditis may be associated with it (148). Such auto-immune diseases have also been reported in P. brasiliensis infection (102). As for the functional alteration of infection-induced thymic atrophy, double positive (DP) thymocytes are the general cluster of depletion. A recent study shows that auto-immunity facilitates the death of thymic epithelial cells through returning Th1 cells (174), which reveals that auto-immune disease and thymic atrophy may be linked in a vicious cycle, leading to the disorder of immune tolerance. Double negative (DN) thymocytes are the main apoptotic cluster although other clusters are involved as well. CD4+ SP thymocytes are depleted in Plasmodium yoelii infected models (95). Both CD4+ and CD8+ SP thymocytes, as well as δγ+ T cells, are depleted in Plasmodium chabaudi infected models (94). The structure of the thymus and the changes in its composition due to thymic atrophy are shown in Figure 1. Recently, novel research sought to determine subpopulations of thymic atrophy under different insults, including injection with Salmonella Typhimurium, lipopolysaccharide (LPS) and two other non-infectious insults (etoposide and dexamethasone). In this research, all these insults led to depletion of DP cells. However, DN cells and CD8+CD3lo immature SP cells were only vulnerable to infection, LPS and etoposide, but not to dexamethasone. The mature SP thymocytes were reduced by the insults of etoposide and dexamethasone, but infection did not affect this process (175). Although the link between the mechanism and target subpopulation of thymic atrophy is not yet clear, researchers are certain that different pathogens induce thymic atrophy in different ways.




Figure 1 | The normal structure of the thymus gland and the changes that occur with atrophy. The thymus parenchyma is composed of cortex and medulla, which are separated by cortico-medullary junction (CMJ). The cortex is constructed from thymic epithelial cells (TEC) as its framework and thymocytes filling in the interspace. The medulla is composed of TECs, naïve T cells and macrophages. The process of T cell maturation begins with the transformation of double negative (DN) thymocytes to double positive (DP) thymocytes in the outer cortex of the thymus gland. DP thymocytes then undergo positive and negative selection in the inner cortex and medulla, respectively, to become self-tolerant single positive (SP) thymocytes. Finally, SP thymocytes mature and are transported to peripheral lymphoid tissues. Thymic atrophy leads to the destruction of thymus structure and abnormal maturation of thymocytes. In thymic atrophy, the medullary structure is destroyed and the CMJ is disappeared, so both positive and negative selection are interrupted. Without positive selection, premature exiting of DP thymocytes may occur. Without negative selection, the autoreactive T cells may have the opportunity to migrate out of the thymus. In addition, cortical structural disorders not only cause the depletion of a large number of DP thymocytes, but also delay the maturation of SP thymocytes, leading to the accumulation of SP thymocytes. Besides, the figure also shows the main affected sites of thymus corresponding to different pathogens.



Atrophy is defined as shrinkage of the volume of a parenchyma together with decrease of the number of parenchyma cells. Cell death occurs through different mechanisms, including necrosis (passive and uncontrolled cell death) and apoptosis (active and programmed cell death) (176). Apoptosis is the main mechanism of infection-induced thymic atrophy. For example, apoptosis of CD3+ thymocyte is observed in PRRSV (21). Necrosis also plays a small role in infection-induced thymic atrophy, which is reported in NDV, F. tularensis and administration of cholera toxin (CT) or heat-labile enterotoxin (LT) (78, 121, 122). It should be noted that other types of cellular death are involved in thymic atrophy. Inflammasome activity and gene expression of caspase-1 in Paracoccidioides brasiliensis indicates that pyroptosis participates in the induction of thymic atrophy (103). Autophagy, a kind of multistep lysosomal degradation pathway, is observed in the HP-PRRSV (HuN4) infection model (23).

Although many pathogens can cause thymic atrophy, the mechanisms through which they fulfill this process are quite different. To date, many mechanisms have been demonstrated to be involved in this pathogenic process and conclusions in this regard are shared in Figure 2.




