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Human T-cell lymphotropic virus type 1 (HTLV-1) was the first retrovirus identified as the causative agent of human diseases, such as adult T-cell leukemia, HTLV-1-associated myelopathy, and HTLV-1 uveitis (HU). HU is one of the most frequent ocular inflammatory diseases in endemic areas, which has raised considerable public health concerns. Approximately 30% of HU patients develop secondary glaucoma, which is higher than the general uveitis incidence. We therefore investigated the mechanism underlying the high incidence of glaucoma secondary to HU in vitro. After contact with HTLV-1-producing T cells (MT-2), human trabecular meshwork cells (HTMCs) were infected. The infected cells increased in number, and nuclear factor (NF)-κB expression was activated. Contact between MT-2 cells and HTMCs resulted in significantly upregulated production of inflammatory cytokines, such as IL-6, and chemokines, such as CXCL10, CCL2, and CXCL-8. These findings indicate that the mechanism underlying secondary glaucoma in HU may involve proliferation of trabecular meshwork tissue after contact with HTLV-1-infected cells, resulting in decreased aqueous humor outflow. Upregulated production of inflammatory cytokines and chemokines simultaneously disrupts the normal trabecular meshwork function. This mechanism presumably leads to increased intraocular pressure, eventually resulting in secondary glaucoma.
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INTRODUCTION

Human T-lymphotropic virus type 1 (HTLV-1) was the first retrovirus found to be infectious and pathogenic in humans (Miyoshi et al., 1981; Kamoi et al., 2018). HTLV-1 has been reported in many regions of the world, and it is highly endemic in the Caribbean islands, parts of central Africa, and Japan (Martin et al., 2018; Kamoi, 2020). HTLV-1 causes adult T-cell lymphoma, HTLV-1-associated myelopathy, and HTLV-1 uveitis (HU; Tagaya et al., 2019; Yamauchi et al., 2021). In areas in which HTLV-1 is highly endemic, HU is one of the most common ocular inflammatory diseases (Terada et al., 2017a; Kamoi et al., 2022b), which has raised considerable public health concerns (Kamoi and Mochizuki, 2012b; Kamoi, 2020; Kamoi et al., 2020, 2022a). Recent research indicates that horizontal transmission of HTLV-1 is responsible for HU, which raises concerns for populations in metropolitan areas (Kamoi et al., 2021, 2022b). The pathogenesis of HU has been described as involving the continuous accumulation in the eye of inflammatory cytokines produced by ocular-infiltrating HTLV-1-infected T cells, leading to inflammation of the eye (Kamoi and Mochizuki, 2012a). Ocular inflammation often leads to secondary ocular complications, such as secondary glaucoma, a sight-threatening condition associated with damage to the optic nerve, and subsequent loss of visual field due to elevated intraocular pressure (IOP; Kingman, 2004).

According to various surveys, approximately 30% of HU patients develop secondary glaucoma (Rathsam-Pinheiro et al., 2009; Terada et al., 2017a), a higher proportion compared to previous reports of the general incidence of uveitis (10–23%; Mercieca et al., 2017; Kesav et al., 2020). HU patients are thus more susceptible to secondary glaucoma. HTLV-1-infected cells in the aqueous humor are thought to adversely affect the trabecular meshwork, leading to an increase in ocular pressure. Therefore, in this study, we investigated the effect of HTLV-1-infected cells on the trabecular meshwork in vitro. We focused on human trabecular meshwork cells (HTMCs) and HTLV-1-infected MT-2 cells and analyzed immunologic/pathologic changes that contribute to increased ocular pressure in HU patients.



