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The report is not a review or a summary. In a manner, it is a perspective but an unusual one. It looks back to the years my colleagues and I (RG) began preparing for human retroviruses (beginning in 1970), how they evolved, and attempts to bring to light or simply to emphasize many exceptional characteristics of a retrovirus known as HTLV-1 and some fortuitous coincidences, with emphasis on the needs of the field. These events cover over one half a century. We have had many reviews on HTLV-1 disease, epidemiology, and basic aspects of its replication, genome, gene functions, structure, and pathogenesis, though continued updates are needed. However, some of its truly exceptional features have not been highlighted, or at least not in a comprehensive manner. This article attempts to do so.
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Lack of Adequate Attention

The first unusual feature mentioned is not exactly science-based, but it has been a recurrent one. The first submitted encompassing major manuscript describing this cancer virus (to be known as HTLV-1 later), the first known human leukemia virus, and the first human retrovirus was immediately rejected by the Journal of Virology with hostile comments from the editor that more or less concluded that everyone knows there are no human retroviruses and such reports, even such work, must stop.

Thankfully, there was the U.S. Proceedings of the National Academies of Science, which accepted the first few papers (1, 2), as did Nature (3). Not the least of these was the timing. The 1950s–1960s were years of acceptance of the possibility and even probability of finding human retroviruses. However, by the 1970s, there was a decline in interest in serious infectious diseases even to the point of the minimization of departments of microbiology and promotion of investment of funding to non-infectious “degenerative diseases”. Some of the reasons for a particular bias against human retroviruses are summarized in Table 1. Not included on the list was the reaction against claims made for detecting human retroviruses in many human cancers purely by a biochemical approach. Many publications appeared from a leading virology lab in NY on this subject (4), but were not substantiated. However, my colleagues and I (RG) soon showed that these were false positives, and their detection of a “retrovirus reverse transcriptase” was, in fact, DNA polymerase gamma, the mitochondrial DNA polymerase (5, 6).


Table 1 | Some considerations why resistance and bias against even the possibility of human retroviruses were prevalent in the 1970s.



In the 1970s, there were also very strong biases against any role for any infectious agents in any human cancer. Of course, these biases came tumbling down by the 1980s, as human retroviruses were discovered, shown to cause human diseases, and overall, along with other human tumor viruses, a role for viruses in human cancer was estimated to be about 20%. Soon after we discovered the second human retrovirus, HTLV-2 (7, 8), the third human retrovirus (9–13) was now on “top” of us and causing, oddly enough, our first pandemic in some decades, AIDS (14, 15), a disease, if left untreated, would have killed almost all within a few years.

Though HIV has long held a prominent position (by necessity), attention to HTLV-1 quickly faded. This includes both knowledge about it and research support for it. This is not easy to understand. Though HTLV-1 is not widespread in the United States, most of Europe, China, and India, which form the largest centers for publicity and most of the world science support, it is very prominent in select places such as Japan; in Native Australians; in parts of Indonesia, Romania, and Iran; in several countries in South America but especially Peru and Brazil; in parts of equatorial Africa and migrants originating from Africa to Europe; in the United States; and especially in the islands of the Caribbean (16). The oddity of this distribution is itself fascinating but may be explained by the poor transmissibility of HTLV-1 and its tendency to remain in families and certain populations, making the virus a useful aid in historical demography (17, 18).



Discoveries of Human Retroviruses

One of us (RG) decided on two simultaneous efforts in a search for human retroviruses. One was to develop a sure surrogate marker for a retrovirus far more sensitive than electron microscopy because the titer of any putative retrovirus, if present, must be very low because of difficulty in finding one, a situation very different from the well-studied and well-known animal retroviruses that replicated to high levels. At the same time, we wanted this surrogate assay to allow frequent sampling of cultures because the virus may be expressed only in a “pulse”. Both were true, and our selection proved worthy. Indeed, very recent findings suggest that the plus-strand of the HTLV-1 provirus including tax remains transcriptionally silent, and only intermittently as bursts by cellular stress such as hypoxia and glycolysis (19–23). In 1970, reverse transcriptase (RT), the soon to be well-known DNA polymerase of retroviruses, was independently discovered by Howard Temin and David Baltimore. It had provided important support for Temin’s provirus hypothesis, a key tool in some gene cloning efforts, and for me, the needed surrogate for a retrovirus.

After years of studies, we could make retrovirus assay sensitive (×1,000 greater than electron microscopy) [the detail of the assay and its development was reviewed in ref (24)], readily applicable to the frequent sampling of cultures, and specific, i.e., distinguishable from the multiple human cellular DNA polymerases (5, 6, 24, 25). Among advances from others contributing to this were developments from a biotech company, Collaborative Research Inc., and the collaboration of their CEO, Ori Firdieman, with Baltimore in developing synthetic homopolymeric/oligomeric template/primers. We tested various forms of them over the years in the 1970s, and some were critical.

The second approach was attempted to grow primary human blood cells in sufficient amounts and over sufficient time to attempt proper culture. This would require growth factors, and a few were only recently discovered from conditional media. One key result we made was the discovery of a T-cell growth factor, later termed interleukin-2 (IL-2), which became the first studied cytokine (26–28). During the 1970s, the first infectious leukemia causing retroviruses of primates was discovered by Takeshi Kawakami in a Gibbon Ape (29), and in 1978, we found a new variant associated with T-cell leukemia among Gibbons in the wild (30). This Gibbon Ape T-cell leukemia virus coupled with IL-2 pushed us toward greater concentration on human T-cell leukemias, and with the good fortune of a thorough and dedicated post-doctoral working in my group, the key results were obtained (1–3, 7, 31–34).

Soon we found the second human retrovirus, HTLV-2, in a leukemic cell from a patient with a T-cell variant of having hairy cell leukemia (7). This virus is much less pathogenic than HTLV-1, differs mainly in some parts of the 3′ region of the genome, and likely had a different primate-to-man origin (8).



Exceptional Oncogenicity

It is estimated that HTLV-1 causes cancer in about 5% to 6% of infected people (16, 35, 36), but if the infection is acquired during infancy from, for example, mother’s milk, it may be as high as 20% (36). Either number is an exceptionally high rate of cancer causation from a single exposure to a carcinogen. This means the risk from HTLV-1 to cancer is one of the most dangerous pathogens known (35), but as we will mention later, HTLV-1 also causes other diseases. Another extraordinary feature of HTLV-1 is oncogenicity as proved by the amount of evidence available for its causative role summarized in Table 2 and the lack of any identifiable co-factors like HIV and AIDS—the virus and its human target seem sufficient. However, that does not mean there are no factors that promote the likelihood of cancer development. There may be many other factors limiting its oncogenicity, but to date, and unlike many other carcinogens, there is no known strong co-factor necessary for causation. This point is rather forcefully drawn home by in vitro transformation and in vivo transfection studies that lead to transformed cells that look and act like human adult T-cell leukemia/lymphoma (ATL) cells. Alone among known tumor viruses, HTLV-1 infection apparently does it all. Sometimes, the issue has been raised as to why so many do not get leukemia when infected. My hypothesis is that the HTLV-1 provirus drives the proliferation of infected cells for its survival since HTLV-1 is so poorly infectious and transmission comes mostly from infected cells. It is also plausible that the establishment of the in vivo leukemia may require the accumulation of somatic mutations in infected T cells, which is driven by the clastogenic nature of HTLV-1 with time. Recent whole-genome analyses of the ATL cells from many patients indeed demonstrate convergent patterns of genetic mutations (37–39). It is also suggested that aggressive (acute/lymphomatous subtypes) ATL is associated with an increased burden of genetic and epigenetic alterations (39), demonstrating the cumulative nature of genetic alterations in advancing the phenotype of ATL. Another recent finding that may corroborate this point is that ATL seems to be the leading cause of death even among human T lymphotropic virus type I-associated myelopathy/tropical spastic paraparesis (HAM/TSP) patients (40), suggesting that the process of cellular transformation by HTLV-1 indeed takes a long time but keeps accumulating while HTLV-1-infected cells manifest non-leukemic disorders.


Table 2 | Exceptional linkage of HTLV-1 to adult T-cell leukemia/lymphoma (ATL).



Perhaps it is just a matter of time. The median value for the time required for HTLV-1-infected cells to accumulate sufficient mutations to become leukemic may be larger than the average life of humans. Given a far greater life span, we suspect that transformation might occur in most infected persons. So it is interesting to raise the question as to whether the early formation of the ATL cells is multifactorial as human cancer formation is in general or if HTLV-1 does it all. Also, is there any co-factor that might accelerate/diminish the speed of genetic alterations in HTLV-1-infected cells? Table 2 lists the exceptional evidence showing that HTLV-1 causes leukemia.



A Challenge to the Prevailing Dogma: One Gene Sequence→One Protein. One Protein→One Function. One Agent (Like a Virus)→One Disease

These were simple statements many of us heard when were still students, but, of course, as we have learned, none are true. I cannot think of any situation where these are all illustrated more clearly than HTLV-1 infection and disease. HTLV-1 is the first virus where multiple splicing of its primary RNA transcript was demonstrated (41), revealing that one genetic sequence could and indeed regularly contribute to the encoding of several proteins.

So too, some of its proteins unexpectedly reveal functions beyond the main and obvious one. For example, we know tax protein not only has trans-acting transcriptional activity but may be released from cells and have effects on other (by-stander) cells (42, 43), or the HBZ factor, which contributes to neoplastic transformation, impacting cell growth prior to transformation as well as controlling inflammation as protein and RNA (44–50).

Above, it was already noted that HTLV-1 causes more than ATL. It also induces spastic paralytic disease (HAM/TSP, HTLV-1 associated myelopathy/Tropical spastic paraparesis) immune mechanisms (51–54). Additionally, a slight variant from more common forms of HTLV-1 and known as HTLV-1c causes severe bronchiectasis, impacting the lives of native Australians (55–59). Several less crippling (yet are public health burden) disorders (including dermatitis and uveitis) are also associated with HTLV-1 (60–62). Infectious dermatitis is drawing clinical attention due to its manifestation among children and because it could develop into ATL or HAM/TSP later (63, 64). Overall, about 10% of HTLV-1 infections lead to multiple diseases.



HTLV Research Leads to HIV Discovery: An Unusual Coincidence of Their Discoveries Coming Just Before AIDS Was First Recognized

As noted above, in the 1970s, there was broad and strong resistance even to the possible existence of human retroviruses. The discoveries of the HTLVs (HTLV-1 reported in 1980 and HTLV-2 in 1982) were just being accepted when AIDS was first recognized in 1981, opening up the idea that AIDS might have a similar origin. However, by the time a patient was recognized as having AIDS, usually, the patient had many microbial infections. The question was which one was the cause? It turned out to be quite challenging; a hidden retrovirus was suggested and shown to be the cause. We can say with confidence that without the HTLV experience, this would have been thought of as a wild and unacceptable notion. Further, the key technology utilized for the discovery of HIV came out of HTLV research, namely, the growth of primary human blood T cells with IL-2 and a very sensitive and specific assay for a retrovirus (proper assays of RT), which were key to the findings on HIV.



HTLVs as Model Systems

We think of studies of HTLVs as significant not only for the cancer it causes but also for lessons provided from studies on the mechanisms that can cause spastic paralysis or immune disorders. There are many ways of exploiting HTLV infections to these ends. In vitro transformation of umbilical cord T cells (65) through co-culture with patient-derived ATL cells and the establishment of ATL cell lines from ATL patients (66, 67) were the first step that enabled the extensive research on how HTLV-1 transforms host cells. The cells display full ATL-like cancer characteristics (cellular and molecular features as well as their capacity to grow in animal models to form ATL-like leukemia/lymphoma), and the mechanisms underlying the cellular transformation by HTLV-1 have been widely studied using these ATL cell lines, to give rise to quite a few publications. This, in turn, has been made into in vivo models by expressing the HTLV-1 tax (68, 69) or hbz (45) genes as a transgene in mice. Both tumors and central nervous system (CNS) animal models are available (70). A prime example of a clinical advance to unrelated diseases came out of a drug development program planned as a limitation on CNS attack by immune cells and by drug developments against ATL. One of these drugs that we are developing (BNZ-1) is now undergoing trials for a similar CD4 T-cell malignancy (cutaneous T-cell lymphoma), which is not directly related to HTLV-1 (71, 72). As to the bronchiectasis/pulmonary disease frequently observed among native Australians (55, 56, 58, 59), this may have something to do with the unique origin and divergent DNA sequence of the HTLV-1c (57) compared with globally dominant HTLV-1 strains. Of interest is that the same region adjacent to the 3’ end of the viral genome is what chiefly distinguishes HTLV-1 from the less pathogenic HTLV-2 (8), suggesting that this region of HTLVs may control the pathogenesis of individual HTLV strains/subtypes. It will, of course, be most interesting to define how differences in sequences among HTLVs affect their pathogenesis, if they do.

There is a need for serious funding programs aimed at obtaining effective therapy and preventive vaccine for HTLV-1. This must be done in a climate of much greater attention and appreciation of the field along with greater funding.



Where HTLV Research Might Focus

First, more attention to the field is needed. This can only come from strong promotion, as has been carried out by Fabiola Martin for HTLV-1 research in Australia and in discussions with WHO (73, 74), but all in the field can do more. Those in areas of the world that are hardest hit by HTLV-1 are primed to be the most important activists. At present, this is in South America, Japan, and the native population of Australia. Eduardo Gotuzzo of Peru has been one such leader from South America, as have Toshi Watanabe, Yoshi Yamano, and Masao Matsuoka for Japan. Iran and Romania are enigmas. Hopefully, we will soon learn more about their HTLV-1 cases and research from “neighbors” like Ali Bazarbachi of Lebanon and with close ties with outstanding groups in Europe, notably the one led by Charles Bangham in London and several Italian groups including the one led by Roberto Accolla and colleagues.

Clearly understudied and underfunded are efforts directed to developing effective therapy and a preventive vaccine. We are hopeful that this will soon change.
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Objective

We evaluated changes of HTLV-1 proviral loads (PVLs) during treatment for rheumatoid arthritis (RA) and investigated whether these changes affect the clinical course in HTLV-1-positive RA patients.



Methods

A total of 41 HTLV-1-positive RA patients were analyzed. Their clinical picture including disease activity [Disease Activity Score in 28 joints-erythrocyte sedimentation rate (DAS28-ESR), DAS28-CRP, simplified disease activity index (SDAI), and clinical disease activity index (CDAI)] and comorbidity were evaluated over a 2-year period. PVLs from peripheral blood mononuclear cells were investigated by real-time polymerase chain reaction (PCR). We investigated whether HTLV-1 PVLs is altered, or which clinical characteristics affect changes of HTLV1-PVLs during 2-year treatment.



Results

Clinical disease activity was not changed during the 2-year observational period. The mean HTLV-1 PVL value change from baseline to 2 years was -1.2 copies/1000 PBMCs, which was not statistically significant. No baseline clinical characteristics influenced changes in HTLV-1 PVL. However, a numerical change of HTLV-1 PVLs was increased in 4 patients initiating the new biological/targeted synthetic disease-modifying antirheumatic drugs (b/tsDMARDs) at 2−10 months after starting the new b/ts DMARDs (numerical increase was 24.87 copies/1000 PBMCs). Infection occurred in 4 patients, and 3 of those patients showed an increased HTLV-1 PVL. Univariate analysis revealed an association between increase of HTLV-1 PVL and incidence of infection.



Conclusions

Over 2 years, HTLV-1 PVL did not significantly change in our HTLV-1-positive RA patients. Individual changes in HTLV-1 PVL were correlated with incidence of infection but not disease activity which indicate that we may take precaution toward infection at the uptick of HTLV-1 PVL in HTLV-1-positive RA patients.





Keywords: rheumatoid arthritis, human T-cell leukemia virus type 1, proviral load, infection, molecular-targeted therapy



Introduction

Rheumatoid arthritis (RA) is an autoimmune disease characterized by symmetrical joint inflammation that results in progressive joint destruction. Treatments efficacy for RA have been changed by biological and targeted synthetic disease-modifying antirheumatic drugs (b/tsDMARDs), currently, the use of which enables patients to achieve low diseases activity in up to 40% and remission in up to 20% (1). However, when using such immunosuppressive agents, the risk of infection must always be considered. Increasing numbers of infection-related adverse events with use of b/tsDMARDs have been reported, including reactivation of latent viruses (2).

Human T-cell leukemia virus type 1 (HTLV-1) is an exogenous retrovirus and the etiological agent of adult T-cell leukemia (ATL) and HTLV-1-associated myelopathy/tropical spastic paraparesis (HAM) (3). It infects 10-20 million people worldwide, with endemic regions in Japan, the Caribbean islands, south America and west Africa (4). In Japan, the nationwide estimate of the number of HTLV-1 carriers is at least 1.08 million, and the annual incidence of new infections by HTLV-1 is estimated at 3.8 per 100000 persons (5). HTLV-1 establishes lifelong latency in human T cells, and the lifetime risk of HTLV-1-infected individuals to develop ATL is estimated at 4 to 7% (6).

Since immunosuppressive agents can weaken host immunity, there have been questions as to whether treatment of HTLV-1 infected RA patients with immunosuppressive agents increases their risk of ATL/HTLV-1 associated disease development. Indeed, several cases in which ATL developed during treatment for RA have been reported. The patients in these cases had been treated by various DMARDs including methotrexate (MTX), abatacept and etanercept (7–10).

And, there is a possibility that HTLV-1 infection affects the clinical character of RA. Previously, we conducted a detailed investigation about the clinical features of HTLV-1-infected RA patients (11). That study revealed that the HTLV-1 proviral load (HTLV-1 PVL) was higher in patients with comorbidities of bronchiectasis, malignancies, and opportunistic infectious disease, as compared patients to without comorbidities. And there was no significant difference in HTLV-1 PVLs among types of b/tsDMARDs. However, that study was just a cross-sectional study. To elucidate the influence of HTLV-1 infection upon the incidence of other infections, which the cross-sectional study suggested to be related, and the influence of b/tsDMARDs on HTLV-1 PVL, a longitudinal study focused on changes of HTLV-1 PVL was needed. Here, we longitudinally measured HTLV-1 PVLs in daily clinical practice and analyzed the relations with the clinical course of RA including the incidence of infection and treatment response.



Patients and Method


Study Design and Patients

This is a single center prospective study comprising HTLV-1-positive RA patients at Sasebo Chuo Hospital in the Nagasaki prefecture in Japan, conducted from December 2017 to April 2020. The patients gave their informed consent to be subjected to the protocol, which was approved by the Institutional Review Board of Sasebo Chuo Hospital (IRB approval no. 2017-23 and 2018-05). Figure 1 show the study flowchart. The patients included in this analysis were enrolled in our previous study (11). In that study, we recruited 1285 patients whose diagnosis of RA had been made at Sasebo Chuo Hospital between December 2017 and April 2018. Among 1285 RA patients, 1170 patients negative on HTLV-1 screening as well as 32 HTLV-I-positive RA patients who did not agree to participate were excluded. As a result, the remaining 83 HTLV-I-positive RA patients participated the study. A chemiluminescent immunoassay (CLIA) (ARCHITECT® HTLV, Abbott Japan, Tokyo, Japan) was used for an HTLV-1 screening test and a line immunoassay (LIA) (INNOLIA HTLV-1/11; Fujirebio, Europe NV, Belgium), was used for confirmation of HTLV-1 infection. Among these 83 patients, 22 patients were excluded because of low HTLV-1 PVL value [<1.9 copies per 1000 PBMCs; which indicated the lowest quartile level of PVLs in the previous study (11)] at baseline, and 10 patients did not agree to participate the study, remaining 51 patients who provided informed consent to participate in the present study were enrolled. Among enrolled patients 10 patients dropped out of the study because of 1 data missing, 8 transfer to other hospitals and 1 withdrawal of consent. Finally, we analyzed 41 patients in the study.




Figure 1 | Flowchart for study sample. RA, rheumatoid arthritis; HTLV-1 PVL, Human T-cell leukemia virus type 1 proviral load; PBMCs, peripheral blood mononuclear cells.



All patients had a diagnosis of RA based on the 1987 American College of Rheumatology (ACR) classification criteria for RA or the 2010 ACR/European League against Rheumatism (EULAR) classification criteria for RA. We collected the enrolled patients’ data at the time of the first measurement of HTLV1-PVL, including the disease-modifying antirheumatic drugs (DMARDs) use history, their disease duration, positivity of rheumatoid factor (RF) and anti-citrullinated protein antibodies (ACPA), and concomitant medications. The incidence of infection and development of HTLV-1-associated disease such as ATL were evaluated during a two-year follow-up period. Information about any changes of b/tsDMARDs was also collected during the study period.



Clinical Assessment

The patients’ clinical disease activity was assessed using the Disease Activity Score in 28 joints-erythrocyte sedimentation rate (DAS28-ESR), the Disease Activity Score in 28 joints-C-reactive protein (DAS28-CRP), simplified disease activity index (SDAI), and clinical disease activity index (CDAI) at baseline and 6, 12, 18 and 24 months after the first measurement of HTLV-1 PVL. The incidence of infections reported by the patients as well as on the findings of physical examinations were also assessed.



Quantification of HTLV-1 PVL

Genomic DNA was obtained from samples by standard proteinase K treatment. To quantify the proviral load, we performed real-time PCR as described previously (12). The primers for exon 3 of the HTLV-1 tax gene were 5’-GAAGACTGTTTGCCCACCACC-3’ and 5’- TGAGGGTTGAGTGGAACGGA-3’, and the probe was 5’-CACCGTCACGCTAACAGCCTGGCAA-3’. Genomic DNA (500 ng) was used for real-time PCR in a 50-μl reaction solution prepared with TaqMan Universal PCR master mix (Applied Biosystems, Foster City, CA). The amplification conditions were 50°C for 2 min, 95°C for 10 min, and then 40 cycles of 15 s at 95°C followed by 60 s at 60°C. All experiments were performed and analyzed using the ABIPRISM 7700 sequence detection system (Applied Biosystems). To measure cell equivalents in the input DNA, the recombination activating gene 1 (RAG-1) coding sequence in each sample was also quantified by real-time PCR. The sequences of the primers for RAG-1 exon 2 detection were 5’-CCCACCTTGGGACTCAGTTCT-3’ and 5’-CACCCGGAACAGCTTAAATTTC-3’, and the probe was 5’- CCCCAGATGAAATTCAGCACCACATA-3’. Amplification conditions were the same as those for the tax gene. The probes were labeled with fluorescent ‘6-carboxyfluorescein (reporter) at the 5’ end and fluorescent 6-carboxytetramethyl rhodamine (quencher) at the 3’ end. ATLL samples were analyzed in duplicate. The DNA of freshly purified ATLL cells, which harbor one copy of the HTLV-1 provirus, and the proviral load were used as positive controls. The proviral load was given the value of 100% when used as point of comparison.



Statistical Analysis

GraphPad prism software (GraphPad Software, San Diego, CA) and JMP Statistical Software (SAS Institute, Cary, NC) were used for statistical analysis. Normal distribution of the data was confirmed using the Kolmogorov-Smirnov test. The distribution of baseline variables and proportion of disease activity in different patient subgroups were examined by Mann-Whitney U test and chi-square test. The Student’s paired t-test (for parametric data) or Wilcoxon signed rank test (non-parametric data) were used to detect statistically significant differences in HTLV-1 PVL change, inflammatory markers and disease activity. The Kruskal-Wallis test was used to compare baseline characteristics and disease course including incidence of infection and to estimate changes of disease activity among patient subgroups. Univariate analyses were used to identify factors contributing to the incidence of infection; our data were judged to be too few to perform multivariate analyses. All data are expressed as means ± standard deviations (SDs). P-values less than 0.05 were considered to indicate statistical significance.




Results


Baseline Characteristics

A total of 41 patients were analyzed in this study. The patients’ baseline demographic and clinical characteristics are summarized in Table 1. The mean age of patients was 67.9 ± 11.8 years, and most of the subjects were women (75.6%). The mean duration from RA onset to enrollment was 12.5 ± 10.4 years. The disease activity was relatively well controlled, i.e, the mean DAS28-ESR, DAS-CRP, SDAI and CDAI were 3.17 ± 1.09, 2.32 ± 0.90, 7.11 ± 6.23 and 6.96 ± 6.14, respectively. Except one patient, patients were prescribed MTX (n=34), b/tsDMARDs (n=10), and other conventional synthetic (cs) DMARDs (n=18). Concomitant use of an oral steroid was present in 17 patients.


Table 1 | Clinical characteristics of the study population.





Clinical Course During Observational Period

Clinical disease activity as indicated by the DAS28-ESR, DAS28-CRP, SDAI, and CDAI, and the inflammatory markers were evaluated at baseline and 6, 12, 18 and 24 months after enrollment (Table 2). Although the disease activity showed a tendency to increase during the observational period, this increase was not statistically significant. Inflammatory markers did not change. Therapeutic regimens remained constant in almost all patients; however, new b/tsDMARDs (etanercept, tocilizumab and certolizumab pegol) were initiated in 3 patients (1 patient was DMARDs naïve and 2 patients had been treated by MTX) and the b/tsDMARD (tofacitinib) was switched in 1 patient (this patients had been treated by MTX). Infections were observed in 4 patients, and the infections were cystitis, pyelonephritis, sinusitis and cellulitis (onsets were 4-18months after enrollment, the causal agents were not identified, and one patient was hospitalized by cellulitis.). No ATL or other HTLV-1 related disease such as HAM developed in any patient during study period.


Table 2 | The changes of disease activity and inflammatory markers.





Changes in HTLV-1 PVL Value

Figure 2 illustrates the changes in HTLV-1 PVLs over the two-year study period (The square root transformed data for reducing the skewness of raw data are also illustrated). The mean HTLV-1 PVL values at baseline, 1 and 2 years after enrollment were 44.8, 39.1 and 46.0 copies per 1000 PBMCs, respectively. There were no statistically significant changes in HTLV-1 PVLs. We also analyzed the total lymphocyte count because the number of lymphocytes affects to the PVL values on PBMC. The lymphocyte subsets were no changed during study period (mean lymphocytes percentage of total white blood cells at baseline, 1 and 2 years after enrollment were 27.5, 28.3 and 28.6, respectively). In 24 patients, HTLV-1 PVLs increased over the 2 years whereas levels decreased in 16 patients. We explored the baseline characteristics that were associated with these two groups (PVLs increase or decrease) by performing univariate analysis (Supplementary Table S1). No baseline characteristics including b/ts DMARDs use was associated with changes of HTLV-1 PVLs. Regarding newly initiation of b/ts DMARDs, the mean HTLV-1 PVL values was increased after initiation of b/ts DMARDs. Four patients started new b/ts DMARDs during the study period without changing dose of concomitant oral steroid (newly introduction in 3 patients, switching in 1 patient, respectively as described above). The mean HTLV-1 PVL values of these 4 patients increased from 78.13 ± 108.2 copies/1000 PBMCs before initiating the new b/ts DMARD to 103.0 ± 149.0 copies/1000 PBMCs at about 2−10 months after starting the new b/ts DMARD.




Figure 2 | Time course of HTLV-1 PVL over 2 years. (A) Raw data of proviral load. The mean HTLV-1 PVL are expressed under the graph. (B) Square-root transformed values of the raw proviral load. HTLV-1 PVL, Human T-cell leukemia virus type 1 proviral load; PBMCs, peripheral blood mononuclear cells.





Comparison of Clinical Character and Clinical Course by Changes in HTLV-1 PVLs

To investigate whether changes in HTLV-1 PVLs affect the clinical course of RA during a two-year period, we divided the patients into quartile categories based on the change (Δ) in HTLV-1 PVL values from baseline at the 2-year point. Baseline characteristics investigated including b/tsDMARDs used at treatment and concomitant use of PSL were not different among these 4 groups (Table 3). No remarkable change of disease activity score during observation period was observed in any of the 4 groups, and changes were not different among the ΔHTLV-1 PVLs quartile groups. During the study period, infections were experienced by 4 patients. Three of the 4 patients were in Quantile 4 group (ΔHTLV-1 PVL from at 2 years to at baseline was >9.6 copies/1000 PBMCs). This result suggested that an increase of HTLV-1 PVL might indicate risk of infection.


Table 3 | Comparison of baseline variables and clinical course by changes of HTLV-1 PVL values.





Factors Related to Infection in HTLV-1-Positive RA Patients

As revealed by above analysis, the changes in HTLV-1 PVL were correlated with the incidence of infection. To confirm this result, we next investigated which factors are specifically related with incidence of infection in HTLV-1-positive RA patients.

Table 4 shows the factors associated with the incidence of infection during the study period in HTLV-1-positive RA patients in a univariate logistic analysis. Among the various factors such as b/tsDMARD used, PSL use and age, univariate analysis indicated that only the change of HTLV-1 PVL was associated with the incidence of infection.


Table 4 | Univariate analysis for correlates of incidence of infection.






Discussion

We evaluated the clinical course of HTLV-1-positive RA patients and investigated the relation of that course with changes of HTLV-1 PVLs over a two-year period. The results of this study showed that disease activity was not associated with the status of HTLV-1 PVL, but the incidence of infection was associated with the increase of HTLV-1 PVL.

Overall, the mean value of HTLV-1 PVLs in this study was not significantly changed during the observational period. This result is similar with those of a previous report by Umekita et al. (13). They reported that the median HTLV-1 PVL value at baseline was 0.45 copies per 100 WBCs, and that value at two years after baseline was 0.46 copies per 100 WBCs (It has been estimated that values of PVL per WBCs is almost 2.5 fold lower as compared with that per PBMCs) (14). Although the mean value of HTLV-1 PVLs also did not significantly change, HTLV-1 PVLs did increase in some of our patients (Q4 in Table 2). Baseline characteristics including b/tsDMARD use and disease activity of those patients were not different from those of patients showing no increase of HTLV-1 PVL. However, after initiation of new b/tsDMARDs, HTLV-1 PVLs tended to increase in the present study. Considering these results, HTV1-PVL might increase in the short term (about 1-2 year) after the initiation of a b/tsDMARD and then level off. To confirm this hypothesis, we should investigate the time sequence analysis of HTLV-1 PVLs for a longer period in the future.

The infections were most frequently seen in the patients with increase of HTLV-1 PVL in this study. Moreover, univariable analysis indicated the increase of HTLV-1 PVL as a risk factor of infection in HTLV-1 PVL positive RA patients. HTLV-1 infection has been considered to contribute to the risk of infections because HTLV-1 causes T-cell dysfunction (15). For example, fewer numbers of naïve T lymphocytes in both CD4 + and CD8+ subpopulation were reported in HTLV-1 carriers (12). Experiments using an HTLV-1-infected mice model revealed that CD4+FOXp3+ regulatory T cells were increased and the IFN-γ response by CD8+ T Cells was limited due to PD-1 elevation (16). Furthermore, an increase in the CD4+CD25+ suppressor phenotype seen in HTLV-1-infected individuals was associated with an immunosuppressive state (17). Yanagihara et al. reported that expression of PD-1, PDL-1 on cytotoxic T lymphocytes was one possible mechanism for the high incidence of opportunistic infections in HTLV-1-infected patients (18). In fact, in clinical practice, high incidence rates of opportunistic infections such as strongyloidiasis, P. jirovecii pneumonia, tuberculosis and cytomegalovirus have been reported in HTLV-1-infected patients (19–23). High incidence of infection in HTLV-1-infected patients was also observed in RA. Hashiba et al. reported that the incidence rate of serious infection is higher in HTLV-1-positive RA patients compared to that in HTLV-1 negative RA patients (11.1 per 100 person-year vs 6.37 per 100 person-year, respectively) (24).

However, the relation of the change of PVL with the risk of infection was not elucidated by these previous studies. Our study is the first report to show an association between increase of HTLV-1 PVL and incidence of infection. This result suggests that T cell dysfunction caused by HTLV-1 infection becomes more significant as the HTLV-1 viral load increases. Our data showed that HTLV-1 PVLs increased after new b/tsDMARD initiation. Taken together, physicians should observe HTLV-1-positive RA patients with special caution for infection in the first 2 years or more after initiation of a b/tsDMARD.

No patient developed ATL or HTLV-1 related disease such as HAM, HTLV-1 uveitis in this study. Although immunosuppressive states have possibility to increase HTLV-1 PVL, it still remains unclear whether immunosuppressive agents affect the development of ATL in HTLV-1 carrier patients. In our previous study over a 24-week observational period, no ATL was developed among 50 HTLV-1-positive RA patients treated with a TNF-inhibitor and 27 HTLV-1-positive RA patients treated with a non-TNF-inhibitor (25, 26). Moreover, a 4-year observational study conducted by Umekita et al. also reported no ATL cases among HTLV-1-positive RA patients treated by various DMARDs (13). On the other hand, it has been reported that several patients developed ATL while receiving immunosuppressive treatments including bDMARDs (7, 9). In addition, development of ATL or HAM was observed after allogenic hematopoietic stem cell transplantation and renal transplantation who received immunosuppressive regime (27, 28). Several factors such as aging, high HTLV-1 PVL values, a family history, and a variety of genetic alterations that would relate to HTLV-1 oncogenesis have been reported as risk factors for development of ATL (5, 29). Besides immunosuppressive treatment, these risk factors might be more important for development of ATL in HTLV-1-positive RA patients. Thus, in the future we should investigate whether the immunosuppressive treatment shows a synergistic effect for development of HTLV-1-related disease in patients who have these risk factors.

Changes in HTLV-1 PVLs did not affect the disease activity of RA, and the disease activity of enrolled HTLV-1-positive RA patients was not significantly changed during the observational period. This result is similar with those of other studies. The above-mentioned 4-year observational study conducted by Umekita et al. showed no significant change of disease activity or HTLV-1 PVLs, and Endo et al. reported that the treatment response to non-TNF inhibitors was no different between HTLV-1 antibody-positive and -negative patients (13, 26). However, there is a possibility of lower efficacy of treatment, for instance with b/tsDMARDs, in HTLV-1-positive compared to -negative RA patients because HTLV-1 infection of T-cells and synovial fibroblasts has been shown to induce enhanced production of cytokines such as TNF-α, IL-1α (30–32). In fact, another cohort study reported reduced effectiveness of TNF inhibitors in HTLV-1 antibody-positive RA patients (25).

Several limitations of this study must be mentioned. The number of patients was small, and the number who initiated new b/tsDMARDs was even smaller. To confirm the tendency we found for the increment of HTLV-1 PVLs after initiation of b/tsDMARDs, a larger sample size is needed. Moreover, due to small number of infection cases, we could not perform multivariate logistic regression analysis to detect statistically related factors. Although this is the first study to show the possibility of increasing HTLV-1 PVL as a risk factor for infection, multivariable analysis with larger samples is important to rule out confounding factors. And we excluded the patients with low HTLV-1 PVL value because the PVL values in the patients with low PVL value at baseline had shown very little change during years in our previous experiences in clinical practice and we thought low PVL might less affect to clinical course of RA. So, the relation of changes in HTLV-1 PVL with clinical course of RA in RA patients with very low HTLV-1 PVL value remains unclear. Finally, with regard to the development of ATL, the study period of this study was relatively short. A very long latency period, as long as 50 years after HTLV-1 exposure, precedes ATL (33). Therefore, the duration of this study was insufficient for evaluating the risk of developing ATL.

In conclusion, our present study demonstrated that in most of our HTLV-1-positive RA patients, HTLV-1 PVLs did not significantly changed during treatment and the changes in HTLV-1 PVLs did not affect the treatment response. However, the increase of HTLV-1 PVL was suggested to be related to the incidence of infection; thus, we should take special precautions against infection when HTLV-1-positive RA patients show an uptick of their HTLV-1 PVL.
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Human T cell leukemia virus-1 (HTLV-1) is the causative agent of a severe cancer of the lymphoid lineage that develops in 3-5% of infected individuals after many years. HTLV-1 infection may also induce a serious inflammatory pathology of the nervous system designated HTLV-associated myelopathy/tropical spastic paraparesis (HAM/TSP). Two virus-encoded proteins, the viral transactivator Tax-1 and the HTLV-1 basic leucine-zipper factor HBZ, are strongly involved in the oncogenic process. Tax-1 is involved in initial phases of the oncogenic process. Conversely, HBZ seems to be involved in maintenance of the neoplastic state as witnessed by the generation of leukemic/lymphomatous phenotype in HBZ transgenic mice and the persistent expression of HBZ in all phases of the oncogenic process. Nevertheless, the intimate molecular and cellular mechanism mediated by the two viral proteins, particularly HBZ, in oncogenesis still remain elusive. An important step toward the complete comprehension of HBZ-associated oncogenicity is the clarification of the anatomical correlates of HBZ during the various phases of HTLV-1 infection to development of HTLV-1-associated inflammatory pathology and ultimately to the establishment of leukemia. In this review, I will summarize recent studies that have established for the first time a temporal and unidirectional expression of HBZ, beginning with an exclusive cytoplasmic localization in infected asymptomatic individuals and in HAM/TSP patients and ending to a progressive cytoplasmic-to-nuclear transition in leukemic cells. These results are framed within the present knowledge of HTLV-1 infection and the future lines of research that may shed new light on the complex mechanism of HTLV-1- mediated oncogenesis.
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Introduction

The human T cell leukemia/lymphoma virus-type 1 (HTLV-1), the first described human retrovirus (1) is the etiological agent of a very severe form of cancer of the lymphoid lineage designated Adult T cell leukemia (ATL) (2). HTLV-1 infects at least 10-15 million people worldwide (3) and this number is probably underestimated because of the lack of epidemiological studies in various and highly populated areas of the world. The virus is highly endemic in South Japan, central Africa, Iran, the Caribbean islands and central Australia (4). Infection is transmitted vertically by breast feeding from infected mothers to neonates and horizontally by sexual intercourse and blood transfusion (5). Unlike HIV-1 infection, HTLV-1 infection is transmitted by cell-to-cell contact. From a pathological viewpoint, HTLV-1 infection can remain silent lifelong in the vast majority of individuals. However in 5 to 7% of infected people infection can generate serious forms of chronic inflammatory diseases including a severe form of neuroinflammation designated HTLV-1-associated myelopathy/tropical spastic paraparesis (HAM/TSP) (6–8) and, as mentioned above, the clinically still untreatable ATL. Considering the high percentage of HTLV-1 infected people that progress toward ATL, it appears justified the recent definition of HTLV-1 virus as the most potent “oncogene” ever described at least among the pathogens that have been associated to neoplastic transformation (9). The sense strand of HTLV-1 genome encompasses gag-pol-env genes common to all retroviruses as well as the pX region encoding regulatory proteins of the virus and particularly the Tax-1 protein necessary for the activation of transcription of the viral genome (10). Interestingly, the anti-sense strand of the viral genome contains an open reading frame that was first described in 1989 by Larocca et al. (11). The transcribed product and the corresponding protein designated HTLV-1 basic leucine zipper or HBZ were characterized in 2002 by the group of Jean-Michel Mesnard (12). Here is important to stress that for many years the existence of anti-sense transcripts and corresponding proteins made by retroviruses has been underestimated if not unrecognized. Hopefully the paradigm of “retroviruses encoded proteins on only one strand of proviral DNA” has shifted, mostly because of the discovery of HBZ (13).

HBZ contains a bZIP domain in addition to an activation (N-terminus) and a central domain (12). HBZ is expressed mainly in two distinct isoforms: a spliced form containing 206 amino acids (sp1) and an unspliced form with 209 amino acids (us) (14, 15). The sp1 form is more abundant and is found in almost all ATL patients (16). One of the crucial functions of HBZ, particularly of the sp1 form, resides in inhibiting sense transcription from viral 5’ LTR by interacting with CREB-2 via its bZIP domain. This results in strong inhibition of the CREB-2/Tax-1 interaction instrumental for the activation of HTLV-1 LTR (12).

Initial studies mainly performed by using cDNA constructs of the HBZ gene showed that HBZ exerts frequently opposing effects with respect to Tax-1 (17). For example, HBZ inhibits, while Tax-1 activates, the classical Nuclear Factor kappa B (NFkB) pathway by inducing PDLIM2 expression which brings about proteasomal degradation of RelA (18). Similarly HBZ suppresses NFAT and AP-1 pathways, whereas Tax-1 activate them. HBZ suppresses, while Tax-1 activates, Wnt pathway by interacting with the disheveled-associating protein with a high frequency of Leucine residues (DAPLE) (19). On the other hand, HBZ activates the TGF-β/Smad pathway while Tax-1 inhibits it (20).

Tax-1 and HBZ are considered the two crucial factors for the oncogenic properties of HTLV-1. A large body of data witness the involvement of Tax-1 in the initiation of the oncogenic process mainly through a subversion of key pathways of cell activation and proliferation such as the NFkB pathway (21). The involvement of Tax-1 in tumorogenicity has received important biological support from Tax-1 transgenic mice which indeed develop leukemia and lymphomas (22). However, Tax-1 is not expressed in about 50% of ATL patients (23) and this has been taken as an argument to state the Tax-1 involvement in the initiation but not in the maintenance of the oncogenic process. More recent studies have partially challenged this notion since it has been found that even in Tax-1 negative ATL, at least in those in which there is no structural alteration of the tax gene, discrete bursts of Tax-1 expression in a minority of cells take place and may favor the growth of the ATL population (24). As opposed to Tax-1, HBZ is constantly expressed during infection and particularly in all ATL cases, where its presence seems to be involved in the maintenance of the cancer status, as witnessed also by experimental evidence in HBZ transgenic mice that develop leukemic/lymphomatous lesions (25).