Figure 2 | Mechanisms of infection-induced thymic atrophy. This figure summarizes the three main mechanisms of infection-related thymic atrophy and lists the characteristic pathogens corresponding to each mechanism. 1) The hypothalamic-pituitary-adrenal (HPA) axis plays an important role in infection-induced thymic atrophy. Glucocorticoids can induce apoptosis of thymocytes, especially DP thymocytes. In addition, other hormones mentioned in the picture are also thought to be involved in thymic atrophy. 2) At the molecular level, the change of thymus microenvironment is one of the major changes associated with thymic atrophy, and the main cytokines involved are IL-10, IFN-γ and TNF-α. 3) Some pathogens take the thymus as the target organ and directly invade the thymus. In addition, the products of pathogens, such as toxins, soluble antigens, and exosomes, can also play an important role in thymic atrophy.



Glucocorticoid secretion is a responsive effect initiated by stress. It has been reported in other models that corticoids can cause lymphocyte depletion. Compared with osteopontin (OPN) (-/-) mice, OPN (+/+) mice showed thymic and splenic atrophy by modulation of corticosterone via the OPN signaling pathway (177). Glucocorticoid hormone level is also thought to be related to infection-induced thymic atrophy. Steroids can trigger apoptosis in thymocytes, in which DP thymocytes are the most sensitive to glucocorticoids (18). This could easily explain why the phenotype of the major apoptotic cluster is CD4+CD8+ thymocytes. SP thymocytes rely on CD28 signaling to be more resistant to glucocorticoid-induced apoptosis (18). In several bacteria-associated infections, such as sepsis, Salmonella Typhimurium and tuberculosis, elevation in glucocorticoids is observed. In Chagas disease, glucocorticoids induce thymic atrophy, which can be countered by dehydroepiandrosterone (155, 156) and prolactin (154). The HPA axis has been reported to participate in Angiostrongylus cantonensis induced thymic atrophy (96).

The thymic micro-environment alteration is one of the main alterations at molecular level that accompanies thymic atrophy. Elevation of IL-10 was observed in PRRSV and Streptococcus suis, while elevation of IFN-γ was observed in PRRSV, IAV, Salmonella Typhimurium and Trypanosoma cruzi. IL-10 elevation is associated with thymic atrophy, while neem leaf glycoprotein (NLGP) can reverse tumor- and age-associated thymic atrophy through downregulating IL-10 (178). Type I IFN in chronic LCMV infection has been shown to trigger severe thymic depletion through signal transducers and activators of transcription 2 (Stat2) signaling (34). TNF-α is elevated in infections of PRRSV, LCMV, Salmonella Typhimurium and bacteria targeting the respiratory system, e.g., Mycobacterium tuberculosis. Trypanosoma cruzi and Paracoccidioides brasiliensis also lead to elevation of TNF-α. In the Plasmodium berghei infection model and the CLP model, the alterations of chemotactic factors and chemotactic factor receptors have been reported to be the main changes in the thymic microenvironment. Because the interactions between chemotactic factor ligands and their receptors play an important role in T-cell maturation, location and homing, the alterations of these interactions lead to T cell dysfunction. Some pathogen-induced thymic atrophy causes alteration of mesenchymal and parenchymal cells. Increased expression of ECM component is detected in Plasmodium berghei infection. Destruction of thymic lobar tissue (and replacement of connective tissue) is observed in the infection of Simian-Human Immunodeficiency Virus. Mesenchymal cells function as the regulator of thymocyte location, adhesion and migration. The dysfunction of mesenchymal cells results in a disordered pattern of thymocyte arrangement.

In addition to changes in the thymus microenvironment (i.e. pathogens do not directly attack the thymus), many other pathogens directly target the thymus. PRRSV invades the thymus directly. However, infected cells are depleted via autophagy not apoptosis (23). In MHV infection models, thymocytes replicating virus nucleotides are depleted in a manner of apoptosis (51). Methods to verify that the thymus is the target organ of certain viruses are either through demonstrating the replicating phenomena in the thymus or through purifying the receptors for viral invasion from the thymus. Some scientists use toxins or substances produced from pathogens instead of pathogens themselves for experiments. Interestingly, many components of a pathogen can induce thymic atrophy alone. Lin et al. (77) noted that staphylococcal enterotoxin B (SEB) can lead to thymocyte apoptosis. Similarly, Liu et al. (97) observed that soluble antigen from A. cantonensis can lead to apoptosis of thymic stromal cells and thymocytes. In addition, F. tularensis is also found in thymus tissue during infection (78).