MATERIALS AND METHODS


Cell Lines and Culture

HTMCs were purchased from Sciencell Research Laboratories (San Diego, CA, United States) and authenticated by testing the responsiveness of myocilin expression to treatment with dexamethasone (Yarishkin et al., 2019). HTMCs were isolated from the juxtacanalicular and corneoscleral regions of human eyes. MT-2 cells were adopted as model HTLV-1-infected T cells (Miyoshi et al., 1981; Yoshida et al., 1982), and Jurkat cells were used as HTLV-1-negative T cells as the control group (Uchida et al., 2019; Yarishkin et al., 2019; Kurozumi-Karube et al., 2020). Co-cultured T cells were irradiated with 9,000 rads in all but cytometric beads assay. HTMCs were cultured in Trabecular Meshwork Cell Medium (ScienCell Research Laboratories, Carlsbad, CA), which consisted of a proprietary basal medium formulation supplemented with 2% fetal bovine serum (FBS; GE Healthcare Japan, Tokyo, Japan), 1% fibroblast growth supplement, and 1% penicillin/streptomycin. MT-2 and Jurkat cells were cultured in RPMI 1640 (Wako Pure Chemical Corp., Osaka, Japan) supplemented with 10% FBS and 1% penicillin/streptomycin. All cells were cultured at 37°C in a humidified atmosphere containing 5% CO2. Cells were used for experiments at the third to fourth passages.



Cell Infection

For HTMCs used for enumeration, HTLV-1 proviral load (PVL) measurement, and nuclear factor (NF)-κB activity ELISA, we used the standard method for HTLV-1 infection in vitro (Miyoshi et al., 1981; Akagi et al., 1986; Liu et al., 2006). Briefly, HTMCs were plated and co-cultured with three times the number of irradiated (9,000 rads) MT-2 or Jurkat cells for 48 h. The MT-2/Jurkat cells were then removed, and the attached HTMCs were transferred three times.



Enumeration of HTMCs

As described above, after cell infection, HTMCs were transferred three times, detached using trypsin, and counted under a light microscope.



Measurement of HTLV-1 PVL

According to the manufacturer’s instructions, an EZ1 Virus Mini kit v2.0 (Qiagen, Hilden, Germany) was used to prepare DNA from each sample. The HTLV-1 PVL in HTMCs was measured using quantitative real-time polymerase chain reaction (PCR), as described previously (Fukui et al., 2017; Uchida et al., 2019; Kurozumi-Karube et al., 2020). PVL was quantified using the HTLV-1 Tax primer (forward, 5′-CCCACTTCCCAGGGTTTGGA-3′; reverse, 5′-GGCCAGTAGGGCGTGA-3′) and probe (5′-FAM- CCAGTCTACGTGTTTGGA GACTGTGTACA-TAMRA-3′). Glyceraldehyde-3-phosphate dehydrogenase was used as the internal control.



NF-κB Activity ELISA

The level of NF-κB phosphorylation in HTMCs infected with HTLV-1 was measured using an InstantOne ELISA kit [cat. no. 85-86083-11. eBioscience, CA (Consider also indicating the city), United States] according to the manufacturer’s instructions. Absorbance was read at 450 nm.



Cytometric Beads Assay

For samples used for cytometric beads assays, HTMCs (1.5 × 105 cells/ml) were allowed to adhere to 6-well plates overnight. Co-cultivation was carried out separately with and without the Transwell system. When using the Transwell system, HTMCs were cultivated in the lower chamber, and MT-2/Jurkat (5 × 105 cells/ml) cells were seeded into the Transwell membrane of the upper chamber with 0.4 μm pore size. In cultures without the Transwell system, HTMCs and MT-2/Jurkat (5 × 105 cells/ml) cells were co-cultivated in direct contact. The co-cultivation lasted 48 h. After co-cultivation, the culture supernatants were collected and stored at −80°C until assayed.

Levels of specific chemokines and cytokines in culture supernatants were measured using CBA Human Inflammation Cytokine kits according to the manufacturer’s guidelines (BD Biosciences, San Jose, CA). Data were analyzed using FCAP Array software, version 3.0 (BD Biosciences) according to the manufacturer’s instructions. Cytokines measured included IL-12p70, TNF-α, IL-10, IL-6, IL-1β, and IL-8, and the chemokines included CCL2, CCL5, CXCL8 (IL-8), CXCL9, and CXCL10.