Expression and Subcellular Localization of Endogenous HBZ Protein

The alteration of cell homeostasis resulting in host pathology requires a careful analysis not only of the possible interactions of Tax-1 and HBZ with key molecules of cell host but also in a clear definition of the subcellular localization in which such interactions take place during the history of HTLV-1 infection. This has been particularly crucial for HBZ because most of its supposed biochemical and functional correlates of action were extrapolated by studies of HBZ-transfected cells mostly of non T cell origin (26). This was due to the lack of specific reagents that could detect endogenous HBZ in HTLV-1 infected cells or in ATL cells. The difficulty was overcome by the generation in my laboratory of a potent anti-HBZ monoclonal antibody, 4D4-F3, that can be used both in immunoprecipitation, western blotting and, importantly, in immunofluorescence and confocal microscopy (27). We then had a tool to analyze the expression, the molecular interaction with host cell factors and subcellular localization of HBZ in its natural contest.

One of the important aspects was the quantification of endogenous HBZ in its “physiological” setting compared to the one observed in classical transfection experiments. Indeed we could determine that the amount of HBZ measured in leukemic or HTLV-1-infected established cell lines was on the order of 17 to 40 thousand molecules per cell, and this estimate was at least 20 to 50 fold less than the amount found in 293T cells transfected with HBZ (27). This had an impact also in the assessment and the definition of the extent of previously described interactions between HBZ and cellular factors. While for example CBP and JunD could be shown to interact with endogenous HBZ in established chronically infected or leukemic cell lines, this interaction was barely visible in fresh leukemic cells from patients. This was paralleled by a faint and minor colocalization of endogenous HBZ with the above factors as well as with p300 and CREB-2 factors in fresh leukemic cells as compared to established cell lines, as assessed by confocal microscopy (27). Conversely, all the above factors strongly reacted biochemically and colocalized extensively with HBZ in 293T cells transfected with the HBZ cDNA. Thus, functional correlates of HBZ interaction with cellular factors drawn on the basis of HBZ expressed in transfected cells should be carefully re-evaluated on the basis of the real concentration of the endogenous viral protein expressed in its natural context, that is fresh HTLV-1 infected or ATL patient cells.

The second crucial aspect of HBZ that could be re-evaluated was its endogenous subcellular localization through the history of the infection, from initial infection to development of HTLV-1 associated pathologies. Initial studies based on HBZ transfection in cells, often not representative of the natural target of HTLV-1, suggested an exclusive nuclear localization of the viral protein (12) (26). Preliminary investigation by using our anti-HBZ monoclonal antibody confirmed the nuclear localization in established cell lines including the leukemic ATL-2 cells and one sample of fresh leukemic cells from an ATL patient (27). However, when we extended the analysis to fresh PBMC from HTLV-1-infected asymptomatic carriers (AC) we found instead an exclusive cytoplasmic localization of HBZ (28). Moreover, an exclusive cytoplasmic localization was also found in PBMC from HAM/TSP patients (28–30). All together, these findings led us to conclude that the unprecedented localization of HBZ in the cytoplasm could be considered as a marker of pathological distinction of HAM/TSP with respect to ATL (29). The extended analysis of AC and HAM/TSP revealed additional peculiarities of HBZ expression and subcellular localization. The percentage of HBZ-positive cells in PBMC of AC, as detected by accurate confocal microscopy, varied between 0 to 4%, significantly lower than the percentage of Tax-1 positive cells which varied between 0 to 11%. Interestingly, only in very few cases of AC we have been able to find the co-expression of HBZ and Tax-1 within the same cells (28, 29). Thus it appears that in PBMC of AC there is a sort of mutual exclusion of endogenous HBZ and Tax-1 expression at single cell level. The reasons of this apparent dichotomy require further investigation. Furthermore, when Tax-1 was expressed, it localized both in the cytoplasm and nucleus. In PBMC of HAM/TSP patients, the situation was very similar to AC with the distinctive difference of the higher percentage of both HBZ and Tax-1 positive cells, particularly of HBZ-positive cells (up to 10%), and this partially correlated with the increased proviral load observed in these patients (28). The fact that both in AC and HAM/TSP patients HBZ was localized exclusively in the cytoplasm led us to investigate whether this unprecedented subcellular localization was the result of a preferential shuttling of the viral protein in this compartment. If this were the case, treatment with leptomycin B (LMB), a drug inhibiting the CRM-1-depedent nuclear export (31), should result in preferential segregation of HBZ in the nucleus. However this was not the case, as treatment with LMB did not modify at all the cytoplasmic localization of HBZ in either AC or HAM/TSP. This result strongly suggested that HBZ was actively retained in the cytoplasm, possibly by a factor or factors whose molecular nature and intimate mechanism are at present actively investigated. In this respect it should be noted that it has been recently reported that in HBZ-transfected Jurkat T cells the viral protein may partially segregate in the cytoplasm as result of interaction with the T cell-specific protein THEMIS (32). This prompted us to analyze whether in PBMC of AC and HAM/TSP patients endogenous HBZ could interact and colocalize with THEMIS. By confocal microscopy, we found partial co-expression and colocalization of HBZ and THEMIS in certain cells but not in others where HBZ could be expressed in absence of THEMIS (28). Thus, expression of THEMIS is not a prerequisite for the expression and cytoplasmic localization of endogenous HBZ. Additional factors may intervene whose molecular nature and intimate mechanism are at present elusive.



Endogenous HBZ in ATL

The above summarized studies, although mostly phenotypic in nature, did have an important impact on the previously assumed idea that HBZ was a nuclear protein and, as such, would exert its biological functions in the nucleus only. The change in paradigm generated by our results thus modified the perspective in the evolution of HTLV-1-associated pathology, strongly discriminating the HTLV-1-associated chronic inflammatory pathologies, such as HAM/TSP, from the cancer state such as ATL. Nevertheless, the unambiguous and exclusive cytoplasmic expression found in asymptomatic carriers, mostly representing early stages of HTLV-1 infection, compared with the nuclear localization in ATL cell lines, representing a very late effect of HTVL-1 infection, suggested that development of ATL could be accompanied by, and/or be associated to, a unidirectional cytoplasmic-to-nuclear transition of HBZ. If this were the case, we should have been able to find leukemic patients with a dual cytoplasmic and nuclear localization of the viral protein. In collaboration with the group of Olivier Hermine we thus investigated fresh leukemic cells of an extended number of both acute and chronic ATL patients, by immunofluorescence and confocal microscopy. With our surprise, we found that all patients analyzed, irrespective of the acute or chronic disease state, expressed HBZ in the cytoplasm and in the nucleus (33). Indeed, in most cases cytoplasmic expression was even more pronounced than nuclear expression. These data confirmed our hypothesis that ATL was accompanied by a subcellular cytoplasmic/nuclear relocalization of HBZ. Apparently therefore we filled the gap between the exclusive cytoplasmic HBZ localization found in AC and HAM/TSP patients and the exclusive HBZ nuclear localization mainly found previously in ATL cell lines and in very few ATL patients. Several additional interesting findings were observed in the extended analysis of fresh leukemic cells from patients that were rather unexpected. For example a relatively high proportion of HBZ-positive cells (up to 68%) were found in chronic ATL patients, a clinical state usually characterized by a low number of leukemic cells (34). As these patients did not progress toward an acute state, it is possible that this high number reflects the chronically HTLV-1 infected state of these patients on top of which leukemogenesis develops.

The other very interesting finding related to the study of fresh leukemic cells consisted in the evidence that treatment of the cells with LMB did not result in increased nuclear retention of HBZ. While in the case of AC and HAM/TSP a similar finding simply indicated that HBZ was not freely shuttling between cytoplasm and nucleus, in the case of leukemic cells cytoplasmic HBZ did not freely shuttle to the nucleus in presence, however, of a distinctive proportion of HBZ molecules already present in the nucleus. This suggests that the progressive nuclear translocation of HBZ takes place under a very strict control. The molecular mechanism(s) at the basis of the HBZ retention in the cytoplasm during the history of HTLV-1 infection from AS to the development of ATL are presently unknown. Oncogenic transformation is accompanied and caused mostly by accumulation of mutations that affect cell homeostasis and control of cell growth (35–37). If the factor(s) that retain HBZ in the cytoplasm are structurally mutated in ATL and cannot further exert their docking function, it can be expected that HBZ can freely migrate into the nucleus and thus the cytoplasmic component should be retained into the nucleus after LMB treatment. As this is not the case, the mechanism of active retention in the cytoplasm of part of the HBZ pool should be different. In search of additional candidates, beside the above described possibility that THEMIS might partially contribute to HBZ cytoplasmic retention, we analyzed a possible involvement of calreticulin as it has been shown that calreticulin acts as cytoplasmic retention molecule for Tax-1. By colocalizing and interacting with Tax-1, calreticulin regulates the shuttling between nucleus and cytoplasm of the viral molecule (38). However, in ATL patients HBZ was not clearly confined in calreticulin subcellular compartment, while Tax-1 partially did (33).

It may be conceivable that the process of cytoplasmic retention of HBZ would gradually diminish because of defects in the regulation of expression of gene (s) encoding still unknown docking factor(s). Lowering the amount of these molecules would allow HBZ to escape the interaction with them and freely migrate into the nucleus (Figure 1).




Figure 1 | HBZ and the road to HTLV-1-mediated ATL.The HTLV-1-encoded HBZ protein (red symbol) is expressed in all phases of HTLV-1 infection to development of Adult T cell Leukemia (ATL). In CD4+ T cells of infected asymptomatic carriers (AC) and patients with HAM/TSP, HBZ resides exclusively in the cytoplasm and cannot migrate into the nucleus. For this reason, it is hypothesized that cytoplasmic docking factor(s) (blue symbol) actively retain the viral protein in this subcellular compartment. Development of leukemic state is accompanied by, or even partially dependent on, the progressive displacement of HBZ into the nucleus possibly because of a downregulation of docking factor expression or other still unknown mechanisms. The fact that certain leukemic patients express HBZ only in the nucleus may indicate a distinct pathway or a further evolution (arrow with a question mark) in the developmental history of ATL.



Another interesting point of our recent study was related to the expression of spliced versus unspliced HBZ mRNA in the fresh leukemic cells of ATL patients. The unprecedented HBZ cytoplasmic localization in ATL cells was paralleled by a more abundant expression of spliced vs unspliced form of HBZ mRNA (33), similarly to what we found in HAM/TSP patients and in AC that have exclusive cytoplasmic localization of HBZ protein (28, 29). Conversely, the ATL-2 leukemic cell line and leukemic cells of a previously described patient displaying a predominant HBZ nuclear localization, showed a more abundant or similar unspliced vs spliced HBZ (33), suggesting a possible correlation between subcellular protein localization and distinct forms of alternatively spliced HBZ mRNA.



Future Directions

Research on the function of HTLV-1-encoded HBZ is rapidly evolving and certainly will witness important developments in the future. Many aspect of the HBZ biology are still incompletely clarified. Among them, two are of particular relevance in my opinion. First, the elucidation of the functional correlates of HBZ in the different subcellular compartments in which it localizes. As highlighted in this report, the unidirectional cytoplasmic-to-nuclear transition of HBZ protein, marking the passage from infection to development of leukemic state, underlines the importance of assessing the biological role of cytoplasmic HBZ in ATL. Importantly, the interaction of HBZ with host factors in the cytoplasm and in the nucleus which, I anticipate, will be more complex than previously envisaged, should better clarify the role of HBZ in the onset and persistence of the oncogenic process. In this direction, the study of the HBZ interactome initiated by several groups, including ours, is unveiling unexpected interactions with a large array of proteins involved, for example, in RNA splicing and stability (39), mechanisms to the core of gene expression, often altered in cancer.

Second, the full clarification of the role of HBZ mRNA in the HTLV-1 associated diseases. It has been previously suggested that HBZ mRNA plays a role in supporting proliferation of ATL cells (16). The rather unexpected nuclear compartmentalization of HBZ mRNA (40), confirmed and extended in a recent investigation (41) gives further support to the notion that HBZ mRNA is acting as a transcriptional modulator not only of the viral genome, where it may participate to viral latency (42), but also of host gene expression (16, 41, 43). Within this frame, HBZ mRNA behaves therefore as a bifunctional molecule with coding capacity and regulatory properties (44). It remains to be established the relative impact of HBZ mRNA, both in quantitative and temporal terms, to the process of oncogenesis vis-à-vis of HBZ protein.
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Previous studies have demonstrated the development of pulmonary impairment in individuals infected with human T-lymphotropic virus type 1 (HTLV-1). Complications, such as alveolitis and bronchiectasis, were found in individuals who developed tropical spastic paraparesis/HTLV-1-associated myelopathy (TSP-HAM) due to chronic inflammation. These patients exhibited increased levels of lymphocytes (CD4+ and CD25+), cytokines (IL-2, IL-12, and IFN-γ), inflammatory chemokines (MIP-1α and IP-10), and cell adhesion molecules (ICAM-1) in the bronchoalveolar lavage fluid, with the result of chronic inflammation and lung injury. The main lesions observed at Chest high-resolution computed tomography were centrilobular nodules, parenchymal bands, lung cysts, bronchiectasis, ground-glass opacity, mosaic attenuation, and pleural thickening. It can lead to progressive changes in pulmonary function with the development of restrictive and obstructive diseases. Recent studies suggest a causal relationship between HTLV-1 and pulmonary diseases, with intensification of lesions and progressive decrease in pulmonary function. This summary updates a previous publication and addresses the general lack of knowledge regarding the relationship between TSP-HAM and pulmonary disease, providing direction for future work and the management of these individuals.




Keywords: HTLV-1, HAM/TSP, chest CT, pulmonary disease, pulmonary function



Introduction

Human T-lymphotropic virus type 1 (HTLV-1) is a retrovirus with an incidence of approximately 20 million worldwide, with a higher prevalence in Africa, Japan, and America (1). In Latin America, Brazil has a high prevalence, mainly in the states of Maranhão, Bahia and Pará (2, 3). The virus is the etiological agent of tropical spastic paraparesis/HTLV-1-associated myelopathy (TSP-HAM) and adult T-cell lymphoma (ATL) (4).

There is a relationship between HTLV-1 and pulmonary diseases in individuals with TSP/HAM, these individuals exhibit pulmonary diseases with characteristics of lymphocytic inflammatory infiltrates (5–8). Individuals with ATL develop pneumopathies caused by opportunistic infections due to ATL cell proliferation, which leads to a low expression of naive T cells, increased expression of FoxP3+ and interleukin-10 (IL-10), and an increased number of Treg cells (CD4+ and CD25+), which suggests the development of immunodeficiency (9). Furthermore, HTLV-1 carriers, because of a mild immunodeficiency characterized by a low expression of IL-1b and IL-17 interleukins (10) have a higher risk of infection with Mycobacterium tuberculosis  (11, 12), high mortality rates, and an increased likelihood of hospitalization for pulmonary tuberculosis (13) (Figure 1).




Figure 1 | (A) ATL: ATL cell proliferation leads to a reduction in the number of naive T cells, a increase in the number of T reg cells (CD4+ and CD25+), and increased expression of anti-inflammatory cytokines (IL-10). Pneumopathies in these individuals are mainly caused by opportunistic diseases. (B) TSP-HAM: The high expression of inflammatory cytokines (IFNγ, IL-2, and IL-12) and chemokines (IP-10 and MIP-1α) results in an exacerbated immune response and chronic lung inflammation (Alveolitis and bronchiolitis). (C) HTLV-1 asymptomatic carriers: The low expression of TNFα, IL-17, and IL-1b causes mild immunodeficiency in these individuals, with a higher risk of infection by Mycobacterium tuberculosis.



TSP-HAM individuals have a major risk to development of lung injuries, being the major radiological findings bronchiectasis, centrilobular nodules, and ground-glass opacities (14–16); lesions are attributable to chronic inflammation resulting from the effects of the virus in situ (17–20). Lung inflammation may be the causal agent of lung volume obstruction, flow limitation, and the development of restrictive and obstructive lung diseases in TSP-HAM patients (17, 19, 21).

Recent publications, including a systematic review and a cohort study developed by our research group, have suggested a causal relationship between HTLV-1 infection, the development of lung injury (20, 22), and the evolution of lung disease in HTLV-1 infected individuals (23). This scientific literature review aims to update our previous publication (19) with these recent findings on HTLV-1 pulmonary disease and the existing lack of knowledge regarding the effects of this infection on the respiratory system.



Pathophysiology of TSP-Ham Related Pulmonary Disease


Immune Response

The chronic pulmonary inflammation in TSP-HAM individuals can be caused by an exacerbated immune response. The elevation of T lymphocytes in the bronchoalveolar lavage fluid (BALF) of HTLV-1 individuals pulmonary involvement is characterized by a cytokine storm, with high expression of soluble IL-2 receptors (IL-2R), as well as, interleukins (IL-2, IL-12), and interferon (IFN-γ) (8, 24, 25).

A selective T-cells infiltration occurs in the lungs, with an accumulation of HTLV-1-specific CD8+ T cells in BALF, and the occurrence of specific immune responses in lung tissues (7, 26). The high-expression of lymphocites, and its interaction with cytokines (IL-2, IL-12 and IFN-y) and chemokines (MIP-1a and IP-10) leads to chronic pulmonary inflammation and lung injury (25, 27). It is known that HTLV-1 infection induces an abnormal frequency and phenotype of FoxP3+CD4+T cells (28). The higher expression of Foxp3 mRNA in the BALF of patients with HTLV-1-related lung diseases suggests the involvement of regulatory T cells in the pathogenesis of lung injuries (8).



Chronic Inflammation

TSP-HAM individuals exhibit alveolitis, a high proviral load (29), and increased levels of cytokines and inflammatory chemokines in the BALF in comparison to asymptomatic carriers (8, 25, 27, 30). The lymphocytosis in the lungs results in a higher expression of proinflammatory cytokines (31–33).

Lymphocytosis and the presence of HTLV-1 provirus in the BALF (7), elevated levels of macrophage inflammatory protein (MIP-1α), interferon g-induced protein kDa (IP-10), and chemokines are linked with the activation and recruitment of inflammatory cells (30, 34). The pulmonary epithelium expresses intercellular adhesion molecule-1 (ICAM-1), a chemokine that facilitates the adhesion of neutrophils to cells of the respiratory epithelium (30, 34) and induces lung tissue injury and chronic inflammation in situ (16) (Figure 2).




Figure 2 | Pulmonary inflammation involves the interaction between cytokines (IL-2, IL-12, and IFN-γ) and chemokines (MIP-1α and IP-10) with HTLV-1 infected CD4+ T cells resulting in lung injuries (alveolitis, bronchiectasis). ICAM-1 facilitates the adhesion of neutrophils and potentiates the chronic inflammation. Chest CT imaging shows Bronchiectasis (Arrowhead) that indicates enlargement and deformation of airway and Centrilobular nodule (Arrows) that indicates Fibrosis, bronchiolitis and alveolitis at sites of injury. These alterations determine a chronic evolution with presence of symptoms (Cough, Dyspnoea, Pneumonia).





Lung Injury

The development of lung injuries, mainly bronchiectasis and centrilobular nodules are related to alveolitis and bronchiolitis (27, 35). These lung injuries cause scarring in the lung tissue and fibrosis, which can induce traction bronchiectasis in a cycle of chronic lung injury (17). TSP-HAM individuals have a bronchiectasis relative risk of 8.4 (95% CI 2.7-26.1, p = 0.0002) in comparison to asymptomatic carriers and other HTLV-1 related diseases (16).

Other imaging findings reinforce the existence of a causal relationship between pulmonary diseases and HTLV-1; the centrilobular nodules indicate peripheral bronchiolitis and alveolitis at sites of injury, probably due to lymphocytosis (7). Ground-glass opacity is characteristic of pneumonia and has a higher prevalence among patients with HTLV-1 than in the general population (15).




CT Findings

Chest high-resolution computed tomography is the gold standard method to observe lung injuries. Previous studies have shown that the characteristic lesions observed in HTLV-1 infected individuals are bronchiectasis (8, 16, 17, 24, 25, 27), bronchiectasis is characterized by bronchial dilatation (36). Other lung injuries, such as centrilobular nodules, ground-glass opacity, pleural thickening, and parenchymal bands, were also found (14, 15, 17, 36) (Figure 2).

The studies about HTLV-1 related lung diseases shows that these abnormal CT findings are more common in TSP-HAM individuals than asymptomatic carriers (16, 17, 23), their higher frequency of lung injury can be explained by their major in situ inflammatory processes (8, 17, 24, 25, 27) and is associated with high HTLV-1 proviral load (37, 38). These individuals also exhibit three or more lesions types, and a combination between bronchiectasis and other lesions in HRCT, such as pleural thickening, parenchymal bands, interlobular septum thickening, centrilobular nodules, and parenchymal bands (17). A follow-up study shows the intensification of these lesions, and an increase in the frequency of four types: ground-glass opacity, bronchiectasis, centrilobular nodules, and pleural thickening between TSP-HAM individuals previous evaluated (23).



Pulmonary Function

Individuals with TSP-HAM can develop changes in pulmonary function, due to pulmonary inflammation and lung lesions, which may progress to obstructive or restrictive lung disease (17, 21). An analysis of pulmonary function in these individuals showed a reduction in vital capacity (VC) and forced expiratory volume in one second (FEV1), these alterations are related to restrictive lung disease, and airway obstruction, respectively (17).

Other findings were a reduction in peak expiratory flow, which is very sensitive in most diseases that affect the lungs, alteration in the 50% Forced expiration flow (FEF50%), common alteration in the early stages of obstructive lung disease, and reduction in 25-75% Final Expiratory Flow (FEF 25-75), that is linked to histological changes in the peripheral airways and obstruction (17, 21, 23).

Finally, a reduction in maximum voluntary ventilation (MVV) was observed (17, 21, 23). Changes in MVV may be present both in diseases that affect the lungs and in adverse conditions that alter the mobility of the rib cage (39). HTLV-1 individuals tend to have decreased lung values and this may be related to the development of motor changes related to myelopathy associated with TSP-HAM (17).

The downward trend in VC, FVC, and FEV1, with the maintenance of a normal ratio of forced expiratory volume in one second to forced vital capacity (FEV1/FVC) values, may indicate the development of restrictive lung disease; however, this restriction must be confirmed by measuring lung values and documenting total lung capacity below normal limits (40). The MVV measure is related to the level of physical activity in daily life and is applied to individuals with chronic obstructive pulmonary disease (41). Abnormal CT findings, with airway and lung scarring lesions observed in HTLV-1 individuals, associated with the low mobility that affects patients with TSP-HAM may play a key role in pulmonary function changes (17).

A follow-up study showed a decrease in lung function related to lung injuries observed by chest CT; the patient group with lung injury showed a tendency of decline in VC, FVC, FEV1, FEF25-75%, and MVV values (23). As shown in previous studies, lung injury and altered lung function are more common in TSP-HAM individuals (17, 21), with a major degree of lung involvement among those who developed TSP-HAM. It is possible that bronchiectasis and pleural thickening play key roles in the development of obstructive and restrictive lung disease, respectively (17).



Future Directions

The studies with Chest CT imaging shows that lung lesions are more common in TSP-HAM patients than asymptomatic individuals, suggesting that lesions at the pulmonary level follow the systemic inflammatory process. HTLV-1 infection is a systemic inflammatory disease characterized by chronic evolution. Observational studies conducted on these individuals do not allow for the determination of the pathophysiological mechanisms and their links to specific clinical presentations of patients infected with HTLV-1.

The development of lung lesions in HTLV-1 infected individuals has been described in several studies, but some points, such as the actual mechanism of action of the virus in the pulmonary system, the role of epigenetic factors and inflammatory imbalance in lung injury, and the death rate among those infected, remain unclear. These studies have a limited scope and describe only isolated clinical cases. They do not answer the question about the evolution and physiopathology of HTLV-1-related pulmonary disease.

There are a few prospective studies, such as follow-up and case-control studies, but they suggest a progressive characteristic of HTLV-1 pulmonary disease, and more studies are necessary to better understand the mechanisms of pulmonary involvement. Screening of these patients is very important to show the evolution of chronic inflammation at the pulmonary level, parenchymal lesions, and the development of new lung lesions in individuals with TSP-HAM. Periodic pulmonary evaluation is needed to improve the clinical management of these individuals. This review intends to update a review previously published by our research group, contributing to providing directions for future investigations.
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The Human T-cell Leukemia virus type 1 (HTLV-1) causes an array of pathologies, the most aggressive of which is adult T-cell leukemia (ATL), a fatal blood malignancy with dismal prognosis. The progression of these diseases is partly ascribed to the failure of the immune system in controlling the spread of virally infected cells. HTLV-1 infected subjects, whether asymptomatic carriers or symptomatic patients are prone to opportunistic infections. An increasing body of literature emphasizes the interplay between HTLV-1, its associated pathologies, and the pivotal role of the host innate and adoptive immune system, in shaping the progression of HTLV-1 associated diseases and their response to therapy. In this review, we will describe the modalities adopted by the malignant ATL cells to subvert the host innate immune response with emphasis on the role of the two viral oncoproteins Tax and HBZ in this process. We will also provide a comprehensive overview on the function of innate immunity in the therapeutic response to chemotherapy, anti-viral or targeted therapies in the pre-clinical and clinical settings.




Keywords: HTLV-1/HTLV-1, ATL/ATLL, Tax, HBZ, innate immunity, interleukin-10 (IL-10), targeted therapy/therapies



1 Human T-cell lymphotropic virus type I-associated diseases: A brief overview with emphasis on adult T cell leukemia

The Human T-cell leukemia virus type 1 (HTLV-1) is the first oncogenic retrovirus associated with a human disease (1). HTLV-1 endemicity spans several continents, including Central and Latin America, the Caribbean islands, Southern Japan, Intertropical Africa, Romania, North-East Iran in the Middle East, Melanesia and Central Australia (2–6). Around 20 million people are infected worldwide, with only 5–10% who develop diseases, depending on their ethnic origin. HTLV-1-induced diseases range between inflammatory, neurodegenerative and malignant disorders. These include uveitis, dermatitis, arthritis, bronchiectasis (Reviewed in (3), and the HTLV-1 associated myelopathy/tropical spastic paraparesis (HAM/TSP), leading to a chronic neurological disease of the central nervous system (7, 8). Yet, the most aggressive form of HTLV-1-associated disorders is adult T cell leukemia (ATL) (9). ATL, discovered in Japan (9), is a hematological neoplasm with dismal prognosis. ATL develops after a very long latency period exceeding 50 years in some patients (reviewed in (10, 11). It is characterized by the clonal expansion of mature activated T cells (CD3+ CD4+ CD5+ CD7- CD8- CD25+) (12), and is subdivided into four clinical subtypes (acute, lymphoma, chronic, and smoldering) (13). “Indolent ATL” regroups the smoldering and chronic subtypes, while “aggressive ATL” describes the acute and lymphoma subtypes. Among all peripheral T cell lymphomas, ATL associates with the worst prognosis (14), with a 5-year OS predicted at 55, 31, 10 and 8% in the smoldering, chronic, lymphoma and acute subtypes respectively (15).

Undeniably, HTLV-1 also predisposes patients to profound immunosuppression and severe opportunistic microbial infections such as Pneumocystis jiroveci, Cryptosporidium parvum, fungal infections, activation of the Cytomegalovirus (16–18), Strongyloides stercoralis (19), Staphylococcus aureus (20), Mycobacterium tuberculosis (18), Sarcoptes scabiei (21). Moreover, higher bloodstream infections correlate with higher HTLV-1 proviral loads in patients (22).

It is intriguing how the same virus causes vastly distant diseases, and this process is highly modulated by the host/virus interplay. In that sense, host factors ostensibly play a key role in the different pathogenic outcomes of HTLV-1 infections. Not only HAM/TSP and ATL develop in different populations of HTLV-1 carriers but a flagrant immunological difference between the two categories of patients is well established. HTLV-1 carriers and HAM/TSP patients exhibit a Th-1 immune profile, while ATL patients display a Th-2/Treg response [reviewed in (23)]. It is also acknowledged that HTLV-1-specific cytotoxic T lymphocytes (CTLs) are highly activated in HAM/TSP patients, but are weaker in ATL patients, and these reduced CTLs predict a risk factor for the development of ATL (24–29). In addition, type-I interferon (IFN) plays a role in the differential suppression of HTLV-1 transcript levels between both types of patients (30), emphasizing a key role of the innate immune response, as another host determinant, in the modulation of HTLV-1 associated diseases (30). Moreover, the cytokine profile in the serum varies between HAM/TSP and ATL. Indeed, IL-10 levels are elevated in the serum of ATL patients (31), while IFN-γ, TNFα, CXCL9, and CXCL10 pro-inflammatory cytokines and chemokines are elevated in HAM/TSP patients (32).

At the viral level, the status of expression of viral proteins is critical in eliciting host immune responses, hence modulating HTLV-1 pathogenesis. Two main viral regulatory proteins, Tax and HBZ, play an essential role in this process. Recently, a dose-dependent increase in interferon (IFN)-γ and interleukin (IL)-8 was demonstrated in response to increasing doses of Tax+ HBZ+ small extracellular vesicles, and the expression of these two viral proteins in the small extracellular vesicles correlated with the proviral load and inflammatory markers in HTLV-1 carriers (33).

In this review, we will focus on ATL and on the interplay between these two viral proteins (Tax and HBZ) with the host innate immunity in modulating ATL leukemogenesis and its therapeutic responses.



2 HTLV-1 encoded proteins with emphasis on Tax and HBZ

The HTLV-1 provirus is flanked by the 5’ and 3’ “Long Terminal Repeat” sequences. HTLV-1 genome encodes for the characteristic structural retroviral genes (gag, pol, and env), in addition to numerous accessory and regulatory proteins. Indeed, the pX region of the provirus has six open reading frames, five on the plus-strand and one on the minus-strand. After alternative splicing, the encoded proteins include Tax, Rex, the HTLV-1 basic leucine zipper protein (HBZ), p8/p12 (where p8 is derived from proteolytic cleavage of p12), p13, p21 and p30 (reviewed in (34, 35). It is well documented that during the long latency period, Rex regulates the post-transcriptional viral gene expression and the stability of the viral transcripts, while p12, p13 and p30 contribute to viral persistence through degradation of Major Histocompatibility Class-1 (MHC-I), alteration of T-cell receptor signaling, and suppression of Tax expression (36). More recently, the effect of monocytes and NK cells, was investigated in primary HTLV-1 infection of macaques. Exposure of animals to an HTLV-1 p12 knock-out mutant demonstrated an impaired infectivity, which was fully restored only when NK cells were depleted. Moreover, the chief role of NK cells in primary infection and the role of p8/p12 in inducing viral persistence in monocytes and in offsetting the cytotoxic effect of NK and CD8+ T cells was demonstrated (37).

Among all described regulatory proteins, Tax and HBZ proteins were lengthily studied and are tightly allied to HTLV-1 pathogenesis (38–41). While Tax is encoded by a sense mRNA, and upregulates various host genes promoting cell activation and proliferation [reviewed in (42–45)], HBZ is encoded by the minus strand of the pX region, and plays several roles, mostly counteracting Tax-induced cellular phenomena (Table 1) (see sections below) (35, 47, 53, 64).


Table 1 | Summary of some antagonistic cellular effects of Tax and HBZ.




2.1 Tax oncoprotein: A major factor in ATL leukemogenesis


2.1.1 ATL-derived cells are dependent on Tax expression for their survival

Tax is a 40 kDa protein exhibiting a key role in transformation and oligoclonal expansion of virally infected cells, hence ATL initiation and progression (12, 65). Tax protein is not detectable in most ATL cells (66–68), possibly due to multiple DNA methylations identified at its 5’LTR promoter or deletions of this 5’LTR [For a review (43)]. Some studies suggested that the undetectable Tax protein levels are also due to its strong immunogenic properties, ultimately leading to the rapid elimination of Tax expressing cells by the host immune system (69–71). Despite these undetectable levels, silencing of Tax in HTLV-1-infected and ATL derived cells results in cell death, pinpointing the dependence of these cells on Tax continuous expression (58, 72). Moreover, Tax sporadic bursts occur in a very small percentage (1-3%) of ATL-derived cells at a time, to maintain and ensure the survival of the whole malignant population (73).



2.1.2 Tax is oncogenic and interferes with key cellular pathways inducing leukemogenesis

Tax transactivates the plus-strand transcription by recruiting cAMP response element binding protein (CREB) and CBP/p300 and P/CAF transcriptional coactivators to Tax response elements (TREs) (74). Tax alters key cellular pathways controlling cell migration, virological synapses, and protein intracellular distribution (41–43, 74). In addition, Tax interferes with the cellular epigenetic machinery (75), down-regulates the expression of various microRNAs (76–79) and increases angiogenesis, invasion and extravasation of ATL cells, hence affecting the cellular microenvironment (80, 81).

Tax-mediated cellular consequences are partly due to its post-translational modifications (82–85), which allow its shuttling between different cellular compartments, enabling it to interfere with/activate a plethora of essential cellular regulators (41). Tax is primarily nuclear (Semmes and Jeang,1996; Bex et al.,1997), and colocalizes with various components of the NF-κB pathway (Bex et al.,1997), SUMO-1, 2, and 3 (Lamsoul et al., 2005; Nasr et al., 2006) and the SUMO-E2 ligase, Ubc-9 (Kfoury et al., 2011). Despite its abundant nuclear localization, Tax cytoplasmic expression was also described (Burton et al., 2000; Cheng et al., 2001). Indeed, Tax localizes with the microtubule organizing center, and with virological synapses (Igakura et al., 2003; Alefantis et al., 2005; Kfoury et al., 2008; Nejmeddine et al., 2009). More importantly, Tax cytoplasmic localization targets IκB-α/β for proteasomal-mediated degradation, to activate the NF-κB pathway (Nicot et al., 1998), paramount for the proliferation and survival of infected T cells (43, 84, 86–95). The activation of this pathway has pleotropic functions on top of which is the modulation of the host immune response (see section 2.1.3 below). Indeed, Tax-mediated-constitutive NF-κB activation occurs at the very early stages of HTLV-1 infection, and this pathway (canonical and non-canonical) remains constitutively activated in Tax expressing cells, ATL derived cell lines, and freshly isolated ATL cells. However, persistent Tax-induced NF-κB activation results in cellular senescence (53, 54, 96, 97), potentially offering a further explanation of the undetectable levels of Tax protein in vivo. Yet, recent studies suggested that the evasion from replicative senescence in HTLV-1 infected cells is achieved through reactivation of human telomerase (hTERT), and highlighted a role of Tax in the transcriptional activation of the hTERT promoter, but also in hTERT enzymatic activity, through Tax-mediated NF-κB activation (98, 99).

Tax also induces genomic instability through inhibition of cell cycle checkpoints (100–102), DNA repair mechanisms (103, 104), induction of chromosome instability (105) and aneuploidy (35, 106). Besides, Tax functionally inactivates p53 (107), and inhibits p53-induced apoptosis via cytoplasmic sequestration of CBP/p300 (108). Altogether, these Tax-mediated cellular phenomena result in increased proliferation and accumulation of somatic mutations due to profound genomic instability.

Finally, Tax oncogenic capacity is well recognized, as its sole expression transforms T cells in vitro, induces leukemia in transgenic mice (109–115) and transformation in Drosophila transgenic flies (116). Nevertheless, primary ATL cells display most properties of Tax expressing cells (117), and carry somatic mutations mimicking Tax cellular effects, in particular mutations targeting the T-cell receptor and the NF-κB pathways (106, 118).



2.1.3 Immunological consequences of HTLV-1 infection and Tax expression

The interplay between HTLV-1 and the innate immune system was well studied (For a review (119). In the cytoplasm of infected cells, HTLV-1 viral RNA carrying 5-triphosphate is detected by the pattern recognition receptor-1 (RIG-I), culminating in the transcription of the interferon response factor-3 (IRF3) (119). This triggers the activation of the interferon anti-viral response. HTLV-1 can also infect dendritic cells (DCs), which are the foremost producers of type I interferon (120, 121). Cell–cell HTLV-1 infection induces type-I IFN production in plasmacytoid DCs (122). Furthermore, in de novo infection with cell-free HTLV-1, pDCs or monocytes produce type I IFN through TLR7 or STING signaling pathways, seemingly recognizing HTLV-1 RNA or its reverse transcribed intermediate DNA (123, 124). To counteract this response, HTLV-1 induces the expression of the suppressor of cytokine signaling gene SOCS1. Indeed, Tax interacts with and stabilizes SOCS1, an inhibitor of interferon signaling to inhibit RIG-I-dependent antiviral signaling and hijacking anti-viral IFN signaling (125). Another effect of Tax counterpoising type I IFN responses was also described. Indeed, Tax suppresses the TBK1 kinase which phosphorylates IRF3 impairing the production of type I IFN (126).

As previously mentioned, Tax protein levels are undetectable in vivo (49, 66, 68, 127). Several mechanisms were proposed to explain this finding. Tax expression triggers a strong CTL response (128, 129) and HTLV-1 infected cells and ATL cells frequently reduce the expression of Tax, to evade this CTL-mediated lysis and maintain the in vivo viral persistence (64, 130–134). In addition to Tax specific CTLs, anti-Tax antibodies are reported in ATL patients, pointing to the expression of the protein in vivo, even if at undetectable levels (135). Moreover, donor derived anti-Tax CTL were described following allogeneic hematopoietic cell transplantation for ATL (136). Prominently, the efficacy of a Tax peptide-pulsed dendritic cell vaccine in treating Tax-positive ATL patients was highlighted, further capitalizing on in vivo expression of Tax (137).

More recently, the role of Tax in modulating three members of the Pim serine/threonine kinases to enhance survival and inhibit apoptosis, was elucidated. Indeed, Tax increased Pim-1 and Pim-3 expression and decreased Pim-2 expression, while the three members of Pim family bind Tax, to lessen its expression in response to increased CTL responses. This feedback regulatory loop between the viral and cellular proteins suggests a potential modulation by Pim kinases of the immune escape of HTLV-1-infected cells, through partial suppression of the host immunogenic responses favoring the persistence of the virally-infected cells (138).

Finally, targeted therapies against Tax led to selective growth arrest and apoptosis in vitro and in vivo. In that sense, treatment with arsenic trioxide (AS) and interferon-alpha (IFN), which induces Tax proteasomal degradation, resulted in selective cell death of ATL cells, eradicated murine ATL through abrogating the activity of ATL leukemia initiating cells (LIC), and ensured long-lasting responses in ATL patients (See section below) (31, 58, 109, 139–142).

Finally, Tax-mediated constitutive activation of the NF-κB pathway results in a significant expression in cytokines and their receptors (43, 90, 117, 143, 144), notably Interleukin IL-6/IL6R, IL-2/IL2R, IL-9, IL-15, IL-13, interferon-γ (IFN-γ), tumor necrosis factor-beta (TNF-β), and the chemokine (C-C motif) ligand 2 (CCL2), which contribute to inhibition of apoptosis and enhanced survival of HTLV-1 infected cells (145, 146).




2.2 HTLV-1 basic leucine zipper (HBZ)


2.2.1 HBZ attenuates Tax-mediated cellular processes

HBZ, a bZIP nuclear factor, is encoded by the minus-strand of the HTLV-1 provirus (39, 64, 147). HBZ transcription occurs at the 3’LTR promoter, generating two transcripts, the spliced sHBZ and the unspliced usHBZ transcripts (64). The expression of sHBZ is four times higher than that of unHBZ in both HTLV-1 infected and ATL cells (148). Unlike Tax, HBZ is persistently expressed in vivo, but at a low level (50). This might be due to the absence of DNA methylation, the intact 3’ LTR promoter, and the lack of abortive mutations in hbz gene. In spite of the low expression levels and the low T cell immunogenicity (149), an effective CTL response to HBZ correlates with a low proviral load in vivo (56, 149, 150). Furthermore, the localization of HBZ differs according to different HTLV-1 associated diseases. While HBZ is exclusively localized in the cytoplasm of HTLV-1 asymptomatic carriers and HAM/TSP patients, it exhibits a nuclear localization in ATL cell lines. In ATL patients, HBZ localizes to the cytoplasm and the nucleus of cells irrespective of the clinical status, but with a pronounced preference for the cytoplasmic localization, suggesting a role of HBZ cytoplasmic/nuclear translocation in HTLV-1 oncogenesis (52).

HBZ belongs to the basic leucine zipper protein class. As such, it controls the DNA binding or transcriptional activities of CREB-2, JunB, and c-Jun (AP-1) (134). By binding CREB-2, HBZ bZIP interacts with CREB/CREB-2, preventing it from binding to Tax-responsive element (TRE) and CRE, hence inhibiting Tax-mediated HTLV-1 transcription from the 5’LTR (64, 151). HBZ also induces T-cell proliferation through interaction with the activator protein 1 (AP1) superfamily proteins, mostly JunD (152). HBZ/JunD heterodimer enhances the transcription of the human telomerase reverse transcriptase (hTERT), which may promote cell proliferation (152). HBZ also inhibits the canonical Wnt pathway, which is deleterious for ATL development, and upregulates the transcription of Wnt5a, promoting the proliferation of ATL cells (153). Importantly, HBZ knock-down (50) or knock-out (154) impede cell proliferation (155).

At the functional level, HBZ is almost as pleiotropic as Tax (156), and many HBZ functions oppose Tax-induced cellular effects (Table 1). Precisely, HBZ inhibits Tax-mediated transcriptional activation of CREB, AP-1, NF-κB, and Wnt (157, 158). In addition, HBZ inhibits the canonical NF-κB pathway (157), alleviating Tax-induced cellular senescence (97). In an in vivo Drosophila melanogaster fly model, HBZ expression failed to activate NF-κB or to induce transformation or senescence, yet HBZ successfully activated epigenetic core components leading to consequent epigenetic changes (53). Strikingly, HBZ expression in tax transgenic flies prohibited Tax-induced NF-κB activation, preventing both malignant proliferation and senescence (53).