Current studies of exosomes have shown that these small vesicles secreted by living cells, have the function of targeting the transport of substances in the vesicles, such as protein, DNA and lncRNA, to specific tissue cells. Exosomes thus play an important role in the information exchange between cells (179). They may be a more effective mediator in the interaction between pathogens and hosts, rather than soluble antigens produced by pathogens. Recent studies show that exosomes can carry bioactive substances and fuse with the host target cells, thus regulating the immune response of the host (180, 181) and participating in the pathogenic pathological process (182). Twu et al. found that exosomes originating from Trichomonas vaginalis contained surface proteins and proteases, potentially involved in pathogenesis. This exosome fused with and delivered its content to ectocervical cells, contributing to the adhesion and pathogenesis of Trichomonas vaginalis (183). In a similar fashion, exosomes from Trypanosoma were also found to mediate release of various proteins including some proteases, whose functions include promoting invasion, protecting Trypanosoma from host immunity and affecting physiology of host cells (184, 185). Additionally, RNA in exosomes may also play a non-negligible role here. Zhu et al. found that exosomes derived from Schistosoma japonicum and their cargo mi-RNA could be internalized by mammalian cells (186). Exosomes derived from Trypanosoma cruzi can modify some genes of host cells via abundant tRNA-derived small RNAs (187). Exosomes originating from pathogens possess immune-stimulatory or inhibitory effects. Wang et al. demonstrated that exosomes originating from S. japonicum promoted M1 macrophage polarization and release of pro-inflammatory factors (188). Oliveira et al. found that incubation of Cryptococcus neoformans vesicles with murine macrophages resulted in increased levels of TNF-alpha, IL-1, and TGF-beta, and stimulated nitric oxide production by phagocytes thus enhancing antimicrobial function (189). Buck et al. discovered that exosomes from Heligmosomoides polygyrus suppressed type 2 innate responses. In mouse cells that are incubated with H. polygyrus exosomes, Dusp1, an attenuator of immune activation, is suppressed by miRNA (190). Increasing research evidence indicates the close and complex relationship between host and exosomes originating from pathogens. Interestingly, it is mentioned above that the administration of the soluble antigen of A. cantonensis into the thymus of mice can cause obvious thymic atrophy, as for mice directly infected with A. cantonensis (97). Given that soluble antigens of A. cantonensis may break down during a long journey from the brain to the thymus, we reasonably speculate that the transport of soluble antigens should rely on a more effective vector, with exosomes the suitable choice. Therefore, it is reasonable to infer that some pathogenic products released by pathogens can be precisely transported to the thymus in vivo by means of exosomes, thus leading to apoptosis of thymic cells and TECs. However, to date this is mere speculation and requires further verification by experiments.

Advances in studies of the mechanisms underlying thymic atrophy have led to subsequent proposals about its reversal. Different therapies such as nutritional supplementation (i.e. Zinc, antioxidants), cytokines, chemokines, hormones, and growth factors have been reported to be effective in reversing thymic atrophy (191). However, for infection-induced thymic atrophy, there is less related research at present. Therapeutic methods for infection-induced thymic atrophy are not fully established. In the studies that have been done so far, it is reported that in HIV patients, high dose treatment of N-acetyl cysteine (a prodrug of glutathione) and vitamin C could induce higher numbers of CD4+ T cells (192). Leptin attenuates LPS-induced thymocyte apoptosis by down regulating cPLA2 and p38 MAPK activation (193). In T. cruzi-infected mice, melatonin reverts thymic atrophy by increasing thymic weight, thymocyte total number and the ratio of DP thymocytes (194). During infections of pathogens, like T. cruzi, glucocorticoids play a vital role in thymic atrophy via activating caspase 8 and caspase 9. The administration of steroid receptor RU486 can reverse this effect of GC in T. cruzi-infected mice (149). However, it cannot be ignored that GC has a protective effect on the host during infection, as the blocking of GC receptor RU486 accelerates host death, which has been demonstrated experimentally (150). Another stress-induced hormone, prolactin, is also known to restrict GC-induced thymic atrophy and can export immature DP thymocytes to the periphery (154). The question of what hormone we can use to manually intervene, and how to regulate them to produce maximum therapeutic results, safely for patients, is worthy of more research. Exosomes may offer distinct potential to reverse thymic atrophy. Recent research has demonstrated that extracellular vesicles isolated from plasma of young mice could increase the longevity and delay inflammaging of old mice (195, 196). Wnt4-transgenic TEC-derived exosomes demonstrated the ability to delay age-related thymic atrophy (197). Moreover, exosomes or extracellular vesicles extracted from juvenile mice could reverse thymic atrophy and decrease the autoimmune reactions (196), indicating that exosome injection as a therapy could be an option. Exosomes produced by pathogens may be used as carriers of pathogenic substances. Thus, it is reasonable to speculate that exosomes in normal human or mouse serum may contain substances that can ameliorate thymic atrophy. Purified normal serum exosomes may provide a new solution for the treatment of thymic atrophy in the future.

