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Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) is the etiologic agent of the coronavirus disease 2019 (COVID-19), which caused one of the pandemics with the highest mortalities with millions of deaths and hundreds of millions of cases to date. Due to its potential for airborne transmission, many studies have focused on SARS-CoV-2 primarily as a respiratory disease. However, the spread of SARS-CoV-2 to non-respiratory organs has been experimentally demonstrated and clinically observed. During autopsy studies, histopathological lesions, and disruption of the blood-testes barrier (BTB) have been observed in the male reproductive tract. Here, we review findings from both autopsy cases and animal models that demonstrate testicular disease due to COVID-19 and present an overview of the pathological alterations that occur in the testes resulting from SARS-CoV-2 infection and explore its potential mechanisms.
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1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the etiologic agent of coronavirus disease 2019 (COVID-19), is an enveloped positive-sense, single-stranded RNA virus that causes disease primarily affecting the respiratory tract (1–4). SARS-CoV-2 replicates in the lungs causing high levels of inflammation leading to severe damage and pathological lesions (5, 6). Widespread viral replication in both respiratory and non-respiratory tissues have been detected in multiple autopsy studies in SARS-CoV-2 patients with severe disease and can lead to extrapulmonary complications (7–10). Viral antigens in immune cell populations such as neutrophils, macrophages, B cells, T cells, and NK cells were detected in postmortem lung samples infected with SARS-CoV-2, suggesting that SARS-CoV-2 can potentially have a broad range of target cells (9, 11). Growing evidence shows SARS-CoV-2 infection in various additional tissues and organs, including the heart, brain, gastrointestinal tract, kidneys, liver, and the male reproductive tract (MRT) (12–14). Autopsies of severe COVID-19 patients contained viral RNA in multiple organs such as lungs, kidneys, lymph nodes, spleen, and testes up to 76 days, and in the brain, heart, and lungs as late as 230 days following the first signs of symptoms (7). Inflammatory cell infiltration was present in perivascular regions and the testes showed a broad spectrum of damage and reduction in spermatogenic cells (10, 15). These findings demonstrate SARS-CoV-2 is not limited to only the respiratory system but can cause systemic infections.

SARS-CoV-2 infection of the MRT could have short and long-term implications. The receptor angiotensin-converting enzyme 2 (ACE2), in addition to serine protease, transmembrane protease serine 2 (TMPRSS2), can promote SARS-CoV-2 entry through cleavage of its spike glycoprotein, (S) protein, which allows for fusion of the cell membrane (16, 17). Furthermore, the ability of SARS-CoV-2 to infect human cells through ACE2-independent receptors has been previously shown and constitutes an alternative pathway for viral entry and infection (18–20). ACE2 is primarily expressed in the cell lining of the alveoli as well as the male reproductive tract on the spermatogonia, Sertoli cells in seminiferous tubules, and Leydig cells (16, 21). This could account, in part, for why men are more impacted than females, with higher rates of mortality and greater severity of disease (22, 23), with results showing the male/female ratio for COVID-19 cases and deaths are 1.27 and 1.35, respectively (15). Studies indicate SARS-CoV-2 attachment to ACE2 facilitates the infection in the male reproductive tract (14, 24–26).


1.1. Comorbidities lead to possible consequences for testicular disease

Comorbidities impact COVID-19 disease severity, potentially by altering the immune response or eliciting inflammation, which can influence the male reproductive health (16, 27). Pre-existing diseases such as diabetes, obesity, hypertension, and cardiovascular disease can increase SARS-CoV-2 infection, leading to a higher risk of severe illness and histopathological damage (7, 28, 29). Among men who had confirmed COVID-19 infection, a higher proportion of individuals had pre-existing conditions such as diabetes mellitus, hyperlipidemia, hypertension, and hypogonadism (30). Additionally, diabetes and obesity are associated with lowered testosterone levels, testicular dysfunction, and inflammation, which can compromise the MRT (31). Studies have found diabetic patients with severe COVID-19 are more susceptible in developing orchiepididymitis; of these cases, testicular pain leading to necrosis in the seminiferous tubule and significant calcification in the testicular artery was found during diagnosis (32), which may suggest that COVID-19 could trigger systemic vasculitis (33). Comorbidities with SARS-CoV-2 infection may augment inflammation and render individuals more vulnerable to testicular damage (15). It is still unclear whether the testicular pathology observed in individuals with COVID-19 could be the result of a combination of the disease with pre-existing diseases.