2.2.2 HBZ induces inflammation and offsets anti-Tax immune response

HBZ induces the expression of CCR4 to promote cell migration and proliferation of HTLV-1-infected cells (159). As previously mentioned, Tax-expressing cells constitute a major target of CTL in vivo (160, 161), due to the elevated immunogenic properties of Tax. In contrast, HBZ is less immunogenic than Tax and anti-HBZ antibodies are rarely detected in infected patients (156). As such, through the continuous expression of HBZ, which offsets Tax expression (162), HTLV-1 infected cells lessen Tax expression to evade the host immune response (24, 57).

Despite its low immunogenicity, HBZ can induce inflammation. Indeed, the vast majority of hbz-transgenic mice develop a spontaneous systemic inflammatory disease (163). Interestingly, HBZ also stimulates the TGF-β/Smad pathway, upregulates Foxp3 expression, hence converting the T cell population into Tregs (164), to reduce the immune response (165). Likewise, HBZ promotes the secretion of IFN-ɣ in hbz transgenic mice, highlighting the role of HBZ in the induction of inflammation (166). Moreover, HBZ impairs cell-mediated immunity in hbz transgenic mice which fail to mount an optimal Th1 immune response upon challenge with Listeria monocytogenes or herpes simplex virus (150). In hbz transgenic flies, HBZ expression failed to activate NF-κB, a key pathway in the activation of the immune response (53). Indeed, HBZ attenuates the canonical NF-κB pathway, decreasing the expression of genes associated with innate immunity and inflammatory responses (157). Remarkably, HBZ totally abrogates Tax-activated canonical NF-κB, enabling cells to escape senescence and to proliferate incessantly (53, 167). HBZ also affects the transcription of several NF-κB target genes such as IL-8, IL-2RA, VEGF, CCND1, VCAM-1, and IRF4 (39, 168).





3 Interleukin-10 in ATL: Interplay with Tax and HBZ and role in immunosuppression

Interleukin-10 is an immunosuppressive cytokine exhibiting high levels in ATL patients and leading to an immunosuppressive profile (31, 169). IL-10 plays a role in the proliferative capacity of ATL cells through its downstream activation of STAT3 signaling (59). Recently, IL-10 was shown to be chiefly produced by the CD25+ cells (58), and a critical role of Tax in its production was depicted. Indeed, silencing Tax in HTLV-1 transformed or ATL derived cell lines abrogated IL-10 levels in these cells (58). Other cells and/or factors may also contribute to elevated IL-10 levels. Indeed, T helper cells, Tregs, monocytes, macrophages, and dendritic cells may produce IL-10. Moreover, the microbiome in HTLV-1 infected patients may contribute to these elevated IL-10 levels. In that sense, the predominant association of Strongyloides stercoralis with ATL may induce IL-10 and TGF-β (170). HBZ also modulates IL-10, through induction of expression and induced-promoter acetylation levels of TIGIT, Foxp3 and CCR4 (171). Moreover, the prolonged IFN activation by persistent viral infection can lead to an IL-10-predominant cytokine imbalance (172, 173).



4 Immunotherapies in the clinical management of ATL

ATL management remains intricate, after more than four decades of research. Attempts to tackle ATL by targeting leukemic cells with chemotherapy and monoclonal antibodies, without targeting HTLV-1, have failed [reviewed in (45)]. Despite slight improved outcomes with chemotherapy in newly diagnosed aggressive ATL, particularly the lymphoma subtype (174, 175), chemotherapy alone exhibits only a minimal effect on long-term survival, specifically in the acute subtype (11, 176). Allogeneic hematopoietic cell transplantation (HCT) is used in ATL (Iqbal et al., 2019), and improves the long-term survival in around one third of transplanted patients (177, 178). Yet, less that 10% of ATL patients can make it to transplant and hence the cure options using this approach do not exceed 5% of ATL patients (Hishizawa et al., 2010; Bazarbachi et al., 2014).

Since ATL is secondary to HTLV-1 infection, the combination of two antiviral agents, AZT and IFN was investigated in ATL. High response rates using this combination were achieved in newly diagnosed and relapsed ATL patients (10, 175, 176, 179–188). The smoldering and chronic subtypes benefited most from AZT/IFN which became the standard treatment of indolent ATL in most parts of the world (10, 175, 176, 180, 185, 189, 190). At the molecular level, AZT/IFN inhibits the reverse transcriptase activity and modifies the clonality pattern in responding ATL patients (191–193). Despite this clinical improvement, AZT/IFN was not curative and patients with acute and lymphoma ATL remained a population with unmet medical need.

Due to the importance of the host immune responses and the host microenvironment, in the progression of ATL, immunotherapy using monoclonal antibodies (mAb) and immune-modulatory drugs was investigated (10, 11, 194, 195). Tested mAbs mostly targeted CCR4, CD25, CD30, CD52 and the surface transferrin receptor (196–198). The humanized antibody mogamulizumab, targeting CCR4 expressed on ATL cells (197), was tested and phase I/II clinical trials proved its efficacy in patients with relapsed/refractory CCR4+ ATL (199). In newly diagnosed ATL patients, mogamulizumab combined with dose-intensified chemotherapy improved response rates in the peripheral blood, but failed to improve progression free survival or overall survival (200).

The efficacy of an anti-CD25 antibody, targeting CD25 highly expressed on ATL cells yielded some clinical response in indolent ATL (198). A24 mAb directed against the surface transferrin receptor induced apoptosis of ATL cell lines or primary ATL cells in vitro (201, 202) Alemtuzumab (Campath-1H), a chimeric humanized antibody that binds to the CD52 glycoprotein, led to promising, but short overall response rates in acute, chronic and lymphoma ATL (203). The anti-PD-1 antibody, nivolumab, was also investigated in several phase I/II clinical trials but unfortunately led to a rapid progression of ATL (204). Finally, the immunomodulatory drug, lenalidomide exhibited a significant anti-leukemic activity, in relapsed/recurrent ATL (205). Recently, low dose lenalidomide was proposed as a maintenance therapy of ATL, and resulted in continuous complete remission in a patient with acute ATL lasting more than 24 months (195). Finally, the anti-CD30 monoclonal antibody brentuximab vedotin (BV), used in several clinical trials including patients with relapsed/refractory CD30+ ATL patients, yielded promising results (196, 206).



5 Dual targeting of the innate immune response and viral oncoproteins: An innovative therapeutic approach for the treatment of ATL

The key role of Tax and HBZ in ATL development and maintenance of the leukemic phenotype highlights the potential importance of ATL therapeutic approaches directly targeting these viral proteins or indirectly targeting their downstream cellular targets or inducing antiviral immunity. In that sense, the combination of arsenic trioxide (AS) and interferon-α (IFN) selectively induced cell cycle arrest and apoptosis of ATL cells in vitro (139). This was associated with a reversal of the constitutive activation of NF-κB and delayed shut down of cell cycle-regulated genes secondary to proteoasomal-mediated Tax degradation (207–209). In vivo, AS/IFN cured Tax-driven murine ATL through leukemia initiating cell (LIC) eradication (109). AS/IFN-induced abolition of ATL LIC activity required IL-10 expression shutoff. Indeed, loss of IL-10 secretion by ATL cells, triggered the production of inflammatory cytokines by the innate immune microenvironment, namely NK cells and macrophages, hence mediating the clearance of ATL cells. Strikingly, anti-IL-10 monoclonal antibodies significantly increased the efficiency of AS/IFN therapy (58), and treatment of murine ATL with the triple combination of AS/IFN/anti-IL-10 monoclonal antibody cured 80% of mice and significantly decreased LIC activity in serial transplantation assays (58). Overall, these results highlight the potential dual targeting of malignant ATL cells and their immune microenvironment and provide a strong rational to test the therapeutic effect of this triple combination in ATL patients.

The importance of such a dual targeting of viral oncoproteins and the immune microenvironment, was further strengthened by vaccination approaches against Tax, HBZ or both. A Tax peptide-pulsed dendritic cell (DC) vaccine, designed to augment Tax-specific CTL response, led to favorable clinical outcomes in a pilot clinical trial (137), and two patients survived for more than 4 years after vaccination (136). A recombinant vaccinia virus (rVV) that induced an HBZ-specific T-cell response, improved the survival of HBZ-induced lymphoma-challenged mice (210). And finally, THV02, comprising two lentiviral vectors encoding for a peptide deriving from the viral proteins Tax, HBZ, p12I and p30II, and to be used in a prime/boost regimen, induced a promising cellular response in animal models (Hermine et al. personal communication).



6 Conclusions

ATL is a virally-driven malignancy that associates with dismal prognosis. The clinical management of ATL remains difficult, partially due to the incomplete understanding of the intimate relationship between HTLV-1 and its induced forefront immune response. Indeed, the intricacy of disease mechanisms following HTLV-1 infection is a consequence of the interplay between the host immune responses in concert with HTLV-1 proteins including Tax and HBZ. Despite the intensive literature on the plethora of functions of these viral oncoproteins, Tax and HBZ fail to induce and sustain proliferation of malignant ATL cells without IL-10 (Figure 1). Both Tax and HBZ upregulate IL-10 production, inducing proliferation of HTLV-1-infected cells. This effect, along with the anti-inflammatory and immunosuppressive properties of IL-10 may play a key role in switching HTLV-1 induced inflammation towards ATL. The tremendously low but not silent levels of Tax protein expression in ATL patients and the efficacy of Tax-targeted therapeutic vaccine in ATL patients highlight the impact of Tax-specific CTLs on immune surveillance of HTLV-1 infected and ATL cells. Moreover, targeted therapies leading to Tax degradation proved selective and potent efficacy against ATL cells in vitro and in vivo. Murine preclinical models of ATL highpoint the importance of the dual targeting of the innate immune microenvironment and the viral oncoproteins. Adding pieces to the intriguing puzzle of host immunity/HTLV-1 infection is required, and future studies should include therapies that target the main driver of ATL, the HTLV-1 virus (Figure 1). These therapeutic options may target the viral proteins, their downstream cellular targets, along with the host immune microenvironment including HTLV-1 infected non-malignant cells.




Figure 1 | ATL cells survival: a cross-talk between genetics, viral proteins and immune-microenvironment. Survival of ATL cells requires Tax expression, yet Tax is highly immunogenic, and its expression at high levels drives senescence, a cellular fate counterbalanced by HBZ. Tax induced genetic instability results in the accumulation of somatic mutations. Both Tax and HBZ promote IL-10 expression, a key cytokine contributing to ATL cell survival and host immunosuppression. Newly infected T cells produce cytokines that contribute to the survival of ATL cells. The role of Tax/HBZ and IL-10 in ATL leukemogenesis highlights the importance of dual targeted therapies including anti-viral therapies and targeted therapies against viral oncoproteins and IL-10, as a promising curative avenue for ATL. AZT/IFN, Zidovudine and Interferon-alpha; As/IFN, Arsenic trioxide and Interferon-alpha; SCT, Stem Cell Transplantation; IL-10, Interleukin-10; RT, Reverse transcriptase.
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Human T-cell leukemia virus type 1 (HTLV-1) is the causative infectious agent of adult T-cell leukemia/lymphoma (ATL) and chronic neurological disease. The disparity between silenced sense transcription versus constitutively active antisense (Hbz) transcription from the integrated provirus is not fully understood. The presence of an internal viral enhancer has recently been discovered in the Tax gene near the 3’ long terminal repeat (LTR) of HTLV-1. In vitro, this enhancer has been shown to bind SRF and ELK-1 host transcription factors, maintain chromatin openness and viral gene transcription, and induce aberrant host gene transcription near viral integration sites. However, the function of the viral enhancer in the context of early HTLV-1 infection events remains unknown. In this study, we generated a mutant Enhancer virus (mEnhancer) and evaluated its effects on HTLV-1-mediated in vitro immortalization, establishment of persistent infection with an in vivo rabbit model, and disease development in a humanized immune system (HIS) mouse model. The mEnhancer virus was able to establish persistent infection in rabbits, and there were no significant differences in proviral load or HTLV-1-specific antibody responses over a 25-week study. However, rabbits infected with the mEnhancer virus had significantly decreased sense and antisense viral gene expression at 12-weeks post-infection. HIS mice infected with wt or mEnhancer virus showed similar disease progression, proviral load, and viral gene expression. While mEnhancer virus was able to sufficiently immortalize primary T-lymphocytes in cell culture, the immortalized cells had an altered phenotype (CD8+ T-cells), decreased proviral load, decreased sense and anti-sense gene expression, and altered cell cycle progression compared to HTLV-1.wt immortalized cells (CD4+ T-cells). These results suggest that the HTLV-1 enhancer element alone does not determine persistence or disease development but plays a pivotal role in regulating viral gene expression.
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Introduction

Human T-cell leukemia virus type 1 (HTLV-1) is a retrovirus with an estimated 5-10 million individuals infected worldwide including endemic regions in Southwestern Japan, Sub-Saharan Africa, South America, and the Caribbean (1). HTLV-1 infection can lead to the development of an aggressive CD4+ T-cell malignancy, adult T-cell leukemia/lymphoma (ATL) (2–4), or a neurological disorder called HTLV-1-associated myelopathy/tropical spastic paraparesis (HAM/TSP) (5, 6). An approximate 5-10% of persons infected with HTLV-1 develop ATL or HAM/TSP and generally undergo a decades-long clinical latency period before the onset of disease symptoms (7). The factors which control the timing and the disease course in persons infected with HTLV-1 remain to be fully elucidated.

The regulation of viral gene expression from the integrated provirus is key to HTLV-1 persistence and the pathogenic outcomes of infection. Tax, the initial dominant transcript produced from the provirus, amplifies viral sense strand transcription and drives cellular transformation through interactions within major signaling pathways, including NF-κB and AP-1 (8). HTLV-1 also encodes a gene on the antisense genome strand of the provirus, Hbz, which functions to maintain the proliferation and survival of leukemic cells (9–11). While immune surveillance directs the selection of cells in which Tax expression is lost or transient (12–15), transcription of Hbz is constitutive (16, 17). It has been demonstrated that Hbz is critical for establishment of efficient viral persistence in the New Zealand White (NZW) rabbit model of HTLV-1 infection (18). It has also been shown that both Hbz mRNA and protein support T-cell proliferation (9, 10); however, the mechanisms governing the balance between sense and antisense HTLV-1 transcription require further investigation.

Recently, an intragenic viral enhancer was discovered within the HTLV-1 provirus through a screen for transcriptional regulatory regions using proviral DNA-capture sequencing (19). The transcription factors SRF and ELK-1 were found to bind to this region and play a role in enhancer activity. It was demonstrated in vitro that the HTLV-1 enhancer maintains chromatin openness, regulates viral gene transcription, and induces aberrant host gene transcription near viral integration sites. Given its potential contributions to frequent transcription driven from the 3’ LTR and constitutive Hbz expression, we aimed to characterize the role of the viral enhancer during early HTLV-1 infection events in vitro and in vivo. Our results showed that the viral enhancer is dispensable for persistence using a rabbit model of infection. However, disruption of the viral enhancer did significantly decrease both sense and antisense viral gene expression during infection. Using a HIS mouse disease model, loss of the viral enhancer did not affect HTLV-1-mediated disease progression. Absence of the viral enhancer did not affect immortalization efficiency in cell culture but did alter the immortalized cell phenotype to a predominance of CD8+ T-cells. Also, HTLV-1-immortalized T-cells lacking the viral enhancer had decreased proviral load, decreased sense and anti-sense gene expression, lower levels of cellular apoptosis, and altered cell cycle progression.



Materials and methods


Cell culture

Human embryonic kidney (HEK) 293T cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, Thermo Fisher Scientific, Waltham, MA) supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, 100 μg/mL streptomycin, and 2 mM L-glutamine. Jurkat cells, an HTLV-1-negative, transformed human T-cell line, were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium (Gibco, Thermo Fisher Scientific, Waltham, MA) supplemented with 10% FBS, 100 U/mL penicillin, 100 μg/mL streptomycin, and 2 mM L-glutamine. Parental human 729.B control cells (lymphoblastoid B-cell line) and 729 HTLV-1 producer cell lines were cultured in Iscove’s DMEM (Mediatech, Inc. Manassas, VA) supplemented with 10% FBS, 100 U/mL penicillin, 100 μg/mL streptomycin, and 2 mM L-glutamine. Human PBMCs (hPBMCs) were isolated from whole blood freshly collected from healthy donors using Ficoll-Paque PLUS (Cytiva, Marlborough, MA). Protocols for blood collection from human donors were approved by the Ohio State University Institutional Review Board. hPBMCs and early passage, HTLV-1-immortalized primary human T-cell lines (PBL) were cultured in RPMI 1640 supplemented with 20% FBS, 100 U/mL penicillin, 100 μg/mL streptomycin, 2 mM L-glutamine, and 10 U/mL recombinant human interleukin-2 (hIL-2; Roche Diagnostics GmbH, Mannheim, Germany). All cells were maintained in a humidified atmosphere of 5% CO2 and air at 37°C.



Plasmids and cloning

The infectious HTLV-1 proviral clone ACH (HTLV-1.wt) has been previously characterized (20, 21). The mutant Enhancer (mEnhancer) region (19) was created in ACH through subcloning and overlap extension PCR (22) using annealed oligos containing mutations in the SRF/ELK-1 binding sites (nucleotide mutations shown in Figure 1A). The nucleotide mutations do not result in changes to the overlapping Tax amino acid sequence. Proviral plasmid DNA was isolated and purified using cesium chloride density gradient centrifugation. The HTLV-1 5’LTR-luciferase reporter plasmid (LTR-1-Luc) and thymidine kinase (TK)-Renilla transfection efficiency control plasmid were described previously (23). The pcDNA™3.1(+) negative control (empty vector) was purchased from Invitrogen (Carlsbad, CA).




Figure 1 | Generation and characterization of HTLV-1.mEnhancer proviral clone in vitro. The mEnhancer region was cloned into the HTLV-1 proviral plasmid ACHneo by overlap extension PCR. (A) Alignment of the mEnhancer region and the wild-type region from the HTLV-1 molecular clone ACHneo. Mutations span the consensus binding sequences for the transcription factors SRF and ELK-1. (B) HEK293T cells were co-transfected with the pcDNA3.1(+) empty vector, HTLV-1.wt, or mutant (HTLV-1.mEnhancer) proviral plasmid, an HTLV-1 LTR-firefly luciferase construct, and a TK-Renilla luciferase construct. 72h post-transfection, cells and supernatant were collected for dual luciferase assay and ELISA to detect HTLV-1 p19 Gag (C), respectively. Relative LTR luciferase activity was determined by normalizing firefly luciferase relative light units to Renilla, and the empty vector control was set as 1. Each condition was performed in duplicate. (D) RNA was extracted from transfected cells for cDNA synthesis, followed by qPCR to detect tax and hbz mRNA levels. Copy number is shown normalized to 1 x 106 gapdh copies. (E) Cells pellets from transfected cells were lysed and total protein was quantified by BCA assay. Equivalent amounts of protein were subjected to SDS-PAGE and immunoblotting to detect Tax expression. β-actin was used as a loading control. Arrows are used to distinguish bands representative of Tax protein expression from background. (F) The HTLV-1-negative T-cell line, Jurkat, was co-transfected with the pcDNA3.1(+) empty vector, HTLV-1.wt, or mutant (HTLV-1.mEnhancer) proviral plasmid, an HTLV-1 LTR-firefly luciferase construct, and a TK-Renilla luciferase construct. 72h post-transfection, cells and supernatant were collected for dual luciferase assay and ELISA to detect HTLV-1 p19 Gag (G), respectively. Relative LTR luciferase activity was determined as described above. Each condition was performed in duplicate. Graphs represent data generated from duplicate samples and error bars represent standard deviation (SD). Statistical significance was determined by unpaired t test.





Transfections, luciferase reporter assays, and p19 Gag ELISA

HEK293T cells were plated in 6-well dishes at a density of 3 x 105 cells in 2 mL media. Cells were co-transfected with 880 ng empty vector or proviral plasmid DNA, 100 ng LTR-1-Luc, and 20 ng TK-Renilla using Lipofectamine™ 2000 Transfection Reagent (Invitrogen, Carlsbad, CA) at a 3:1 ratio of reagent (μL) to DNA (μg). Each condition was performed in duplicate. 72h post-transfection, cell supernatants were collected to measure HTLV-1 p19 Gag production using the RETRO-TEK HTLV p19 Antigen ELISA (ZeptoMetrix Corporation, Buffalo, NY). Cells were collected by centrifugation for RNA extraction, RT, and subsequent quantitative PCR to detect Tax and Hbz gene expression (see Materials and Methods: Quantitative PCR). Cells were also collected for luciferase assay or immunoblotting (see Materials and Methods: Immunoblotting). Luciferase assays were performed by lysing cell pellets in Passive Lysis Buffer (Promega, Madison, WI) and following the manufacturer’s protocol for the Dual-Luciferase® Reporter Assay System (Promega, Madison, WI). Firefly and Renilla luciferase relative light units were measured using the FilterMax F5 Multi-Mode Microplate Reader (Molecular Devices, San Jose, CA). Jurkat cells were plated in a 12-well dish at a density of 8 x 105 cells in 1 mL media. Cells were co-transfected with 2 μg total plasmid DNA (1760 ng empty vector or proviral plasmid DNA, 200 ng LTR-1-Luc, and 40 ng TK-Renilla) using Lipofectamine™ 2000 Transfection Reagent (Invitrogen, Carlsbad, CA) at a 2:1 ratio of reagent (μL) to DNA (μg). 72h post-transfection, cells and supernatant were collected for dual luciferase assay and p19 Gag ELISA, respectively, as described above.



Generation of HTLV-1 producer cells

Stable producer cell lines were generated by nucleofecting 729.B cells with 2 μg HTLV-1.wt or HTLV-1.mEnhancer proviral plasmid DNA (contains neomycin resistance gene) using the Amaxa® Cell Line Nucleofector® Kit V and Nucleofector™ 2b Device (program X-001) according to the manufacturer’s protocol (Lonza Cologne AG, Cologne, Germany). Seventy-two hours post-transfection, cells were placed under 1 mg/mL G418 selection (Gibco, Thermo Fisher Scientific, Waltham, MA). Approximately two weeks after G418 selection, cell supernatant was collected to measure HTLV-1 p19 Gag production by ELISA (ZeptoMetrix Corporation, Buffalo, NY). Polyclonal cells with confirmed p19 production were subjected to single cell dilution. Subsequent single cell clones were plated at a density of 1 x 106 cells in 2 mL media and supernatant was collected after 24h for ELISA to obtain normalized p19 Gag values. 729 HTLV-1.mEnhancer clones with p19 Gag production comparable to established 729 HTLV-1.wt producer cells were used for in vitro immortalization assays and in vivo inoculation. Genomic DNA was isolated from single cell clones using the DNeasy Blood & Tissue Kit (QIAGEN, Hilden, Germany) and mEnhancer mutations were verified by PCR and Sanger sequencing (see Materials and Methods: Sequencing).



Immunoblotting

Transfected HEK293T cells and 729 HTLV-1.wt or HTLV-1.mEnhancer producer cell clones were lysed in RIPA buffer with protease inhibitor cocktail (cOmplete™, Mini Protease Inhibitor Cocktail, Roche Diagnostics GmbH, Mannheim, Germany). Total protein was quantitated using the Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, Rockford, IL) and FilterMax F5 Multi-Mode Microplate Reader (Molecular Devices, San Jose, CA). Protein was loaded in equal amounts on 4–20% Mini-PROTEAN® TGX™ Precast Protein Gels (Bio-Rad, Hercules, CA) and transferred onto Amersham™ Protran® Western blotting nitrocellulose membranes (Cytiva, Marlborough, MA). Membranes were blocked with 5% milk in PBS with 0.1% Tween-20 and incubated in the following primary antibodies: anti-Tax (rabbit anti-sera), anti-Hbz (rabbit anti-sera), and anti-β-actin (1:5,000; A2228, Sigma-Aldrich, St. Louis, MO). Membranes were incubated in appropriate anti-rabbit or -mouse IgG (H+L) HRP conjugate secondary antibodies (1:5000; W401B or W402B, Promega, Madison, WI). Pierce™ ECL Western Blotting Substrate (Thermo Fisher Scientific, Rockford, IL) was used to develop the membranes and images were captured using an Amersham Imager 600 (GE Healthcare Life Sciences).



In vitro immortalization assay

Approximately 2 x 106 freshly isolated hPBMCs were co-cultured with 1x 106 lethally irradiated (100 Gy) 729.B control cells, 729 HTLV-1.wt, or 729 HTLV-1.mEnhancer producer cells in 24-well dishes. 10 U/mL hIL-2 was supplied weekly with subsequent media changes. A portion of each irradiated producer cell line was maintained in culture to confirm cell death. Viable cells were enumerated at weekly intervals in triplicate wells for each condition by Trypan Blue exclusion (Gibco, Thermo Fisher Scientific, Waltham, MA). Cell supernatant was collected from enumerated wells for subsequent p19 Gag measurement by ELISA. Two different blood donors were used in our studies. Approximately equivalent numbers of cell lines were generated for both wt and mEnhancer conditions (Donor 1: 11 wt cell lines, 5 mEnhancer cell lines; Donor 2: 4 wt cell lines, 9 mEnhancer cell lines), however with different efficiencies between blood donors. A representative selection of both HTLV-1.wt and HTLV-1.mEnhancer immortalized cell lines from each blood donor was utilized in subsequent experiments.



Humanized immune system mice

Breeding pairs of NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ mice (NSG strain, specific pathogen free) were purchased from The Jackson Laboratory (Bar Harbor, ME). These mice lack mature T cells, B cells, and functional NK cells, and are deficient in cytokine signaling. Animals were housed in individually ventilated microisolation cages with corncob bedding and provided with commercial pelleted rodent chow and chlorinated reverse-osmosis–purified water without restriction. Cages containing autoclaved bedding were used for cage changes, which were performed in a ventilated biosafety cabinet. Mice were maintained in a room with constant temperature (20 ± 2°C) and relative humidity (50% ± 20%) under a 12:12-h light-dark cycle. The animal use protocol received prior approval by the Institutional Animal Care and Use Committee of The Ohio State University.

Shortly (24 to 48 h) after birth, pups were removed temporarily from the dam and treated with whole-body irradiation at 1 Gy (RS 2000, Rad Source, Suwanee, GA). Each mouse then was injected into the liver with 3 × 104 to 1 × 105 CD34+ HUSC (Lonza, Allendale, NJ) in 50 μL PBS (pH 7.4) by using a sterile 26-gauge hypodermic needle. After recovery, pups were returned to their dams, allowed to mature normally, weaned at 21 d, and then housed in groups (maximum, 5 mice per cage). At 10 wk after HUSC engraftment, mice were tested for the presence of human peripheral blood cells. Mice with at least 15% human CD45-positive lymphocytes were infected by intraperitoneal inoculation of 107 lethally irradiated (100 Gy) 729 HTLV-1.wt or 729 HTLV-1.mEnhancer producer cells; an aliquot of cells was maintained in culture to control for irradiation treatment. Animals were euthanized when they lost more than 20% of their body weight within 48 h.



Proliferation assay

Cell Titer 96® AQueous One Solution Cell Proliferation Assays (MTS) (Promega, Madison, WI) were performed on HTLV-1.wt and HTLV-1.mEnhancer newly immortalized cell lines according to the manufacturer’s protocol. Briefly, cells were counted and plated at 2000 cells/well in 96-well round-bottom plates on day 0 and monitored over a 4-day time course. CellTiter 96® AQueous One Solution reagent was added to each well, agitated slightly, and incubated at 37°C, 5% CO2 for 2 hours. Absorbance at 490 nm was collected on a FilterMax F5 Multi-Mode Microplate Reader (Molecular Devices, San Jose, CA). Proliferation in each cell line was measured in triplicate wells at each time point.



Flow cytometry

Immortalized PBLs (HTLV-1.wt or mEnhancer) were collected by slow centrifugation (5 min, 800 x g) for cell phenotype, apoptosis, or cell cycle analysis via flow cytometry. Collected cells were stained using fluorescein isothiocyanate (FITC)-conjugated anti-human CD3 and phycoerythrin (PE)-conjugated anti-human CD4 or CD8 antibodies (BD Biosciences, San Jose, CA) and analyzed for cell phenotype by flow cytometry using a Guava® easyCyte™ Benchtop Flow Cytometer. The purity of the isolated CD4+ and CD8+ T-cell population by positive antibody selection was determined to be between 90-95% using flow cytometry. Percentages of CD4+ and CD8+ T-cells were determined within the CD3+ T-cell gate and were normalized to 100. Alternatively, collected cells were stained using the FITC Annexin V Apoptosis Detection Kit (BD Biosciences) according to the manufacturer’s instructions to measure the level of cellular apoptosis. For cell cycle analysis, 1 x 105 HTLV-1.wt and HTLV-1.mEnhancer immortalized PBLs were seeded in 96-well round-bottom plates. Cells were synchronized by serum starvation for 2 hr. Twenty-four hours later, cells were fixed in 70% ice-cold ethanol for 3 h and stained using the Guava® Cell Cycle Reagent (Luminex Corporation, Austin, TX) according to the manufacturer’s protocol. Data were acquired using the Guava CellCycle program (CytoSoft Version 1.3) and the Guava® easyCyte™ Benchtop Flow Cytometer.



Rabbit model

Fourteen-week-old, male, specific pathogen-free New Zealand White (052 CR; 571 OAKWOOD) rabbits were obtained from Charles River Laboratories (Wilmington, MA). After a 2-week acclimatization period, 1 x 107 lethally irradiated (100 Gy) 729.B control cells or 729 HTLV-1 producer cells (wt or mEnhancer) were inoculated into the lateral ear vein. Blood was drawn via the central auricular artery at Weeks 0 (pre-inoculation), 4, 8, 12, 16, 20, and 25 (study endpoint). Plasma was collected and rabbit PBMCs (rPBMCs) were isolated using Ficoll-Paque™ PREMIUM (Cytiva, Marlborough, MA). rPBMCs or plasma were assessed for proviral load, HTLV-1 gene expression, and HTLV-1-specific antibody response, as described below. Sanger sequencing of the viral enhancer region was performed at week 25 to monitor for viral reversions. All animal procedures were performed in accordance with a protocol approved by University Laboratory Animal Resources (ULAR) of The Ohio State University.



Quantitative PCR

Genomic DNA and RNA were isolated from cell lines using the AllPrep DNA/RNA Mini Kit (QIAGEN, Hilden, Germany) according to manufacturer’s instructions. RNA samples were subjected to on-column DNase digestion using an RNase-Free DNase (QIAGEN, Hilden, Germany). RNA concentrations were measured using the ND-1000 Nanodrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA), and 250 ng was used for cDNA synthesis using the SuperScript IV First-Strand Synthesis System (Invitrogen, Carlsbad, CA). 2 μL cDNA was used per qPCR reaction with iQ™ SYBR® Green Supermix (Bio-Rad, Hercules, CA) and 300 nM of each sense and antisense primer (20 μL final volume). For Env detection only, 500 ng of RNA was reverse transcribed, and 2 μL cDNA was pre-amplified using the SsoAdvanced™ PreAmp Supermix (Bio-Rad, Hercules, CA). The pre-amplification assay pool included primers for Env and human GAPDH (hGAPDH). The final reaction volume was 50 μL with 50 nM of each primer. The cycling protocol was as follows: 95°C for 3 min followed by 12 cycles of 95°C for 15 s and 58°C for 4 min. Products were diluted 1:5 in TE buffer (pH 8.0, RNase-free; Thermo Fisher Scientific Baltics UAB, Vilnius, Lithuania) for detection of Env and 1:50 for detection of high abundance targets (i.e., hGAPDH), according to the manufacturer’s protocol. Approximately 8.8 μL diluted, pre-amplified products were used per qPCR reaction. Reactions were carried out in 96-well plates on the CFX96 Touch Real-Time PCR Detection System (Bio-Rad, Hercules, CA). The reaction conditions were 50°C for 2 min, 95°C for 10 min, followed by 40 cycles of 15 sec at 95°C and 1 min at 60°C. Primer and probe sequences are listed in Table 1. For p12, p30, and p13 detection, 500 ng of RNA was reverse transcribed, and 4 μL cDNA was pre-amplified using the SsoAdvanced™ PreAmp Supermix (Bio-Rad, Hercules, CA). The pre-amplification assay pool included primers for p12, p30, p13, and hGAPDH. The pre-amplification protocol and qPCR reactions were carried out as described above. To determine proviral load, 250 ng genomic DNA was used for qPCR with a primer and probe set specific to HTLV-1 gag/pol. The 20 μL final reaction volume included iQ™ SYBR® Green Supermix (Bio-Rad, Hercules, CA) and 300 nM each of 5’ primer (#20) and 3’ primer (#19). The reaction conditions were 50°C for 2 min, 95°C for 10 min, followed by 40 cycles of 15 sec at 95°C and 1 min at 60°C. Total copy number was calculated using a standard curve generated by duplicate log10 dilutions of ACHneo plasmid DNA. Proviral copies per 100 hPBMCs was calculated based on the approximation that 6 pg human DNA is equivalent to 1 cell.


Table 1 | Primer and probe sequences.



Genomic DNA and RNA were isolated from rPBMCs and HIS mouse spleens using the AllPrep DNA/RNA Mini Kit (QIAGEN, Hilden, Germany) according to manufacturer’s instructions. RNA samples were subjected to on-column DNase digestion, and 250 ng of RNA was used for cDNA synthesis, as described above. For rabbit samples only, 10 μL cDNA was pre-amplified using the SsoAdvanced™ PreAmp Supermix (Bio-Rad, Hercules, CA). The pre-amplification assay pool included primers for Hbz, gag/pol, and rabbit GAPDH (rGAPDH). The final reaction volume was 50 μL with 50 nM of each primer. The cycling protocol was as follows: 95°C for 3 min followed by 12 cycles of 95°C for 15 s and 58°C for 4 min. Products were diluted 1:5 in TE buffer (pH 8.0, RNase-free; Thermo Fisher Scientific Baltics UAB, Vilnius, Lithuania) for detection of viral genes and 1:50 for detection of high abundance targets (i.e., rGAPDH). Approximately 8.6 μL diluted, pre-amplified products were used per qPCR reaction with iQ™ Supermix (Bio-Rad, Hercules, CA), 300 nM of each sense and antisense primer, and 100 nM probe (20 μL final reaction volume). The reaction conditions were 95°C for 3 min followed by 45 cycles of 95°C for 15 s and 57.5°C for 30 s. Total copy numbers of each gene target in cell lines, rPBMCs, and HIS mice were determined by log10 dilutions of plasmid DNA to generate a standard curve. Copy numbers were normalized appropriately to 1 x 106 rabbit or human GAPDH. Samples and standards were run in duplicate with no-RT and no-template controls included on each plate. To determine proviral load, 250 ng genomic DNA was used for qPCR with a primer and probe set specific to HTLV-1 gag/pol. The 20 μL final reaction volume included iQ™ Supermix (Bio-Rad, Hercules, CA), 300 nM each of 5’ primer (#20) and 3’ primer (#19), and 100 nM probe (TMP-3). The reaction conditions were as follows: 94°C for 3 min followed by 45 cycles of 94°C for 15 s, 55°C for 30 s, and 72°C for 40 s. Total copy number was calculated using a standard curve generated by duplicate log10 dilutions of ACHneo plasmid DNA. Proviral copies per cell were determined by estimating that 1 μg rPBMC DNA is equivalent to 134,600 cells (24). Analysis of Gag/pol and Hbz copy numbers normalized to proviral load in rabbits was performed by first normalizing total copy number of each gene target to 1 x 106 rGAPDH and then normalizing to proviral copies per cell. Proviral copies per 100 hPBMCs in HIS mice was calculated based on the approximation that 6 pg human DNA is equivalent to 1 cell. Analysis of Tax and Hbz copy numbers normalized to proviral load in HIS mice was performed by first normalizing total copy number of each gene target to 1 x 106 hGAPDH and then normalizing to proviral copies per 100 hPBMCs.



Sequencing

Sequencing was performed to verify enhancer mutations in 729 HTLV-1.mEnhancer producer cells and to screen for mutation reversions in PBL cell lines from in vitro immortalization assays, as well as in infected rabbits and HIS mice. Genomic DNA was isolated from producer and PBL cell lines using the DNeasy Blood & Tissue Kit (QIAGEN, Hilden, Germany). Genomic DNA was isolated from rPBMCs at the study endpoint (Week 25) and hPBMCs collected from mouse spleen at the time of sacrifice (varied for individual mice infected with HTLV-1.wt or HTLV-1.mEnhancer) using the AllPrep DNA/RNA Mini Kit (QIAGEN, Hilden, Germany). The mEnhancer region was amplified by PCR using GoTaq® Flexi DNA Polymerase (Promega, Madison, WI) and the following flanking primers: 1F and 7R. The PCR conditions were as follows: 95°C for 2 min followed by 95°C for 30 s, 52.2°C for 30 s, and 72°C for 1 min (35 cycles), and a final extension of 72°C for 5 min. PCR products were run on a 1.5% TAE agarose gel with ethidium bromide. The amplified fragment was gel extracted using the QIAquick Gel Extraction Kit (QIAGEN, Hilden, Germany) and Sanger sequencing was performed with individual reactions containing forward or reverse primer (OSUCCC Genomics Shared Resource). Sequencing data was analyzed using SnapGene® 5.1.5 software (GSL Biotech LLC, San Diego, CA).



Rabbit antibody ELISA

The HTLV-specific antibody response was measured using the Avioq HTLV-I/II Microelisa System (Avioq, Inc., Research Triangle Park, NC). The manufacturer’s protocol was modified by substituting the provided HRP-conjugated goat anti-human IgG with an HRP-conjugated goat anti-rabbit IgG (ab6721; Abcam, Cambridge, United Kingdom). Rabbit plasma was diluted 1:50 with Sample Diluent (supplied by the manufacturer) to obtain absorbance values within the range of the standard curve. Absorbance was measured at 450 nm using the FilterMax F5 Multi-Mode Microplate Reader (Molecular Devices, San Jose, CA).



Statistical analyses

Data were analyzed using the appropriate statistical test (denoted in figure legend) with GraphPad Prism 9.0 software (GraphPad Software Inc., La Jolla, CA).




Results


Generation of HTLV-1.mEnhancer proviral clone and producer cells

A novel HTLV-1 enhancer was recently identified within the HTLV-1 provirus through a screen for nucleosome-free regions (NFR), which generally harbor transcriptional regulatory elements due to their accessibility to transcription factors (19). Matsuo et al. found a region highly depleted of nucleosomes located between the viral insulator, containing a CCCTC-binding factor (CTCF) binding site, and the 3’ LTR (19). Luciferase reporter assays in Jurkat cells demonstrated that 3’ LTR promoter activity was enhanced by the presence of the NFR, whether it was inserted upstream or downstream of the promoter in either a sense or antisense orientation, relative to 3’ LTR activity alone. Further analyses demonstrated that the NFR contained histone markers characteristic of enhancer elements, including H3K4 methylation and H3K27 acetylation, and that the region produces bi-directional, capped RNAs, a feature of transcription at active enhancers (25–27). Evaluation of candidate binding factors revealed that the transcription factors SRF and ELK-1, which form a ternary complex at serum response elements (28–31), exhibit sequence-specific binding to the NFR, and that mutation of the SRF/ELK-1 binding sites resulted in decreased enhancer activity in transfected cells. To determine the effect of the viral enhancer on HTLV-1-mediated in vitro immortalization as well as in vivo persistence and pathogenesis, we introduced mutations into the SRF/ELK-1 binding sites using the established wild-type (wt) HTLV-1 molecular clone ACH (HTLV-1.wt) to generate HTLV-1.mEnhancer (Figure 1A). Although the mEnhancer region overlaps with exon 3 of the Tax gene, the nucleotide substitutions do not alter the amino acid sequence of Tax. To determine whether HTLV-1.mEnhancer retained Tax transcriptional activity, we co-transfected the HTLV-1.mEnhancer or the HTLV-1.wt proviral clone with an LTR-1-Luc reporter and a TK-Renilla transfection control into HEK293T cells. HTLV-1.mEnhancer displayed no significant difference in LTR-driven luciferase activity compared to the HTLV-1.wt (Figure 1B) and levels of p19 Gag produced by transfected cells were similar (Figure 1C).

Previously, mutation of the HTLV-1 enhancer element resulted in lower levels of both sense and antisense viral transcripts (19). Therefore, we measured both tax (sense) and (hbz) (antisense) mRNA transcript levels in transfected HEK293T cells. Copy numbers of viral genes were normalized to 1 x 106 human gapdh (hgapdh) copies in each sample. While there was no difference in the copy number of tax between the HTLV-1.wt and HTLV-1.mEnhancer proviral clones, HTLV-1.mEnhancer showed a slight (however not significant) reduction in hbz (Figure 1D). To measure viral protein expression, cell lysates were subjected to immunoblotting. Tax protein was detectable, although at reduced levels, in cells expressing the HTLV-1.mEnhancer compared to HTLV-1.wt (Figure 1E). While this appears contradictory to the copy numbers of Tax detected by qPCR in the wt and mutant conditions, even a small reduction in mRNA levels could correspond to a decrease in protein expression. Hbz protein could not be detected, which is likely a reflection of the differences in copy number between this antisense transcript and Tax. To assess the effect of the enhancer element in CD4+ T-cells, the primary target of HTLV-1 infection and virus-mediated immortalization, we conducted luciferase reporter assays in Jurkat cells, an HTLV-1-negative, CD4+ T-cell line. Although the transfection efficiency in Jurkat cells was much lower compared to HEK293T cells, there was no difference in LTR-driven gene expression (Figure 1F) or p19 Gag production (Figure 1G) between HTLV-1.wt and the HTLV-1.mEnhancer.