To date, limited studies have been conducted on infection-induced thymic atrophy in humans, and more mechanisms need to be discovered to update existing theories. At present, all studies on the mechanism of infection-induced thymic atrophy focuses on the changes of the thymic microenvironment. And these studies attempted to explain the possible causes of thymic atrophy through the changes in cytokines and hormones in body fluid, while ignoring the possible role of neuromodulation. The regulation of homeostasis in the human body is achieved by the neuro-humoral-immune regulation network. Pathogen infection, as a stressor, will cause a strong stress response, which inevitably involves neuromodulation. The thymus is innervated by both sympathetic and parasympathetic nerves (198). Under long-term stress, sympathetic nerve excitation will make peripheral blood vessels contract violently for a long time to distribute more blood to important organs such as the liver and brain. This may lead to insufficient blood supply to the thymus and induce apoptosis or necrosis. Furthermore, studies have confirmed that the proliferation and function of T cells will be inhibited under the condition of high concentration of catecholamines (199). The sympathetic nervous system is also closely related to the function of the HPA axis under stress (200), suggesting that it may be involved in the HPA-related mechanism of thymic atrophy. In addition, the thymus is innervated by the non-adrenergic and non-cholinergic (NANC) nervous system. In the case of severe infection such as sepsis, NANC releases substance P and neurokinin A to increase vascular permeability and inflammatory exudation (201), which may aggravate infection-induced thymic atrophy when these occur in the thymus. It is possible that there are potentially more neuro-related mechanisms to be discovered. Therefore, we suggest that researchers devote more attention to exploring the effects of neuroregulatory mechanisms on infection-induced thymic atrophy in future.

With medical advances, most infections can be controlled in the acute phase. However, chronic infections, often ignored by both doctors and patients, can also have a serious impact on the body, especially in children, whose thymic atrophy may occur ahead of time in the process of chronic infection. For example, chronic oral infections, such as dental caries, gingivitis and periodontitis, are demonstrated to be related to diabetes and preterm birth (202), and immune disorders are involved in their pathogenesis. Periodontitis can lead to type 1 diabetes by mediating decrease in insulin release and insulin resistance through cytokines alteration (203). Moreover, in children, chronic infections may affect the developing repertoire of T cells (6). Thus, it’s necessary to pay more attention to the residual chronic infection while controlling the acute infection. And it is of great significance to enhance the ability to detect the micro-infection in the field of clinical diagnosis and testing. Under chronic infection, the pathogen interacts with the thymus through the mechanisms mentioned above to induce thymic atrophy, and then leads to a series of immune disorders. By summarizing these mechanisms, we hope to provide inspiration for the selection of predictors for early diagnostic models of chronic infection in the future.

As noted above, there are both similarities and differences in the pathologic manifestations of infection-related and age-related thymic atrophy. Although the mechanism of their occurrence is slightly different at present, whether there is a common downstream pathway is worth further investigation. Therefore, our summary of the mechanisms of infection-induced thymic atrophy may also suggest a potential mechanism for age-related thymic atrophy. We also summarize possible measures to reverse infection-related thymic atrophy, we hope that researchers will take inspiration from these treatments that target different mechanisms and one day find a way to reverse age-related thymic atrophy and boost the body’s immune system.
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Bacteria Reference Histological and immunophenotype alteration Molecular characteristic