HTMC Culture With Increasing Concentrations of Cytokines and Chemokines

To determine whether changes in HTMCs co-cultured with MT-2 cells were related to increases in cytokine and chemokine levels after co-culture, HTMCs (3 × 103) were cultured alone in 96-well plates. Cytokines and chemokines were then added at levels corresponding to the respective levels observed in co-culture. For the cytokine group: 30 ng/ml IL-6 was added; for the chemokine group, 40 ng/ml CCL-2, 0.5 ng/ml CXCL-10, and 25 ng/ml CXCL-8 were added based on our previous data. After 48 h of culture, HTMCs were detached using trypsin and counted under a light microscope.



Statistical Analysis

Data are presented as the mean ± standard error of the mean. Statistical analyses were performed using SPSS software (ver. 18.0 for Windows; IBM Corp.). Differences in levels of cytokines and chemokines were analyzed using the unpaired Student’s t-test (with or without Welch’s correction). Values of p < 0.05 were considered significant.




RESULTS


Detection of HTLV-1 Proviral DNA in HTMCs After Contact With HTLV-1-Infected Cells

To determine whether HTMCs were infected with HTLV-1, the presence of proviral DNA sequences of Tax was examined using real-time PCR. As described in the Materials and Methods section, MT2 cells and Jurkat cells were irradiated with 9,000 rads, which was reported as a lethal level for all treated cells (Liu et al., 2006). In our experiment, we confirmed that irradiated MT2 and Jurkat cells were not viable using trypan blue staining 10 days after irradiation. Repeated washing ensured that no irradiated MT2 cells persisted in the HTMC culture at the time of DNA isolation.

As shown in Figure 1, PVL was undetectable in analysis of DNA extracted from HTMCs co-cultured with irradiated Jurkat cells or HTMCs cultured alone as negative controls. In the positive control, PVL was detected in un-irradiated MT-2 cells. In DNA samples extracted from HTMCs co-cultured with irradiated MT-2 cells, PVL was detected, indicating that HTMCs were infected with HTLV-1 (Figure 1).
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FIGURE 1. Detection of HTLV-1 proviral DNA by RT-PCR in HTMCs transferred three times after co-culture with MT-2 cells, Jurkat cells, or culture alone. The number of each respective cell type was 1 × 105. The same number of MT-2 cells was used as a positive control. Data are taken from three independent biological experiments. Error bars represent standard deviation (*p < 0.05; n.s., not significant).




Changes in the Number of Trabecular Meshwork Cells Following Contact With HTLV-1-Infected Cells

To avoid adhesion of HTMCs to T cells, HTMCs co-cultured with irradiated MT-2/Jurkat cells were enumerated after three transfers. Compared with cells co-cultured with irradiated Jurkat cells or cultured alone, the number of HTMCs co-cultured with irradiated MT-2 cells increased significantly. HTMCs co-cultured with irradiated Jurkat cells tended to be slightly more numerous than HTMCs cultured alone, but no significant differences were found (Figure 2).
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FIGURE 2. Enumeration of HTMCs co-cultured with irradiated Jurkat cells or cultured alone per well after three transfers. The number of HTMCs at the beginning of each culture was 1.5 × 105. Compared with HTMCs co-cultured with irradiated Jurkat cells or cultured alone, the number of HTMCs co-cultured with irradiated MT-2 cells was significantly increased. Data represent three independent experiments, and average values are plotted. Error bars represent standard deviation (*p < 0.05; n.s., not significant).




Changes in Inflammatory Cytokine and Chemokine Levels in HTMCs Co-cultured With MT-2 Cells