Given that cell-to-cell contact is required for efficient transmission of HTLV-1 (32–35), we generated a stable producer cell line carrying the HTLV-1.mEnhancer proviral clone to characterize the effects of the enhancer element on in vitro immortalization and in vivo persistence and disease development. Following the introduction of proviral DNA into 729.B parental cells, transfectants were subjected to antibiotic selection and limiting dilution to isolate stable cell clones. The presence of enhancer mutations in the SRF and ELK-1 binding sites was confirmed in single cell clones by sequencing (data not shown). The 729 HTLV-1.mEnhancer cells had significantly lower p19 Gag in the culture supernatant (Figure 2A), although this could partly be attributed to the copy number and location of viral sequence within the cellular genome. The mutant cell line with the highest level of virion production was used for further analyses and normalized for p19 Gag, relative to the previously established 729 HTLV-1.wt clone (36). 729 HTLV-1.mEnhancer cells had significantly reduced tax and hbz mRNA expression (Figure 2B) and a corresponding reduction in the protein expression of these viral genes (Figure 2C) compared to the HTLV-1.wt producer cells. Overall, our results in HEK293T and stable 729 cell transfectants show that the HTLV-1 internal enhancer contributes to increased viral transcription in vitro.




Figure 2 | Generation and characterization of HTLV-1.mEnhancer producer cells. HTLV-1.wt and HTLV-1.mEnhancer producer cells were generated by nucleofecting 729.B parental cells with proviral plasmid DNA. After G418 selection and limiting dilution, (A) supernatant was collected from single cell clones for p19 Gag ELISA. Only one clone with sufficient virion production compared to HTLV-1.wt was selected for additional experiments and analyses. Statistical significance was determined by unpaired t test. **P ≤ 0.01. (B) RNA was extracted from the HTLV-1.mEnhancer clone for cDNA synthesis and qPCR to detect tax and hbz mRNA expression. Statistical significance was determined by two-way ANOVA. **P ≤ 0.01. (C) Total protein in cell lysates from parental 729.B cells, 729 HTLV-1.wt, and 729 HTLV-1.mEnhancer producer cells was quantified, and equal amounts were loaded onto an SDS-PAGE gel for immunoblotting analysis. β-actin is shown as a loading control, and arrows differentiate background from bands that represent Tax and Hbz protein. Graphs represent data generated from duplicate samples and error bars represent standard deviation (SD).





The HTLV-1 internal enhancer is dispensable for early viral persistence in vivo

To evaluate the role of the viral enhancer on the early events of HTLV-1 infection in vivo, we utilized the previously characterized, immune competent NZW rabbit model of HTLV-1 replication and persistence (18, 24, 37–41). Rabbits were inoculated with lethally irradiated 729 HTLV-1.wt or 729 HTLV-1.mEnhancer producer cells, and blood was drawn at various time points over the course of a 25-week study. qPCR was used to detect HTLV-1 gag/pol DNA sequence beginning at Week 4 post-infection. Proviral copies per cell were variable in individual rabbits at each time point, but generally increased throughout the study (Figure 3A). There were no significant differences in proviral load between the rabbits infected with HTLV-1.mEnhancer compared to HTLV-1.wt. Sequencing of genomic DNA isolated from rabbit PBMCs (rPBMCs) collected at the study endpoint (Week 25) confirmed the presence of the expected mutations in rabbits infected with HTLV-1.mEnhancer (data not shown). To determine whether HTLV-1.mEnhancer could elicit a virus-specific immune response similar to rabbits infected with HTLV-1.wt, plasma was isolated from whole blood samples and analyzed via a Microelisa system for the detection of HTLV-1/2 antibodies. As previously shown, the anti-HTLV-1 response rose throughout the study but was variable in individual rabbits (18). Rabbits in both the wt and mEnhancer groups had seroconverted by Week 4, and the HTLV-1-specific antibody response increased over time with no significant difference in the level of the response between groups (Figure 3B). Given the role of the HTLV-1 enhancer in the transcription of viral genes in vitro, we assessed whether mutation of the transcription factor binding sites within the enhancer affected viral gene expression in vivo. RNA isolated from rPBMCs at various time points was reverse transcribed, pre-amplified using primers specific to viral genes, and quantified by probe-based qPCR. Viral copy numbers were normalized to 1 x 106 rabbit gapdh (rgapdh) copies in each sample. Tax was undetectable in most rabbits from both the wt and mutant groups, and it was previously demonstrated that tax mRNA expression peaks as early as 1-2 weeks post-infection (24, 39), and that the levels of this viral transcript are at the limit of detection of qPCR (37). Transcript for gag/pol was therefore used as a measure of viral sense transcription. Gag/pol copy number was variable at each time point but was highest by Week 25 (Figure 4A). There was a significant decrease in gag/pol transcript level in the HTLV-1.mEnhancer infected rabbits compared to HTLV-1.wt infected rabbits at week 12. Interestingly, PBMCs from two rabbits infected with HTLV-1.mEnhancer showed gag/pol levels that were much higher compared to the other rabbits from both conditions at week 25. However, there was no significant difference in mean gag/pol expression between HTLV-1.wt and HTLV-1.mEnhancer at Week 25 in vivo. The rabbit in the HTLV-1.mEnhancer condition with the highest level of gag/pol expression in infected PBMCs at Week 25 also had the highest proviral load at this time point (inverted triangle). To assess viral transcription levels according to the proviral copies per cell, gag/pol copy number was also normalized to the respective proviral load in each rabbit. Rabbits infected with HTLV-1.wt and HTLV-1.mEnhancer showed similar trends in the levels of gag/pol transcript per proviral copy number over the course of time, with the only statistically significant difference at Week 12 (Figure 4B). Hbz was also a gene product of interest, given its role in promoting persistent infection in vivo (18). The level of hbz mRNA increased over time in animals infected with HTLV-1.wt compared to HTLV-1.mEnhancer and at week 12 there was a statistically significant decrease in hbz in the HTLV-1.mEnhancer infected rabbits (Figure 4C). Therefore, hbz mRNA expression was delayed in the HTLV-1.mEnhancer rabbits early to midway through the study, but the mean expression rose to the level of the HTLV-1.wt group by Week 25. The level of hbz transcript was also highest in the HTLV-1.mEnhancer rabbit with the highest proviral load (inverted triangle); therefore, hbz copy number was normalized to proviral load in each animal. The level of hbz copies per proviral copy number was significantly lower in the HTLV-1.mEnhancer condition, but by Week 25, the expression was comparable to the level of HTLV-1.wt infected rabbits (Figure 4D). This likely reflects the importance of Hbz in the establishment and maintenance of viral persistence in the presence of a functional immune system in the rabbits. Fluctuations in the levels of gag/pol and hbz mRNA in individual rabbits at different time points may also be due to changes in clone predominance throughout the study. Taken together, our data show that the intragenic enhancer of HTLV-1 is dispensable for viral persistence, however, the enhancer element does influence viral gene transcription at varying time points after infection.




Figure 3 | HTLV-1 enhancer element is dispensable for early in vivo viral persistence. Lethally irradiated 729 HTLV-1.wt or 729 HTLV-1.mEnhancer producer cells were inoculated into 14-week-old, male New Zealand white rabbits via the lateral ear vein. Blood was collected at Week 0 (pre-inoculation) and Weeks 4, 8, 12, 16, 20, and 25 post-infection (study endpoint) for plasma and rabbit PBMC (rPBMC) isolation. (A) Genomic DNA was isolated from rPBMCs and subjected to qPCR to detect proviral load using a primer and probe set specific to HTLV-1 Gag/pol. (B) Plasma was isolated from whole blood to measure the HTLV-specific antibody response using the Avioq HTLV-I/II Microelisa System. Absorbance was measured at 450 nm. In each of the graphs, unique symbols represent proviral load and antibody response for a single inoculated rabbit over time and bars represent the mean. Linear mixed-effects analyses were performed and multiple comparisons were adjusted by Tukey’s method.






Figure 4 | HTLV-1 enhancer element alters in vivo sense and anti-sense viral gene expression. RNA was isolated from rPBMCs for cDNA synthesis. cDNA from rabbit samples and negative controls was used in 12-cycle pre-amplification reactions. Pre-amplification products were diluted according to the manufacturer’s directions for qPCR to detect viral gene expression. Copy numbers of Gag/pol (A) and Hbz (C) are shown relative to 1 x 106 rgapdh copies. The levels of viral transcripts were evaluated by normalizing Gag/pol (B) or Hbz (D) copies per 106 rgapdh to proviral load. In each of the graphs, unique symbols represent gene expression for a single inoculated rabbit over time and bars represent the mean. Linear mixed-effects analyses were performed and multiple comparisons were adjusted by Tukey’s method. *P ≤ 0.05.





Mutation of the HTLV-1 enhancer has no effect on leukemogenesis in vivo

To determine the effect of the viral enhancer on HTLV-1-mediated disease development, we inoculated lethally irradiated virus producer cells into humanized immune system (HIS) mice, which were previously shown to be susceptible to lymphoproliferative disease induced by infectious HTLV-1 molecular clones (42). Sub-lethally irradiated neonatal NSG mice were injected with CD34+ human umbilical cord stem cells and monitored for the development of mature lymphocyte populations. In these mice, phenotypically normal human lymphocytes develop which are unable to mount adaptive immune responses. Mice were continually evaluated for weight loss and additional clinical signs of virus-induced lymphoproliferative disease. There was no significant difference in the survival percentage of mice infected with HTLV-1.wt compared to HTLV-1.mEnhancer; animals in each group became moribund as the study progressed and had to be euthanized (Figure 5A). Spleens were collected from euthanized mice for isolation of human PBMCs (hPBMCs), followed by genomic DNA and RNA extraction. Proviral copies were detected by qPCR using primers specific to HTLV-1 gag/pol. While the mean proviral load in the HTLV-1.mEnhancer-infected group was reduced compared to mice infected with HTLV-1.wt, the difference was not statistically significant (Figure 5B). Sequencing of integrated proviruses from HIS mouse genomic DNA confirmed the presence of the expected mutations in mice infected with HTLV-1.mEnhancer (data not shown). RNA was reverse transcribed and viral sense and antisense transcripts were quantified by detecting tax and hbz mRNA levels, respectively. Tax expression was similar in hPBMCs infected with HTLV-1.wt or HTLV-1.mEnhancer (Figure 5C). Hbz mRNA expression in the HTLV-1.mEnhancer group trended lower compared to the HTLV-1.wt group, but there was no statistically significant difference (Figure 5C). Tax and Hbz transcripts were also analyzed by normalizing to the proviral load in each respective animal. There were no significant differences in tax or hbz mRNA copies normalized to proviral load between the HTLV-1.wt and HTLV-1.mEnhancer conditions (Figure 5D). Overall, our analyses indicate that HTLV-1.mEnhancer could replicate and induce disease progression in the HIS mouse model.




Figure 5 | Loss of enhancer element has no effect on disease progression in HIS mice. Sub-lethally irradiated neonatal NSG received liver injections of 3 x 104 to 1 x 105 of CD34+ HUSC. 10 weeks after HUSC engraftment, mice were inoculated intraperitoneally with 1 x 107 lethally irradiated 729 HTLV-1.wt or 729 HTLV-1.mEnhancer producer cells. (A) HTLV-1 infection induces lymphoproliferative disease in the mice, and survival rate was determined for animals inoculated with wt compared to mEnhancer virus. Mice were euthanized according to early removal criteria defined in the approved animal protocol. Statistical significance was determined by Log-rank (Mantel-Cox) test. (B) Genomic DNA was extracted from PBMCs isolated from mouse spleens and used for qPCR to detect proviral load using primers targeting HTLV-1 Gag/pol. Statistical significance was determined by Welch’s unpaired t test. (C) RNA extracted from hPBMCs was subjected to cDNA synthesis followed by qPCR to detect viral gene expression. Data are shown normalized to 1 x 106 hgapdh copies. (D) The levels of viral transcripts were evaluated by normalizing Tax or Hbz copies per 106 hgapdh to proviral load. Unique symbols in (B–D) represent proviral load, gene expression, and viral transcripts per proviral copy number, respectively, in a single inoculated mouse and bars represent the mean. Statistical significance was determined by unpaired t-test.





HTLV-1.mEnhancer immortalizes primary human T-cells in culture

To determine the effect of the mEnhancer on HTLV-1-mediated immortalization of primary cells, we co-cultured human PBMCs freshly isolated from healthy donors with lethally irradiated 729 HTLV-1.wt or 729 HTLV-1.mEnhancer producer cells in two independent co-culture experiments. 10 U/ml human IL-2 was supplied weekly to the culture with media changes. Over time, both HTLV-1.wt and HTLV.1-mEnhancer viruses demonstrated the capacity to immortalize T-cells. At 10 weeks, cells from Donor 1 infected with HTLV-1.wt showed rapid proliferation as individual wells began to grow out from the co-culture as an immortalized, polyclonal cell population. Cells infected with HTLV-1.mEnhancer exhibited the typical cell clumping that is observed with immortalized PBL lines but grew at a much slower rate in culture (Figure 6A). PBMCs co-cultured with HTLV-1-negative 729.B parental cells failed to sustain long-term proliferation (data not shown). As additional controls, aliquots of lethally irradiated 729 HTLV-1.wt and 729 HTLV-1.mEnhancer producers were maintained in culture to confirm cell death. Further, PBMCs alone were plated and confirmed a lack of progressive cell growth in the absence of HTLV-1 infection. Beginning at Week 4 of the co-culture, cell supernatants were collected from each condition for p19 Gag ELISA. Cells infected with HTLV-1.wt showed an increase in p19 Gag concentration over time, demonstrating continued viral replication and virion production. Levels of p19 Gag production by the HTLV-1.mEnhancer infected cells began to significantly decrease compared to cells infected with wt virus beginning at Week 7 of the co-culture with Donor 1 (Figure 6A). Cells from Donor 2 infected with HTLV-1.wt or HTLV-1.mEnhancer showed similar viable cell counts over the 12-week time course, but with a 3-4 week lag in outgrowth of polyclonal cell populations (outgrowth of infected cells occurred after Week 12) (Figure 6B). A statistically significant decrease in the levels of p19 Gag production by cells infected with HTLV-1.mEnhancer from Donor 2 was observed by Week 11 of co-culture. HTLV-1.wt and HTLV-1.mEnhancer viruses immortalized PBMCs from each donor with different efficiencies (Donor 1: 11 wt cell lines, 5 mEnhancer cell lines; Donor 2: 4 wt cell lines, 9 mEnhancer cell lines); however, as newly immortalized cell lines were established from each co-culture, there were similarities between donors in the slower proliferation rate of HTLV-1.mEnhancer infected cells compared to those infected with HTLV-1.wt.




Figure 6 | HTLV-1.mEnhancer virus immortalizes primary human T-cells in vitro. Freshly isolated human PBMCs (2 x 106; hPBMCs) from two healthy donors were co-cultured independently with 1 x 106 lethally irradiated 729 HTLV-1.wt or HTLV-1.mEnhancer producer cells in 24-well plates for long-term immortalization assay. Cells were supplied with 10 U/mL hIL-2 once per week with media changes. T-cell immortalization in the co-culture with PBMCs from Donor 1 (A) and Donor 2 (B) was determined by weekly viable cell counts by trypan blue exclusion. Cell supernatant was collected at weekly intervals, beginning at Week 4, to measure virion production by p19 Gag ELISA. Samples from Donor 1 are represented by circles, and samples from Donor 2 are represented by squares. Each time point depicts data collected from three random, independent wells (technical replicates), and error bars represent SD. Wells with a p19 Gag value of zero are not shown in the graph due to log transformation. Statistical significance was determined by unpaired t test and two-way ANOVA with Sidak’s multiple comparisons test, where appropriate. *P ≤ 0.05, ** P ≤ 0.01, ****P ≤ 0.0001.



Newly immortalized HTLV-1.wt and HTLV-1.mEnhancer PBL cell lines established from co-culture experiments with two different blood donors were phenotyped for CD3, CD4, and CD8 surface expression. While HTLV-1 can infect a wide variety of hematopoietic cells, the virus preferentially immortalizes CD4+ T-cells in vitro, and ATL and HAM/TSP are CD4+ T-cell-mediated diseases (24, 43, 44). Using flow cytometry, HTLV-1.wt immortalized T-cells were found to be predominantly CD3+CD4+, while HTLV-1.mEnhancer immortalized T-cells were overwhelmingly CD3+CD8+ tropic (Figure 7A). This result was consistent between different PBMC donors. Sequencing of genomic DNA isolated from each individual PBL cell line confirmed the presence of the expected mutations within HTLV-1.mEnhancer immortalized cells (data not shown).




Figure 7 | Loss of HTLV-1 enhancer element alters immortalization phenotype and viral gene expression in vitro. Newly immortalized PBL cell lines from two separate co-culture experiments with different PBMC donors were characterized in vitro. Cell lines from Donor 1 are represented by circles, and cell lines from Donor 2 are represented by squares. (A) T-cell phenotypic analysis of HTLV-1.wt (Donor 1 n=11; Donor 2 n=4) or HTLV-1.mEnhancer PBLs (Donor 1 n=5; Donor 2 n=9) was performed by flow cytometry. (B) Genomic DNA was extracted from PBL cell lines and used for qPCR to detect proviral load using primers targeting HTLV-1 Gag/pol (HTLV-1.wt: Donor 1 n=11, Donor 2 n=4; HTLV-1.mEnhancer: Donor 1 n=5, Donor 2 n=3). (C) Approximately 5 x 105 PBLs were plated in 1 mL media. Supernatant was collected from each well after 72h and analyzed by p19 Gag ELISA. (HTLV-1.wt: Donor 1 n=6, Donor 2 n=2; HTLV-1.mEnhancer: Donor 1 n=5, Donor 2 n=3) (D) RNA was extracted from each PBL cell line, and subjected to cDNA synthesis followed by qPCR to detect tax and hbz gene expression. Data are shown normalized to 1 x 106 hgapdh copies (HTLV-1.wt: Donor 1 n=11, Donor 2 n=4; HTLV-1.mEnhancer: Donor 1 n=5, Donor 2 n=6) (E, F) PBL RNA was isolated and used for cDNA synthesis. Pre-amplification was performed, followed by qPCR to determine expression of env, p12, p30, and p13 viral transcripts. Data are shown normalized to 1 x 106 hgapdh copies. Values of zero for cell lines with undetectable transcripts are not plotted or included in the statistical analyses (HTLV-1.wt: Donor 1 n=6, Donor 2 n=4; HTLV-1.mEnhancer: Donor 1 n=5, Donor 2 n=6). Donor 1 and Donor 2 are abbreviated as D1 and D2, respectively, in (E). Statistical significance was determined by unpaired t test. **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001.



HTLV-1.wt and HTLV-1.mEnhancer PBL cell lines were collected and genomic DNA and RNA was extracted. Proviral copies were detected by qPCR using primers specific to HTLV-1 gag/pol. The mean proviral load in the HTLV-1.mEnhancer immortalized group was significantly lower compared to HTLV-1.wt immortalized cells (Figure 7B). While the HTLV-1.wt immortalized cells on average had many proviral integrations (~50 for Donor 1; ~8-9 for Donor 2), the HTLV-1.mEnhancer immortalized cells typically featured ~1 proviral integrations. In accordance with the distinct lower number of proviral insertion sites, the HTLV-1.mEnhancer immortalized cells had lower p19 Gag in the culture supernatant (Figure 7C).

To measure viral transcription in the newly immortalized cells, isolated RNA was reverse transcribed and viral sense and antisense transcripts were quantified by detecting tax and hbz mRNA levels, respectively. Tax and hbz mRNA transcript level was significantly higher in hPBMCs immortalized with HTLV-1.wt compared to HTLV-1.mEnhancer (Figure 7D). The observed differences in the copy numbers of tax and hbz transcripts, as well as p19 Gag levels in the culture supernatant (Figure 7C), are greater than what could be solely accounted for by the difference in proviral load between HTLV-1.wt and HTLV-1.mEnhancer infected cells. Previous studies found that the HTLV-1 immortalization phenotype is dictated through the Env region (24). Chimeric proviruses which replaced HTLV-1 Env with the highly similar, but non-pathogenic HTLV-2 Env gene resulted in a transformation switch from predominantly CD4+ to CD8+ T-cells in vitro. This phenomenon was independent of viral entry as both HTLV-1 and HTLV-2 are able to infect both CD4+ and CD8+ T-cells in vitro and in vivo. Env transcript in the newly immortalized PBLs was at the limit of qPCR detection, therefore RNA isolated from PBLs was reverse transcribed, pre-amplified using primers specific to viral genes, and quantified by qPCR. Although env transcript could be detected in both HTLV-1.wt and HTLV-1.mEnhancer immortalized cells, the level of env was significantly lower in mutant compared to wt cells (Figure 7E). Given the effects of enhancer disruption on numerous viral transcripts, the expression of other HTLV-1 regulatory genes, including p12, p30, and p13, was also examined. The p12 and p30 transcripts were reduced in cells immortalized by HTLV-1.mEnhancer, however, these transcripts could not be detected in some cell lines due to their low overall abundance even in HTLV-1.wt cells. The regulatory gene p13 was more abundant in both HTLV-1.wt and HTLV-1.mEnhancer PBLs and this transcript was lower in cells infected with mutant virus (Figure 7F). Overall, the data suggest that the internal enhancer element is important for efficient transcription from the HTLV-1 provirus in stably infected cells.

While both HTLV-1.wt and HTLV-1.mEnhancer had the capacity to immortalize T-cells in vitro, PBL cell lines established in co-culture with mutant producer cells demonstrated slower growth compared to cell lines immortalized by wt virus. To confirm this difference, cell proliferation was measured by MTS assay. HTLV-1.mEnhancer PBL cell lines demonstrated significantly reduced proliferation compared to HTLV-1.wt PBL cell lines at Days 3 and 4 after plating equivalent numbers of cells per condition (Figure 8A). These results suggested that cells infected with HTLV-1.mEnhancer may have altered cell cycle progression. Flow cytometry analysis of synchronized PBL cell lines from both donors showed a significantly higher percentage of HTLV-1.mEnhancer immortalized cells in the G0/G1 phase compared to HTLV-1.wt cells. Proportionally, significant decreases in the S and G2/M phases were observed in the HTLV-1.mEnhancer cell population from Donor 1 (Figure 8B). Donor 2 PBL lines immortalized by the enhancer mutant also showed a significant decrease in the percentage of cells in S phase compared to wt cells. Since cells infected with HTLV-1.mEnhancer showed altered cell cycle progression and reduced proliferation, we then examined whether these differences were associated with increased cell death. Given that Hbz was also previously reported to confer an anti-apoptotic phenotype in Jurkat cells (45), we predicted that HTLV-1.mEnhancer immortalized cells would have more apoptosis than HTLV-1.wt immortalized cells due to lower levels of hbz mRNA. However, HTLV-1.mEnhancer cells had significantly less apoptosis than their wt counterparts from the same blood donors (Figure 8C).




Figure 8 | Loss of the HTLV-1 enhancer element leads to reduced proliferation and altered cell cycle progression of infected cells in vitro. (A) Proliferation of newly immortalized PBL lines was measured by MTS assay. Cell lines from Donor 1 are represented by circles, and cell lines from Donor 2 are represented by squares (HTLV-1.wt: Donor 1 n=3, Donor 2 n=3; HTLV-1.mEnhancer: Donor 1 n=2, Donor 2 n=3). Error bars represent the SD of 3 technical replicates. (B) PBL cell lines (HTLV-1.wt: Donor 1 n=3, Donor 2 n=3; HTLV-1.mEnhancer: Donor 1 n=3, Donor 2 n=2) were fixed and stained with propidium iodide, and cell cycle progression was measured by flow cytometry. Bars represent the mean with SD. (C) Cellular apoptosis was measured in PBL cell lines (HTLV-1.wt: Donor 1 n=6, Donor 2 n=4; HTLV-1.mEnhancer: Donor 1 n=4, Donor 2 n=6) using a FITC Annexin V Apoptosis Detection Kit. Bars represent the mean. Statistical significance was determined by unpaired t test. *P ≤ 0.05, **P ≤ 0.01, ****P ≤ 0.0001.






Discussion

The synthesis of HTLV-1 sense gene products, in particular Tax, drives cellular transformation and leukemogenesis through the mechanisms by which viral proteins deregulate cellular pathways and incite genomic instability (8). Despite its high immunogenicity and silenced expression in the majority of ATL cases (46, 47), Tax exerts its functions by alternative modalities now recognized in the field, including transcriptional bursts and sporadic on/off switching in subpopulations of leukemic cells (14, 48, 49). The HTLV-1 antisense gene, Hbz, functions antagonistically to Tax by competing for interaction with the same factors to suppress transcription from the 5’ LTR (17). Hbz expression is continuous in cell culture and in patient cells (10, 17, 47), and it has been shown that Hbz enhances viral persistence in vivo (18) and promotes in vitro T-cell proliferation in both its mRNA and protein forms (9, 10). Additionally, in the absence of a cytotoxic T-cell response against hbz RNA (17), infected cells are able to sustain dysregulated growth and survival. This complex proviral transcription pattern is the key to HTLV-1 pathogenesis.

Recently identified DNA elements within the HTLV-1 provirus that have potential roles in the regulation of sense versus antisense viral gene expression, as well as the surrounding host genome, include the viral enhancer (19) and the insulator region containing the CTCF-binding site (vCTCF-BS) (50). In vitro studies on the vCTCF-BS have evaluated its effects on viral and host gene transcription, chromatin organization, and epigenetic modifications (50–52). A subsequent study utilized co-culture assays and the NZW rabbit model to reveal that the vCTCF-BS is not required for in vitro T-cell immortalization or in vivo HTLV-1 persistence (37). Given that the enhancer is located between the vCTCF-BS and the 3’LTR in a region highly depleted of nucleosomes, we sought to characterize the newly discovered viral DNA element in the context of early HTLV-1 infection events. Previous work demonstrated that mutation of the SRF and ELK-1 binding sites within the enhancer results in decreased viral gene expression in vitro (19). The results from our study showed that transient transfection of HTLV-1.mEnhancer proviral DNA into both HEK293T and Jurkat T-cells produced similar levels of sense and antisense viral transcripts and p19 Gag in the supernatant. In stable 729 HTLV-1.mEnhancer producer cells, p19 Gag levels in the supernatant as well as tax and hbz mRNA and protein levels were significantly decreased compared to those measured in 729 HTLV-1.wt cells. Although this could partially be attributed to location differences of intact viral genomes within the cellular genome (more or less transcriptionally active regions), one major difference is the short-term expression from transient transfections in HEK293T and Jurkat cells compared to the long-term cumulative effects from an intact viral genome in 729 cells.

Inoculation of NZW rabbits with 729 HTLV-1.wt or 729 HTLV-1.mEnhancer producers led to the establishment of persistent infection, marked by increases in proviral load and HTLV-1-specific antibody response over time in animals from either condition. While viral gene expression was variable in individual rabbits and the mean copy numbers of Gag/pol and Hbz fluctuated between time points, our results are characteristic of working with outbred animals and consistent with previous studies (18, 24, 37). At week 12 post-infection, there was a significant decrease in both gag/pol and hbz mRNA expression in rPBMCs infected with HTLV-1.mEnhancer compared to HTLV-1.wt. Inoculating HIS mice with either wt or mEnhancer virus led to the development of lymphoproliferative disease induced by HTLV-1 infection. There were no significant differences in proviral load or tax and hbz mRNA levels between the HTLV-1.wt and HTLV-1.mEnhancer groups. Given that the mice recapitulate disease onset and rapid progression within a compact time frame following initial infection (5 weeks), this may not be the appropriate model to study the long-term effects of the enhancer element on viral gene expression and persistence. While there are limitations to both rabbit and HIS mouse animal models utilized in this study, each allows for the evaluation of numerous aspects of HTLV-1 biology, including transmission, viral replication, persistence, and the immune response in rabbits as well as HTLV-1-mediated disease development and pathology in HIS mice. Although we have previously examined viral replication kinetics in infected rabbits in a 12-week timeframe, we extended the current study to 25 weeks to monitor the increasing trends in proviral load and HTLV-1-specific antibody response that were observed in both the HTLV-1.wt and HTLV-1.mEnhancer conditions. Our data showed that each of these features of persistent HTLV-1 infection reached their highest levels by the endpoint and confirmed that HTLV-1.mEnhancer behaves similarly to the wt virus in a long-term in vivo study. Although we detected a decrease in gag/pol and hbz transcripts in rabbits at week 12, we failed to detect a difference between the different animal groups at later time points. This suggests that while the viral enhancer may contribute to Hbz expression, there are alternative factors (both from the virus and the host) which regulate viral mRNA levels within host cells.

Our data from long-term in vitro immortalization assays showed that mutation of the viral enhancer did not hinder the ability of HTLV-1 to immortalize T-cells, since both HTLV-1.wt- and HTLV-1.mEnhancer-infected primary human lymphocytes showed similar efficiencies of immortalization. Both conditions had accumulation of p19 Gag in the culture supernatant and sufficiently immortalized target T-cells. Somewhat surprisingly, the cells immortalized by HTLV-1.mEnhancer had an altered immortalization phenotype and were predominantly CD8+ T-cells. Although HTLV-1 can infect both CD4+ and CD8+ T-cells, immortalized cells in vitro, infected cells in patients with HTLV-1, and patients with HTLV-1-mediated disease predominantly carry infected CD4+ T-cells (43). Previous studies have found that this preferential transformation tropism is dictated by the Env gene, not at the level of entry but after infection (24, 53). We found that while HTLV-1.mEnhancer immortalized cells did produce tax, hbz, and env transcript, the abundance of these transcripts was 2-3 log orders of magnitude lower than HTLV-1.wt immortalized cells. Expression of other HTLV-1 regulatory genes (p12, p30, and p13) was also lower in immortalized cell lines in the enhancer mutant condition compared to wt. Interestingly, PBLs which lacked the viral enhancer element consistently had 1-4 proviral integrations per cell compared to 10-40-fold more integrations in HTLV-1.wt immortalized cells. In the co-culture immortalization assay, the HTLV-1.mEnhancer infected cells produced lower levels of p19 Gag compared to HTLV-1.wt infected cells, and the wild-type cell lines had far more integrated proviruses. This is likely due to re-infection of the wild-type PBL cell lines, which produce sufficient levels of viral transcripts compared to the enhancer mutant PBL cell lines that had decreased levels of viral transcription. Although it would appear that enhanced viral transcription is favorable for immortalized cells in vitro, the HTLV-1.wt immortalized PBLs had higher levels of apoptosis than the HTLV-1.mEnhancer immortalized PBLs. Tax has been shown to induce rapid cell senescence driven by the transcriptional activity of NF-κB (54), therefore it is reasonable that immortalized cells with more Tax expression might have higher levels of apoptosis than those with lower Tax expression. Previous studies found that the ability of Tax to activate the HTLV-1 LTR is enhanced in CD4+ T-cells compared to CD8+ T-cells. This difference could account for the higher frequency of CD4+ HTLV-1-immortalized cells compared to CD8+ HTLV-1-immortalized cells (55). Subsequent studies found that Tax and viral LTR do not confer distinct transformation tropism (53). It is possible that the level of viral transcripts in an infected cell is critical to establish infection and influences the immortalization phenotype. Future studies should aim to determine whether the difference in the phenotype of cells immortalized by HTLV-1.mEnhancer is recapitulated in vivo. It would be informative to analyze live PBMC populations isolated from the animal models for the predominance of CD3+CD4+ or CD3+CD8+ T-cells. In addition, it would be useful to measure proviral load and viral gene expression in purified CD4+ or CD8+ T-cells from rabbits and HIS mice infected with HTLV-1.wt or HTLV-1.mEnhancer virus.

We were surprised by the result that cells immortalized by HTLV-1.mEnhancer had a higher percentage of cells in G0/G1 of the cell cycle, but lower levels of apoptosis compared to cells infected with HTLV-1.wt. Other studies have shown that Tax can trigger cell cycle arrest in the G1 phase in HeLa and human osteosarcoma (HOS) cells, as well as the human T lymphoblastic cell line SupT1 (56, 57). However, cell cycle arrest has also been recently identified in CD4+ T-cells from HTLV-1 asymptomatic carriers (58). Although the mechanisms underlying this observation are beyond the scope of this study, delayed cell division is in line with the slower proliferation rate of cells infected with HTLV-1.mEnhancer and may contribute to viral persistence.

A relationship between SRF/ELK-1 and HTLV-1, outside the context of the viral enhancer, has been demonstrated by previous studies (59). SRF and ELK-1 bind within the Tax-responsive element 2 of the U3 region of the 5’ LTR (60). Tax-mediated activation of SRF may play a key role in HTLV-1 pathogenesis, as this transcription factor induces expression of many genes involved in the regulation of cell growth, including c-fos, c-Jun, JunD, Erg-1, Erg-2, and Fra-1 (61–63). Dysregulation of SRF may be advantageous during multiple phases of HTLV-1 infection, such as the immortalization/transformation process as well as survival of leukemic cells. Defective proviruses are often found in ATL cells, with preferential selection for sequences where the 5’ LTR is deleted (64–66); thus, the maintenance of the vCTCF-BS and viral enhancer near the 3’ LTR provides other avenues for HTLV-1 to manipulate cellular signaling in host gene expression. Indeed, analysis of PBMCs from ATL patients showed readthrough transcription in host genes that flanked a provirus lacking the 5’ LTR (19).

Our results demonstrate that the viral enhancer element can influence viral gene transcription in vivo, but loss of this element does not affect establishment of persistent infection in rabbits or the induction of lymphoproliferative disease in HIS mice. Although abrogation of the viral enhancer does not affect the capacity of HTLV-1 to immortalize primary T-cell in culture, it does significantly alter the immortalization phenotype and viral gene expression. Other in vitro work has demonstrated that enhancer mutations abrogate the binding of SRF/ELK-1 and reduce host transcription near viral integration sites in HTLV-1-infected cells (19). This may indicate that the viral enhancer plays a larger role in disease progression of patients with ATL or pathogenic outcomes in individuals infected with HTLV-1. Future studies should address whether the viral enhancer cooperates with other regulatory elements, such as the vCTCF-BS, to promote transcription of viral genes and elicit changes in activity or organization of the surrounding host chromatin. Other studies should be performed to discern whether this enhancer element alters host gene transcription during early infection and disease development or alters the infected cell phenotype in vivo.
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Eukaryotic cells employ a broad range of mechanisms to regulate gene expression. Among others, mRNA alternative splicing is a key process. It consists of introns removal from an immature mRNA (pre-mRNA) via a transesterification reaction to create a mature mRNA molecule. Large-scale genomic studies have shown that in the human genome, almost 95% of protein-encoding genes go through alternative splicing and produce transcripts with different exons combinations (and sometimes retained introns), thus increasing the proteome diversity. Considering the importance of RNA regulation in cellular proliferation, survival, and differentiation, alterations in the alternative splicing pathway have been linked to several human cancers, including adult T-cell leukemia/lymphoma (ATL). ATL is an aggressive and fatal malignancy caused by the Human T-cell leukemia virus type 1 (HTLV-1). HTLV-1 genome encodes for two oncoproteins: Tax and HBZ, both playing significant roles in the transformation of infected cells and ATL onset. Here, we review current knowledge on alternative splicing and its link to cancers and reflect on how dysregulation of this pathway could participate in HTLV-1-induced cellular transformation and adult T-cell leukemia/lymphoma development.
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Introduction

Cancer burden remains today’s second worldwide leading cause of mortality, with up to 10 million deaths reported in 2020 (1). Among other known risk factors, a substantial part of almost 15% of cancers is directly linked to infectious agents, especially viruses (2–4). To date, seven viruses have been described as oncogenic for humans, among which are DNA viruses: Human Papillomavirus (HPV), Epstein-Barr virus (EBV), Kaposi’s sarcoma-associated herpesvirus (KSHV), Hepatitis B virus (HBV) and Merkel cell polyomavirus (MCPyV); one RNA virus: Hepatitis C virus (HCV); and one retrovirus: Human T-cell leukemia/lymphoma virus type 1 (HTLV-1) (3, 5). HTLV-1 is a member of the Retroviridae family and was first discovered in the early ‘80s (6, 7). Later on, it has been linked to a rare cancer named adult T-cell leukemia/lymphoma (ATL) (8, 9) as well as to the HTLV-1 associated myelopathy or tropical spastic paraparesis (HAM/TSP) inflammatory disease (10, 11). HTLV-1 infects roughly 10 million people in localized endemic clusters, the main ones being Southwest Japan, the Caribbean area, Central and South America, and West Africa (12). Most HTLV-1 infected individuals are asymptomatic, but 5% of the latently infected are at risk of developing ATL (13, 14) and another 5% of HAM/TSP (11).



HTLV-1 infection and oncogenes

Even though HTLV-1 can infect multiple types of immune cells (lymphocytes, dendritic cells, macrophages…), the main targets remain the CD4+ effector/memory T lymphocytes (15). HTLV-1 9kb-long proviral genome is composed of a positive-sense single-stranded RNA molecule, framed by two Long Terminal Repeat (LTR) regions in 5’ and 3’ (16), and randomly integrates into the host cell genome (17, 18). Of note, retroviral LTRs are known to harbor bi-directional promoters (19). The neosynthesized viral particles can spread via a cell-cell contact through a viral synapse (20) but it is the clonal expansion of infected cells that is responsible for the proviral burden (21). HTLV-1 genome contains several regions encoding for either structural proteins such as Gag (structural protein), Pro (protease), Pol (reverse transcriptase), and Env (envelope protein), or auxiliary and regulatory proteins like Tax and Rex. All the latter genes are expressed through transcription initiation in the promoter harbored by the 5’-LTR (22). However, a major study published in 2002 described a tenth protein-encoding gene with a transcription initiating in the 3’-LTR (23). This antisense transcript and protein is named HBZ for HTLV-1 Basic leucine Zipper (bZIP) transcription factor. HTLV-1 genome organization was summarized in Figure 1. So far, many studies have proven the crucial role of both Tax and HBZ in HTLV-1-associated persistence, pathogenesis, cellular transformation, and ATL development (24, 25).




Figure 1 | Recapitulative diagram of HTLV-1 proviral genome, Open Reading Frames (ORFs), and splicing-regulated genes. HTLV-1 genome is 9 kb long and flanked on each side by 5’ and 3’ Long Terminal Repeats (LTRs). HTLV-1 LTRs are approximately 750 bp in length and are segmented in U3, R and U5 regions (in order). U3 region usually contains enhancer and promoter sequences which drive viral transcription; and R domain encodes the 5′ capping sequences (5′ cap) and the polyadenylation (pA) signal. The structural genes gag, pro, pol and env are encoded in the 5’ part of the provirus, and regulatory and auxiliary proteins are encoded in the pX region, at the 3’ side. The transcription initiates in the promoter-bearing 5’-LTR in 5’→3’ for all viral genes, except for the antisense transcripts of hbz. hbz is encoded by the proviral complementary strand and its transcription, initiated in the 3’-LTR, occurs in an antisense fashion (3’→5’). The different Open Reading Frames (ORFs) are indicated in roman numbers and splicing events are shown by dotted lines.




Tax

Tax was initially described as the viral transactivation protein of HTLV-1 because of its capacity to promote 5’-LTR transcription (26). Thus, it is an essential pawn in viral replication and de novo infection. Previous in vivo studies have also shown T-cell leukemia or lymphoma induction in transgenic mice when Tax alone is expressed (27) or simultaneously with HBZ (28). By modulating various cellular pathways, such as the NF-KB (29) or AP-1 (30) pathways, implicated in cell proliferation, apoptosis, and genomic stability, Tax plays a key role in cellular transformation and leukemogenesis onset (22). However, because it is a major antigen targeted by cytotoxic T lymphocytes, its expression is very often silenced in ATL cells. Indeed, nonsense mutations of the tax gene (31) and deletion and/or hyper-methylation of the 5’-LTR (32) explain why so few ATL patients display a stable Tax expression. Overall, HTLV-1 transactivator Tax remains necessary for the early steps of infection and cellular transformation onset, but not for their maintenance over time. Nonetheless, minor and sporadic expression of Tax is sufficient to trigger the antiapoptotic machinery. This mechanism once stimulated, continues even after Tax expression is switched off again, and allows the infection persistence (33). In other words, Tax transient silencing allows HTLV-1 stably infected cells to evade the immune system detection and to clonally expand.