Salmonella 61) 1. Depletion of DN and DP thymocytes. DP1 and DP2 decreased significantly a) Elevation of glucocorticoid, IFN-y and TNF-o.
Typhimurium 62 while the expression of Bel2 in DP3 increased. b) Elevation of pJNK in DP.
(63) 2. Delayed maturation of SP led to the accumulation of CD24"9"CD3"" SP ¢)  Increase in IL-22, IL8L2, and CCL4 in chicks.
64) cells. d) Aggravation of thymic atrophy in mice lacking in
(65) 3. Blockage of the development of DN1. receptor guanylyl cyclase C.
(66) 4. Apoptosis in thymic cortex in chicks, but no significant change in CD4*/
CD8" T cell ratio.
5. Thymic atrophy but maintained T cell maturation and migration in
attenuated strains (SL3261) infection. Increase in naive T cells in peripheral
lymphatic organs.
Escherichia coli (67,68 1. Decrease in thymus weight, cellularity, thymocyte viability. a) Increase in TNF-o, corticosteroid and LIF.
(69, 70) 2. Depletion of DP thymocytes.
(71) 3. Necrosis of thymocytes when administrated with CT or LT.
4. Apoptosis of thymocytes but increase in CD3* T cells when administrated
intramuscularly.
Intestinal (72) 1. Depletion of DP and SP thymocytes. a) Elevation in intrathymic S1P level.
bacteria (73) 2. Inhibition of T cell egress. b) Decrease in serum S1P level.
3. Impaired migration of BM progenitors to thymus caused a decrease in ¢c) Elevation in serum IL-6 and glucocorticoids.
ETPs.
Streptococcus (74) a) Apoptosis of CD3*, CD14" T cells, DP thymocytes and epithelial cells. a) Disorder of cytokine, including IL-2, IL-6, IL-12,
suis b) Increase in SP cells in thymus while decrease in blood. TNF and IL-10.
Streptococcus (75) 1. Depletion of DP thymocytes.
pyogenes 2. Increase in the proportion of DN and SP thymocytes.
3. Increase in Helios*Foxp3* Treg cells and Foxp3*CD25" Treg cells.
Listeria (76) 1. Apoptosis of thymocytes. a) Increased expression of p53, Bax and c-myc
monocytogenes genes.
Staphylococcus (77) 1. Depletion of DP thymocytes.
2. Increase in expression of CD25, TCRaB, CD3 and CDB9.
Francisella (78) 1. Necrosis of DP cells in cortex. a) Increasing TNF-o and cortisol in serum.
tularensis
Yersinia (79 1. Depletion of DP thymocytes.
enterocolitica 2. Increase in TCRaB™" cells, especially in VB6™" and V8" cells.
Yersinia pestis (80) Apoptosis of thymocytes and Jurkat T-cells.
Mycobacterium 81) 1. Depletion of all cell types, especially DP cells. a) Increase in production of nitric oxide from
avium 2. Impaired migration of BM progenitors to thymus. macrophages.
b) A slight increase in corticosterone and increased
sensitivity of thymocytes to glucocorticoid-induced
apoptosis.
Mycobacterium 82) 1. Apoptosis in cortex and disappearance of CMJ and cortex. a) Elevation of glucocorticoid and TNF-o.
tuberculosis 83 b) Increased levels of various cytokines together with
disorders of the endocrine system.
Klebsiella (84) 1. Disappearance of CMJ. a) Elevation of TNF-o..
pneumoniae 2. Depletion of DN, DP, SP thymocytes, especially DP cells.
Pseudomonas
aeruginosa
Streptococcus
pneumoniae

DN, double negative; DP, double positive; CT, cholera toxin; LT, heat-labile enterotoxin; LIF, leukemia inhibitory factor; SP, single positive; CMJ, cortico-medullary junction.
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Fungus Reference  Histological and immunophenotype Molecular characteristic
alteration
Paracoccidioides ~ (101) (102) 1. Structural disorganization and intense  a) Invasion into thymus by yeast.
brasiliensis (103) inflammatory infitration. b) Increase in IL-2, IL-7, IL-17, TNF-o. and AIRE.
2. Enhanced migratory ability of c) Higher level of inflammatory cytokines, inflammasome activity and gene expression
thymocytes. of caspase-1 and caspase-8.
3. Depletion of all subpopulations. d) Mature T cells re-entered infected thymus.
4. Disorder of selection process.
5. Formation of granuloma in chronic
infection.
Aspergillus (104) Apoptosis of thymocytes.
fumigatus
Fusarium (105) Depletion of each subgroup decreased.
Saprolegnia (106) Atrophy of fish thymus.
Candida albicans (107)  Apoptosis of thymocytes. C. Albicans FLO8-deficient (flo8) mutant enhances the production of IL-10 by dendritic