The levels of inflammatory cytokines and chemokines can reflect the intensity of localized inflammation in the eye (Weinstein and Pepple, 2018). Thus, we measured levels of various cytokines (IL-6, IL-8, IL-1β, IL-12p70, IL-10, and TNF-α) and chemokines (CCL5, CXCL-9, CXCL8, CCL2, and CXCL10) secreted by HTMCs, MT-2 cells, Jurkat cells, HTMCs co-cultured with MT-2 cells, and HTMCs co-cultured with Jurkat cells (Figures 3, 4).
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FIGURE 3. Inflammatory cytokines secreted by HTMCs, MT-2 cells, Jurkat cells, and HTMCs co-cultured with MT-2 or Jurkat cells under conditions of direct/indirect contact for 48 h. After co-culture with MT-2 cells, secretion of the cytokine IL-6 increased significantly. Data are taken from three independent biological experiments. Error bars represent standard deviation (units: pg./μl; *p < 0.05; n.s., not significant).
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FIGURE 4. Chemokines secreted by HTMCs, MT-2 cells, Jurkat cells, and HTMCs co-cultured with MT-2 or Jurkat cells under conditions of direct/indirect contact for 48 h. After co-culture with MT-2 cells, levels of the chemokines CCL10, CCL2, and CXCL8 increased significantly. After co-culture with MT-2 cells using the Transwell system, levels of the chemokines CXCL10, CXCL8 (IL-8), and CCL2 increased significantly. Data are taken from three independent biological experiments. Error bars represent standard deviation (units: pg./μl; *p < 0.05; **p < 0.01; n.s., not significant).


MT-2 cells cultured alone spontaneously secreted the cytokines TNF-α and IL-6 and chemokines CCL5, CXCL10, and CCL2, whereas HTMCs cultured alone spontaneously secreted the cytokine IL-6 and chemokines CCL2 and CXCL8 (Figures 3, 4). Following co-culture using the direct contact system, levels of IL-6, CCL2, CXCL8, and CXCL10 were significantly increased after co-culture compared with MT-2 cells cultured alone (Figures 3, 4). For cells cultured using the Transwell system, compared to MT-2 cells cultured alone, levels of the cytokine IL-6 and chemokines CCL2 and CXCL8 were significantly higher after co-culture (Figures 3, 4). Under all conditions, the cytokines IL-12p70, IL-1β, and IL-10 and the chemokine CXCL9 were below the detection limits (data not shown).



Changes in NF-κB Activation in HTMCs

To evaluate NF-κB activity, the expression of phospho p65 NF-κB was quantitatively estimated by ELISA. Compared with HTMCs cultured alone, HTMCs co-cultured with irradiated MT-2 or irradiated Jurkat cells exhibited significantly increased phospho p65 NF-κB expression (420.9 and 180.9% of the control, respectively, p < 0.001). Among the co-culture groups, phospho p65NF-κB expression was significantly increased in HTMCs co-cultured with MT-2 cells compared with HTMCs co-cultured with Jurkat cells (p < 0.05; Figure 5).
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FIGURE 5. ELISA of phospho p65NFKB to show the effect of HTLV-1 infection on activation of NF-κB in HTMCs after three transfers. Data are expressed as percent of the control (%). Compared with HTMCs cultured alone, HTMCs co-cultured with irradiated MT-2 cells or irradiated Jurkat cells exhibited significantly increased phospho p65 NF-κB expression. Among the co-culture groups, HTMCs co-cultured with MT-2 cells exhibited significantly increased phospho p65NF-κB expression compared with HTMCs co-cultured with Jurkat cells. Error bars represent standard deviation (*p < 0.05; n.s., not significant).




Changes in the Number of HTMCs After Addition of Increasing Levels of Cytokines and Chemokines

We also examined whether the observed change in the proliferative capacity of HTMCs was associated with increased secretion of cytokines or chemokines. For the cytokine group: 30 ng/ml IL-6 was added, and for chemokine group, 40 ng/ml CCL-2, 0.5 ng/ml CXCL-10, and 25 ng/ml CXCL-8 was added based on the results of earlier experiments (Figures 3, 4). After 48 h, HTMCs were enumerated. Compared with the control group, no significant changes were observed in the number of HTMCs after addition of the corresponding cytokines or chemokines (Figure 6).
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FIGURE 6. Enumeration of HTMCs cultured with increased concentrations of cytokine (IL-6 30 ng/ml) or chemokines (CCL-2 40 ng/ml, CXCL-10 0.5 ng/ml, and CXCL-8 25 ng/ml) for 48 h. The number of HTMCs was 5 × 103 at the beginning of each respective culture. No significant changes in the number of HTMCs were detected among any groups.