HBZ

Unlike Tax, HTLV-1 antisense protein HBZ is expressed in all ATL cells. Over the years, diversified techniques were used to confirm both Tax silencing and HBZ strong expression in ATL cells isolated from leukemic patients (34–36). Most recently, Matsuo et al. described a new intragenic enhancer region near the 3’-LTR that actively promotes and maintains antisense transcription, further confirming HBZ persistence over time (37). After its discovery in 2002 (23), another study manage to describe different transcripts, hence different potential protein isoforms of HBZ (Figure 1). Indeed, three transcripts were characterized in different T cell lines: one unspliced isoform usHBZ and two spliced HBZ_SP1 and HBZ_SP2. However, only usHBZ and HBZ_SP1 can be detected at the protein level in ATL patients’ PBMCs, HBZ_SP1 being the isoform with the strongest expression (38, 39). Like Tax, HBZ plays a crucial role in HTLV-1 pathogenesis and ATL development as both mRNA and protein expression of HBZ were shown to induce T cell proliferation; and the knockdown of hbz gene leads to cell death in infected/ATL cell lines (35, 40). Because retroviral infection/leukemic environment is so complex and HBZ functions so pleiotropic, it is quite difficult to have a global view of HBZ’s particular role in oncogenesis. In vivo experiments using HBZ-expressing transgenic mice have previously shown induction of the chemokine receptor CCR4 which resulted in a promotion of T-cell proliferation and migration, both needed for leukemogenesis (41). Moreover, our group showed that hbz gene expression leads to an increase in the AP-1 transcription factor JunD expression that correlates with the appearance of transformed cell features (42). We also described how HBZ induces the expression of a N-terminal truncated ΔJunD isoform. This isoform is unresponsive to the tumor suppressor menin, thus leading to cell proliferation and transformation (43). In addition, HBZ is responsible for the disruption of the microRNAs network leading to DNA-strand breaks and general genetic instability (44, 45). Barbeau and Mesnard previously thoroughly reviewed the different ways HBZ uses to down-regulate the viral sense transcription, meaning Tax expression, to help evade host immune surveillance. This down-regulation occurs simultaneously with antisense transcription promotion, hence its own, to maintain and amplify its effects (46). Taken together, those data give us an overview on the central role, among many other cellular pathways (25), HBZ plays in the oncogenic process leading to ATL.




RNA splicing and cancer

As mentioned before, RNA splicing is a key mechanism for gene expression regulation, allowing one gene to generate several distinct mature mRNAs. According to large-scale genomic studies, approximately 95% of human protein-encoding genes are subjected to alternative splicing (47), hence greatly increasing the cellular transcriptome and the proteome diversity. Considering the importance of RNA regulation in multiple cellular pathways such as differentiation, proliferation, survival, and death, any aberration in the splicing process could lead to various diseases occurrence. Alternative splicing is a highly regulated mechanism involving a massive protein complex called the spliceosome. Spliceosomal assembly requires a series of steps and intermediate complexes and starts at the transcription site (Figure 2). The spliceosome is composed of five small nuclear ribonucleoprotein particles (snRNPs): U1, U2, U4, U5, and U6; combined with roughly 300 associated proteins, and catalyzes pre-mRNA splicing reactions (48, 49). In short, it recognizes the splicing donor and acceptor sites and takes care of removing introns (non-coding sequences) to ligate exons together. A more detailed explanation of the splicing process can be found in Figure 2. Different kinds of splicing events can occur (listed in Figure 3A), therefore broadening the number of potential mature mRNAs and with that, protein isoforms, from a single coding gene. Alternative splicing is regulated by trans-acting regulatory proteins, also called splicing factors (SFs), binding to cis-acting regulatory sequences. SFs such as SR (serine/arginine-rich) proteins and hnRNPs (heterogeneous nuclear ribonucleoproteins) are RNA-binding proteins and are considered as enhancers (50, 51) and silencers (52, 53) respectively since SR proteins are typically recruited to ISEs and ESEs (respectively intronic & exonic splicing enhancers) while hnRNPs usually bind to ISSs and ESSs (Figure 3B). Disruptions of the splicing mechanism and regulation have been documented in many pathologies, ranging from genetic (54–56) and autoimmune (57, 58) diseases, to cancers; the latter being the center of discussion in the following sections.




Figure 2 | Step-by-step spliceosome assembly and pre-mRNA splicing reaction. Splicing is catalyzed by a large protein complex called the spliceosome. Spliceosome assembly requires a series of steps and intermediate complexes, and starts at the transcription site. It involves 5 small nuclear ribonucleoprotein particles (snRNPs): U1, U2, U4, U5 and U6; combined with roughly 300 associated proteins. Splicing is based on the recognition of 5’SS and 3’SS (splicing sites), also known as donor or acceptor sites, located at each end of an intron. Several cis-acting regulatory sequences are necessary such as the branching point sequence (BPS) and the poly-pyrimidine tract (PPT). Splicing begins with U1 snRNP recognition of the 5’SS and binding onto the pre-mRNA. U2 auxiliary factor (U2AF) 65 and 35kDa sub-units then respectively bind the PPT and the 3’SS; and Splicing Factor 1 (SF1) the BPS. These first steps form the E(arly) complex, which converts into pre-spliceosome complex A after U2 snRNP recruitment at the BPS and SF1 replacement. U2AF then leaves and U4, U5 and U6 pre-assemble into the tri-snRNP which is recruited to compose the pre-catalytic complex B. Rearrangement and catalytic activation into complex BA occur via U1 and U4 release. A first trans-esterification reaction is catalyzed and leads to the Complex C containing free Exon 1 and Intron-Exon 2 fragment. The complex undergoes additional rearrangement and activation, and the Complex CA catalyzes the second trans-esterification reaction to free Exon 2. Both exons are ligated in the Post-splicing Complex; U2, U5 and U6 as well as excised intron are released; and mature mRNA is formed. All snRNPs are recycled for additional rounds of splicing.






Figure 3 | pre-mRNA alternative splicing events and regulation mechanisms. (A) Common constitutive and alternative splicing events are listed here. Colored boxes represent different exons, grey lines stand for introns, and dotted lines are splicing events. Exons are usually included or excluded (skipped) individually, but mutually exclusive exons involve the preferential retention of one exon at the expense of one or more others. Alternative 5’ and 3’SS selection induce exons modifications, as parts of the exons can be excluded during the process. Introns are mostly removed from the mRNA but inclusion can occur and often leads to nonsense-mediated decay or shift in the Open Reading Frame (ORF). Alternative promoters and poly (A) sites selection can also happen at the splicing level. All those events contribute to the increase of the proteome diversity. (B) Alternative splicing is regulated by trans-acting regulatory proteins, named splicing factors (SFs), binding to cis-acting regulatory sequences. SFs such as SR proteins and hnRNPs are RNA-binding proteins and are considered as enhancers and silencers respectively, since SR proteins are typically recruited to ISEs and ESEs while hnRNPs usually bind to ISSs and ESSs. However, increasing number of studies have revealed more context-dependent regulation roles for each. Other SFs are also at stake, and it is the balance and interplay between those splicing activators and repressors, and with the spliceosome components, that determines the splicing donor and acceptor sites selection for a splicing event to occur.




Splicing alterations in cancer onset and development

Alternative splicing is an efficient and key mechanism for proteomic variety. Hence, cancer cells could divert and take advantage of this process to produce aberrant proteins with additional, deleted, or modified biological functions, thus contributing to oncogenesis. We discuss here at what level pre-mRNA splicing can be altered and the implication of this misregulation in cancer onset and/or development. The first alteration level would be mutations in the splicing core machinery, namely the spliceosome components. This aspect, even if it seems obvious, has not been extensively studied in cancer biology, as mutations in the spliceosomal assemble often lead to cell death. Using whole-genome sequencing, Yoshida et al. revealed frequent mutations for at least six spliceosome-related proteins-encoding genes in myeloid neoplasm samples (59). Among others, U2AF35, a key factor in the early steps of spliceosome assembly (Figure 2) is redundant. Its mutations induce defects in 3’SS recognition and lead to major intron retention and with that, the introduction of termination codons in the mRNA, conducting to mRNA decay. Besides, mutations also significantly affected SF3B1, a component of U2 snNRP, in myeloid neoplasms but also in uveal melanomas, which it was more thoroughly studied (60, 61). Globally, alterations of any splicing machinery component are linked to cell death rather than growth (59, 62); however, they are still related to hematological disorders such as acute myeloid leukemia (59, 63).

The second level of RNA splicing alterations resides in mutations, or at least differential expression, of the trans-acting regulatory factors mentioned before (Figure 3B). This particular aspect has been extensively assessed in many cancers already, with a focus on the two main families of splicing factors: SR and hnRNP proteins. As an example, SRSF1 (SF2/ASF) is particularly overexpressed in diverse human tumors such as breast (64, 65) or lung cancers (64, 66). Its expression both in vitro and in vivo allows cells to proliferate and transform; and its deletion leads to a reversal effect (64), making it a defined proto-oncogene. Other SR proteins like SRSF3 (SRp20) and SRSF6 have been classified as proto-oncogenes as well, mostly in lung and colon cancers (67–69). Regarding the hnRNP family of proteins, recent genome-wide and pan-cancer omics data reveal that global overexpression of hnRNPs is linked with poor cancer prognosis. hnRNP A1, for instance, is highly expressed in most cancers (70) but seems to be a key proto-oncogene in particular in lung cancers where it antagonizes SRSF1 functions and deregulates the global RNA splicing environment (71, 72). We won’t be further detailing the links between splicing factors alterations and oncogenesis, as current knowledge has been broadly documented by others (73–75). Overall, even if SFs can act as oncogenes, it is the interplay between them and their expression balance that will determine the outcome, meaning the carcinogenic potential of the cells or not (71, 76).

Finally, the last level of splicing dysregulation we wanted to mention is regarding known cellular oncogenes and/or newly oncogenic splice variants. Because RNA splicing can produce protein isoforms with modified functions, alteration in this mechanism could lead to new isoforms, with potentially higher transformation properties. Hence, cancer-related protein variants could confer survival advantages to cells and be preferentially selected. A good example we can highlight is p53. p53 is known as a master regulator of many cellular pathways ranging from cell-cycle control, DNA repair, and apoptosis to immunity (77, 78). It has been shown that p53 is regulated by splicing as several protein isoforms have been described, associated with different cell fate regulation (79–81). p53 is generally called and considered a tumor suppressor for its DNA repair and cell-cycle controlling activities, however, in a cancer-related matter, p53 displays a differential expression of its isoforms (82–84), and a particular one is often mentioned: Δ133p53. This variant is promoting tumor progression and angiogenesis in mice models and escapes cellular senescence; making it a potential prognosis marker (79, 85, 86). This example illustrates the infinite possibilities of RNA splicing misregulation of key cellular genes in cancer development.

Taken together, these samples of explanation give us insights into how alternative splicing is altered at different levels in cancers. Adding to the complexity, this mechanism has also been described as implicated in various chemoresistance mechanisms (87–89) (not detailed here). Therefore, RNA splicing modulation is, without a doubt, a crucial element to consider in the development of new therapeutic strategies to prevent, ameliorate treatment efficiency, and fight cancer. In the remaining sections, we approach the peculiar matter of viral oncogenes and especially those of HTLV-1.



Focus on viral oncogenes

Oncogenic viruses are yet another particular case. As mentioned before, there are seven known viruses capable of inducing cancer in humans; each of them expressing its own viral oncogenes (90–92). As the splicing mechanism is greatly impaired in many cancers, knowing if and how those viral genes are regulated at the splicing level seemed relevant in order to assess their global oncogenic properties. Indeed, splicing promotes proteome diversity by producing protein isoforms with potentially different biological functions. Hence, regulation of viral oncogenes by splicing might be critical for their associated pathogenesis and oncogenesis. We tried to review here whether the said viral oncogenes’ expression is regulated by alternative splicing or not, and if it is the case, what kind of alternative splicing events (ASEs) occur (Table 1). Surprisingly, splicing of those viral oncogenes is globally well documented, except for Hepatitis B and C viruses for which we did not find clear information in the literature. Then, we went even further by looking at whether or not the same viral oncogenes were known splicing regulators. Overall, most of the mentioned oncogenes’ expression is indeed regulated via different ASEs, and some are even known to alter the splicing mechanism themselves. This knowledge corroborates the current thinking about the link between RNA splicing dysregulation and pathogenesis, especially oncogenesis, as virally-induced cancers are no exception. In the last section, we focus on HTLV-1 particular case and review current insights on splicing regulation in HTLV-1 infection, focusing on its two oncogenes tax and hbz.


Table 1 | Recapitulative table of human oncogenic viruses, associated cancers and alternative splicing regulation.






RNA splicing in HTLV-1 infection

Despite a growing interest in understanding the link between splicing mechanism and cancer onset and evolution, not much has been done concerning HTLV-1 and related ATL. However, Morteux’s team study from 2014 did provide a few elements of clarity on the matter. Using microarray comparative analysis, the authors showed that HTLV-1 infected but untransformed cells display a significant modification in alternative exons usage (AEU). Similarly, ATL (leukemic patients) cells exhibited the same behavior but at a higher level, as the authors calculated an 11-fold increase in AEU events (117). When looking at the >300 genes affected by those splicing events, mostly cancer pathway-related genes can be found. This leads us to wonder how HTLV-1-infected cells can use these alterations to their advantage, and if it plays a bigger role in the pathogenesis and ATL onset than just promoting proteome diversity and cell plasticity. As mentioned before, most HTLV-1 regulatory and auxiliary genes undergo splicing for mRNA maturation before translation into one unique protein (Figure 1); but only hbz produces different protein isoforms. Splicing alterations in HTLV-1 could then slightly affect the good expression of viral genes, compared to genes involved in major cellular pathways. Hence, it is legitimate now to consider the role of HTLV-1 regulatory proteins in the modulation of alternative splicing pathways.

The role of Rex in HTLV-1 pathogenesis has been extensively reported already. Indeed, it is known for mediating the transport of unspliced or incompletely spliced viral structural proteins out of the nucleus to promote viral particle formation (118, 119). Although its potential role in splicing modulation had not been tackled in the HTLV-1 infection context yet, few studies did look into it, but in the HTLV-2 framework. Bakker et al. described decades ago that HTLV-2 Rex is a potent inhibitor of splicing in vitro and at an early step in spliceosomal assembly. Therefore, this inhibition of early spliceosome assembly by Rex may be responsible for the differential accumulation of unspliced transcripts, leading the latter to being transported out of the nucleus (120). With that in mind, we can consider that Rex could possess such splicing regulation function in the HTLV-1 context as well. In the remaining sections, we review current knowledge about Tax and HBZ’s potential role in splicing regulation and reflect on how dysregulation of this pathway, maybe by those two oncogenes, could participate in HTLV-1-induced cellular transformation and adult T-cell leukemia/lymphoma development.


Splicing modulation by Tax

Regarding Tax and considering everything that was mentioned so far, it seems natural to question whether or not this viral transactivator and oncogene plays any role in the splicing mechanism regulation. Ben Ameur et al. were the first to tackle this particular aspect (115). Using RNA-sequencing analyses in reporter cells with a transient expression of Tax, the authors described that >900 genes were affected at the splicing level. Among all the splicing-altered genes recorded, only a minority of those were also altered at the expression level, meaning that Tax greatly impacts alternative splicing, independently from its transcription-mediation function. Half of the splicing modifications were also detected in ATL patients’ samples, confirming the previous results. Considering that no significant modification occurred in splicing factors-encoding genes upon Tax expression, the authors found that Tax-induced splicing alteration was dependent on NF-KB activation. In addition to the well-described functions of Tax on this major pathway (29, 121, 122), Tax activates NF-KB transcription factor RelA, which locally recruits the auxiliary spliceosome component DDX17. This splicing regulator then modulates splicing via its RNA helicase activity (115). This study constitutes the first step for deciphering an additional regulation role of Tax, this time in the splicing modulation of HTLV-1-infected cells.

Later on, the same team assessed the occurrence of different splicing events (see the 6 first events listed in Figure 3A) upon Tax expression (116). Results showed that Tax mostly promotes exon inclusion in their model; and that the splicing targets were enriched for cancer-related genes. Co-IP assays could confirm the interaction between Tax and U2AF65 (U2AF large sub-unit, see Figure 2) mentioned before, adding to the list of spliceosome-related interactants of Tax. Taken together, those two studies indicate a non-negligible role of Tax on alternative splicing regulation of mostly cancer-related genes, in a DDX17 and U2AF65-dependant manner (115, 116). These results contribute to enriching the diverse functions of Tax in HTLV-1-mediated pathogenesis and especially leukemogenesis.



Insights regarding HBZ

As Tax is mainly expressed in the early stages of infection, or only transiently during the late ones, it seems necessary to question the role of the other HTLV-1 major viral oncogene on the splicing regulation matter. Unfortunately, this particular aspect was never approached, or only briefly. Indeed, Vandermeulen et al. also looked into the HBZ effect on splicing and uncovered that HBZ expression resulted in the occurrence of twice more splicing events compared to Tax (116). Authors noted opposite effects of Tax and HBZ, especially regarding exon inclusion and skipping (respectively) in their inducible Jurkat (immortalized T CD4+ lymphocytes) cells model. However, data obtained in ATL patients’ samples displayed a contrary result and indicated major exon inclusion promotion. As HBZ is the only viral gene expressed in all ATL cells, we hypothesize that the HBZ effect on splicing modulation is mainly resulting in this exon inclusion promotion type of event and that the study model may not be the most accurate for splicing study in an HTLV-1 infection context. Also, those observations could be confirmed in our experimental model using a bichromatic fluorescent reporter minigene in usHBZ or HBZ_SP1 stably-expressing cell lines. Y2H interactome revealed many HBZ-interactants related to RNA processing, especially splicing factors of interest such as PCBP1, SRSF2, or U2AF2, some overlapping with Tax. Again, analysis of the splicing targets revealed that HBZ mainly impacts cancer census genes indicating, in addition to proliferation and transformation functions previously cited. Hence, HBZ also seems to play a role in alternative splicing regulation; particularly of oncogenesis-associated genes.




Discussion and future perspectives

Alternative pre-mRNA splicing is an essential mechanism that contributes to cellular plasticity and proteome diversity, giving cells an evolutionary advantage. It has now become clear that dysregulation of this key process greatly participates in transformation and maintenance of cancer cells. More and more works are contributing to deciphering the molecular mechanisms implicated in those aberrations, however, even with rapidly-advancing technologies such as high-throughput whole-genome and RNA-sequencing techniques, fully understanding the contribution of RNA splicing dysregulation in cancer biology is far from being achieved. In this review, we discussed the different levels of alternative splicing impairment of and by cellular and/or viral oncogenes and the consequences in the establishment of a cancer-prone environment. Given all the knowledge already acquired on the matter, it seems crucial to now consider this RNA splicing alteration aspect as a target in the development of future therapeutic approaches to either prevent, treat or even re-sensitize cancer cells to current chemotherapeutic strategies. Indeed, recent studies have highlighted the role of aberrant splicing in the occurrence of drug resistance mechanisms in many different cancers. Whether it contributes to chemoresistance by modifying the drug targets’ gene expression, or by diversifying the drug efflux-associated ones, alternative splicing can impair the global gene expression profile of a cancer cell, thus conferring survival benefits. The context of viral infections, adding to the already highly complex cancer framework, is even more poorly understood as it is the theater of an even greater number of splicing alterations. Considering the potential role of viral oncogenes in modulation of RNA splicing, studying their impact on key cellular pathways seems relevant to better evaluate the oncogenic and drug resistance properties they could confer to the infected cells. Regarding the particular case of HTLV-1 infection and related adult T-cell leukemia/lymphoma, if the molecular mechanisms of cell transformation and cancer onset and maintenance have been documented before, little is known about its oncogenes tax and hbz role in RNA splicing modulation. We reviewed here the current knowledge on the matter and stress the need of gaining more in-depth insights. As adult T-cell leukemia/lymphoma is a fatal malignancy for which no efficient treatment nor chemotherapies exist, exploring further the role of tax and hbz on alternative splicing regulation could give us the necessary tools to develop new approaches to treat this cancer.
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Adult T-cell leukemia/lymphoma (ATL) is a T-cell lymphoproliferative neoplasm caused by the human T-cell leukemia virus type 1 (HTLV-1). Two viral proteins, Tax-1 and HBZ play important roles in HTLV-1 infectivity and in HTLV-1-associated pathologies by altering key pathways of cell homeostasis. However, the molecular mechanisms through which the two viral proteins, particularly HBZ, induce and/or sustain the oncogenic process are still largely elusive. Previous results suggested that HBZ interaction with nuclear factors may alter cell cycle and cell proliferation. To have a more complete picture of the HBZ interactions, we investigated in detail the endogenous HBZ interactome in leukemic cells by immunoprecipitating the HBZ-interacting complexes of ATL-2 leukemic cells, followed by tandem mass spectrometry analyses. RNA seq analysis was performed to decipher the differential gene expression and splicing modifications related to HTLV-1. Here we compared ATL-2 with MOLT-4, a non HTLV-1 derived leukemic T cell line and further compared with HBZ-induced modifications in an isogenic system composed by Jurkat T cells and stably HBZ transfected Jurkat derivatives. The endogenous HBZ interactome of ATL-2 cells identified 249 interactors covering three main clusters corresponding to protein families mainly involved in mRNA splicing, nonsense-mediated RNA decay (NMD) and JAK-STAT signaling pathway. Here we analyzed in detail the cluster involved in RNA splicing. RNAseq analysis showed that HBZ specifically altered the transcription of many genes, including crucial oncogenes, by affecting different splicing events. Consistently, the two RNA helicases, members of the RNA splicing family, DDX5 and its paralog DDX17, recently shown to be involved in alternative splicing of cellular genes after NF-κB activation by HTLV-1 Tax-1, interacted and partially co-localized with HBZ. For the first time, a complete picture of the endogenous HBZ interactome was elucidated. The wide interaction of HBZ with molecules involved in RNA splicing and the subsequent transcriptome alteration strongly suggests an unprecedented complex role of the viral oncogene in the establishment of the leukemic state.
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Introduction

The human T cell leukemia virus type-1 (HTLV-1) is the first discovered human retrovirus (1) and the etiologic agent of a severe, still uncurable T cell leukemia of the adult (ATL) (2) and of a series of chronic inflammatory diseases among which HTLV-1-associated myelopathy/tropical spastic paraparesis (HAM/TSP) is the most debilitating pathology (3, 4). HTLV-1 infects at least 10-15 million people worldwide with a typical geographic distribution in Japan, sub-Saharan area, the Caribbean, south American countries and central Australia (5). HTLV-1 infection is transmitted by cell-to-cell contact mostly by breast feeding, blood transfusion and sexual intercourse (6). ATL develops in about 5% of the infected individuals after a long period of incubation that can last decades (7). Given this high incidence of tumors, HTLV-1 is considered as the most oncogenic pathogen to date (8).

Two viral products, the Tax-1 transactivator and the HTLV-1 basic leucine zipper factor (HBZ) play an important role in the genesis and maintenance of the oncogenic process by disarranging basic mechanisms of cell activation (9, 10). For example, Tax-1 constitutively activates NF-κB pathway and suppresses the DNA repair mechanism, thus favoring the accumulation of mutations essential for the establishment of the oncogenic phenotype (11). Previous studies indicated that Tax-1 is not expressed in 40% of ATL suggesting it may act in the initiation but not in the maintenance of the oncogenic process (12, 13). However this percentage maybe an overestimate, as Kataoka and coworkers have shown that an exceedingly low number of the 57 ATL patients genetically characterized in their study have lost Tax-1 expression (14). Moreover the fact that most of those patients still maintain Tax-interacting factors together with the recent evidence from Mahgoub et al. (15) partially challenge this notion. Indeed, they found that ATL cells with no structural alteration of the tax gene, display discrete bursts of Tax-1 expression. Furthermore, knockdown of Tax-1 expression induced apoptosis of ATL cells, suggesting that sporadic burst in Tax-1 expression favors the growth of the ATL population (15).

On the other hand, HBZ is always expressed in all ATL suggesting it may contribute to the stabilization and persistence of the tumor state (16, 17). Although a large body of information has been obtained about crucial interactions of Tax-1 and HBZ with factors regulating cellular activation and host gene expression (18), a clear picture of the cellular and molecular mechanism at the basis of the progression from infection to the establishment of cancer is still largely incomplete. Within this frame, an important prerequisite is the clarification of the subcellular localization of Tax-1 and HBZ during infection and disease progression as this parameter can be strictly associated with change in the pattern of interaction of the viral oncogenes with host factors governing cell homeostasis. It has been found that Tax-1 is generally expressed in both cytoplasmic and nuclear compartments throughout the various stages of infection to ATL transformation. Conversely, recent studies of our group have clearly shown that HBZ is an exclusive cytoplasmic protein in recently infected still asymptomatic carriers, persists in this subcellular compartment in patients affected by HAM/TSP and importantly, progressively dislocates in the nucleus in leukemic cells of ATL patients, representing therefore an unprecedented marker of oncogenic progression (19–22). Given these premises, we have undertaken a structured analysis of the endogenous HBZ interactome in leukemic cells, starting with the HBZ nuclear interactome, to assess the extent, the specificity and the functional role of the HBZ interacting partners particularly in relation to oncogenic transformation. In this endeavor we were greatly facilitated by the use of a monoclonal antibody specific for HBZ isolated by our group and capable to detect endogenous HBZ in HTLV-1 infected cells and in ATL (19).

The results presented in this investigation demonstrate a rather complex pattern of interactions of HBZ with a large number of intracellular factors, mainly belonging to components of RNA splicing and stability, key mechanisms controlling gene expression and cell homeostasis.

Alterations of the above mechanisms by HBZ are therefore strongly suspected to play a crucial role in the process of HTLV-1-dependent oncogenesis.



Materials and methods


Cells

ATL-2, an established cell line derived from a leukemic patient infected by HTLV-1 (12, 23) was kindly donated by Dr. M. Matsuoka, Kumamoto University, Japan. ATL-2, MOLT-4 and Jurkat T cells were cultured in RPMI supplemented with 10% heat inactivated fetal calf serum (FCS). Jurkat-HBZ expressing cells were maintained in complete RPMI medium under puromycin selection (5µg/ml). The 293T human embryo kidney cell line was grown in Dulbecco modified Eagle medium (DMEM) supplemented with 10% FCS.



HBZ immunoprecipitation

Nuclear and cytoplasmic fractions were prepared from ATL-2 (40x106 cells), Jurkat-HBZ expressing cells (5x106 cells) and Jurkat cells (5x106 cells) using NE-PERTM Nuclear and Cytoplasmic Extraction Reagents (Thermo Fisher Scientific) according to the manufacturer’s instruction. Five percent of nuclear and cytoplasmic extracts were resolved by 9% sodium dodecyl sulfate-polyacrilamide gel electrophoresis (SDS-PAGE) and analyzed by Western blotting with anti-Nup98 (Cell Signaling Technology) and anti-β-tubulin (Sigma-Aldrich) mAbs to assess the purity of nuclear and cytoplasmic fraction, respectively. HBZ proteins were precipitated from both nuclear and cytoplasmic fraction using the anti-HBZ 4D4-F3 mAb. Briefly, after preclearing with protein A-Sepharose beads and protein G-Agarose beads, cell extracts were incubated with anti-HBZ 4D4-F3 mAb for 1h and immunoprecipitated with protein A-Sepharose beads and protein G-Agarose beads overnight at 4°C.



Mass spectrometry analysis

Following anti-HBZ immunoprecipitation in ATL-2 cells, HBZ and its interactors were eluted from the beads, resolved onto a 10% SDS-PAGE and processed by a classical proteomics protocol for protein identification. From the SDS-PAGE gel stained with colloidal Coomassie, 14 slices were excised from the sample lane (immunoprecipitation) and, in parallel, from the control lane (preclearing of immunoprecipitation). Each band of sample and control was subjected to an in situ trypsin hydrolysis procedure (24) and the peptide mixtures were analyzed by nano-Liquid Chromatography-tandem Mass Spectrometry (nano-LC-MS/MS) using an LTQ Orbitrap XL mass spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, USA) equipped with a Proxeon nanoEasy II capillary High Performance Liquid Chromatography (HPLC). The nano-LC-MS/MS analyses were performed as described elsewhere (25). The raw data were processed into mgf files and proteins identified by means of Mascot licensed software (Matrix Science Boston, USA) using the Homo Sapiens National Center of Biotechnology Information (NCBI) database. The mass tolerance was set at 10 ppm for MS and 0.6 Da for MS/MS search. Carbamidomethyl (C) was used as fixed modification and Gln->pyro-Glu (N-term Q), Oxidation (M), Pyro-carbamidomethyl (N-term C) as variable modifications.

Classification of HBZ interactors was obtained by the Gene Ontology slim (GOslim) classification on the Webgestalt platform (http://www.webgestalt.org).



Functional enrichment analysis

All protein lists were analyzed by over-representation analysis using Reactome as the pathway database on the Webgestalt platform (other parameters: reference database, genome protein-coding; False Discovery Rate (FDR) <0.05 after Benjamini-Hochberg correction; redundancy reduction, “Affinity Propagation” algorithm (26)). Pathways were ordered by FDR and only the top 10 enriched pathways are presented.



Network analysis

Cytoscape 3.8.2 was used to generate a protein-protein interaction (PPI) network (27). The public database Intact was queried through Cytoscape using the Proteomics Standard Initiative Common QUery InterfaCe (PSICQUIC), by searching the HBZ interactors identified by the MS analysis. The network was filtered for taxonomy ID 9606 (Homo sapiens) to remove homology inferences. All self-loops and duplicated edges were removed.

Identifiers (IDs) of the original list have been selected on the whole network and the sub-selection extracted (to visualize known interactions among HBZ identified interactors). The GLay algorithm has been used to cluster the network in subnetworks. Each of them has been analyzed by over-representation analysis by the Webgestalt platform.



Production of viral vectors containing HBZ

Myc tagged HBZ-expressing vector (pAIP-HBZ) for lentiviral transduction, was obtained by cloning the HBZ cDNA obtained from pcDNA3.1 Myc-His HBZSP1 vector (kindly donated by Dr. Mesnard (28), into the pAIP transfer vector that expresses Myc-His HBZ as part of a bicistronic RNA driven by the Spleen Focus-Forming Virus (SFFV) Long Terminal Repeat (LTR) promoter, containing the encephalomyocarditis virus internal ribosome entry site and a puromycin resistance cassette (Adgene). The HBZ coding sequence was amplified by PCR using the following primers:

HBZpAIP_SE: 5’GCGAATTCATGGCGGCCTCA3’

HBZpAIP_AS: 5’GCGAATTCTCAATGATGATGATGATGATG3’

and cloned into EcoRI site of the PAIP vector (Adgene).



Lentiviral vector production and generation of HBZ stably expressing Jurkat cells

Lentiviral vectors were produced by co-tranfecting 293T cells seeded at 6×105 cells/ml in six-well plates with pMD2.G, psPax2, and pAIP-HBZ or pAIP empty vector at 1:3:4 ratios by using FugeneHD (Promega). Vector containing supernatants were harvested at 24h and 48h post-transfection and cleared by centrifugation. In order to generate Jurkat-HBZ expressing cells, Jurkat T cells were transduced twice with pAIP-HBZ at 24h intervals, replacing culture medium with vector-containing supernatant at a 1:1 ratio. Similarly treated Jurkat cells with empty vector were used as controls. At 72 h after the second transduction, the cells were subjected to puromycin (5 μg/ml, Sigma-Aldrich) selection. HBZ-positive cells were then subjected to limiting-dilution cloning. HBZ expression was verified by western blot analysis as described below.



Western Blotting

HBZ proteins were precipitated from both nuclear and cytoplasmic protein fractions using anti-HBZ 4D4-F3 mAb as described above. The precipitated proteins were resolved on 9% SDS-PAGE and analyzed by Western blotting with the anti-HBZ 4D4-F3 mAb, anti-DDX5 rabbit polyclonal antibody (ab21696, ABCAM), and anti-DDX17 rabbit polyclonal antibody (ab24601, ABCAM) followed by HRP-conjugated goat anti-mouse IgG (Invitrogen) (1:500) to detect HBZ and HRP-conjugated goat anti-rabbit IgG (1:1000) to detect DDX5 and DDX17.



RNA Seq analysis

The RNA-seq analyses were performed with total RNA extracted from ATL-2, Jurkat cells expressing or not HBZ and MOLT-4, in triplicates. Directional (rRNA removal) and mRNA library preparation were generated at Novogene (Hong Kong, China) using Stranded RNA Sample Pre Kit (Illumina) and sequenced by NovaSeq PE150 (15G raw data per sample). Each sample had in average of 6x107 paired-end pairs of reads. RNA-seq data were analyzed using FaRLine, a computational program dedicated to analyzing alternative splicing with FasterDB database (29). Gene expression level in each sample was calculated with HTSeq-count (v0.7.2), and differential expression between conditions was computed with DESeq2 (v1.10.1) (|log2-FoldChange| ≥ 0.4; p ≤0.05) (30, 31).



RT-PCR

Total RNA was extracted from cell pellets using TRIzol reagent (Thermo Fisher Scientific Waltham, MA). cDNA was synthesized from 1μg total RNA using iScript cDNA Synthesis Kit (Bio-Rad). 1μg of cDNA were amplified by PCR using 2x PCR Bio Taq Mix (PCR Biosystems) according to the manufacturer protocol, and used for subsequent RT-PCR, using the primers listed in Table 1. PCR products were analyzed by agarose gel electrophoresis with ethidium bromide under UV light. The RT-PCR experiments were performed in replicates.


Table 1 | List of the primer sequences used in RT-PCR.





Immunofluorescence and Confocal Microscopy

ATL-2, Jurkat-HBZ expressing cells and Jurkat cells were cultured on glass coverslips precoated with poly-Lysine (0.3 mg/ml) for 3 hrs. The cells were then fixed with cold methanol 3 min at -20°C and blocked with 1% bovine serum albumin (BSA) in 1× PBS for 1 h at room temperature (RT). To assess co-localization of HBZ with RNA helicases DDX5 and DDX17, cells were then co-stained overnight at 4°C with anti-HBZ 4D4-F3 mAb and either anti-DDX5 rabbit polyclonal antibody (1:1000) (ab21696, ABCAM) or anti-DDX17 rabbit polyclonal antibody (1:250) (ab24601, ABCAM) diluted in 1×PBS buffer containing 0.1% BSA. The slides were then washed three times with 1× PBS and incubated for 2h at RT in the dark with the following secondary antibodies: goat anti-mouse IgG (H+L) coupled to Alexa Fluor 546 (1:400) to detect HBZ and goat anti-rabbit IgG (H+L) conjugated to Alexa Fluor 488 (1:400) to detect DDX5 and DDX17. The nuclei were then stained by incubating the cells with DRAQ5 Fluorescent Probe (1:1000) (Thermo Fisher Scientific) for 30 min at RT in dark.

After washing, the coverslips were mounted on glass slides (Thermo Fisher Scientific) with the Fluor Save reagent (Calbiochem) and examined by a confocal laser scanning microscope (Leica TCS SP5, 63× original magnification, numerical aperture 1.25). Images were acquired and analyzed by LAS AF Lite Image (Leica Microsystems). Region of Interest (ROI) drawn along the mid-nucleus level of the merge images was represented by ROI diagrams. Each ROI diagram corresponds to a single Z-plan.




Results


Nuclear HBZ interactome in ATL-2 leukemic cells consists of proteins mostly involved in RNA processing

ATL-2 leukemic cells were used as a prototype of exclusive HBZ nuclear localization (19, 22). Endogenous HBZ was immunoprecipitated from the nuclear and cytoplasmic extracts. The immunoprecipitated complexes were run on SDS-PAGE to separate the protein interactors based on their electrophoretic mobility. Gel was stained with colloidal Coomassie (Supplementary Figure 1) and bands were cut, trypsin digested, and the obtained peptide mixtures were analyzed by nano-LC-MS/MS for protein identification. The complete procedure is depicted in Figure 1.




Figure 1 | Identification of potential HBZ interactors. Schematic workflow of the proteomic analysis performed in this study (graphics using BioRender.com).



Two-hundred forty-nine potential HBZ protein partners were identified in the nucleus of ATL-2 leukemic cells, (Figure 2A, Supplementary Data 1-1) whereas none were identified in the cytoplasmic fraction as expected by the absence of HBZ in this subcellular compartment. An over-representation analysis of these data by using Reactome as reference database was then performed to get deeper inside into the cellular pathways specifically targeted by nuclear HBZ. Interestingly, among the top 10 significant pathways, the main enriched biological pathway was related to mRNA splicing and processing (Supplementary Data 1-2).




Figure 2 | HBZ protein interaction network. (A) Graphic representation of endogenous HBZ interacting nuclear factors in the ATL-2 leukemic cells. (B) Reciprocal protein-protein interaction network of the 249 HBZ interactors. (C) Subnetworks from HBZ interactors network clustered by the GLay algorithm: RNA splicing sub-cluster (dark blue), JAK/STAT signaling pathway sub-cluster (dark grey), non-mediated mRNA decay (NMD) sub-cluster (violet).



We then proceeded to generate the biological network of the 249 identified HBZ interactors by querying the Intact database via Cytoscape. Interestingly, the network depicted 24325 direct associations between 7154 proteins (Supplementary Figure 2). The experimentally identified HBZ-interacting proteins were then extrapolated from the whole original network (Figure 2B). Of relevance, most of the nodes (241 out of 249) resulted to be interconnected (1957 edges) and part of a predominant group.

To reveal pathways that could be hidden in the analysis of the whole network we further clustered it into subnetworks using the GLay algorithm, highlighting three main subclusters (Figure 2C), that were subsequently analyzed by an over-representation analysis, to specifically identify their major functions. In the first cluster (dark blue nodes, Figure 2C) we identified 88 interacting proteins with 486 associations, all linked to RNA processing. This cluster includes most of the associations and is mainly related to the spliceosome, confirming the over-representation analysis of the 249 HBZ interactors (Supplementary Data 1-2). The second cluster (dark grey nodes, Figure 2C) identified 78 interacting proteins with 264 associations, related mostly to the JAK-STAT signaling-dependent gene expression or RhoGTPase effectors as indicated by the over-representation analysis (Supplementary Data 1-3). The third cluster (violet nodes, Figure 2C) identified 68 interactors with 466 interactions mainly involved in RNA processing, particularly Nonsense mediated mRNA decay (NMD) and Processing of Capped Intron-Containing Pre-mRNA, again confirming the major pathways identified by the over-representation analysis (Supplementary Data 1-4).

Collectively, the over-representation analysis of the clustering of the nuclear HBZ interactome has demonstrated the tight association of the nuclear HBZ with proteins mainly involved in mRNA splicing and processing.



HBZ expression is associated with alterations in the host transcriptomic profile

To assess whether the HBZ interaction with factors of RNA splicing and stability (cumulatively 63%) could influence the host gene expression profile, we performed high throughput RNA sequencing (RNA-seq) of ATL-2 compared to a non-HTLV-1-derived leukemic T cell, namely MOLT-4, and in parallel RNA-seq of an isogenic cell system composed of a similarly non HTLV-derived leukemic T cell, Jurkat, and its HBZ expressing derivative, Jurkat-HBZ. Interestingly, in contrast to ATL-2 leukemic cells, Jurkat-HBZ cells express HBZ both in the nucleus and in the cytoplasm, mimicking the HBZ-subcellular localization of ATL patients cells (22) (Supplementary Figure 3). While ATL-2 versus MOLT-4 could give information on the global effect of HTLV-1 infection leading to leukemia, in which HBZ is a component, the comparison of Jurkat vs Jurkat-HBZ could provide a picture of the exclusive participation of HBZ to the alteration of gene expression in a leukemic background. In the above cellular models, we assessed both differentially expressed genes (DEGs) and alternative splicing events (ASEs) (Figure 3A). The common features in the two distinct systems (ATL-2 versus Jurkat-HBZ) could then be taken as a suggestive association of HBZ to the alteration of RNA splicing and stability.




Figure 3 | Comparative transcriptome analysis of HTLV-1-derived ATL-2 vs non HTLV-1-derived MOLT-4 leukemic cells, and of Jurkat-HBZ vs Jurkat cells. (A) Overview of the strategy used to identify the changes in both the cellular transcriptome and alternative splicing landscape associated with HTLV-1-derived ATL-2 cells or with Jurkat-HBZ transfected cells. (B) Volcano plot of significantly up-regulated genes (red dots) and down-regulated genes (blue dots) with |log2fold-change|>1.0 (p < 0.05) in ATL-2 vs MOLT-4 cells (left panel) or Jurkat-HBZ expressing cells vs Jurkat cells (right panel). Dark dots represent the dysregulated genes with 0.4<|log2fold-change|<1.0 (p < 0.05). (C) Venn diagram showing differentially expressed genes (DEG) that are shared between ATL-2 and Jurkat-HBZ expressing cells.



Comparative analysis of ATL-2 cells with uninfected leukemic MOLT-4 cells revealed the existence of 8514 differentially expressed genes (DEGs) (|log2fold-change|>0.4; p<0.05) (Supplementary Data 2-1), 5859 of which with a minimum absolute fold change of 2 (|log2fold-change|>1.0; p<0.05). As shown in the volcano plot (Figure 3B, left panel), 3115 genes out of 5859 were upregulated (red dots) whereas the other 2744 genes were downregulated (blue dots). The remaining dysregulated genes with an absolute fold change ranging between 0.4 and 1 are represented in dark dots.

Interestingly, comparative analysis of Jurkat-HBZ with Jurkat control cells identified 4703 differentially expressed genes (|log2fold-change>0.4|; p<0.05) (Supplementary Data 2-2). Again, by selecting the dysregulated genes with an absolute fold change of 2 (|log2fold-change|>1.0; p<0.05), we found that the expression of HBZ in Jurkat cells (Figure 3B, right panel) was associated with the upregulation of 388 genes (red dots) and the downregulation of 1032 genes (blue dots) for a total of 1420 altered genes, consistent with several studies demonstrating that HBZ can act as a transcriptional repressor (32, 33). The remaining dysregulated genes with an absolute fold change ranging between 0.4 and 1 are represented in dark dots. Importantly, GO DAVID analysis on DEGs identified RNA transport and RNA polymerase, as cellular pathways specifically enriched in Jurkat-HBZ cells providing a further potential link of HBZ to alteration of the RNA metabolism (p<0.001; FDR<0.001) (Supplementary Data 2-3).

By comparing the transcriptional profile of ATL-2 and Jurkat-HBZ cells, we observed 2772 commonly differentially expressed genes (Figure 3C, Supplementary Data 2-4) indicating that 59% of HBZ-dependent transcriptionally regulated genes are also differentially expressed in ATL-2 cell line.