cells and macrophage to attenuate apoptosis of T cells.
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Parasite Reference  Histological and immunophenotype alteration Molecular characteristic
Trypanosoma cruzi (85,86) 1. Cortical thymocytes loss. a) Decrease in IL-2.
(87,88 2. Apoptosis of thymocytes, especially DP b) Increase in IL-4,5,6, IFN-y, TNF-o..
thymocytes.
3. Migration disturbances.
4. Premature exit of thymocytes.
Leishmania infantum (89,90) 1. Reduced cortical area. a) Reduced chemotactic factors and dysregulated of migratory factors.
2. Decreased proliferation and increased apoptosis.
Plasmodium berghei (91-93) 1. Loss of cortical-medullary delimitation. a) Altered thymic microenvironment with significantly increased CXCL12
2. Apoptosis of thymocytes especially DP and DN and CXCR4, decreased CCL25 and CCR9.
thymocytes. b) Increased expression of ECM component, downregulated expression
3. Premature exit of thymocytes. of laminin and FN receptor on thymocytes surface.
Plasmodium (94) 1. Depletion of SP (CD4+ or CD8+) and &y+ T cells.
chabaudi
Plasmodium yoelii (95) 1. Depletion of DP and CD4+ SP thymocytes.
lethal (17XL) 2. Reduced proliferation of DP thymocytes.
3. Downregulation of CD8 expression.
Plasmodium yoelii (95) 1. Depletion of DN, DP, and CD4+ SP thymocytes.
nonlethal (17XNL) 2. Reduced proliferation of DN and DP thymocytes.
Angiostrongylus (96,97) 1. Depletion of CD3+, CD4+, and CD8+ T cells.
cantonensis 2. Increased thymocytes and thymic epithelial cells
apoptosis.
Schistosoma 98) 1. Cortical thymocytes loss.
mansoni 2. Loss of distinction in the corticomedullary region.
Schistosoma (99, 100) 1. Thymic atrophy but with both CD8+CD28- T cells a) Thymocytotoxic autoantibodies was found in thymus.
japonicum and CD4+CD28- T cells increased.