1.2. Testicular infection by SARS-CoV-2

The testes are classically considered an immune-privileged organ, and the blood-testes barrier (BTB) plays an essential role in disease prevention. The testes have an immunosuppressive environment regulated by resident cells like Sertoli cells, Leydig cells, testicular macrophages, spermatogonial stem cells, and peritubular myoid cells (34). The BTB is formed by basal tight junctions between neighboring Sertoli cells within seminiferous tubules and prevents antigens and antibodies from disrupting spermatogenesis by infection or immune activation (34). Sertoli cells plays a role in supporting the production of sperm, forming a protective barrier and actively participates in the innate immune response against viral infections through the secretion of cytokines and interferons (35). Macrophages in the testes are the most diverse and abundant immune cells and have a crucial role in maintaining testicular health and function (36). Due to local immune system activity, which may result in deleterious effects in this immune-privileged organ (37), leukocyte infiltration combined with inflammatory cytokines can have detrimental effects on the function of Leydig cells, which are outside the BTB, leading to impaired testosterone production as well as damage to the BTB (38, 39). Infection with SARS-CoV-2 can be associated with a decrease in testosterone levels, testicular pain, erectile dysfunction, and histopathological lesions in severe cases (23, 30, 38–40).

SARS-CoV-2 is not unique in its ability to infect the MRT. Several other viruses, including mumps, Zika, Marburg, and Ebola, are known to infect the testes, disrupt the BTB, and are associated with cell infiltrates in the MRT (41–44), which can lead to testicular damage and affect fertility (34). However, ACE2 is not utilized by these viruses as a viral receptor, suggesting potentially several mechanisms for testicular infection which are virus dependent. ACE2 is abundantly expressed in cells of the human testes, such as spermatogonia, Leydig, and Sertoli cells (45). ACE2-positive cells exhibited increased levels of RNA transcripts associated with SARS-CoV-2 viral replication and transmission (21), thereby posing a risk to male reproductive function (29). Although the interaction between ACE2 and SARS-CoV-2 has been corroborated, a study on autopsies of COVID-19 patients showed weak immunostaining intensity of the ACE2 protein in spermatogonia, Leydig cells, Sertoli cells, and particularly in the seminiferous tubules (40). Further investigations through RT-qPCR showed that patients with more severe symptoms displayed diminished ACE2 expression, which could be due to the direct influence of SARS-CoV-2 on testicular cells, leading to the deregulation of ACE2 (40). Similarly, another study using a combination of RT-qPCR, immunohistochemistry, and transmission electron microscopy (TEM) detected the presence of SARS-CoV-2 in various organs, including the testes (46). Alternatively, samples that tested positive for SARS-CoV-2 were analyzed through immunofluorescence revealed that ACE2 receptors were inversely proportional to the level of spermatogenesis observed upon pathological examination (46). Although these two studies offer divergent results, it is crucial to acknowledge that a restricted sample size was utilized and that timing of fixation and collection may impact the variability of the results (26, 40, 45, 46). Further research endeavors are important to establish definitive and conclusive data about ACE2 in the MRT during SARS-CoV-2 infection.

Studies also examined pathological changes in testicular tissue, alterations in the testicular tunica propria, signs of orchitis, and spermatogenesis damages in patients who died or recovered from SARS-CoV-2 (15, 40, 46, 47). Achua et al. showed that three of the six biopsies had impairments of spermatogenesis. The basement membrane of the seminiferous tubules displayed thickening and hyalinization and a significant amount of lymphocyte infiltration, consistent with an autopsy study from Duarte-Neto et al. (15). These data show a greater risk of impaired spermatogenesis in men with higher levels of ACE2 receptors in the testes. Individuals infected with SARS-CoV-2 can potentially exhibit damage to seminiferous tubules, reduction of Leydig cells, reduced spermatogenesis, and lymphocytic inflammation (15, 47). In a small sample size of COVID-19 patients, the testicular tunica propria was found to be enlarged and showed a greater amount of peritubular myeloid cells and collagen fibers (40). Additionally, thickening was observed in areas close to mast cells and macrophages, both in the tunica propria and the basal membrane, and the rete testis area showed evidence of germ cell degeneration. Compromised tight junctions between Sertoli cells were observed in the seminiferous tubules, followed by the detachment of the seminiferous epithelium from the tunica propria (40). Additionally, semen parameters have been studied in COVID-19 patients (25, 29, 38, 39). A study by Gacci et al. found that all 11 patients with semen impairment had low sperm count after having COVID-19. They also observed that approximately 77% of the 33 patients displayed elevated levels of semen IL-8 (sIL-8), which is linked to inflammation. Among this group, 7 out of 12 patients who were not admitted to the hospital during their illness exhibited high levels of sIL-8. Furthermore, 80.8% of the patients requiring hospitalization and 100% of those in the intensive care unit demonstrated elevated levels of sIL-8. However, these findings also emphasized the correlation between the need for oxygen therapy and increased levels of sIL-8 (25). Ma et al. found that 4 out of 12 patients had low sperm count and lower sperm motility (29). Additionally, a study by Li et al. examined semen samples from COVID-19 patients and showed that out of 23 patients, 9 had low sperm counts. The average sperm counts in COVID-19 patients were significantly lower compared to men of similar age. Additionally, 14 patients had high levels of leukocyte in their semen. The percentage of COVID-19 patients with abnormal leukocytes levels was significantly higher than the control group. The study also measured proinflammatory cytokines and chemokines in the semen, including IL-6, tumor-necrosis-factor (TNF), and CCL2 (MCP-1), and COVID-19 patients had significantly higher levels than the control group. These findings highlight the potential consequences of COVID-19 on the testes.