We then investigated whether differentially expressed genes in ATL-2 and Jurkat-HBZ cells were also target of alternative splicing events. Firstly, we evaluated the total impact of HBZ expression on host cellular splicing machinery by statistically computing splicing events using FARLine pipeline. We mainly focused on 5 alternative splicing events: exon skipping, alternative acceptor site, alternative donor site, mutually exclusive exons, and multiple exons skipping (Figure 4A), which we quantified as Percent Spliced In (PSI) considering positive the splicing events with |deltaPSI|>0.1 and p<0.05. Our analysis identified 2118 and 3191 ASE corresponding to 1408 and 1987 genes in ATL-2 (Figure 4B, left panel) and Jurkat-HBZ cells (Figure 4B, right panel), respectively (Supplementary Data 3). In both cells most of the alternative splicing events correspond to exon skipping, either single (38% in ATL-2 and 40% in Jurkat-HBZ) or multiple exon skipping (18% in ATL-2 and 17% in Jurkat-HBZ). In ATL-2 cell line, inclusion of exons (68%) is the predominant exon skipping event (Figure 4C-left panel) as opposed to exclusion of exons (67%) in Jurkat-HBZ cells (Figure 4C-right panel). Interestingly, splicing alterations due to alternative donor or receptor site were very similar in percentage between ATL-2 and Jurkat-HBZ. Furthermore, GO-DAVID analysis indicated that HBZ-induced alternatively spliced genes were mainly significantly enriched for T cell receptor signaling pathway and mRNA surveillance pathway (p<0.001) (Supplementary Data 3-13). To gain insight into the biological outcomes of the splicing alterations, we carried out exon-ontology analysis that estimate enrichment in protein features encoded by exons regulated by HBZ (34). The Supplementary Data 3-14 shows that these exons coded for regions involved in functionall validated binding domains of protein and nucleic acid.  Overall, these findings demonstrated that HTLV-1 leukemic cells are characterized by significative perturbation of exon content of multiple transcripts, characteristic that is also found upon HBZ expression.




Figure 4 | Alternative splicing modifications upon HTLV-1-derived leukemic transformation or HBZ expression. (A) Schematic representation of five main alternative splicing events (lines in red), listed in the right. (B) Alternative Splicing Events (ASEs) detected in ATL-2 (left) and Jurkat-HBZ (right) cells. (C) Exclusion (deltaPSI<0) and Inclusion (deltaPSI>0) number of ASEs witnessed in ATL-2 (left) and Jurkat-HBZ (right) cells are indicated within the columns of the bar graph.



Subsequently, we assessed the existence of a possible correlation between alternative splicing and gene expression. In fact, 765 and 764 genes were identified to be alternatively spliced and differentially expressed in ATL-2 (Figure 5A, left panel) and Jurkat-HBZ cells (Figure 5A, right panel), respectively (Supplementary Data 4-1,2). Thus, about half of the genes that undergo alternative splicing are also differentially expressed in ATL-2 cells (54%; 765/1408). A consistent number of transcripts harboring ASE were also differentially expressed in Jurkat-HBZ cells (38%; 764/1987). By comparing ATL-2 and Jurkat-HBZ cells, 108 genes were still in common between the two cells at the splicing and expression level. Although not quantitatively altered, some protein-encoding transcripts were structurally altered, uncovering a new, hitherto unexplored, layer of regulation.




Figure 5 | Comparative analysis between ATL-2 and Jurkat-HBZ cells. (A) Venn diagrams showing differentially expressed and alternatively spliced genes that are shared between ATL- 2 (left) and Jurkat-HBZ (right) cells. (B) Donut pie representing the number of genes undergoing ASEs shared between ATL-2 and Jurkat-HBZ cells. (C) List of shared cancer related genes alternatively spliced in ATL-2 and Jurkat-HBZ cells. (D) RT-PCR validation of microarray-predicted exon events in ATL-2 as compared to MOLT-4 and healthy PBMCs, and in Jurkat-HBZ cells compared to Jurkat cells. RNA seq derived delta PSI values are indicated below each PCR reaction. Gene designation is on the left and amplification boundaries are on the right with numbers representing the specific exons. The arrows represent the position of the designed primers.



By comparing the transcriptional profile of ATL-2 and Jurkat-HBZ cells, we found 418 alternative splicing events in common involving 403 genes in both ATL-2 and Jurkat-HBZ cells. Most of these alternative splicing events corresponded to exon skipping process (58%) (Figure 5B, Supplementary Data 4-4). Further highlighting the impact of HBZ in the leukemic process, we observed that 84 out of the 403 shared could be identified as cancer genes (Figure 5C) (ncg.kcl.ac.uk). (Supplementary Data 4-5) Notably, only 27% (23/84) and 3.5% (3/84) cancer related genes were differentially expressed in ATL-2 and Jurkat-HBZ cells, respectively (|log2FC|>1, p<0.05, Supplementary Figure 4), indicating that the majority of these HBZ splicing targets are not affected in their expression level. Furthermore, changes in gene expression levels in ATL-2 were not related to HBZ expression as demonstrated in Jurkat-HBZ cells (Supplementary Figure 4), suggesting that HBZ-mediated splicing effects affect transcripts independently of their expression levels. Interestingly, among the identified cancer genes, MALT1 has been recently demonstrated to be involved in the regulation of NF-κB signaling in HTLV-1 mediated leukemogenesis, representing a promising therapeutic target gene for ATL (35).

We then validated the RNA-seq analysis by RT-PCR selecting 8 genes commonly spliced in ATL-2 and Jurkat-HBZ expressing cells. Of those, gene expression levels of STX16 and TSTD1 reached the significant threshold of gene deregulation in HBZ positive Jurkat cells but not in ATL2. The other genes were not affected at the gene expression level in both ATL2 and Jurkat cells expressing HBZ (|log2FC|>1, p<0.05, Supplementary Figure 4). Specific primers were designed to verify the predicted ASEs and MOLT-4 and Jurkat T cells were used as internal controls for ATL-2 and Jurkat-HBZ cells, respectively. Consistent with the findings predicted by RNA-seq analysis in ATL-2, we observed exon exclusions in 5 transcripts (ASXL1, NKTR, STX16, FNIP1, CRAMP1L) whereas exon inclusion was detected for MALT1 and GUF1 transcripts (Figure 5D). In Jurkat-HBZ cells, exon exclusion was verified in 5 tested genes (MALT1, NKTR, STX16, TSTD1, FNIP1) while exon inclusion was shown in one tested transcript (GUF1) (Figure 5D). The anomalous pattern of the ASEs in ATL-2 and Jurkat-HBZ cells was further highlighted by comparison with normal PBMC where, as expected, we observed the predominance of single transcript for the reference gene analyzed. Taken together our analysis shows that although some differences of the host splicing landscape were observed in ATL-2 and Jurkat-HBZ expressing cells, the two cells share common target exons that are similarly affected, suggesting that HBZ specifically induces these qualitative alterations in gene expression.



HBZ shares target exons with various host splicing factors

On the basis of the results presented above, it was important to assess also whether HBZ and its interacting splicing factors identified by proteomics could target common exons. We then performed a comparative analysis between HBZ-regulated alternative splicing events and the target exons of 32 HBZ-interacting splicing factors (36) (Figure 6A). Interestingly, we found that 53 exons targeted by HBZ, were commonly spliced by the most important splicing factors, namely DDX5, DDX17, U2AF1, U2AF2, SRSF1, and HNRNPC, (Figure 6B, Supplementary Data 5), supporting the role of HBZ in the alteration of the alternative splicing of host transcripts. It remains to be established whether HBZ directly affects exons splicing or acts by activating the interacting splicing factors.




Figure 6 | Shared target exons between HBZ and HBZ-interacting splicing factors. (A) 32 different splicing factors interacting with HBZ are shown with inside the numbers of target exons they share with HBZ target exons. (B) Venn diagram showing the number of inter-common target exons between HBZ and each of the major splicing factors: DDX5/17, SRSF1, U2AF1, U2AF2, and HNRNPC.





HBZ partially co-localizes and interacts with DDX5 and DDX17 in ATL-2 leukemic cells and Jurkat-HBZ expressing cells

To further substantiate the interaction of HBZ with crucial splicing factors and extend the information both on the extent and the subcellular compartments of the interaction, we performed additional biochemical and confocal microscopy analyses focusing on RNA helicases DDX5 and its paralog DDX17, which have been recently reported to be involved in alternative splicing on cellular transcripts after the NF-κB activation by HTLV-1 Tax-1 (37).

In addition, in Jurkat-HBZ expressing cells we have found that among the HBZ-induced alternatively spliced exons, 436 are also target exons of DDX5 and DDX17. Thus, we first re-assessed the association between endogenous HBZ and DDX5 or DDX17 in ATL-2 cells. Cell extracts were first incubated with the 4D4-F3 anti-HBZ mAb and the resulting immunoprecipitate run on SDS-PAGE. Gels were blotted onto membranes which were then incubated with antibodies specific for either DDX5 or DDX17. As shown in Figure 7A, both DDX5 and DDX17 were clearly found in the anti-HBZ immunoprecipitate of the ATL-2 nuclear fraction. The relatively low detection of HBZ in western blots after immunoprecipitation reflected both the low amount of endogenous HBZ in ATL-2 cells and a partial loss of HBZ-specific epitopes detectable with the 4D4-F3 antibody in denaturing conditions. The purity of the nuclear-cytoplasmic extraction is represented in (Figure 7B). Subsequently, we performed an extensive confocal microscopy analysis to assess the subcellular distribution of these proteins and to verify the extent of a possible colocalization with HBZ. As previously shown, in the ATL-2 leukemic cells HBZ was localized exclusively in the nucleus with a dot-like shape (Supplementary Figure 3B). Similarly, DDX5 (Figure 7C) and DDX17 (Figure 7D) were also localized in the nucleus but with larger dots and more diffuse distribution. Interestingly, colocalization between HBZ and either DDX5 or DDX17 was partial and observed in discrete nuclear areas as assessed by region of interest (ROI) scanning (Figure 7C and Figure 7D, ROI lines, and ROI diagram columns).




Figure 7 | In vivo interaction and colocalization of endogenous HBZ with DDX5 and DDX17 in ATL-2 cells. (A) HBZ interaction with DDX5 and DDX17 in ATL-2 cells was assessed by co-immunoprecipitation assay. Nuclear and cytoplasmic protein extracts of Jurkat and ATL-2 cells were immunoprecipitated with the anti-HBZ 4D4-F3 mAb (IP HBZ) and the eluted material analyzed by western blotting for the presence of co-immunoprecipitated DDX5 and DDX17 molecules using specific monoclonal antibodies. Input levels of respective DDX5 and DDX17 are represented in the lower panels. (B) The purity of nuclear and cytoplasmic fraction extracted fractions was verified by western blot (input) using ten percent of the nuclear and cytoplasmic protein extracts and antibodies specific for the nuclear protein Nup98 or β-tubulin for cytoplasmic protein. N, nuclear; C, cytoplasmic. ATL-2 cells were reacted in a pairwise combination with the 4D4-F3 anti-HBZ mAb and either polyclonal rabbit anti-DDX5 (C) or anti-DDX17 (D) antibodies. Anti-HBZ mAb was revealed by Alexa fluor 546-labeled goat anti-mouse IgG (red), whereas the other rabbit antibodies were revealed by Alexa fluor 488-labeled goat anti-rabbit antibodies (green). The colocalization is represented in the overlay panels (yellow). The region of interest (ROI) drawn along mid-nucleus level of the merge image is represented by red (HBZ) and green (RNA helicases) peaks in the histogram. At least 200 cells were analyzed. All scale bars are 5 μm.



The association between HBZ and DDX5 and DDX17 was also evident in Jurkat-HBZ cells. As shown in Figure 8A, both DDX5 and DDX17 were coimmunoprecipitated with HBZ thus confirming the results obtained with ATL-2 leukemic cell line. It is important to note a lower but distinct interaction of HBZ and DDX5 in the cytoplasmic fraction of Jurkat-HBZ cells. As stated above, these cells express HBZ not only in the nucleus but also in the cytoplasm (Supplementary Figure 3B). Thus the cytoplasmic interaction of DDX5 with HBZ confirms the existence of the dual sub-cellular localization of the RNA helicase as previously shown (38). The purity of the nuclear-cytoplasmic extraction is represented in (Figure 8B). We then assessed by confocal microscopy the extent of the colocalization. As previously found in ATL-2 cells, nuclear HBZ partially colocalized with both DDX5 (Figure 8C) and DDX17 (Figure 8D). The amount of HBZ colocalizing with the two RNA helicases was higher compared to ATL-2 cells (ROI line and ROI diagram columns, Figures 7C, D) and this correlated with the higher amount of HBZ expressed in the Jurkat-HBZ cells compared to the ATL-2 cell line.




Figure 8 | In vivo interaction and colocalization of exogenous HBZ with DDX5 and DDX17 in Jurkat-HBZ cells. (A) HBZ interaction with DDX5 and DDX17 in Jurkat-HBZ cells was assessed by co-immunoprecipitation assay. Nuclear and cytoplasmic protein extracts of Jurkat and Jurkat-HBZ cells were immunoprecipitated with anti-HBZ 4D4-F3 mAb (IP HBZ) and the eluted material was analyzed by western blotting for the presence of co-immunoprecipitated DDX5 and DDX17 molecules using specific monoclonal antibodies. Input levels of respective HBZ, DDX5 and DDX17 are represented in the lower panels. (B) The purity of nuclear and cytoplasmic extracted fractions was verified by western blot (input) using ten percent of the nuclear and cytoplasmic protein extracts and antibodies specific for the nuclear protein Nup98 or β-tubulin for cytoplasmic protein. N, nuclear; C, cytoplasmic. Jurkat-HBZ expressing cells were reacted in a pairwise combination with the 4D4-F3 anti HBZ mAb antibody, and either polyclonal rabbit anti-DDX5 (C) or anti-DDX17 (D) antibodies. Anti-HBZ mAb was revealed by Alexa fluor 546-labeled goat anti-mouse IgG (red), whereas the other rabbit antibodies were revealed by Alexa fluor 488-labeled goat anti-rabbit antibodies (green). The colocalization is represented in the overlay panels (yellow). The region of interest (ROI) drawn along mid-nucleus level of the merge image is represented by red (HBZ) and green (RNA helicases) peaks in the histogram. At least 300 cells were analyzed. All scale bars are 5 μm.






Discussion

Previous studies of our group indicated that progression of HTLV-1 infection from asymptomatic carriers to leukemic patients is associated to a unidirectional cytoplasmic-to-nuclear transition of HBZ (19–22). We reasoned that this association might be not only a marker of the leukemic state but also a possible causative event in the process of HTLV-1-mediated oncogenesis. Within this frame, the nuclear translocation of HBZ could be involved in the complex dysregulation of gene expression that is a hallmark of the oncogenic process. A large series of previous investigations had indeed shown that HBZ could bind to various host cell molecules and alter their function, particularly at the level of regulation of gene expression (17). However, a complete and structured work aimed at assessing the whole landscape of endogenous HBZ interaction with host molecules, the HBZ interactome, was still lacking. Although some attempts in this direction have been recently reported (39), the results presented here are the first, to our knowledge, that shed light on the real in vivo endogenous HBZ interactome in leukemic cells and specifically on the nuclear HBZ interactome in ATL. From the unprecedented complexity of these interactions, it begins to appear a crucial path of “HBZ partnership” with the mechanism of RNA splicing and RNA stability that are crucial components of the biology of gene expression.

It is known that most oncogenic viruses, including HTLV-1, exploit the host RNA splicing machinery not only to efficiently export and stabilize viral RNA and to produce spliced RNA isoforms for the generation of the viral proteins, but also to manifest their oncogenic potential. Perturbation of host cellular gene expression by altering the splicing landscape represents indeed one crucial aspect of virus-induced carcinogenesis (40) (41). Splicing dysregulation was observed in HTLV-1 infected cells in vivo, including non-transformed and ATL cells (42) sharing similar splicing modifications, thereby suggesting that alternative splicing contributes to neoplastic transformation and ATL progression. Tax-1 has been involved in alternative splicing modifications (37, 39). Tax-induced NF-κB promotes significant RelA enrichment in gene bodies that recruits the splicing factor DDX17, which regulates alternative splicing of target exons thanks to its RNA helicase activity (37). More recently, a yeast two-hybrid-based study has suggested that both Tax-1 and HBZ may interfere with various RNA splicing factors and affect the host cell transcriptome (39). However, this approach did not take into account the real endogenous interactions taking place within the infected cell, particularly the leukemic cells. By isolating the endogenous HBZ interactome by means of the first described monoclonal antibody against HBZ, we identified novel HBZ interacting partners, and we generated for the first time a protein network map of HBZ in the nucleus of the ATL-2 leukemic cells. We identified 249 cellular factors specifically associated to the viral oncogene and most of them are involved in RNA processing, mainly in RNA splicing pathway and non-sense mediated RNA decay, suggesting that HBZ may exert its oncogenic properties at least in part by perturbing RNA maturation/processing besides its role already described in the host gene expression machinery.

In following with this idea, we first assessed the gene expression profiles of ATL-2 cells used for MS/MS analysis of HBZ interacting proteins. In order to uncouple the impact of HBZ on host gene expression from similar effect of other viral factors, we used an isogenic cell system composed by the Jurkat T cell line and its HBZ stably expressing derivative Jurkat-HBZ. Overall, 8514 and 4703 genes were found differentially expressed in ATL-2 and Jurkat cells expressing HBZ, respectively. Interestingly, most of differentially expressed genes (DEG) were downregulated, upon HBZ expression in Jurkat cells, in agreement with the evidence that HBZ acts predominantly as a transcriptional repressor (32, 33). Moreover, Gene Ontology analysis of HBZ-dependent DEG in Jurkat-HBZ identified the terms “RNA transport” and “RNA polymerase” two pathways that have critical role in gene expression and RNA processing and maturation, again strongly suggesting that HBZ may contribute to HTLV-1-mediated oncogenesis by significantly impacting on host RNA diversity.

Besides differentially expressed genes, we identified 1408 and 1987 alternative splicing events (ASE) in ATL-2 and Jurkat-HBZ respectively, 418 ASE being shared by both cell lines expressing HBZ. Of note, as previously identified for Tax-1 (37), the majority of HBZ-induced ASE (61%) concerned genes with no significant changes in gene expression level, indicating that HBZ acts on splicing regulation independently of its transcriptional effects. This was particularly noticeable for ASE involved in a subset of 84 genes defined as cancer genes in the Network of Cancer Genes (ncg.kcl.ac.uk), of which only 4 (4.7%) were affected in their whole gene expression level. Interestingly, one of these genes, namely MALT-1, is a crucial regulator of NF-κB pathway in MALT lymphoma and appears to be involved in the regulation of NF-κB activation in HTLV-1 mediated leukemogenesis (35). Here we found that exon 7 of MALT-1 which supports optimal T-cell signalling and activation (43) was differently spliced in both ATL-2 and Jurkat-HBZ cells. In addition, the exon 6 of Natural Killer T-cell Receptor (NKTR), another crucial cancer gene, was excluded in both cellular systems expressing HBZ. The individual, as well as collective, functional impacts of HBZ-induced alternative splicing modifications on persistence and immortalisation of HTLV-1 infected cells will require further elucidation.

Finally, we showed that 53 HBZ-dependent ASE involve exons co-regulated by 6 HBZ-interacting factors identified as critical spliceosome components: DDX5, DDX17, U2AF1, U2AF2, SRSF1, and HNRNPC. Future investigation will address the question of whether HBZ acts directly as a splicing factor on the above shared exons or indirectly via activation of the splicing activity of the interacting factor. The in vivo interaction of HBZ with crucial splicing factors was further substantiated and extended by biochemical and confocal microscopy analyses of DDX5 and DDX17 which were clearly shown to physically interact with HBZ within the cell and to partially colocalize in the nucleus of both ATL-2 and Jurkat-HBZ cells. Taken together, the above results pinpoint HBZ as a crucial actor in the complex series of events leading to the alteration of splicing involved in ATL. Given the broad functional involvement of RNA helicases in transcription, splicing, nuclear export, and RNA translation (44), future studies should evaluate the combined effects of HBZ interactions on multi-step processes of regulation of gene expression.

Besides its role in proteome diversity, alternative splicing can also modulate gene activity through the production of transcripts containing premature termination codon (PTC), which constitutes potential targets of NMD. One fourth of alternative splicing isoforms shared between human and mouse cells has been shown to contain conserved PTC, suggesting an important functional role in coupling splicing to NMD (45). In tumor cells, including hematologic malignancies, coupling between splicing and NMD has been involved in cell survival (46). Considering the mechanistic relationship between splicing and NMD, together with the role of some HBZ-interacting factors in both regulatory mechanisms, future studies would have to address whether HBZ affects the stability of some mRNA isoforms, and if so, how this influences ATL development.

As mentioned above, we have demonstrated that HBZ is exclusively localized in the cytoplasm of cells of asymptomatic carriers and HAM/TSP patients whereas is frequently found both in the cytoplasm and the nucleus of fresh ATL leukemic cells (22). Interestingly, the HBZ transduced Jurkat cells expresses HBZ both in the cytoplasm and the nucleus (see Supplementary Figure 2), thus mimicking the HBZ subcellular distribution frequently observed in ATL patients (22). Jurkat-HBZ cells may thus represent a useful model to assess the role of HBZ in the progression of ATL. Future studies will be focused on the analysis of HBZ interactome in Jurkat-HBZ cells, as well as in additional ATL cell lines more closely mimicking the leukemic process (47) and in fresh leukemic cells (14, 48) to further validate and possibly expand and compare proteomic data of HBZ interactors in other HTLV-1-derived ATL and in cells that are not derived from HTLV-1-induced leukaemia. Moreover, the analysis of the HBZ interactome in the cytoplasm of Jurkat-HBZ may unveil previously undetected HBZ-interacting partners which may explain the molecular correlates of cytoplasmic retention of the viral protein during the transition from non-malignant to malignant phenotype. This in turn may open the way to find possible drug targetable molecules that mediate this transition and add urgently needed new armamentarium to combat this still untreatable deadly disease.
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Supplementary Figure 1 | SDS-PAGE gel stained with Coomassie blue. HBZ immunoprecipitated nuclear extracts obtained from ATL-2 cells (40x106 cells) was loaded on SDS-PAGE (lane 2) after preclearing with protein A-Sepharose/protein G-Agarose beads (lane 3). Lane 1 represents the protein ladder. Gel slices were excised from the gel and processed for mass spectrometry as described in Materials and Methods.

Supplementary Figure 2 | HBZ whole interactome network from Intact database. Cytoscape whole network of the interactome of the 249 putative HBZ interactors (red nodes) and their first interactors (light blue nodes).

Supplementary Figure 3 | Subcellular localization of HBZ in Jurkat-HBZ expressing cells and in ATL-2. Jurkat-HBZ expressing cells (A) and ATL-2 cells (B) were stained with the 4D4-F3 anti-HBZ mAb followed by Alexa Fluor 546-conjugated goat anti-mouse IgG antibody (red) and analyzed by confocal microscopy. Specific staining of nucleus compartment was performed by using DRAQ5 fluorescence probe. DIC represents the differential interference contrast image. At least 300 cells were analyzed. All scale bars are 5mm.

Supplementary Figure 4 | Differential gene expression of shared alternatively spliced genes in ATL-2 and Jurkat-HBZ. Histograms representing the distribution of log2FoldChange of 84 alternatively spliced cancer related genes in ATL-2 vs MOLT-4 (A) and in Jurkat-HBZ vs Jurkat (B).


Supplementary Data Sheet 1 | (1) List of HBZ potential protein partners. (2) Over-represented top 10 signaling pathways in 249 putative HBZ interactors. (3) Top 10 enriched pathways for cluster 2 proteins. (4) Top 10 enriched pathways for cluster 3 proteins.


Supplementary Data Sheet 2 | (1) Differentially expressed genes in ATL-2 vs MOLT-4. (2) Differentially expressed genes in Jurkat-HBZ cells vs Jurkat cells. (3) GO analysis of HBZ induced DEG. (4) 2772 Common differentially expressed genes between ATL-2 and HBZ expressing Jurkat cells.


Supplementary Data Sheet 3 | (1) Total ASE in ATL-2 vs MOLT-4 (2) Exon skipping events in ATL-2 vs MOLT-4 (3) Alternative acceptor site in ATL-2 vs MOLT-4 (4) Alternative donor site in ATL-2 vs MOLT-4 (5) Mutually exclusive exons in ATL-2 vs MOLT-4 (6) Multiple exons skipping in ATL-2 vs MOLT-4 (7) Total ASE in Jurkat-HBZ cells vs Jurkat cells (8) Exon skipping events in Jurkat-HBZ cells vs Jurkat cells (9) Alternative acceptor site in Jurkat-HBZ expressing cells vs Jurkat cells (10) Alternative donor site in Jurkat-HBZ cells vs Jurkat cells (11) Mutually exclusive exons in Jurkat-HBZ expressing cells vs Jurkat cells (12) Multiple exons skipping in Jurkat-HBZ cells vs Jurkat cells (13) GO-DAVID analysis of HBZ-induced ASEs (14) Exon ontology analysis of HBZ-induced ASEs


Supplementary Data Sheet 4 | Common Genes that are differentially expressed and alternatively spliced in ATL-2 (1) and in Jurkat-HBZ cells (2). (3) Common alternative splicing genes between ATL-2 and Jurkat-HBZ cells. (4) Cancer genes that are splicing targets shared between ATL-2 and Jurkat-HBZ expressing cells.


Supplementary Data Sheet 5 | List of target exons shared between HBZ and 32 different splicing factors interacting with HBZ.
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Previous attempts to develop a vaccine against bovine leukemia virus (BLV) have not been successful because of inadequate or short-lived stimulation of all immunity components. In this study, we designed an approach based on an attenuated BLV provirus by deleting genes dispensable for infectivity but required for efficient replication. The ability of the vaccine to protect from natural BLV infection was investigated in the context of dairy productive conditions in an endemic region. The attenuated vaccine was tested in a farm in which the prevalence rose from 16.7% in young cattle at the beginning of the study to more than 90% in adult individuals. Sterilizing immunity was obtained in 28 out of 29 vaccinated heifers over a period of 48 months, demonstrating the effectiveness of the vaccine. As indicated by the antiviral antibody titers, the humoral response was slightly reduced compared to wild-type infection. After initial post-vaccination bursts, the proviral loads of the attenuated vaccine remained most frequently undetectable. During the first dairy cycle, proviral DNA was not detected by nested-PCR in milk samples from vaccinated cows. During the second dairy cycle, provirus was sporadically detected in milk of two vaccinated cows. Forty-two calves born from vaccinated cows were negative for proviral DNA but had antiviral antibodies in their peripheral blood. The attenuated strain was not transmitted to sentinels, further supporting the safety of the vaccine. Altogether, these data thus demonstrate that the vaccine against BLV is safe and effective in herd conditions characterized by a very high incidence. This cost-effective approach will thus decrease the prevalence of BLV without modification of production practices. After facing a series of challenges pertaining to effectiveness and biosafety, the vaccine is now available for further large-scale delivery. The different challenges and hurdles that were bypassed may be informative for the development of a vaccine against HTLV-1.
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Introduction

Bovine leukemia virus (BLV) naturally infects cattle, yak, zebu and water buffalo (1). In the bovine species, major symptoms of BLV infection are lymphoma (enzootic bovine leukemia or EBL) and persistent lymphocytosis (PL). Approximately one third of BLV-infected cows will develop PL while tumors affect 5–10% of animals after long latency periods (4–10 years) (2). At the asymptomatic stage, BLV infection is associated with reduced milk production (3), shortened longevity (4) and immune suppression (5). Because no obvious symptoms are observed in most animals, BLV has been neglected in many regions worldwide. BLV prevalence has nevertheless a major economic impact according to recent prediction models (6). BLV is endemic in Argentina and extends worldwide except in occidental Europe, Australia and New Zealand (2). Previous attempts to develop a vaccine inducing a long-term protection (e.g., synthetic peptides, inactivated viruses, cell lysates, viral subunits, recombinant vaccinia virus, DNA vectors) have not been successful (2) because of inadequate or short-lived stimulation of all immunity components (7). Ideally, the optimal vaccine would therefore contain a number of viral factors able to permanently stimulate the immune response.

A different approach was to design an attenuated BLV virus deleting genes dispensable for infectivity but required for efficient replication (2, 7, 8). In this study, we define infectivity as the ability to establish a persistent infection in a host species. Our concept of the approach was to establish a permanent infection with an attenuated strain that impedes wild-type challenge by activating the anti-viral immune response. In fact, deletions and mutations naturally may occur in BLV proviruses, leading to replication-defective or attenuated clones. The challenge was to identify a non-pathogenic BLV strain able to induce a long-lasting immunity. Since the first BLV recombinant obtained by reverse genetics in 1993 (9), this quest took us some time of test-trial cycles and faced a series of failures. We previously identified a recombinant BLV provirus that was infectious and replicated at very low levels, but elicited a vigorous immune response in 13 female cattle (7). This potential BLV vaccine contained deletions and mutations in genes required for infectivity and replication. This attenuated strain conferred long-term protection after the challenge of cattle with a high dose of wild-type virus (7). The safety of the vaccine was supported by the lack of infection of control sentinels over a five-year period in herd conditions. Although the vaccine was not transmitted from cow-to-calf in 12 animals, maternal milk provided anti-BLV passive immunization (7).

In the present study, we evaluated the effectiveness and safety of this candidate vaccine in a productive dairy farm characterized by high rates of BLV prevalence.



Materials and methods


Design of the vaccine and production of the inoculum

The BLV vaccine is a recombinant between two previously reported modified strains displaying an attenuated phenotype (10, 11). Briefly, the vaccine strain (pBLV6073DX) has a point mutation in the transmembrane protein gene (T>G at nucleotide 6073) and a partial deletion of the R3-G4 sequences (between positions 6614 and 6997) (Figure 1A). This deletion thus also affects the AS1-S and AS1-L antisense transcription. This proviral construct inserted in the pSP64 vector (Promega) was amplified in Escherichia coli C3040 (New England Biolabs). The standard protocol for production of the inoculum was based on transfection of a monolayer of CHOK1 cells in 25 cm2 cell culture flasks with 2.6 µg of pBLV6073DX and 5.2 µg of linear polyethylenimine (Polysciences) in the presence of 3 ml EMEM (Sigma-Aldrich). Four hours post-transfection, 3 ml of EMEM supplemented with 10% FBS (Internegocios SA) and 3% trehalose were added. Seventy-two hours post-transfection, lysate aliquots (6 ml/dose) were preserved at -80°C in the presence of 15% trehalose.




Figure 1 | (A) The genetic map of the BLV vaccine strain. The pBLV6073DX provirus is isogenic to pBLV344 but contains a mutation in the env gene and deletions in AS1-S, AS1-L, R3 and G4 (red) (9, 10). The viral microRNAs are thus preserved in the vaccine strain. (B) Experimental plan of the vaccination trial in the dairy farm. The female calves were vaccinated once at 6 months (+/- 6 months) depending on the drop of anti-BLV antibodies conferred by passive immunity. Standard management practices were then followed in the milk producing herd. Male calves were sold at 18 months while heifers were artificially inseminated (AI). After delivery, the calves suckled colostrum during 12 hours and were then placed in calf individual sticks and bucket fed with bulk-tank milk and balanced food for 60 days (step 1). Then, calves of similar age and weight were moved to pastures (step 2). The cows entered a production cycle during approximately 10 months. The cows underwent an average of 3.5 reproductive cycles.





Nested-PCR of proviral DNA in blood and milk

Total DNA was extracted from frozen blood or milk using the High Pure PCR Template Preparation kit (Roche), following the manufacturer’s instructions. BLV proviral DNA was amplified by nested-PCR (nPCR) using oligonucleotides external to the deleted region in the vaccine strain (outer forward: 5’-CTCACTTCTGCTTCACCATCC-3’, outer reverse: 5’-GGCAGGCATGTAGAGAGTGG-3’, inner forward: 5’-TGGAAAGAACTAACGCTGACGG-3’, inner reverse: 5’-CCCCAACCAACAACACTTGCTT-3’) as previously described (12). Wild-type and pBLV6073DX proviruses were differentiated by the size of the amplicon migrated on a 2% agarose electrophoresis gel, respectively, 610 and 230 base pairs. Amplification of the bovine 18S gene (adapted from 13) was performed in parallel (forward 18S F: 5’- TTGGATAACTGTGGTAATTCTAGAAGCTAA-3’, reverse 18S R: 5’-CGGGTTGGTTTTGATCTGATAAAT-3’).



Nucleotide sequencing of the env gene surrounding nucleotide 6073

In addition to nPCR, partial DNA sequencing of the env gene surrounding nucleotide 6073 was performed to validate strain integrity. A thymine or a guanine at nucleotide #6073 indeed attest for a wild-type or a vaccine genotype, respectively. Peripheral blood DNA was amplified by nPCR with primers (env outer forward: 5’- GGTGCGAGAAACCATTCATTC-3’, env outer reverse: 5’-TCGGAGGTTGATGTAATCGG-3’, env inner forward: 5’-AGCCCTTTTTTTGCTCTTCCTG-3’, env inner reverse: 5’- TCTGGTGCAGATGGTAGCAAG-3’). The amplicons were sequenced by capillary electrophoresis with the automatic sequencer GA3500XL (Applied Biosystems) and analyzed by BioEdit software (Freeware Copyright 1991- 2007 Tom Hall).



Quantification of BLV proviral loads by real time quantitative PCR

The relative BLV proviral loads of wild-type and pBLV6073DX were determined by real time quantitative PCR (qPCR) using oligonucleotides complementary to the pol gene (BLV pol 5F: 5′ CCTCAATTCCCTTTAAACTA-3′; BLV pol 3R: 5′-GTACCGGGAAGACTGGATTA-3′) (12, 14). As previously described, proviral loads were arbitrarily considered as high or low according to an internal calibrator corresponding to 1% of infected cells or 2,400 proviral copies/µg DNA (15). The limit of detection (LOD) of the assay was 5-10 copies/reaction.



Quantification of anti-BLV immunoglobulins by ELISA

The ELISA assay that quantified the anti-BLV IgGs was described previously (16). Results were expressed as the absorbance at 450 nm normalized to the international E4 OIE reference serum arbitrarily set to 100%. All samples below 25% were stated as negative according to previous validation (16, 17).



Animal experimentation

Following ethical, welfare and specific requirements for a genetically modified viral strain, the trial was carried out between 2015 and 2021 with the permission of the Argentinean sanitary authority (Expediente SENASA S01-0011591/2014). The farm was a dairy facility that belonged to the Rafaela Experimental Station of INTA (31°11’ S latitude and 61°33’ W longitude) of approximately 300 cows producing milk for human consumption and showing historical endemic rates of BLV infection (Table S1).

Animal experimentation was conducted in accordance with the most recent national and international guidelines for animal care and use and following the directive 2010/63/UE of the European parliament. Handling of animals and experimental procedures were reviewed and approved by INTAs Institutional Committee for Care and Use of Experimental Animals (CICUAE‐INTA) under protocol numbers 35/2010 and P18-004.




Results


Inoculation of the pBLV6073DX attenuated strain in herd settings

Based on experimental evidence obtained in previous studies carried out under controlled conditions (7, 18), the goal of this study was to evaluate the effectiveness and safety of the candidate vaccine (Figure 1A) in a dairy farm characterized by a high rate of BLV prevalence. In this farm, newborn calves were fed with colostrum from their own dams and raised within the herd according to standard productive management measures (Figure 1B). Twenty-nine BLV-free calves were inoculated subcutaneously with a single dose (6 ml see M&M) of the vaccine. Vaccination was performed over a period spreading from 4 months to up to one year of age because successful infection with pBLV6073DX strain required low levels of passive anti-BLV antibodies (Table S2). Vaccinated animals were mixed with non-inoculated controls according to their birth date. Persistent infection with pBLV6073DX strain was confirmed by nPCR and anti-BLV seropositivity. According to standard practices of the dairy herd, heifers were bred for the first time at 18 months of age. Vaccinated heifers were mixed at all times with similar categories of non-vaccinated cattle and were subjected to the same management practices of the dairy herd. One hundred days post-calving, cows were artificially inseminated. The average parity of the herd was 3.5, delivering approximately one calf per year per cow. The average daily milk production per cow was 25 liters (adjusted at 305 days).

The candidate vaccine was thus evaluated in a commercial dairy farm characterized by a high rate of BLV prevalence. Since the vaccine is an attenuated BLV strain, the main difficulty was to successfully infect the calves in herd settings.



The pBLV6073DX strain elicited a humoral response in vaccinated cows

A main risk was that the calves became infected with the wild-type BLV virus before their vaccination with the attenuated strain. Indeed, the overall prevalence of BLV in the herd fluctuated between 84 and 95% between 2015 and 2020 (Table S1). BLV transmission requires the transfer of infected cells through iatrogenic procedures (dehorning, milking machines, palpation gloves, needles) and perhaps by hematophagous insects (19). When the trial was initiated, 16.7% of calves were infected with wild-type BLV indicating in utero or perinatal viral transmission. The prevalence of wild-type BLV infection gradually increased to 81.1% after the first calving at 27-30 months of age. At the end of the study, only three lactating cows were free of BLV. All the vaccinated cows developed a persistent circulating antibody response against BLV at slightly lower levels compared to wild-type (Figures 2A, B).




Figure 2 | Kinetics of the antibody reactivities (A–C) and proviral loads (D–F). Panels (A, D) correspond to blood samples of non-vaccinated animals infected with BLV (red). Blood samples (B, E in green) and milk (C, F in blue) have been collected from vaccinated animals. The dotted lines of panels (A–C) indicate the arbitrary cut-off point between high-low (100%) and low-negative (25%) antibody reactivities. In panels (D–F), the dotted line is the threshold separating high and low proviral loads and corresponding to 1% of infected cells or 2,400 proviral copies/µg DNA.



Vaccinated cows were episodically seronegative; e.g. ID 6484 and ID 107 at 36 and 48m post-vaccination respectively (Figure 2B). Anti-BLV antibodies were also present in the milk of the vaccinated cows (Figure 2C). Antibody reactivity in the milk decreased with time and progressively reached the cut-off threshold of the ELISA test at approximately 48 months.

These observations thus indicated that the attenuated strain pBLV6073DX stimulated a persistent anti-BLV antibody response (Figure 2B).



The attenuated vaccine replicated at reduced levels

In the dairy herd under study characterized by a high BLV prevalence (84-95%), the proviral loads were heterogeneous but most frequently high (Figure 2D). Considering a threshold of 1% of BLV-infected cells corresponding to 2,400 proviral copies/µg DNA (dotted line), wild-type infected animals in the herd carried high proviral loads in their peripheral blood. In contrast, most of vaccinated cows displayed undetectable proviral loads with infrequent sporadic burst of low proviral loads (e.g. at 24 and 42 months) (Figure 2E). Consistently, no provirus was amplified in the milk of vaccinated cows considering a detection limit of 5-10 copies/qPCR reaction (Figure 2F).

These data thus demonstrate that the candidate vaccine replicated at extremely low levels compared to the wild-type virus.



The vaccine strain is stable and does not transmit from cow-to-calf

To evaluate the possibility of a reversion to a wild-type virus, the animals vaccinated with pBLV6073DX strain were regularly analyzed by DNA sequencing and nPCR. DNAs from peripheral blood samples were sequenced as illustrated in Figure S3. The presence of a thymine instead of a guanine at nucleotide #6073 attested for either a reversion, a recombination or a lack of vaccine protection. The absence of reversion or recombination could further be confirmed by nPCR of sequences flanking the R3/G4 deletion (Figure 3A). Based on this pattern, regular screening by nPCR demonstrated that the sequence of the vaccine strain was stable over the 4-year trial.




Figure 3 | (A) Nested-PCR amplicons discriminate animals infected with wild-type BLV, vaccinated (pBLV6073DX) and vaccinated+infected with wild-type BLV. Amplification of the bovine 18S gene is the DNA quality control (13). Note that in the vaccinated+infected lane, only the wild-type amplicon is visible because of the very low proviral loads of the vaccine strain. (B) Calves (open rectangles) born from vaccinated dams (green). nPCR and ELISA tests were run during the first week of age. Numbers correspond to their identity ear tags (ID). Calf 6828 did not receive passive immunity (dashed line). As reference, the left panel represents the natural herd prevalence in cows: 90.6% are BLV-infected (red) while 9.4% are negative (empty). These cows delivered 14.5% of calves infected with BLV (red).



Another important safety parameter is the lack of transmission of the vaccine strain in the environment, in particular to non-infected sentinels. At any time, lack of pBLV6073DX infection of non-vaccinated cows could be evidenced by nPCR (data not shown).

The presence of the pBLV6073DX proviral DNA was also analyzed in milk samples from vaccinated cows. Based on a trimestral sampling schedule, nPCR revealed a sporadic detection of the vaccine strain in milk of two cows (ID 6620 and 6670). This burst was undetectable by real time PCR (Figure 2F) and occurred soon after an antibody reactivity peak (Figures S4, S5).

The low level of vaccine proviral DNA in the milk was nevertheless insufficient to transmit infection from the cows to their offspring. Indeed, all the calves born from vaccinated cows (n = 42) were stated as negative by nPCR but contained passive anti-BLV antibodies as shown by ELISA (Figure 3B). With a single exception (#6828), all calves received anti-BLV passive immunity via maternal colostrum. None of these calves born from immunized cows became infected with wild-type BLV (empty rectangles in Figure 3B). This lack of transmission sharply contrasted with the high rates of cow-to-calf BLV infection observed in the herd (14.5%, red rectangles; Figure 3B).