DP, double positive; ECM, extra-cellular matrix; SP, single positi

: DN, double negative.
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Virus Strain Reference Histological and immunophenotype alteration Molecular characteristics
PRRSV PRRSV-1 (21) 1. Apoptosis of CD3+ thymocytes in the cortex. @) Increase in TNF-a and IL-10 positive cells.
2. Increase in macrophages both in cortex and
medulla.
HP-PRRSV (HuN4) (22) 1. Apoptosis in bystander cells (uninfected cells) a) Decrease in IL-4.
(23) e.g. CD3+ T cells. b) Increase in IL-10 and IFN-y.
(24) 2. Autophagy in both infected and bystander
cells. CD14+ cells and thymic epithelial cells are
the main autophagic cells.
3. Depletion of DP thymocytes.
Lena strain (25) 1. Apoptosis in medulla and cortex. a) Increase in TUNEL and cCasp3 expression in
2. Positive correlation between thymic atrophy cortex.
and viral load. b) Increase in cCasp8 and Fas in cortex and
medulla.
BVDV non-cytopathic BVDV-1a (26) 1. Reduction in cortex: medulla ratio a) Expression of receptor for BVDV, bovine
strain 7443 (27) 2. Increase in type | collagen deposition and CD46 in thymus.
vascularization.
influenza A virus (IAV) mouse-adapted influenza (28) a) Production of IFN-yby NK cells.
A/Puerto Rico/8/34
(H1N1; PR8) strain
Avian Influenza A Virus (29) a) A consequence of digestive disorder.
Influenza A (H1N1) pdm09 (30) a) Elevation in IFN-y secreted by activated
(31,32 thymic innate CD8*CD44" single-positive (SP)
thymocytes.
b) Large amounts of cytokines secreted by
CD122*CD44"Eomes* innate T cells upon
infected thymic DCs stimulation.
c) Anti-IFN-y therapy aids to attenuate thymic
atrophy.
Avian Influenza A Virus (33) 1. Congestion of medulla blood vessels and
(AIV)-HON2 hemorrhages together with thymic atrophy.
Mixed AIV-HIN2/Influenza
B Virus (IBV)
LCMV (34, 35) a) Viatype | interferon and Stat2.
b) IL-12 and TNF-o. involved.
S\ SIV mac261-32H (36) 1. Depletion of cortical epithelial cells and a) Intrathymic macaques revealing phagocytosis
(37) interdigitating dendrite cells. oceurs.
Deletion of the vpu (38) 1. Depletion of thymocyte.
Sequences 2. Destruction of thymic lobar and replaced by
(novpuSHIVKU-1bMC33) connective tissue.
HIV (39) 1. Depletion of DP thymocytes and SP a) Growth hormone treatment may reverse.
(40) thymocytes.
2. Blockage of maturation process from DN4
to DP.
Feline (41) 1. Depletion of CD4+ thymocytes.
immunodeficiency 42 2. Acute thymic atrophy in fetal cats and
virus (FIV) developed chronic thymic atrophy in neonatal
cats.
Vaccinia neurotropic virulent WR (43) 1. Depletion of DP thymocytes. a) 3p-hydroxysteroid dehydrogenase expressed
virus (VW) strain (44) to synthesize steroid hormones encoded by gene
A44L of W.
Murine leukemia virus  Friend murine leukemia (45) 1. Depletion in cortex.
(MuLV) virus
Moloney murine leukemia (46) a) Degree of thymocyte apoptosis is positive
virus (M-MuLV) correlated with M-MuLV leukemogenesis.
a radiation-induced strain 47) 1. At 3rd week after infection: Perivascular
of MuLV (RadLV-Rs) clusters of B-cells at the cortico-medullary
junction as the first change.
2. At 4th week after infection: depletion in
cortex, while a mixed population of large T- and
B-cells filled the medulla.
Chicken anemia virus (48) 1. Depletion of DP thymocytes in cortex. a) Thymic cortex is the main target of CAV.
(CAV) (49) 2. Apoptosis in thymic lymphoblasts.
Duck enteritis virus (50) 1. Depletion of thymic lymphocytes.
(DEV) 2. Sustained immunosuppression as noted by
the secondary bacterial infection.
Mouse hepatitis virus  Mouse hepatitis virus A59 (51) 1. Apoptosis of DP thymocytes. a) Thymic epithelial cells have MHV receptors.
(MHV) (MHV-A59) b) Infection of thymic epithelial cells led to
release of cytokines.
CSFV (52) 1. Atrophy of thymus a) CSFV RNA was positive in the thymus when
postnatal persistent infection.
MDPV (53) 1. Atrophy of thymus.
Newcastle disease ~ VWNDV (54) 1. Necrosis and depletion of the lymphocytes. @) Vitamin A dietary supplementation delayed
virus (NDV) (55) thymic atrophy.
Marek’s disease RB-1B (56) 1. Cell death in both thymic cells replicating
alphaherpesvirus MDV and uninfected cells in the thymus.
(MDV) 2. Premature exit of DP thymocytes.
Rabies virus (57, 58) 1. Depletion of DP thymocytes. a) Reversed by adrenalectomy.
Reticuloendotheliosis (59) 1. Decrease in thymus index a) Increase the level of oxidative stress
virus (REV) 2. Increase in thymic reticular endothelial cells,
inflammatory cell infitration and nuclear
damage.
Phocid herpesvirus 1 (60) 1. Thymic atrophy of grey seals Halichoerus

(PhHV-1)

PRRSV, porcine reproductive and respiratory syndrome virus; HP-PRRSV, highly pathogenic porcine reproductive and respiratory syndrome virus; BVDV, bovine viral diarrhea virus;

grypus

LCMV, lymphocytic choriomeningitis virus; SIV, simian immunodeficiency virus; HIV, human immunodeficiency virus; CSFV, classical swine fever virus; MDPV, muscovy duck parvovirus;
VWDV, velogenic viscerotropic pathotype of newcastle disease virus; DP, double positive.
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