DISCUSSION

One of the most critical causes of increased IOP in patients with uveitis is a physical obstruction of the trabecular meshwork as a result of inflammatory processes, which leads to increased resistance to the flow of aqueous humor (Panek et al., 1990; Kalogeropoulos and Sung, 2018).

In this study, we examined the mechanism underlying the increase in ocular pressure secondary to HU in vitro. HTMCs co-cultured in direct contact with HTLV-1-infected T cells became infected with HTLV-1 and exhibited an increased cell proliferation rate and increased phosphorylation of NF-κB. In addition, specific inflammatory cytokines and chemokines were produced following contact between HTLV-1-infected T cells and HTMCs. These phenomena are thought to contribute to secondary glaucoma in HU patients.

These infiltrating HTLV-1-infected cells come into contact with the trabecular meshwork via outflow of aqueous humor, which is thought to affect the trabecular meshwork function. In the present study, therefore, we focused on trabecular meshwork cells and HTLV-1-infected cells to establish a model of the intraocular environment of HU patients and determine whether secondary glaucoma in HU is caused by changes in trabecular meshwork cells in contact with HTLV-1-infected cells. Pathologic changes in the trabecular meshwork led to blockage of the aqueous humor pathway, which ultimately leads to increased IOP and glaucoma.

Data regarding the PVL of human tissues and cells in vivo and cells are scant. A previous investigation identified retinal pigment epithelium as a potential reservoir for HTLV-1 that contributes to the breakdown of the blood–ocular barrier, resulting in HU (Liu et al., 2006; Uchida et al., 2019; Kurozumi-Karube et al., 2020). The present study therefore examined whether trabecular meshwork cells also function as reservoirs in HTLV-1-related diseases. To ensure that co-cultured T-cell lines were completely removed, we used T cells exposed to 9,000 rads in our experiments. After three generations of passaging, we confirmed that no T-cell lines were present and determined the HTLV-1 proviral load in HTMCs. HTLV-1 proviral DNA was detected in trabecular meshwork cells cultured in contact with HTLV-1-infected cells (Figure 1), demonstrating that HTLV-1 can infect trabecular meshwork cells and indicating that these cells are potential reservoirs for HTLV-1.

In this study, due to the possibility of adhesion of HTMCs to T cells, we used irradiated T-cell lines and confirmed the absence of T cells by microscopy after three generations of culture passage and then counted the HTMCs. Our data demonstrated that direct contact between trabecular meshwork cells and HTLV-1-infected cells leads to significant increases in the proliferation rate (Figure 2) of trabecular meshwork cells, thus narrowing the spaces in the trabecular meshwork and disrupting the outflow of aqueous humor, breaking the normal dynamic equilibrium.

Inflammation of the trabecular meshwork, known as trabeculitis, can lead to increased IOP, and studies indicate that trabeculitis can play a critical role in the elevation of IOP in herpetic uveitis, another common form of viral uveitis (Kalogeropoulos and Sung, 2018). Therefore, in the next phase of our study, we focused on analyzing changes in the levels of cytokines and chemokines in HTLV-1-infected cells co-cultured with trabecular meshwork cells under direct or indirect exposure conditions to assess whether there is an increased likelihood of trabeculitis occurring in HU patients. Regarding the production of cytokines and chemokines by cells co-cultured under conditions of direct/indirect contact, IL-6 expression increased significantly (Figures 3, 4). Levels of CCL2, CXCL8, and CXCL10 were also increased (Figures 3, 4). After HTLV-1-infected cells encounter the trabecular meshwork, the secreted IL-6 induces local inflammation (Kamoi and Mochizuki, 2012a; Terada et al., 2017b). The correlation between the inflammatory response and the initiation and progression of glaucoma has been demonstrated (Wei et al., 2018; Atanasovska Velkovska et al., 2021). Secreted CCL2, CXCL8, and CXCL10 attract immune cells, such as neutrophils and monocytes in the aqueous humor to the trabecular meshwork, which further impedes the outflow of aqueous humor.