1.3. Evidence for COVID-19-caused testicular damage and the role of the local immune response

The testicular immune response has cellular and humoral components that counter viral infections. Testicular inflammatory damage resulting from COVID-19 can potentially be an indirect result of the immune system's efforts to eliminate the virus. A study by Costa and colleagues revealed that COVID-19 patients had ten times higher levels of mast cells in their testes, suggesting that mast cells can have a role in testicular damage (40). Li and colleagues showed impaired spermatogenesis due to extensive germ cell destruction in severe COVID-19 patients autopsies. Histopathological analysis revealed thinning of the seminiferous epithelium and increased apoptotic cells and spermatogenic epithelium shedding in the seminiferous tubules (38, 39). Leukocyte infiltration can have detrimental effects on Leydig cells, leading to reduced testosterone production, damage to the blood-testis barrier, and destruction of the seminiferous epithelium (38, 39). Individuals with severe COVID-19 exhibit elevated plasma concentrations of cytokines, including interleukin (IL)-2, IL-6, IL-7, IL-10, TNF, and monocyte chemoattractant protein-1 (13). These effects, combined with inflammatory cytokines, may trigger an autoimmune response, resulting in the accumulation of IgG deposits within the tubules (38, 39). Previous research has also noted the presence of IgG deposits in various areas of the testes during experimental autoimmune orchitis (38, 39). Cytokines such as IL-6 and TNF-α can compromise the integrity of the BTB (48) and lead to orchitis and male infertility (49). Orchitis can potentially hinder the immune balance within the testes and impair the seminiferous epithelium and spermatogonia stem cells (49). A study by Basolo et al. detected SARS-CoV-2 RNA in approximately one-third of infected patient testes. CD8+ T cell infiltrates were observed within the seminiferous tubules, and clusters of CD68+ were present in the extra tubular space, with a notable absence of CD20+ and CD57+ cells (26). Although viral loads in the testes were low in most cases, this study demonstrated a higher occurrence of inflammatory cell infiltrates in SARS-CoV-2 infected testes compared to control subjects.

Hypogonadism and decreased testosterone levels have been found in individuals infected with SARS-CoV-2 (24). This may be linked to a disruption in the function of Leydig cells (50), which produce testosterone in response to luteinizing hormones (LH), contributing to spermatogenic differentiation (51). Additionally, androgen receptor (AR)-positive cells in the seminiferous tubules were higher in SARS-CoV-2 positive cases compared to the control group. In contrast, the percentage of follicle-stimulating hormone (FSH) receptor cells was reduced (26). Notably, the expression of luteinizing hormone/choriogonadotropin receptor (LHCGR) was significantly elevated in the testes of SARS-CoV-2 positive subjects compared to SARS-CoV-2 negative individuals and uninfected controls (26). The increased expression of LHCGR in viral positive testes may be a feedback response due to decreased levels of LH circulation in the body (26). Hormone dysfunctions may cause impaired production of testosterone and male infertility. In an in vitro experiment, Vero cells were exposed to testicular homogenates samples from patients who had died soon or long after the onset of COVID-19 symptoms (40). SARS-CoV-2 replication within the Vero cells and viral particles were detected in all samples. IF and TEM revealed infected monocytes/macrophages surrounding blood vessels and migrating towards testicular tissue, possibly leading to the spread of SARS-CoV-2 to testicular cells, with further detection of monocytes/macrophages inside the seminiferous tubules as another potential route of viral spread (40). The data suggest that the inflammatory damage observed in the testes may be an indirect consequence of the immune system's concerted actions to eliminate the viral presence.