These data thus show that the pBLV6073DX genome remained stable over a period of at least 4 years. The vaccine strain did transmit neither to sentinels nor to the offspring. It is also noteworthy that, over the study period, clinical manifestations associated with BLV infection (lymphosarcoma) were not observed in vaccinated animals.



The attenuated vaccine was effective in protecting against wild-type BLV infection

Based on these safety evidences, the ultimate parameter to be evaluated was effectiveness of the vaccine. Effective protection against wild-type BLV infection was particularly challenging because the herd prevalence grew from 16.7% at the beginning of the trial to >90% after 3 years (Figure 4). Consistently, the proportions of BLV-free (empty bars) and BLV-infected (red bars) animals were inversely proportional. In these conditions, the vaccinated cows remained protected from wild-type BLV infection (green bars; Figure 4). Among 29 vaccinated animals, only one (ID 6485) became infected by wild-type BLV at 42 months (orange bars). In this particular cow, the vaccine strain could only be sporadically detected by nPCR (Figure S3). The proviral loads being particularly low, it is nevertheless expected that cow ID 6485 would not be an effective BLV propagator.




Figure 4 | The vaccine is effective despite high incidence of BLV infection. The BLV prevalence indicated by the black line was determined at 6 months intervals from birth up to 4 years of age. The percentages of non-infected and BLV-infected animals are indicated by empty and red bars, respectively. In these conditions, vaccinated animals remained protected from wild-type BLV infection (green). Only one out of 29 vaccinated animals became infected with wild-type BLV at 42 months (vaccinated not-protected in orange).



In summary, the attenuated vaccine provided sterilizing immunity in 28 out of 29 animals over a period of 4 years.




Discussion

In this study, we evaluated the effectiveness and safety of an attenuated BLV strain used as a vaccine in a herd characterized by a very high prevalence of BLV infection (>90% in milking cows between 2015 and 2020). The commercial farm located in Rafaela corresponds to a typical dairy herd in Argentina (15, 20). In these conditions, the attenuated vaccine conferred sterilizing immunity in 28 out of 29 cows over a 4-year period (Figure 4). The vaccine was effective against wild-type infection despite lower antibody titers in the peripheral blood likely due to reduced proviral loads (Figure 2). In fact, it was relatively unexpected to be able to restrict BLV transmission in the environment of a farm under endemic conditions (Figure 4). A major difficulty was to be able to establish an infection with the vaccine strain notably because of passive immunity conferred by the maternal colostrum. There is thus a window of opportunity for the virus to be transmitted prior to vaccination. Since all vaccinated animals remained free of wild-type BLV infection, it appears that passive immunity is particularly effective in young calves. Once the maternal antiviral antibody titers drop around 4-6 months, the rates of BLV transmission accelerate reaching levels > 90% at 3 years (Figure 4). Besides the humoral response, it is likely that other mechanisms such as cell-associated immunity mediate the effectiveness of the vaccine. Due to technical limitations associated with experimentation in a farm, it was unfortunately not possible to analyze these other aspects of the host immune response.

Probably the most limiting factor of a live attenuated vaccine is safety. Here, we provided evidence that (i) the proviral loads of pBLV6073DX are extremely low compared to wild-type levels, (ii) the strain does transmit neither to sentinels nor to the offspring and (iii) the vaccine is not pathogenic. Although these conclusions should be validated in large scale vaccination trials, reports from the literature show that cattle infected with low proviral load are not efficient BLV propagators (21, 22). Furthermore, it seems that infection of the attenuated vaccine is abortive because (i) antibody titers decrease with time, (ii) the pBLV6073DX strain can only be detected by very sensitive techniques such as nPCR and (iii) one out 29 vaccinated cows did not resist wild-type infection. All these criteria thus support the safety of the vaccine. Although a period of 4 years is consistent with a mean life expectancy of a cow in a dairy herd, a second vaccine inoculation would be required for older animals.

The pBLV6073DX strain thus displays optimal properties of safety and effectiveness. Of note, this strain which derives from the pBLV344 clone of Belgian origin thus provides protective immunity against the BLV virus strain present in an Argentinean herd. This cross-reactivity is likely associated with the limited diversity of BLV sequences worldwide (23) and/or with the concomitant stimulation of host immunity with multiple viral antigens. A major issue of this approach is that the vaccine was obtained by reverse genetics and is thus a genetically-modified organism (GMO). Although other GMO vaccines are commercially available for bovines worldwide (24), there is a potential risk of recombination of the pBLV6073DX strain. However, reversion to the wild-type 344 sequence is unlikely due to the multiple deletions and mutations. Conceptually, the outcome of this reversion mechanism would be identical to a lack of protection against wild-type infection. It nevertheless remains possible that cellular genes are picked up by the pBLV6073DX strain as observed in other retroviral models (25). This risk is extremely limited because (i) the length of R3/G4/AS1 deletion is small, (ii) the pBLV6073DX strain replicates at extremely low rates and (iii) the BLV does not share similar sequences with the bovine genome. Considering all these arguments and evidence from this study, the Comisión Nacional Asesora de Biotecnología Agropecuaria (CONABIA) and Coordinación de Innovación y Biotecnología of the Ministry of Agriculture from Argentina recently concluded that “the attenuated vaccine is safer for the agroecosystem than the natural BLV from which it derives” (Technical report # 104052660_21). Only well-controlled large-scale vaccination trials will ultimately address this potential risk. Another threat is transmission of BLV to human via milk or meat. Although this topic is still controversial (26–29), BLV infection has been associated with breast cancer. In fact, vaccination against BLV should decrease the proviral loads in the milk thereby tempering viral transmission to human. Furthermore, a worldwide reduction of BLV prevalence would also limit the risk, particularly in regions where raw milk is consumed (30, 31). Besides this potential public health issue, the vaccine confers protection against wild-type BLV infection in a herd characterized by a high prevalence. This cost-effective tool may thus reduce BLV prevalence independently of expensive approaches requiring regular testing combined with culling or segregation of infected animals (2, 5).

The current challenge is to make this vaccine available worldwide. This includes large-scale production of doses, their local distribution and approval by the end users. Perhaps the most important risk is the limited interest of the industry that may only focus on short-term profits. This is unfortunately also true for a future HTLV vaccine, a retrovirus closely related to BLV.

In conclusion, the development of a vaccine against BLV faced a series of predicted and unpredicted challenges pertaining to effectiveness and biosafety. These different hurdles are now bypassed and may be useful for the development of other anti-retroviral vaccines such as HTLV-1.
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The viral transactivator Tax plays a key role in HTLV-1 reactivation and de novo infection. Previous approaches focused on the histone deacetylase inhibitor (HDACi) Valproate as a latency-reversing agent to boost Tax expression and expose infected cells to the host’s immune response. However, following treatment with Valproate proviral load decreases in patients with HAM/TSP were only transient. Here, we hypothesize that other compounds, including more potent and selective HDACi, might prove superior to Valproate in manipulating Tax expression. Thus, a panel of HDACi (Vorinostat/SAHA/Zolinza, Panobinostat/LBH589/Farydak, Belinostat/PXD101/Beleodaq, Valproate, Entinostat/MS-275, Romidepsin/FK228/Istodax, and MC1568) was selected and tested for toxicity and potency in enhancing Tax expression. The impact of the compounds was evaluated in different model systems, including transiently transfected T-cells, chronically HTLV-1-infected T-cell lines, and freshly isolated PBMCs from HTLV-1 carriers ex vivo. We identified the pan-HDACi Panobinostat and class I HDACi Romidepsin as particularly potent agents at raising Tax expression. qRT-PCR analysis revealed that these inhibitors considerably boost tax and Tax-target gene transcription. However, despite this significant increase in tax transcription and histone acetylation, protein levels of Tax were only moderately enhanced. In conclusion, these data demonstrate the ability of Panobinostat and Romidepsin to manipulate Tax expression and provide a foundation for further research into eliminating latently infected cells. These findings also contribute to a better understanding of conditions limiting transcription and translation of viral gene products.
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Introduction

Human T-cell leukemia virus type 1 (HTLV-1) is an oncogenic δ-retrovirus that infects five to ten million people worldwide. However, this is probably an underestimation since epidemiological data are lacking for several highly-populated areas (1–3). Infection with HTLV-1 is associated with several diseases, including malignant and inflammatory conditions. Around five percent of all infected individuals develop adult T-cell leukemia/lymphoma (ATL). However, in carriers infected by mother-to-child transmission, it is estimated that the risk rises to 25% (3). HTLV-1-associated myelopathy/tropical spastic paraparesis (HAM/TSP) occurs in one to four percent of infected people, depending on ethnicity (4). HTLV-1 infection also leads to a range of other inflammatory diseases, including uveitis, arthropathy, and dermatitis (3, 5). It has been recognized recently that “asymptomatic carriers” of HTLV-1 also have an impaired quality of life and a reduced life expectancy (6). The prognosis of both ATL and HAM/TSP is dismal, and there is a clear need for new therapeutic options (2). HTLV-1 predominantly infects CD4+ T-cells and, after integration into the host genome, enters a state of clinical latency (7). The resulting polyclonal reservoir of HTLV-1-infected cells proves to be the main obstacle in eliminating infected cells, as in human immunodeficiency virus type 1 (HIV-1) infection. The kick-and-kill or shock-and-kill approach is a strategy that has been tested to mitigate the infection and to reduce the size of the HIV-1 reservoir. The aim of this approach is to reactivate sense-strand expression of the provirus to expose it to the host’s immune response, thereby enabling eradication of infected cells (8–11).

A central mechanism in silencing transcription in the context of latency is chromatin remodeling mediated by structural modification of histones. One of the histone alterations that contributes to repressed gene expression is hypoacetylation of chromatin, which is catalyzed by histone deacetylases (HDACs). HDACs are grouped into four classes, differing in their localization and functional properties. Classical classes include classes I, II, and IV, which rely on zinc as a cofactor. Class I HDACs (HDAC 1, 2, 3, 8) constitutively localize in the nucleus and are ubiquitously expressed in the human body. Class II HDACs are further divided into class IIa (HDAC 4, 5, 7, 9) and IIb (HDAC 6, 10). They are expressed tissue-specifically in the body and shuttle between the nucleus and the cytoplasm. The sole member of class IV is HDAC 11, which combines class I and class II properties (12–14). While class I, II, and IV can be inhibited by histone deacetylase inhibitors (HDACi), class III HDACs are functionally distinct and are unaffected by HDACi, relying on NAD+ as a cofactor (15, 16).

HDACi are a promising group of latency-reversing agents (LRAs) to induce chromatin hyperacetylation, generally associated with transcriptional activation and enhanced gene expression. Consequently, these compounds are most often studied to reactivate the latent viral reservoir in the kick-and-kill approach (12). Based on their cytotoxicity, their potency, and their selectivity towards inhibited HDACs, HDACi are further divided into (1) hydroxamates (e.g. Panobinostat), (2) benzamides (e.g. Entinostat), (3) short-chain fatty acids (e.g. Valproate), (4) cyclic peptides (e.g. Romidepsin), and (5) selective inhibitors (e.g. MC1568) (17). Hydroxamates and cyclic peptides are very potent HDACi. Short-chain fatty acids display poor bioavailability and, together with benzamides, are less potent (18, 19).

Earlier work has tried to translate the kick-and-kill approach to HTLV-1 infection, employing HDACi to activate viral gene expression (20, 21). HTLV-1 transcription is tightly regulated, and is most potently activated by the viral transactivator protein Tax. Tax is encoded by the sense-strand of HTLV-1 and is essential for the initiation of malignant transformation of infected T-cells (22). Tax is also the immunodominant target of cytotoxic T-cells (CTLs) since chronically activated CTL responses directed against Tax are present in HTLV-1 infected people (23, 24). It has been possible to transiently increase Tax expression in kick-and-kill trials, resulting in a temporary decrease in the proviral load (PVL). However, these studies failed to achieve sustained repression of the PVL (20, 21, 25). There is evidence that distinct HDAC complexes form at the HTLV-1 long terminal repeats (LTRs). It has been shown that HDAC 1 and 2 predominantly bind at the 5’LTR, whereas HDAC 3 favors the 3’LTR (26). Since previous in vivo and ex vivo studies were limited to the class I and class IIa HDACi Valproate, a member of the short-chain fatty acid HDACi, we reasoned that more potent or more selective HDACi might be better suited to reverse the latency of HTLV-1.

In this study, we systematically compared a panel of different HDACi for their potential to activate HTLV-1, represented by Tax expression, in different model systems in vitro. We identified the pan-HDACi Panobinostat and the class I HDACi Romidepsin as the most potent HDACi for HTLV-1 reactivation. We conclude that these agents hold great potential as latency-reversing agents in strategies aimed at reducing the size of the HTLV-1 reservoir.



Materials and methods


Cell lines and patient samples

The CD4+ Jurkat T-cells (27) were cultured in RPMI 1640 (Thermo Fisher Scientific, Waltham, USA) supplemented with 45% Panserin 401 (PAN-Biotech GmbH, Aidenbach, Germany), 10% fetal calf serum (FCS) (Capricorn Scientific GmbH, Ebsdorfergrund, Germany), L-glutamine (0.35 g/l) (GlutaMAX™ from Thermo Fisher Scientific) and penicillin/streptomycin (0.12 g/l each) (Thermo Fisher Scientific). The HTLV-1 positive in vitro transformed CD4+ MT-2 cells (28) were cultured in RPMI 1640 containing 10% FCS, L-glutamine, and penicillin/streptomycin.

Peripheral blood mononuclear cells (PBMCs) were obtained from blood samples from HTLV-1 infected patients attending the National Centre for Human Retrovirology at St Mary’s Hospital (Imperial College Healthcare NHS Trust, London, UK). Patients are invited to participate in the Communicable Diseases Research Tissue Bank (CDRTB) of Imperial College London and following written informed consent donate blood samples when attending for routine clinical care. The CDRTB is approved by the National Research Ethics Service (reference 20/SC/0226). HTLV-1 proviral load is determined at each patient visit by real-time PCR as previously described (29). PBMCs were cryopreserved in FCS supplemented with 10% dimethylsulfoxide (DMSO) at -150°C until use. After thawing, PBMCs were washed in Dulbecco’s Balanced Salt Solution (without calcium or magnesium) (DPBSo) (Thermo Fisher Scientific). CD4+ T-cells were isolated via immunomagnetic negative selection with the EasySep™ Human CD4+ T Cell Isolation Kit (STEMCELL Technologies, Vancouver, Canada). During isolation, cells were incubated with 20 µl/ml of Isolation Antibody Cocktail for 10 min. Afterward, cells were incubated with 40 µl/ml of the Dextran RapidSpheres for 5 min. After another washing step in PBSo, PBMCs were cultivated in RPMI 1640 supplemented with 20% FCS, L-glutamine, penicillin/streptomycin, 5.5 mM glucose, and 10 µM Raltegravir (solved in DMSO) (Selleckchem, Houston, USA).



Plasmids and transfection

Jurkat T-cells were transiently transfected via electroporation. To this end, a Gene Pulser Xcell® Electroporation System (Bio-Rad, Hercules, USA) was used. Briefly, 5*10E6 cells and 50 µg of total plasmid DNA were suspended in 0.8 ml cell culture media without penicillin/streptomycin. Electroporation was performed in electroporation cuvettes with an electrode distance of 4 mm (Peqlab, Erlangen, Germany) at 290 V and 1500 µF. Cells were harvested at 48 h after transfection for further analysis. For Tax expression in Jurkat T-cells, 15 µg of the plasmid LTR-Tax (pLcXL) (30) carrying the Tax expression cassette under the control of the HTLV-1 LTR was transiently transfected. The plasmids pEF1α and pcDNA3.1 (both Thermo Fisher Scientific) served as empty vector control. Furthermore, 10 µg of pGL3-U3R-Luc, a luciferase reporter vector containing a firefly luciferase gene under the control of HTLV-1 core promoter U3R (31), was transfected.



Chemical treatment

In the case of prior transfection, cells were pooled and reseparated 24 h after transfection. The HDACi used for treatment were Belinostat (PXD101/Beleodaq; 100 nM to 10 µM; Sigma-Aldrich, St. Louis, USA), Entinostat (MS-275; 10 nM to 10 µM; Selleckchem), MC1568 (1 µM to 100 µM; Tocris, Bristol, UK), Panobinostat (LBH589/Farydak; 10 nM to 10 µM; Selleckchem), Romidepsin (FK228/Istodax; 10 nM to 1 µM; Selleckchem), Valproate (50 µM to 3 mM; Sigma-Aldrich) and Vorinostat (SAHA/Zolinza; 100 nM to 5 µM; Selleckchem). The topoisomerase II inhibitor Etoposide (15 µM; Sigma-Aldrich) served as toxicity control. A combination of Phorbol 12-myristate 13-acetate (PMA; 20 nM; Cell Signaling Technology, Cambridge, UK) and Ionomycin (1 µM; Merck, Darmstadt, Germany) was employed as a positive control for the induction of viral gene expression. All of the compounds mentioned above were dissolved in DMSO, except for Valproate, which was dissolved in water. The volume added to the cell culture during chemical treatment was equivalent to one percent of the culture volume.



Lactate dehydrogenase (LDH) release assay

Cytotoxic effects of the compounds were assessed with the LDH-Glo™ Cytotoxicity Assay (Promega, Fitchburg, USA) following the manufacturer’s instructions. Briefly, the supernatant was collected from 500,000 cells per sample 24 h after chemical treatment, diluted 1:20 in LDH storage buffer, and stored at -20°C until further analysis. For the LDH release assay, a technical or biological duplicate of the supernatant was diluted to a final concentration of 1:100 in LDH storage buffer (10 µl from 1:20 dilution in 40 µl storage buffer) and one part (50 µl) of the LDH detection reagent was added. After one hour of incubation, luminescence was recorded on a Victor X4 (PerkinElmer, Waltham, USA). A maximum LDH release control was performed by adding 2 µl of 10% Triton X-100 (Triton) per 100 µl cell culture volume 15 min before collecting the supernatant. The luminescence of the samples was normalized to untreated or empty vector and Triton to calculate cytotoxicity.



Quantitative real-time RT-PCR

For isolation of mRNA from Jurkat T-cells, the NucleoSpin® RNA Kit (Macherey-Nagel, Düren, Germany) was used. To isolate mRNA from MT-2 cells, the RNeasy Mini Kit (Qiagen, Venlo, Netherlands) in combination with QIAshredder columns (Qiagen) was used. To isolate RNA from primary cells, the RNeasy Micro Kit (Qiagen) combined with QIAshredder columns was used. cDNA preparation from up to 5 µg of isolated RNA was performed with the SuperScript™ II Reverse Transcriptase (Thermo Fisher Scientific) combined with Random Hexamer Primers (Thermo Fisher Scientific) per manufacturer’s instructions. A technical triplicate of 200 ng of the obtained cDNA was subjected to quantitative real-time RT-PCR (qRT-PCR), employing the TaqMan® Universal PCR Master Mix and a 7500 Real-Time PCR System (both Thermo Fisher Scientific). The primer/probe pairs and TaqMan Gene Expression Assays (Thermo Fisher Scientific) used to detect transcripts are listed in Table 1. Table 1 also lists the plasmids used to generate standard curves allowing for the quantification of transcripts. Data were evaluated with the 7500 Software v2.3 (Thermo Fisher Scientific). Every experiment was independently performed at least three times, and relative copy numbers (rcn) were calculated by normalization of respective transcript levels on those of β-actin.


Table 1 | Sequences of oligonucleotides for qRT-PCR analysis.





Western blot

For Western Blot analysis, three to five million cells were harvested, washed in PBSo, and lysed in lysis buffer [150 mM NaCl, 10 mM Tris/HCl (pH 7.0), 10 mM EDTA, 1% Triton X-100, 2 mM DTT and protease inhibitors leupeptin, aprotinin (20 μg/ml each) and 1 mM phenylmethylsulfonyl fluoride (PMSF)]. After cell lysis, samples were subjected to two freeze-and-thaw cycles to facilitate lysis, consisting of at least 5 min freezing in liquid nitrogen and subsequent thawing at 30°C, 1400 rpm for 3 min. After that, sonification was carried out in a Branson 450 Sonifier (Emerson, Ferguson, USA) with the output control 8 and 80% duty cycle at 4°C for 30 seconds five times. After sonification, the cell detritus was pelleted at 20,817 relative centrifugal force (rcf) for 15 to 70 min to obtain a purified protein lysate. According to the manufacturer’s protocol, protein concentrations of the lysates were determined with ROTI®Quant (Carl Roth, Karlsruhe, Germany), and 40 µg to 50 µg of protein were denatured in sodium dodecyl sulfate (SDS) loading dye [10 mM Tris/HCl (pH 6.8), 10% glycerin, 2 % SDS, 0.1 % bromophenol blue, 5 % β-mercaptoethanol] at 95°C for 10 min. Samples were run at 130V on SDS-PAGE gels in XCell Sure Lock Mini Western Blot chambers (Thermo Fisher Scientific), and proteins were subsequently blotted onto Amersham Protran nitrocellulose membranes (GE Healthcare, Chicago, USA) at 250 mA for 75 min. PageRuler Prestained Protein Ladder (Thermo Fisher Scientific) was used as a molecular weight marker.

After blocking of membranes (1x TBS, 0.1% Tween-20, 5% FCS) for one hour at room temperature, staining with the following primary antibodies was performed for one hour at room temperature or overnight at 4°C: rabbit polyclonal anti-acetyl-Histone H3 Antibody (Ac-H3) (06-599, Millipore, Merck, Darmstadt, Germany), mouse anti-Tax (derived from the hybridoma cell line 168B17-46-34) (43), and mouse monoclonal anti-α-Tubulin clone DM1A (Tubulin) (T9026, Sigma-Aldrich). Subsequently, incubation with the secondary antibodies, conjugated with horseradish peroxidase (GE Healthcare, Chicago, USA), was performed at room temperature for 30 min. Between incubation with different antibodies, the membranes were washed in washing buffer (1x TBS, 0.1% Tween-20) for three times ten minutes between incubation periods. Enhanced chemiluminescence of the blots was recorded on an Intas Advanced Imager camera (Intas Science Imaging Instruments GmbH, Göttingen, Germany). Densitometric analysis of Tax, Ac-H3, and Tubulin protein bands was performed with the Advanced Image Data Analyzer (AIDA Version 4.23.035, Elysia-raytest GmbH, Straubenhardt, Germany). Mathematical values smaller than zero were corrected to zero to evaluate the densitometric analysis.



Flow cytometry

Different staining protocols were performed for MT-2 cells and primary cells. For detection of apoptosis and cell death, MT-2 cells were stained with the LIVE/DEAD Fixable Far Red Dead Cell Stain Kit (Thermo Fisher Scientific) for 30 min. Thereafter, Annexin V staining was carried out with the Annexin V pacific blue conjugate (Thermo Fisher Scientific) in 100 µl of 1x Annexin Binding Buffer (Thermo Fisher Scientific) for 15 min. For acquisition, cells were resuspended in 1x Annexin Binding Buffer. In MT-2 cells, intracellular Tax was stained with the Inside Stain Kit (Miltenyi Biotec, Bergisch Gladbach, Germany) in combination with the mouse anti-Tax (derived from the hybridoma cell line 168B17-46-34) (43) and the Alexa Fluor® 647 α-mouse antibody (Thermo Fisher Scientific). eBioscience™ Mouse IgG1 κ Isotype Control Clone P3 (Thermo Fisher Scientific) was used as isotype control.

To evaluate the viability of primary cells, the LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit (Thermo Fisher Scientific) was employed for 15 min. Subsequently, extracellular CD4 was stained with mouse FITC anti-human CD4 clone RPA-T4 (BioLegend, San Diego, USA) in PBSo supplemented with 7% FCS for 30 min. In the next step, primary cells were stained with the eBioscience™ Foxp3/Transcription Factor Staining Buffer Set (Thermo Fisher Scientific) combined with the anti-Tax AF647 clone Lt-4 (44). Alexa Fluor® 647 IgG3, κ clone MG3-35 (BioLegend) was used as isotype control.

All incubation steps were carried out at room temperature and protected from light. After each staining step, cells were washed at least once in PBSo, a FACS buffer (PBSo supplemented with 2-7 % FCS and 2 mM EDTA), or permeabilization buffer of the intracellular staining kits. Regularly, cells were resuspended in 200 µl to 400 µl of PBSo for flow cytometry. Samples were measured with a BD LSR II or BD LSRFortessa flow cytometer (BD, Franklin Lakes, USA) and recorded with the BD FACSDiva™ software (BD). Further data analysis was carried out with FCS Express Version 3 (De Novo Software, Los Angeles, USA) for the chronically infected cells and FlowJo 10.8.1 (BD) for the primary cells. Doublets were excluded during the analysis.



Gag p19 ELISA

Cell culture supernatant was collected and stored at -80°C. For further analysis, the supernatant was thawed, passed through sterile filters (pore size 0.45 µm), and processed as a technical duplicate according to the HTLV p19 Antigen ELISA manual (ZeptoMetrix, Buffalo, USA). Fluorescence was recorded on a Victor X4.



Statistics

For statistical analysis, Student’s t-test (unpaired, two-tailed) and Pearson’s correlation were performed as indicated using Microsoft Office Excel. P values < 0.05 were considered as significant (*).




Results


Most HDACi only mildly affect cell viability

LRAs are commonly used in attempts to reactivate transcription of retroviruses, such as HTLV-1 (45). Ex vivo and in vivo approaches in HTLV-1 infection have focused primarily on the short-chain fatty acid Valproate. However, despite a transient decrease in the PVL of HAM/TSP patients, Valproate treatment failed to achieve a permanent reduction (20, 21, 25). To identify LRAs which are more potent than Valproate at modulating or reversing the latency of HTLV-1, we screened a number of additional HDACi: (1) Vorinostat, Panobinostat, Belinostat, and Valproate (all pan-HDACi, except Valproate being specific for class I and IIa, but often simplified as pan-HDACi), (2) Entinostat, and Romidepsin (both class I HDACi), and (3) MC1568 (class IIa HDACi). The selected HDACi were representative of the structural classes commonly used to categorize HDACi. HDACi of the hydroxamate group, Vorinostat, Panobinostat, and Belinostat (blue bars, Figure 1), the short-chain fatty acid Valproate (green bars), the benzamide and class I HDACi Entinostat (orange), the cyclic peptide HDACi Romidepsin (pink), and the class IIa specific HDACi MC1568 (yellow) were analyzed. First, we examined the cytotoxicity of the selected HDACi. To this end, Jurkat T-cells were treated for 24 h with different concentrations of the compounds, and cytotoxicity was assessed via an LDH release assay. LDH functions as a marker of cell damage. HDACi treatment only mildly impaired cell viability, which remained above 75% in most cases. Exceptions to this were the exposure to 10 µM Entinostat or 1 µM Romidepsin, resulting in 71% and 21% viable cells, respectively. The decrease in viability was only statistically significant in the case of the exposure to 5 µM Vorinostat (78% viable cells), 3 mM Valproate (91% viable cells), and 1 µM Romidepsin (21 % viable cells). Based on these results, suitable treatment concentrations for further experiments investigating the functionality of these HDACi were selected that align with previous findings (20, 46–48).




Figure 1 | HDACi only mildly impair the viability of Jurkat T-cells. LDH release assays were performed in the Jurkat-U3R-Luc T-cells after 24 h of chemical treatment with pan-HDACi (Vorinostat, Panobinostat, Belinostat, Valproate), class I HDACi (Entinostat, Romidepsin), or class IIa HDACi (MC1568). Cells treated with Triton (dead cells) and untreated were set as 0% and 100 % viable cells, respectively. DMSO served as solvent control for all HDACi, except Valproate. Mean values of three independent experiments ± standard error (SE) are depicted and were compared using Student’s t-test (*, p < 0.05, or **, p < 0.01 relative to respective solvent control).





HDACi increase Tax protein to a lesser extent than tax transcripts in transiently transfected cells

To screen the selected HDACi for their ability to enhance protein and transcript levels of the HTLV-1 viral transactivator Tax, Jurkat T-cells were transiently transfected with the plasmid LTR-Tax carrying the Tax-expression cassette under the control of the natural LTR promoter sequence, and cells were treated for 24 h with the HDACi in the indicated concentrations (Figure 2A). To avoid missing of potential effects, the highest concentrations of compounds were selected that resulted in at least 75% viable cells (Figure 1). The combination treatment of PMA and Ionomycin served as a positive control for activation of transcription. Western blot analysis demonstrated that all tested HDACi and the positive control PMA+Ionomycin achieved raised Tax protein levels above their respective solvent controls (Figure 2A). However, this increase remained moderate and was only statistically significant in the case of Belinostat and Entinostat as detected by densitometry (Figure 2A). As expected, treatment with the HDACi also resulted in intensified levels of acetylation of histone H3 (Ac-H3), resulting in less condensed chromatin, which is more likely to be transcribed (49). The rise in Ac-H3 caused by Panobinostat, Belinostat, and Romidepsin was very pronounced. Yet, a statistically significant increase was only observed after treatment with Vorinostat, Valproate, and Romidepsin (Figure 2A).




Figure 2 | HDACi significantly enhance tax transcription, but only mildly Tax protein expression. (A–D) Jurkat T-cells were transiently transfected with 15 µg of the plasmid LTR-Tax and filled with the empty vector DNA pEF1α to 50 µg. At 24 h after transfection, chemical treatment was carried out for 24 h. PMA+Ionomycin served as a positive control for activation of viral transcription. (A) Western Blot shows Tax protein, acetylated histone H3 (Ac-H3), and α-Tubulin (Tubulin) as the loading control. Densitometric analysis of Tax protein expression, and Ac-H3, relative to Tubulin, of three independent experiments, was performed. Mean values of three independent experiments ± SE are depicted and were compared using Student’s t-test (*p < 0.05 relative to respective solvent control). (B) Fold change of relative copy numbers (rcn) of tax, normalized to the housekeeping gene β-Actin and LTR-Tax and water, of three independent experiments ± SE is displayed and was compared using Student’s t-test (*p < 0.05; **p < 0.01; ***p < 0.001, relative to the respective solvent control; empty vector was compared to LTR-Tax and water). (C) Mean rcn of 4-1BB, normalized to the housekeeping gene β-Actin, of three independent experiments ± SE was compared to the respective solvent control-treated cells using Student’s t-test (*p < 0.05; **p < 0.01; ***p < 0.001) in empty vector (clear outlined bars) or LTR-Tax-transfected (black and colored bars) Jurkat T-cells. (D) Mean rcn of tax and 4-1BB, normalized to the housekeeping gene β-Actin, were correlated and subjected to Pearson correlation analysis (Pearson correlation coefficient r = 0.91; p = 6.9E-05).



In order to explore the effect of the HDACi on tax transcript levels, reverse transcriptase quantitative PCR (qRT-PCR) was used to determine relative copy numbers (rcn) of tax (Figure 2B) and the Tax-target gene 4-1BB (32), a costimulatory receptor of the tumor necrosis factor receptor superfamily (Figure 2C). qRT-PCR is more sensitive than Western Blot, and the effects of the LRAs appeared to be more pronounced at the mRNA level. All tested agents and the positive control PMA+Ionomycin raised tax transcription above their respective solvent control. This enhancement was significant when the cells were treated with PMA+Ionomycin, Vorinostat, Belinostat, or Romidepsin. However, a particularly profound increase was only seen in the case of Panobinostat, Belinostat, and Romidepsin. Analysis of the Tax-target gene 4-1BB revealed that Romidepsin raised 4-1BB transcription significantly above the solvent control level. Panobinostat overall also displayed enhanced 4-1BB expression, but this change was not significant. Pearson correlation analysis confirmed a highly significant direct correlation between tax and 4-1BB mRNA (Figure 2D; r = 0.91; p = 6.9E-05). A comparison of 4-1BB mRNA levels after HDACi treatment between LTR-Tax and empty vector-transfected cells demonstrated that the substantial increase in transcription was specific to the LTR-Tax-transfected cells and was not solely a result of the compound administration (Figure 2C; Supplementary Figure S1). We conclude that HDACi are promising agents to activate HTLV-1 transcription. These findings are in agreement with previous studies, which showed that Vorinostat, Panobinostat, Valproate, and Romidepsin can be used to reverse HTLV-1 latency in vitro (20, 50, 51). However, our data suggest that Panobinostat, Belinostat, and Romidepsin might be more successful at causing an enduring and extensive manipulation of Tax expression than Valproate.



Dose-dependent effects of Panobinostat, Belinostat, and Romidepsin on Tax protein and tax transcripts in transiently transfected cells

Due to the promising performance of Panobinostat, Belinostat, and Romidepsin in raising tax transcription in transiently transfected Jurkat T-cells, these three HDACi were selected for further evaluation and dose-finding experiments in the same model system. Analogous to the preceding experiments, Jurkat T-cells were transfected with LTR-Tax and incubated with four concentrations of the compounds for 24 h. An LDH release assay revealed that Jurkat T-cell viability was significantly reduced by the upper concentrations of Panobinostat (100 nM, 500 nM, 1 µM), Belinostat (500 nM, 1 µM), and Romidepsin (50 nM, 100 nM) (Supplementary Figure S2A) in the presence of Tax, compared to cells were Tax was absent (Figure 1). However, independent of the concentration tested, at least 80% of cells were still viable upon treatment (Supplementary Figure S2A), thus allowing further analysis. All HDACi tested induced acetylation of histone H3 dose-dependently, as detected by anti-Ac-H3 antibodies (Figure 3A). Minimal dosages required for a significant increase in Ac-H3 were 100 nM Panobinostat, 500 nm Belinostat and 10 nM Romidepsin, respectively. Despite a strong rise in Ac-H3 between the two lowest concentrations of Panobinostat and Romidepsin, the further increase in acetylation at the highest employed concentration was less prominent: a maximum level of achievable acetylation appeared to have been reached. Concomitantly, Panobinostat, Belinostat, and Romidepsin led to a dose-dependent enhancement of tax mRNA, which was significant in all of the tested concentrations (Figure 3B). However, 100 nM Panobinostat and 10 nM Romidepsin were more potent than 1 µM Belinostat (Figure 3B). The increase in tax mRNA (Figure 3B) correlated well with that of Ac-H3 (Figure 3A) (Pearson correlation r = 0.88; p = 1.40E-07; Supplementary Figure S2C), linking the mode of action of the HDACi closely to the activation of transcription. However, despite this observed induction of transcription, the Tax protein level did not change much compared to the solvent control (Figure 3A). Only one concentration of Belinostat resulted in a significant increase of Tax protein. Additionally, there is no dose-dependency visible in the increase of Tax protein upon Panobinostat treatment. The inadequate representation of increased tax transcription in Tax protein expression was mirrored by a weaker correlation between tax mRNA and Tax protein levels (Pearson correlation r = 0.63; p = 2.1E-03; Supplementary Figure S2C), as well as between Ac-H3 and Tax protein (Pearson correlation r = 0.62; p = 2.7E-03; Supplementary Figure S2C). The failure of Tax protein expression to reflect raised tax transcription points toward additional barriers in Tax expression posing as a post-transcriptional block, which has also been described for the related retrovirus HIV-1 (52).




Figure 3 | Despite a strong dose-dependent increase in histone acetylation, Tax protein is only slightly enhanced by HDACi in Jurkat T-cells. (A–C) Jurkat T-cells were transiently transfected with 15 µg LTR-Tax and filled with the empty vector DNA pEF1α to 50 µg. Increasing doses of HDACi Panobinostat or Belinostat (10 nM, 100 nM, 500 nM, 1 µM), or Romidepsin (1nM, 10 nM, 50 nM, 100 nM) were added at 24 h post transfection for 24 h. PMA+Ionomycin served as positive control for activation of viral transcription and DMSO as solvent control. (A) Western Blot shows Tax protein, acetylated histone H3 (Ac-H3), and α-Tubulin (Tubulin) as the loading control. Densitometric analysis of Tax protein expression and Ac-H3, relative to Tubulin, of three independent experiments was performed. Mean values ± SE are depicted and HDACi treatment was compared to DMSO treatment using Student’s t-test (*p < 0.05; **p < 0.01; ***p < 0.001). (B) Mean rcn of tax normalized to those of the housekeeping gene β-Actin of three independent experiments, and of nine independent experiments for the controls, ± SE are depicted, and values were compared to DMSO using Student’s t-test (*p < 0.05; **p < 0.01; ***p < 0.001). (C) Mean rcn of tax and the Tax-target genes 4-1BB and HIAP-1, normalized to the housekeeping gene β-Actin, were correlated and subjected to Pearson correlation analysis (Pearson correlation coefficient r = 0.98 and r = 0.97 respectively, p = 9.05E-12 and p = 2.90E-10 respectively).



Expression of the NF-κB-dependent Tax-target genes 4-1BB and HIAP-1 was also measured; the latter acts as an inhibitor of apoptosis by binding caspases 3, 7, and 9 (37). Both 4-1BB and HIAP-1 mRNA displayed a highly significant positive Pearson correlation with tax mRNA (Figure 3C; r = 0.98 and r = 0.97 respectively; p = 9.05E-12, and p = 2.90E-10 respectively; Supplementary Figure S2B, upper and middle panel), suggesting that either tax mRNA is able to induce NF-κB-dependent target genes, or that Tax protein was induced by HDACi treatment, but at undetectable levels or at an earlier timepoint. To investigate whether the boost in transcription following HDACi treatment is specific for tax and Tax-target genes, mRNA levels of the non-Tax-target gene FOXP3 were measured, whose expression is upregulated by HBZ, the sole anti-sense-strand product of HTLV-1 (53). Transfection of LTR-Tax and treatment with the solvent control DMSO led to slightly lower levels of FOXP3 than in the empty vector control, underscoring that Tax does not enhance FOXP3 transcription (Supplementary Figure S2B, lower panel). HDACi treatment raised FOXP3 mRNA levels. Nevertheless, the absolute rcn of FOXP3 remained two orders of magnitude beneath the rcn of the Tax-target genes at a level that we would not consider physiologically relevant (Supplememtary Figure S2B, lower panel). These findings demonstrate that while Panobinostat, Belinostat, and Romidepsin significantly induce transcription of tax and Tax target genes, Tax protein levels remain largely unaffected. Finally, out of the group of hydroxamate HDACi, Panobinostat is more potent than Belinostat in this setting at inducing tax transcription.



Selected HDACi dose-dependently induce apoptosis in chronically infected cells

Next, the chronically HTLV-1-infected T-cell line MT-2 (28) was employed to investigate the influence of the HDACi treatment on the integrated HTLV-1 provirus. This contrasts with previous experiments, which relied on transient transfection of the LTR-Tax plasmid in Jurkat T-cells. MT-2 cells were incubated with the indicated concentrations of Panobinostat, Belinostat, and Romidepsin for 24 h. Subsequently, flow cytometry staining with a LIVE/DEAD stain and an Annexin V conjugate was performed to determine the proportion of viable, early apoptotic, and late apoptotic and necrotic cells. 100 nM and 500 nM Panobinostat and 50 nM Romidepsin significantly reduced the frequency of viable cells (Figure 4A). 500 nM Panobinostat also significantly enhanced the amount of late apoptotic and necrotic cells. Especially, Panobinostat and Romidepsin reduced the viability of the chronically infected cells dose-dependently, whereas Belinostat had little influence on cell vitality. These findings agree with other studies that found that 25-50 nM Panobinostat strongly induces apoptosis in MT-2 cells and other ATL-related cell lines (47) and that 3.6 nM Romidepsin (calculated with molecular weight 540.7 g/mol) amplifies Annexin V positivity significantly in MT-2 cells (51).




Figure 4 | Panobinostat, Belinostat, and Romidepsin dose-dependently increase tax transcripts, but only mildly Tax protein in chronically HTLV-1-infected cells. (A–D) MT-2 cells were treated with increasing concentrations of the HDACi Panobinostat, Belinostat, or Romidepsin as indicated for 24 h. PMA+Ionomycin served as a positive control for activation of latent viral transcription, DMSO served as solvent control. Cells were subjected to (A, B) flow cytometry and (C, D) qRT-PCR. (A) Flow cytometry upon staining of cells with the LIVE/DEAD Fixable Far Red Dead Cell Stain Kit and the Annexin V pacific blue conjugate. The frequencies of viable cells (double-negative cells; green), early apoptotic cells (LIVE/DEAD-/Annexin V+; yellow), or late apoptotic and necrotic cells (LIVE/DEAD+; red) are indicated (gating strategy: Supplementary Figure 3A). Etoposide (15 µM) served as a positive control for induction of apoptosis. Mean percentages of each cell population of three independent experiments ± SE are depicted and were compared to DMSO treatment using Student’s t-test (*, p < 0.05; **, p < 0.01). (B) Flow cytometry of Tax protein in living cells. Fold change of arithmetic mean fluorescence intensities normalized to DMSO of three independent experiments ± SE are depicted, and values were compared to DMSO treatment using Student’s t-test (*, p < 0.05). (C) Mean rcn of tax normalized to the housekeeping gene β-Actin, of four independent experiments ± SE were compared to DMSO-treated cells using Student’s t-test (*, p < 0.05; **, p < 0.01; ***, p < 0.001). (D) Mean rcn of tax and the Tax-target genes 4-1BB and HIAP-1, normalized to the housekeeping gene β-Actin, were correlated and subjected to Pearson correlation analysis (Pearson correlation coefficient r = 0.95 and r = 0.84 respectively, p = 1.11E-06 and p = 5.37E-04 respectively).