NF-kB is an active transcription factor involved in regulation of the expression of various inflammatory mediators and cytokine genes, making it one of the key factors in inflammatory diseases (Lambrou et al., 2020; Pai and Sukumar, 2020). Due to this strong correlation with inflammation and oxidative stress, NF-κB is considered to play an important role in the pathogenesis of glaucoma (Klettner et al., 2013; Vernazza et al., 2019). Previous studies showed markedly higher activation of NF-κB p65 in the corneal tissues of glaucoma mice (Wei et al., 2018; Lei and Zhao, 2019). In addition, the NF-κB-mediated inflammatory stress response might be a predictor of the expression of SELE, a glaucoma marker, in trabecular meshwork cells (Wei et al., 2018). Notably, in the development of HTLV-1-associated disease, regulation of NF-κB activity is also a major pathway through which HTLV-1 activates gene transcription in host cells (Fochi et al., 2018; Vicario et al., 2018). We observed upregulation of the inflammatory cytokine IL-6, which is highly correlated with NF-κB activation, in the co-culture of trabecular meshwork cells and HTLV-1-infected cells. Therefore, we investigated whether the activation of NF-κB phosphorylation in trabecular meshwork cells was affected after cell infection. HTMCs exhibited significantly increased phospho p65 NF-κB expression after co-culture with irradiated MT-2 or Jurkat cells (Figure 5), indicating that HTLV-1 infection leads to increased activation of NF-κB expression in HTMCs. Compared with HTMCs co-cultured with irradiated Jurkat cells, infection with HTLV-1 via co-culture with irradiated MT-2 cells significantly increased phospho p65 NF-κB expression in HTMCs (Figure 5), suggesting that HTLV-1 infection substantially upregulates the activation of NF-κB in trabecular meshwork cells, ultimately leading to increased secretion of inflammatory cytokines and enhancing the inflammatory response in the trabecular meshwork.

To further clarify the mechanism of HU secondary to glaucoma, we further confirmed whether the enhanced proliferation of HTMCs is due to upregulated cytokine and chemokine expression by culturing HTMCs alone with the addition of the corresponding increased levels of cytokines or chemokines. No significant change in the proliferation rate of trabecular meshwork cells was detected with the addition of cytokines or chemokines (Figure 6), suggesting that the proliferation of HTMCs is caused by contact with HTLV-1-infected cells or by infection with HTLV-1.

Some limitations of this study should be considered when interpreting the results. We investigated the changes that occur after contact between HTMCs and HTLV-1-infected cells. However, whether the cause of these changes is the infection of HTMCs by HTLV-1 or contact of HTMCs with HTLV-1-infected cells was not analyzed in detail. This issue will be the subject of our future studies. Secondary, although co-cultured T-cell lines were lethally irradiated, it remains possible that irradiated MT-2 cells might fuse to HTMCs before elimination of MT-2 cells. Additionally, the experiments were performed in vitro using cell co-culture. Therefore, it is difficult to determine whether infection of HTMCs with HTLV-1 was due to the artificial environment in vitro. In parallel with basic research, clinical long-term tracking investigations of patients with HU secondary to glaucoma might also be needed.



CONCLUSION

We investigated the mechanism of secondary glaucoma in HU patients in vitro. Trabecular meshwork cells were infected with HTLV-1, which contributed to an accelerated proliferation rate and reduced aqueous outflow. The accumulation of various chemokines recruited a large number of inflammatory cells into the trabecular meshwork, further exacerbating the obstruction and ultimately disrupting the aqueous outflow pathway. At the same time, the enhanced activation of NF-κB in trabecular meshwork cells led to increased secretion of cytokines, such as IL-6 and an increased local inflammatory response in the trabecular meshwork. In addition, HTLV-1 infection of trabecular meshwork cells disrupted the function of the trabecular meshwork. Obstruction of the aqueous outflow pathway and the deterioration of the trabecular meshwork function prevented the outflow of aqueous fluid, leading to an increase in IOP and eventually to secondary glaucoma.
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