1.4. Animal models to study SARS-CoV-2 infections of the testes and associated pathology

Analyzing viral testicular infections from patients can be challenging. Sample sizes of SARS-CoV-2 cases are frequently limited and often consist primarily of specimens from individuals with severe or lethal infections, which may not accurately represent mild to moderate cases. Additionally, the preservation methods and storage duration used in autopsies and tissue collections can impact the integrity of the specimens, affecting the results' validity. Animal models allow an evaluation of infection mechanism, and a means to test the efficacy and safety of novel therapies and vaccines. Mice and hamsters have been used as models to study SARS-CoV-2 infection of the testes and associated pathology. Hamsters are commonly used to study airborne viruses due to their pulmonary characteristics resembling those in humans; however, this model often shows milder clinical symptoms than humans (52).

Wild-type mice do not exhibit apparent pathological symptoms when infected with SARS-CoV-2 due to inefficient binding interactions between the viral spike protein and the mouse orthologue of the human ACE2 receptor (53). The use of a mouse-adapted SARS-CoV-2 (SARS-CoV-2 MA) has demonstrated disease pathogenesis and replication of SARS-CoV-2 in the upper and lower respiratory tract of mice (53). Further, some human ACE2 (hACE) transgenic mouse models have been used to study human-like COVID19 (54). Chen and colleagues show expression of hACE2 gene is regulated by mouse ACE2 (13). VSV-based SARS-CoV-2 pseudovirus (rVSV-SARS-CoV-2) testicular inoculation led to alteration and damage of the seminiferous tubules, and viral spread to the interstitial cells and eventual detection inside the seminiferous tubules, leading to the loss of germ cells and seminiferous tubule damage, thus indicating that the testis may be highly susceptible to SARS-CoV-2 infection (13).

A previous study from our group used six-to eight-week-old male golden Syrian hamsters to model SARS-CoV-2 infection (52). Testicular tissue infected ex vivo showed an increase in viral titers in the culture supernatant and immunofluorescence detected dsRNA, which forms during viral replication. The hamsters were infected intranasally with a target dose of 1 × 105 plaque forming units (PFU) of the original SARS-CoV-2, USA/WA1/2020 strain. Although viral detection was not present in plaque assays, SARS-CoV-2 RNA was detected in testicular tissue in all samples 2- and 4-days post-infection (dpi) by RT-qPCR. Moreover, due to the low level of infectivity, notable pathological changes were not shown in the hamster testes, and was insufficient to result in direct adverse effects or elicit a substantial immunological response (52). Furthermore, age-dependent differences have been shown in younger hamsters eliciting a stronger immune response when compared to older hamsters which may also be a contributing factor to the observed outcome (55). A separate study by Li et al. also investigated pathological and immune damage in six-to eight-week-old male hamster testes. The hamsters were challenged by SARS-CoV-2 and its variants, Delta (B.1.617.2) and Omicron (B1.1.529), through intranasal with 103 PFU/ml or testicular inoculation with 105 PFU/ml and analyzed at 1 dpi to 120 dpi (48). Intranasal exposure resulted in a significant reduction of sperm count at and decreased levels of testosterone at 4 dpi, and a gradual reduction in testicular size and weight at 120 dpi (48). An increase in virus inoculation resulted in severe histopathological damage and inflammation of the testes, leading to the deterioration of the seminiferous tubules and the absence of Sertoli and Leydig cells (48). In this study, infections with SARS-CoV-2 in Syrian hamsters demonstrated acute testicular damage, chronic testicular atrophy, and decreased hormones (48). These findings support the use of the Syrian hamster model as a valid tool for understanding the pathogenesis of SARS-CoV-2 and testing vaccines or antiviral drugs (56). Animal models are a crucial tool for studying the effects on testicular cells as they model organ systems more effectively than in vitro models (45). Overall, further advancements in existing models, as well as the development of additional models could improve the scope and depth of ongoing studies.




2. Conclusion

While the immune response is crucial in defending the body from pathogens, severe COVID-19 may trigger testicular inflammation and histopathological damage. Since the outbreak of the COVID-19 pandemic, numerous research studies have been studied to gain a better understanding of the disease's progression, identify effective treatments, and develop strategies to mitigate transmission, including in the MGT. Studies suggest that severe cases of COVID-19 can lead to testicular damage, potentially due to direct infection of the testicular cells by the SARS-CoV-2 virus or via infected immune cells, and subsequent immune overactivation. Additionally, the immunological response elicited by the infection with SARS-CoV-2 can result in testicular dysfunction, thereby damaging reproductive health. These effects may be more severe in individuals with co-morbidities that increase the resting inflammatory state. Animal models are currently being improved to help investigate pathology and to evaluate the efficacy of therapies to treat COVID-19. Further research is crucial for developing effective treatments and preventative measures to reduce the negative impact of SARS-CoV-2 infection on reproductive health.
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