Selected HDACi dose-dependently enhance tax transcription, but not Tax protein expression in chronically infected cells

Next, we examined the influence of the HDACi Panobinostat, Belinostat, and Romidepsin on Tax protein expression and transcription in MT-2 cells by intracellular Tax staining followed by flow cytometry (Supplementary Figure S4A) and qRT-PCR, respectively. Apart from the positive control treatment with PMA+Ionomycin (110%), only 10 nM Panobinostat (133%) and 10 nM Romidepsin (134%) produced a significant intensification of Tax protein above the solvent control level of DMSO (dotted line) (Figure 4B). Considering the impact on the percentage of Tax-expressing cells led to similar results (Supplementary Figure S4B). In this case, only 10 nM and 100 nM Panobinostat (136% and 116% respectively) and PMA+Ionomycin (109%) treatment significantly raised Tax frequency above the solvent control. Observing the level of Tax protein expression in the MT-2 cells, there seemed to be no dose-dependent impact of the HDACi administration discernible. Previous studies revealed that 5 ng/ml Romidepsin (≈ 9.2 nM, calculated with molecular weight 540.7 g/mol) increases Tax protein expression in MT-2 cells (51), and both 20 nM and 200 nM Panobinostat boosted Tax expression in MT1GFP cells (50). In agreement with the present results, no dose-dependency was observed in the treatment of MT1GFP cells with the two concentrations of Panobinostat.

qRT-PCR was employed to evaluate the effect of the HDACi administration on tax transcription. Primarily, Panobinostat and Romidepsin could substantially and dose-dependently raise tax mRNA levels (Figure 4C). In contrast, Belinostat had no significant impact on tax transcription. The superiority of Panobinostat and Romidepsin to Belinostat was reproducible on the Tax-target gene level, represented by 4-1BB and HIAP-1 quantification (Supplementary Figure S3B, upper and middle panel). tax mRNA correlated very well and significantly with its target genes (Figure 4D). By contrast, although the non-Tax-target gene FOXP3 also significantly increased upon HDACi treatment, expression of FOXP3 remained ca. two logarithmic orders lower than expression of the target genes (Supplementary Figure S3B, lower panel (54)). These findings on the transcriptional level in MT-2 cells (Figure 4C, D; Supplementary Figure S3B) paralleled the results from the transiently transfected Jurkat T-cells (Figure 3C, D; Supplementary Figure S2B).



Toxicity of Panobinostat and Romidepsin on lymphocytes from HTLV-1 infected patients is time-dependent

We then evaluated further how the HDACi treatment affects the spontaneous burst of Tax expression in ex vivo cells from HTLV-1 infected patients. It has been established that plus-strand expression of HTLV-1 is usually undetectable in freshly isolated PBMCs. Thereafter, Tax expression increases strongly and spontaneously upon ex vivo culture, reaching a maximum after six to twelve hours of culture, after that decreasing again (7, 55, 56). We sought to modify this spontaneous burst, which is currently the best available in vitro model for latent HTLV-1 infection. We used samples from five HTLV-1 infected individuals who were either asymptomatic carriers or had HAM/TSP (Table 2) and all had a proviral load of >1 HTLV-1 DNA copy per 100 PBMCs. CD4+ T-cells represent the main latent reservoir of HTLV-1 infection and were therefore isolated by negative selection prior to culture. Removal of CD8+ T-cells prevented CTL-mediated killing of the infected cells during the culture. Since Panobinostat and Romidepsin were most potent in inducing Tax expression in MT-2 cells (above), one concentration of each HDACi was selected for further experiments in primary cells. 50 nM Panobinostat and 5 nM Romidepsin were initially administered on d0. On d2 of culture, the cells received a second dose, equivalent to a quarter of the initial treatment on d0. Samples were harvested on d0, d1, and d4.


Table 2 | Patient PBMC samples used for ex vivo analysis.



Flow cytometry was employed to quantify the viability of the cells throughout the treatment period (Figure 5A). Samples started out with 98-99% viable cells and maintained a 91-92% viability on d1, with no significant difference between the HDACi treatment and the solvent control DMSO. During the subsequent culture period, the viability of the DMSO-treated cells dropped significantly to 84 % on d4 compared to d1. However, the HDACi treatment significantly impaired cell viability compared to DMSO on d4. Panobinostat and Romidepsin resulted in 32% and 36% viable cells, respectively. These results are in agreement with earlier findings showing that the HDACi Valproate was also proapoptotic in PBMCs from HTLV-1-infected patients and lymphocytes from healthy patients (20, 21).




Figure 5 | Panobinostat and Romidepsin enhance tax transcripts but inconsistently Tax protein. (A–H) CD4+ T-cells isolated from five HTLV-1 infected patients were treated with Panobinostat (50 nM; blue), Romidepsin (5 nM; pink), or the solvent control DMSO (black) on d0. The cultured cells received a second treatment on d2, equivalent to a quarter of the initial treatment of d0. Cells were analyzed via (A–C) flow cytometry, (D–F, H) qRT-PCR, and (G) ELISA, on days 0, 1, and 4. (A) Cell viability was determined by flow cytometry based on LIVE/DEAD staining. Mean values of the five patient samples (P1-P5) ± SE are depicted, and values were compared to the respective solvent-treated cells (DMSO) using Student’s t-test (***p < 0.001). (B) Intracellular Tax expression was analyzed via flow cytometry using the LIVE/DEAD Near-IR Dead Cell Stain Kit, CD4, and Tax (Lt-4 mAB) labeling (gating strategy: Supplementary Figure 5A). The mean percentage of intracellular Tax protein expression of the five patient samples ± SE was compared to DMSO treatment using Student’s t-test (**p < 0.01). (C) The individual frequency of Tax expression of patient 4 (P4) is plotted. (D) Mean rcn of tax, normalized to those of the housekeeping gene β-Actin, of the five patients ± SE were compared using Student’s t-test (*p < 0.05 relative to DMSO). (E) Mean rcn of tax and Tax-target genes 4-1BB and HIAP-1, normalized to the housekeeping gene β-Actin, were correlated and subjected to Pearson correlation analysis (Pearson correlation coefficient r = 0.97, and r = 0.98 respectively, p = 1.18E-03, and p = 2.43E-04 respectively). (F) Mean rcn of gag, normalized to those of the housekeeping gene β-Actin, of the five patients ± SE were compared using Student’s t-test (all p > 0.05 relative to DMSO). (G) The release of Gag p19 was assessed via ELISA. The mean of the five patient samples of the absolute Gag p19 concentration ± SE is represented and was compared using Student’s t-test (*p < 0.05; **p < 0.01, relative to DMSO). (H) Mean rcn of sHBZ, normalized to those of the housekeeping gene β-Actin, of the five patients ± SE were compared using Student’s t-test (all p > 0.05 relative to DMSO).





HDACi consistently raise tax and gag transcription ex vivo but display patient-specific kinetics in Tax protein expression in lymphocytes from HTLV-1 infected patients

To assess the impact of Panobinostat and Romidepsin treatment on Tax protein expression, intracellular Tax was stained in CD4+ T-cells on d0, d1, and d4 of culture with either 50 nM Panobinostat, 5 nM Romidepsin, or the solvent control DMSO. At the beginning of the culture period, barely any Tax protein expression (< 0.4%) was detectable (Figure 5B). During the subsequent treatment period, the spontaneous burst in Tax protein was clearly visible on d1 (Figure 5B, Supplementary Figure S5C). Mean percentages of Tax expression in five patients rose to 5.2% in DMSO-treated, 3.9% in Panobinostat, and 4.7% in Romidepsin treated CD4+ T-cells (Figure 5B). After that, Tax protein levels declined until d4. Overall, the HDACi treatment did not significantly enhance Tax frequency and intensity on d1 and d4 (Figure 5B, Supplementary Figure S5C). However, the d4 Tax frequency was significantly lower in HDACi treated cells than in DMSO (Figure 5B). Examining the individual data from the five patients highlights that there were patient-specific differences in the kinetics of Tax expression. In patient four (P4; Figure 5C) and patient one (P1; Supplementary Figure S5D, left panel), the Romidepsin administration caused an increase in Tax frequency compared to the solvent control on d1 of the time course. However, in three out of five patients, HDACi treatment caused a decrease in Tax protein expression (Supplementary Figure S5D). In summary, the measurement of Tax protein yielded inhomogeneous results between the patients. Tax expression under treatment with Romidepsin was consistently higher than Tax protein levels under Panobinostat treatment. Results from the quantification of tax transcription stood in contrast to the inconsistent Tax protein expression. Both Panobinostat and Romidepsin treatment enhanced tax transcription in all five patients on d1 of ex vivo culture (Figure 5D). This uniform boost was significant for Romidepsin compared to DMSO. Analogous to the transiently transfected Jurkat T-cells (Figures 2B-D, 3B,C) and the chronically infected MT-2 cells (Figures 4C, D), the increase in tax transcription also translated to the Tax-target gene level, resulting in a very good and significant correlation with 4-1BB and HIAP-1 mRNA levels (Figure 5E; Supplementary Figure S5E, left and middle panel). Conversely to the Tax-target genes, the non-Tax-target gene FOXP3 was repressed by the HDACi on d1 (Supplementary Figure S5E, right panel). Quantification of transcripts was impossible on d4 due to lacking sample amount.

To investigate whether the findings concerning tax transcription and Tax protein expression in the HTLV-1 infected CD4+ T-cells also apply to other genes of HTLV-1, we evaluated Gag expression. Gag is a sense-strand-encoded structural gene present in all replication-competent retroviruses (57). Gag mRNA was boosted by the Panobinostat and the Romidepsin treatment, albeit not significantly (Figure 5F). In addition, gag expression rose concomitantly with tax mRNA, and transcription of those two sense strand genes correlated very well (Pearson correlation r = 0.99; p = 8.995E-05; data not shown). Gag protein release, together with the HTLV-1 core protein p19 into the culture supernatant was quantified by ELISA (Figure 5G). The amount of Gag in the supernatant rose during the culture period, due to the continuous release. However, this release of Gag was impaired in the samples treated with Panobinostat or Romidepsin compared to DMSO. This inhibition was already visible on d1 and even more prominent on d4. Panobinostat impaired the release significantly on d1 and d4 and Romidepsin on d4. The repression occurred in all patients, except for the Romidepsin treatment in P2 on d1. Collectively, these findings parallel the expression of Tax in the aspect that an induced transcription was not adequately translated into protein. Deteriorating cell viability can only partially explain the diminished Gag release.

These results show that HDACi treatment robustly increases transcription of the sense-strand of HTLV-1. In two out of five patients, the induction of tax mRNA resulted in a slight induction of Tax protein; in three out of five, the rise in tax mRNA had not impact on the protein level. These findings suggest patient-specific obstacles between plus-strand transcription and translation, potentially due to differences in reservoir size, genetic background, gender, or type of therapy, as observed for HIV (58).



Anti-sense transcription of sHBZ is regulated inversely to sense strand transcription

Next, we examined the effects of Panobinostat and Romidepsin on HBZ transcription via qRT-PCR (Figure 5H). HBZ served as a surrogate for the minus-strand transcription of HTLV-1. In contrast to Tax, which is only expressed in infrequent bursts, HBZ is continuously produced, albeit at a very low level (59, 60). The HBZ gene exists as unspliced (usHBZ) and spliced version (sHBZ), whereas the sHBZ protein inhibits Tax-mediated transcriptional activation of the sense strand more strongly than usHBZ (38).Thus, we decided to focus on sHBZ. The level of detectable sHBZ was in general very low, compared to the other quantified viral genes tax and gag. On d1, sHBZ mRNA levels were lower in the cells treated with Panobinostat or Romidepsin than in the solvent control DMSO. However, this observed impact was not significant (Figure 5H).

Previous experiments with PBMCs from HAM/TSP patients demonstrated that while Valproate activates plus-strand transcription, HBZ expression from the minus-strand was inhibited (20). Thus, our data emphasize that this differing effect on sense- and anti-sense transcription is not specific for the HDACi Valproate but also displayed by the HDACi Panobinostat and Romidepsin.




Discussion


Key findings with Panobinostat and Romidepsin point towards a post-transcriptional block, which was not observed in Valproate trials

Attempts to boost Tax expression in latently infected T-cells of people living with HTLV-1, to expose those cells to the host’s immune response, primarily focused on the HDACi Valproate. Despite a transient decrease in the PVL of HAM/TSP patients, Valproate treatment failed to achieve a permanent reduction (20, 21, 25). We hypothesized that more potent or more selective HDACi might prove superior to Valproate in manipulating Tax expression. In this study, we demonstrated that Panobinostat, Belinostat, and Romidepsin resulted in a higher rate of tax transcription than Valproate in transiently transfected Jurkat T-cells. Therefore, these three HDACi were selected for further dose response experiments in transiently transfected Jurkat T-cells and chronically infected MT-2 cells. Panobinostat and Romidepsin proved to be the most successful at enhancing especially tax transcription, but less so Tax protein expression. In consecutive experiments in CD4+ T-cells from people living with HTLV-1, the HDACi robustly induced sense transcription, including tax and gag genes. Tax transcription also translated to the Tax-target gene level in all of the model systems, resulting in enhanced 4-1BB and HIAP-1 expression. Unlike the raised sense transcription, the anti-sense transcription of sHBZ was repressed. Interestingly, there were patient-specific kinetics present in the translation to protein. Induction of tax mRNA only resulted in increased Tax protein in two out of five patients. The boost in gag transcription did not raise Gag release, but rather Gag release was repressed by the HDACi treatment with Panobinostat and Romidepsin. The discrepancy between raised tax, Tax-target, and gag transcription and only inconsistently enhanced protein expression pointed towards a post-transcriptional block in the sense-strand expression of HTLV-1.

This raises the question why this putative post-transcriptional block was not witnessed in previous studies investigating the HDACi Valproate. It has been demonstrated that 2 mM Valproate enhances the release of HTLV-1 p19 core protein from PBMCs from HAM/TSP patients over 48 h. In an explorative trial with four HAM/TSP patients, Valproate reached a serum concentration from 0.31-0.65 mM (calculated from 45 to 93 µg/ml with molecular weight 143.2 g/mol). In these patients, the HDACi treatment transiently increased the PVL at first, but thereafter the PVL decreased compared to the initial PVL (21). However, a two-year trial of HAM/TSP patients with Valproate showed that significant long-term suppression of the PVL is not achievable (25). Another ex vivo study found that 5 mM Valproate boosts tax transcription and Tax protein expression in CD4+ T-cells from people living with HTLV-1. The boosted tax transcription, induced by 5 mM Valproate, peaked at a high level on d1 and declined over the remaining ex vivo culture period of five days. Furthermore, the increase in Tax protein compared to nontreated samples was significant on d1 of culture. Thereafter, on d2, there was a decrease in Tax protein observable. Release of the viral protein Gag was also stimulated by 5 mM Valproate after 2d of cell culture. This protein induction was concomitant with a rise in gag mRNA (20). By contrast, in our study Panobinostat and Romidepsin did not induce Tax protein expression as robustly as Valproate. This might be due to the selected dosing. The reported results were obtained with 5 mM Valproate, which modified HTLV-1 gene expression profoundly. This fundamental alteration of HTLV-1 gene expression together with possible off-target effects, might “override” presumed post-transcriptional blocks and result in a significant induction of Tax protein expression ex vivo. Yet, it is crucial to note that conditions evoked by 5 mM Valproate under cell culture circumstances are not feasible in vivo. Other studies describe achievable plasma concentrations of Valproate to be 0.25-0.6 mM or 1-2 mM (25, 61). In patients treated for HIV-1 latency reversal, Panobinostat reaches 50-60 nM peak plasma concentrations in its lowest dosing schedule (62). Adequate plasma concentrations of Romidepsin are 128-247 nM (reported as 69 ng/ml to 134 ng/ml, calculated with molecular weight 540.7 g/mol) (63). Therefore, our employed concentrations of 50 nM Panobinostat and 5 nM Romidepsin chosen in our ex vivo study of lymphocytes from people living with HTLV-1 mirror in vivo conditions more appropriately.

Furthermore, Valproate is a short-chain fatty acid HDACi, and this group of HDACi is known for its poor bioavailability and low HDAC inhibitory activity (18, 19). It is essential to consider that besides HDAC inhibition, Valproate has several other pharmacodynamic targets. These include induction of GABA signalling, inhibition of sodium channels, increase in glutamate signalling, modulation of DNA methylation, and indeed activation of the MAPK/ERK pathway (64, 65). Recently, this pathway has been shown to be implicated in the induction of sense-strand transcription of HTLV-1. Cellular stress, e.g., hypoxia, is sensed by p38-MAPK, and activation of p38-MAPK leads to increased tax transcription (66). This off-target effect might also contribute to Valproate being able to reactivate HTLV-1 from latency.

Still, it is surprising that the rise in tax mRNA expression on d1, attributed to Panobinostat and Romidepsin application, was not translated into a consistent rise in Tax protein. A previous study of PBMCs from four HAM/TSP patients found that tax mRNA and Tax protein expression correlate closely during the first 48 h of ex vivo culture (67). Yet, this correlation was not observed once the cells were treated with the HDACi Panobinostat and Romidepsin in our study. In contrast to Valproate, the mode of action of the cyclic peptide HDACi Romidepsin is presumably more limited to epigenetic modification. Interestingly, a trial with HIV-1 infected patients showed that Romidepsin preferentially increases early events in HIV transcription (initiation and elongation) (68). Consequently, the HDACi treatment only relieved a portion of the post-transcriptional blocks. However, since certain HDACi induce autophagy in T-cells (69), this might also explain the discrepancy between increased tax mRNA and only moderately enhanced Tax protein levels, which has to be addressed in future studies. Further agents are required to alleviate other barriers (completion of transcription, multiple splicing, translation) to retroviral reactivation in combination with HDACi treatment. Furthermore, retroviral gene expression cannot be looked at in isolation since one decisive determinant of transcription is the proviral integration site in the host genome. There are typically 104 to 105 individual clones found in one HTLV-1 infected person (4, 7). An HIV-1 barcoding technology demonstrated that different LRAs, phytohemagglutinin, and the HDACi Vorinostat, reactivated proviruses inserted at distinct genomic locations (70, 71). This is a critical step in the direction of understanding why some latently infected cells can be induced and others not.

Retroviral latency is tightly regulated, and there are several diverse barriers to a comprehensive reactivation from latency. In the related retrovirus HIV-1, it has been described that large quantities of the latent reservoir could be reactivated in the course of kick-and-kill trials, but elimination of those was ultimately insufficient (12). In vitro data using a primary CD4+ T-cell model also documented that HDACi treatment with Vorinostat increased viral transcription but only limited viral translation (52). These findings with HIV-1 parallel the results from our investigation of Panobinostat and Romidepsin in HTLV-1 infected CD4+ T-cells. These characteristics of HDACi treatment might be attributed to HDACi only targeting one facet of the transcriptional and post-transcriptional blocks implicated in latency. Comprehensively, they comprise epigenetic blocks, transcription initiation blocks, transcription elongation blocks, and post-transcriptional blocks (58). One example of a post-transcriptional block is the downregulation of Matrin 3 (MATR3) in latently-infected patients’ cells. The nuclear matrix protein MATR3 is a positive regulator and post-transcriptional cofactor of HIV-1. Ectopic overexpression of MATR3 rescued HIV-1 reactivation under HDACi treatment (72).

Since Tax induction by the HDACi treatment also profoundly alters cellular gene expression, it is essential to consider these effects. Tax expression has been associated with both increased cell death and protection from apoptosis (50, 73, 74). A caveat of the kick-and-kill approach is that protection from apoptosis might render the infected cells less responsive to a cytotoxic T-cell response. An intriguing method to target this is via inhibition of HIF-1α. This might circumvent cell death resistance in infected cells and provides a further direction of research (73).

Our study demonstrated that the HDACi Panobinostat and Romidepsin robustly activate tax transcription in all examined model systems, but only moderately impacted Tax protein levels. This calls into question whether HDACi have a sufficiently strong potential to reactivate HTLV-1, to justify their use in the kick-and-kill approach. We argue that due to the complex nature of retroviral latency a multi-facetted approach will be vital to effectively expose latently infected cells to the host’s immune response. Therefore, a combination treatment that addresses multiple aspects of blocks in latency reversal possesses the greatest promise. Our data highlights that HDACi can be a key component of the kick-and-kill approach.



HDAC- and HDACi-specific implications

Only little is known about the HDAC complex formation at the HTLV-1 LTRs, besides the fact that it differs between the 5’LTR and 3’LTR. HDAC 1 and 2 favor the 5’LTR, and HDAC 3 preferentially binds at the 3’LTR (26). These are all class I HDACs (13). It is questionable how the selectivity of the HDACi might influence HTLV-1 reactivation since so little is known about the distribution of other HDACs in HTLV-1 infected lymphocytes.

Panobinostat is a pan-HDACi, and Romidepsin selectively inhibits class I HDACs (13). Despite their differential selectivity, side effect profiles of Romidepsin and Panobinostat seem comparable. However, a study found that Romidepsin is disproportionally toxic to activated T-cells, especially CTLs (75). In our study, especially Panobinostat and Romidepsin induced cell death. However, generally it is not surprising that HDACi treatment induces apoptosis, considering that HDACi are commonly also used as anticancer agents due to their proapoptotic potential (13).

Furthermore, it is crucial to consider, that HDACi with the same selectivity and members of the same HDACi class can still display different potency. This applies to Panobinostat and Belinostat in our study, both hydroxamate pan-HDACi. Panobinostat proved to be superior to Belinostat in transiently transfected Jurkat T-cells and chronically infected MT-2 cells in inducing tax transcription. Belinostat’s inferiority in inducing Tax expression aligns with it having very little influence on cell vitality. Panobinostat being more promising than Belinostat in the context of HTLV-1 latency reversal is consistent with the finding that Panobinostat was also more potent than Belinostat in inducing production of the related retrovirus HIV in latently infected primary cells (61).

Importantly, Tax can also translocate to the cytoplasm and interact with HDAC 6 there. This interaction inhibits the formation of stress granules, which would result in sequestration and silencing of mRNA. Thereby, Tax allows the efficient translation of proteins even during cellular stress (76). HDAC 6 is a member of the class IIb HDACs (13). Thus, it is not impaired by Valproate or Romidepsin but by Panobinostat. Therefore, Panobinostat, as pan-HDACi, may possess additional potential in inducing HTLV-1 reactivation on multiple levels.

Additionally, the killing of infected cells through CTLs might be affected by HDACi treatment. On the one hand, concerns focus on the lytic efficiency of CTL cells (12). However, there is evidence that at least Valproate does not impair the lytic efficiency of CTL cells in HTLV-1 infected patients (25). On the other hand, recent data submitted for publication showcased that ex vivo Panobinostat treatment drastically downregulated the expression of interferon-regulated genes in lymphocytes from an HIV-1 infected patient, potentially jeopardizing the killing (77). Therefore, further investigations should evaluate whether this alteration in gene expression is also of consequence in HTLV-1 infection and how efficient killing of infected cells can be ensured.



Contribution and conclusion

While it might not currently be feasible to reactivate all HTLV-1-infected cells, this might still be a worthwhile endeavor. This idea is supported by the fact that the PVL of a patient can serve as a biological marker and risk factor for the development of ATL and HAM/TSP and the worsening of HAM/TSP (78–81). The PVL of a patient is proportional to the amount of distinct infected T-cell clones. A higher oligoclonality is associated with ATL than with HTLV-1 infected individuals without this malignant condition. The number of unique integration sites is higher in patients with HAM/TSP than in asymptomatic carriers of HTLV-1 (82). Thus, even if the treatment with HDACi as latency-reversing agents can only reactivate a portion of latently infected clones, and these can consequently be eradicated, this might already lower the risk of developing ATL and HAM/TSP, or prevent deterioration of the clinical state.

This study provides evidence for the potential of Panobinostat and Romidepsin to be further investigated, perhaps in combination with other compounds, to reactivate HTLV-1 from latency. Our results highlight that these HDACi can contribute to relieving an epigenetic block in HTLV-1 latency. Further studies will have to determine which drug combinations can best reactivate different subsets with distinct integration sites from latency and relieve additional blocks.
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Human T-lymphotropic virus type 1 (HTLV-1)-associated myelopathy/tropical spastic paraparesis (HAM/TSP) is an inflammatory neurodegenerative disease that affects motor, urinary, intestinal, and sensory functions. Typically, HAM/TSP is slowly progressive, but it may vary from limited motor disability after decades (very slow progression) to loss of motor function in a few years from disease onset (rapid). In this study, we aimed to identify prognostic biomarkers for HAM/TSP to support patient management. Thus, proteomic analysis of the cerebrospinal fluid (CSF) was performed with samples from HTLV-1 asymptomatic carriers (AC) (n=13) and HAM/TSP patients (n=21) with rapid, typical, and very slow progression using quantitative label-free liquid chromatography/tandem mass spectrometry. Enrichment analyses were also carried out to identify key biological processes associated with distinct neurological conditions in HTLV-1 infection. Candidate biomarkers were validated by ELISA in paired CSF and serum samples, and samples from HTLV-1-seronegative individuals (n=9) were used as controls. CSF analysis identified 602 proteins. Leukocyte/cell activation, immune response processes and neurodegeneration pathways were enriched in rapid progressors. Conversely, HTLV-1 AC and HAM/TSP patients with typical and very slow progression had enriched processes for nervous system development. Differential expression analysis showed that soluble vascular cell adhesion molecule 1 (sVCAM-1), chitotriosidase 1 (CHIT1), and cathepsin C (CTSC) were upregulated in HAM/TSP. However, only CHIT1 was significantly elevated after validation, particularly in HAM/TSP rapid progressors. In contrast, none of these biomarkers were altered in serum. Additionally, CSF CHIT1 levels in HAM/TSP patients positively correlated with the speed of HAM/TSP progression, defined as points in the IPEC-2 HAM/TSP disability scale per year of disease, and with CSF levels of phosphorylated neurofilament heavy chain, neopterin, CXCL5, CXCL10, and CXCL11. In conclusion, higher CSF levels of CHIT1 were associated with HAM/TSP rapid progression and correlated with other biomarkers of neuroinflammation and neurodegeneration. Therefore, we propose CHIT1 as an additional or alternative CSF biomarker to identify HAM/TSP patients with a worse prognosis.
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1 Introduction

The human T-lymphotropic virus (HTLV) type 1 infection is associated with the development of two main diseases: a malignancy of CD4+ T-cells named adult T-cell leukemia/lymphoma (ATLL) and the HTLV-1-associated myelopathy/tropical spastic paraparesis (HAM/TSP) (1, 2), which is a chronic inflammatory neurodegenerative disease that affects mainly the upper motor neurons in the thoracic spinal cord (3, 4). HTLV-1 infection is worldwide distributed but it shows hot spots of endemicity in several countries and regions, including Brazil, Japan, the Caribbean, Central and West Africa, the Middle Eastern, and Australia (5–9). In recent years, HTLV-1 infection has been also considered a matter of concern as it remains a threat to communities, particularly in low-income countries due to the lack of epidemiological surveillance and control measures but also in association with the rising levels of human migration (9–11).

HAM/TSP development can present distinct speed rates, which have been defined as: (i) very slow, with partial decline of the motor ability after decades of disease; (ii) typical, the most common presentation of the disease; and (iii) rapid progression, characterized by a fast decline of the motor function within two years from symptoms onset (12). Clinical investigation has shown that elevated HTLV-1 proviral load (PVL) is the major factor associated with HAM/TSP development (13–15). However, long-term HTLV-1 asymptomatic carriers (AC) may also present high HTLV-1 PVL, suggesting that this is not the only factor associated with the progression to HAM/TSP (16). Moreover, HTLV-1 PVL has low predictive value as a prognostic biomarker to define the speed of HAM/TSP progression. Therefore, the identification of biomarkers to improve HAM/TSP diagnosis and prognosis has been pursued.

HTLV-1 transmission occurs mainly via cell-cell contact and in vivo studies report that HTLV-1 preferentially infects CD4+ T-cells (17, 18). The precise mechanism of disease development is still not completely clear. However, the most accepted hypothesis is that the inflammatory response of mononuclear cells against infected T-cells within the central nervous system (CNS) indirectly causes the neurological damage (19–21). At the early stages of the disease, infected CD4+ T-cells cross the blood-brain barrier (BBB) into the CNS. These cells overproduce interferon-γ (IFN-γ) in HAM/TSP patients, which stimulates CXCL10 secretion by astrocytes. In turn, this process recruits more inflammatory and infected T-cells to sites of active lesions in the spinal cord, thus leading to demyelination, axonal loss, and death of distinct CNS cell types (22).

The presence of elevated levels of inflammatory factors such as neopterin, CXCL10, and CXCL9 in the cerebrospinal fluid (CSF) have been shown to strongly correlate with HAM/TSP development and progression (23–25). Increased CSF levels of interleukin (IL)-1β, IL-6, granulocyte/macrophage-colony stimulating factor (GM-CSF), IFN-γ, and chemokines such as CCL3, CCL5, and CCL11 were also associated with HAM/TSP (26). Furthermore, it was demonstrated that OX40 (CD134), a member of the tumor necrosis factor (TNF) receptor family, was overexpressed in mononuclear cells infiltrating the spinal cord of a patient with early HAM/TSP onset and clinically progressive status. Elevated CSF levels of OX40 were also observed in patients with rapidly progressive HAM/TSP compared to chronic HAM/TSP or other inflammatory neurological diseases (27). Additionally, the vascular cell adhesion molecule 1 (VCAM-1), a protein expressed in the cellular membrane upon stimulation by proinflammatory factors (28, 29) was upregulated in the endothelium of spinal cord lesions (30) and in T-cells from HAM/TSP patients (31). The assessment of the CSF protein profile of HTLV-1-infected individuals also showed that VCAM-1 is differentially expressed in HAM/TSP, and the combination of serum levels of VCAM-1 and SPARC (Secreted protein acidic and rich in cysteine) with the HTLV-1 PVL could predict disease onset in 89.7% of the cases (32).

The aim of this study was to investigate the CSF protein profile in a cohort of HTLV-1 AC and HAM/TSP patients with distinct rates of disease progression to discover biomarkers to improve the diagnosis of HAM/TSP. We show that chitotriosidase 1 (CHIT1) levels in the CSF were strongly associated with the speed of HAM/TSP progression and it could discriminate patients with rapid disease progression. Furthermore, we discuss the association of our findings with other important markers involved in neuroinflammation, neuronal injury, and migration of immune cells to the CNS.



2 Material and methods


2.1 Study design and population

This is a cross-sectional study performed with paired CSF and serum samples from HTLV-1-infected patients (n=34) older than 18 years enrolled between August 2017 and August 2018 from the cohort of the Instituto Nacional de Infectologia Evandro Chagas (INI) of the Fundação Oswaldo Cruz (FIOCRUZ), Rio de Janeiro, Brazil. This study had the approval of the institutional committee of ethics in research (protocol number 27057119.9.0000.5262, February 6th, 2020). Clinical diagnosis of HAM/TSP was performed following the World Health Organization guidelines (33). Patients were excluded when: diagnosed with co-infection with other viruses (HIV, HBV, HCV and HTLV-2); underwent treatment with corticosteroids or other immunomodulating drugs in 1 year prior to lumbar puncture; diagnosed with ATLL, autoimmune diseases or other chronic inflammatory disorders; diagnosed with other diseases that impair the motor function, such as Parkinson’s syndrome, rheumatoid arthritis, ankylosing spondylitis and others; or presented decubitus bedsores in the six months prior to sample collection.

Study participants were distributed in groups as HTLV-1 AC (n=13) and HAM/TSP patients (n=21). Patients with HAM/TSP were further subdivided according to the rate of disease progression, as previously described (25). Briefly, HAM/TSP patients were evaluated with the IPEC-2 disability scale (Supplementary Table 1), which was performed by at least one of the four trained and experienced neurologists who participated in this study, and the disease progression index was obtained by the quotient between the scores and the time of disease in years. The speed of HAM/TSP progression was characterized as: very slow (n=6), for disease progression index ≤ 0.37 points/year; typical (n=9), for index values between 0.38 and 1.44 points/year; and rapid (n=6), for index ≥ 1.45 points/year. Paired CSF (n=9) and serum samples (n=5) from HTLV-1 seronegative individuals with non-inflammatory and non-infectious neurological diseases (normobaric hydrocephalus) were included as negative controls.



2.2 Proteomic analysis


2.2.1 Sample preparation and protein digestion

CSF samples from HTLV-1-infected patients were obtained by lumbar puncture between L3/L4 or L4/L5 vertebrates, collected into polypropylene tubes and maintained on ice bath. Aliquots were separated for cell counting, and for the quantification of total proteins and glucose. After, samples were centrifugated at 400 × g for 10 minutes, the supernatants were filtered with 0.45 μm polyethersulfone hydrophilic membrane and stored at -80°C.

At the time of use, CSF samples were thawed and a volume corresponding to 100 μg of total proteins was concentrated in a SpeedVac centrifuge (Thermo Fisher Scientific, MA, USA). To enhance the sensitivity of the proteomic analysis, albumin and immunoglobulin G (IgG), two of the most abundant proteins in the CSF, were depleted using the Pierce™ Albumin/IgG Removal kit (Thermo Fisher Scientific, MA, USA) according to the manufacturer’s instructions. The albumin/IgG-depleted samples were again concentrated in a SpeedVac and resuspended in 20 μL of 0.4 M ammonium bicarbonate and 8 M urea. After, 5 μL of 100 mM dithiothreitol (DTT) was added, and the solution was incubated at 37°C for 1 hour. Following, 5 μL of 400 mM iodoacetamide was added and the solution was further incubated at room temperature and protected from light for 1 hour. Finally, urea concentration was adjusted to 1 M with 130 μL of deionized water (Milli-Q), and protein digestion was performed by overnight incubation at 37°C with 1/50 (m/m) of sequencing grade modified trypsin (Promega, WI, USA).



2.2.2 Liquid chromatography-tandem mass spectrometry analysis

After protein digestion, peptides were desalted in C18 spin-columns and eluted in 0.1% formic acid 40% acetonitrile. Peptides samples were dried in SpeedVac centrifuge without heating and resuspended in 0.1% formic acid 5% DMSO 5% acetonitrile prior to separation by liquid chromatography with the UltiMate™ 3000 RSLCnano System (Thermo Fisher Scientific, MA, USA). The flow was adjusted to 250 nL/min with a 120 min linear gradient of 5−40% acetonitrile and carried out in two phases: (a) 0.1% formic acid, and (b) 0.1% formic acid and 95% acetonitrile. Also, it was used a 15 cm long and 75 μm diameter analytic column containing 3 μm diameter C18 particles and heated at 60°C. Peptides were analyzed in technical duplicates using 600 ng in a Orbitrap Fusion™ Lumos™ Tribrid™ Mass Spectrometer (Thermo Fisher Scientific, MA, USA). For the Ion Source, the spray voltage was set at 2300 V and the ion transfer tube temperature at 175°C. For the Master Scan (MS1), it was used a resolution of 120,000, a m/z scan range of 300−1500, the standard AGC Target, an injection time of 50 milliseconds, and it was performed with the incorporation of the EASY-IC™. Additionally, data-dependent acquisition mode was performed to obtain MS2 spectra using an intensity threshold set at 2.0 × 104, an injection time of 22 milliseconds, a dynamic exclusion period of 60 seconds, and a cycle time of 2 seconds between MS1 scans. The higher-energy collisional dissociation with Orbitrap detection (HCD-OT) was implemented for peptide fragmentation and spectra detection, which was performed with the standard AGC Target and the Orbitrap resolution set as 15,000. Each sample was analyzed in two technical runs. The raw data were deposited at the ProteomeXchange Consortium via PRIDE under the identification PXD034065.



2.2.3 Data analysis

Mass spectrometry output data were analyzed with the MaxQuant software version 1.6.17.0 (34). The Homo sapiens UniProt database (35) (75777 entries of non-redundant, canonical proteins and isoforms, accessed on November 11th 2021) was used for protein identification. Proteins with at least seven amino acid length were accepted while peptide and protein FDR were set at 1%. The oxidation of methionine and acetylation of protein N-terminal modifications were included as variable and carbamidomethylation of cysteine as fixed modification, and both were considered for protein quantification. The resulting summary table with protein identification and intensity values was analyzed with the R software version 3.6.1. Proteins representing potential contaminants or identified only by peptides with modified sites were excluded.

Proteins displaying intensity > 0 were considered as identified. Proteins identified in at least one sample were visualized with the VennDiagram package and considered for qualitative analysis. The functional enrichment analysis using Gene Ontology (GO) terms of biological process and the Kyoto Encyclopedia of Gene and Genomes (KEGG) databases was performed with the gprofiler2 package, and the top hits were displayed in dot plot graphs generated by the enrichplot package. For the quantitative analysis, the intensity values scale and normalization were carried out with the Perseus software version 1.6.10.43 (36). For this, proteins identified in at least one sample of each group were used. The intensity values were log2-transformed, and the missing values were inputted with values from a normal distribution and then normalized by subtracting each value from the median protein intensity among samples. The resulting data matrix was exported and further analyzed in the R software.




2.3 ELISA

Soluble VCAM-1 (sVCAM-1), chitotriosidase 1 (CHIT1), and cathepsin C (CTSC) were quantified by ELISA using the following kits (all from Thermo Fisher Scientific): Human sVCAM-1 ELISA (Cat. No. BMS232), Human Chitotriosidase ELISA (Cat. No. EH105RB), and Human Cathepsin C ELISA kit (Cat. No. EH73RB). Assays were performed following the manufacturer’s instructions. For sVCAM-1 quantification, CSF and serum samples were diluted at 1:2 and 1:50, respectively. The lower limit of detection (LLOD) for sVCAM-1 was 0.66 ng/mL in the CSF and 16.5 ng/mL in the serum. Quantification of CHIT1 was performed with CSF and serum samples diluted at 1:10 and 1:80, respectively, with a LLOD of 0.04 ng/mL in the CSF and of 0.32 ng/mL in the serum. CSF samples were used undiluted for CTSC quantification, while serum samples were diluted at 1:2, following the manufacturer’s protocol. The LLOD for CTSC in the CSF and serum were 0.95 ng/mL and 2.10 ng/mL, respectively.



2.4 Statistical analysis

The analysis of differential protein expression was performed with the Student’s t-test. In order to assess candidate biomarkers, correlation analysis was performed between the LC-MS/MS protein intensity and the HAM/TSP progression index, with value 0 attributed to HTLV-1 AC, and significant results were ranked by the p-value. After, the protein intensity of potential biomarkers was compared between the groups of HTLV-1 AC and HAM/TSP patients with very slow, typical, and rapid progression using the Kruskal-Wallis test, followed by Dunn’s posthoc test. CSF and serum levels of sVCAM-1, CHIT1, and CTSC defined by ELISA were log10-transformed and differences between groups were evaluated with the Kruskal-Wallis test, followed by Dunn’s posthoc test. Unadjusted p-values were used and differences with p < 0.05 were considered significant. Spearman’s rank of correlation analysis was used to determine the association between distinct CSF markers. Volcano and strip plots were generated with the ggplot2 package, and scatter plots were constructed with the ggpubr package for R software.




3 Results


3.1 CSF protein profile in HTLV-1-infected individuals

The CSF protein profile was determined in samples from HTLV-1 AC and HAM/TSP patients. In total, 602 proteins were identified and the distribution among groups is displayed in the Venn diagram (Figure 1A) (Supplementary Table 2). HAM/TSP patients were subdivided according to the speed of disease progression. HTLV-1 AC and HAM/TSP patients showed a similar profile, with 543 proteins in common (90.2%). It was observed that 16 proteins were exclusively identified in HTLV-1 AC and 43 proteins were detected only in HAM/TSP patients, and 31 of them (72.1%) were associated with rapid disease progression.




Figure 1 | Investigation of the cerebrospinal fluid proteome of HTLV-1-infected individuals. (A) Venn diagram shows the number of proteins identified by LC-MS/MS in samples from patients separated as HTLV-1 asymptomatic carriers (AC) (n=13), and HAM/TSP patients with very slow (n=6), typical (n=7), and rapid (n=6) disease progression. Functional enrichment analysis of protein sets was performed using the databases from (B) the Gene Ontology terms of biological processes and (C) the Kyoto Encyclopedia of Genes and Genomes (KEGG). The size of the dots is proportional to the number of proteins enriched in the process/pathway, and the color gradient indicates the adjusted p-values. (D–F) Differential protein expression between groups according to the neurological condition is presented in Volcano plots showing uncorrected -log10-transformed p-values and the log2-transformed fold change of common proteins between the two groups. Proteins differentially expressed with log2-transformed fold change higher than 0.6 and lower than -0.6 and were considered upregulated (red dots) and downregulated (blue dots), respectively. The statistical analysis was performed with the Student’s t-test. Differences with -log10-transformed p-value higher than 1.3 were considered significant.



The functional enrichment analysis was performed with protein sets identified in each group of patients. The top hits associated with protein sets from selected groups are displayed in Figures 1B, C. HAM/TSP with rapid progression presented an association with leukocyte activation (GO:0045321, 13 of 31 proteins), cell activation (GO:0001775, 13 of 31 proteins) and immune response processes (GO:0006955, 14 of 31 proteins). The analysis using the KEGG database also revealed the stimulation of neurodegeneration pathways (KEGG:05022, 7 of 27 proteins). Among HTLV-1 AC, proteins exclusively detected in this group were related to positive regulation of apoptotic cell clearance (GO:2000427, 2 of 15 proteins) (Supplementary Table 3). Conversely, the small number of proteins exclusively identified in the groups of HAM/TSP patients with typical and very slow disease progression limited their analysis. The evaluation of proteins found in the intersection between HTLV-1 AC and HAM/TSP patients with typical and very slow disease progression, that is excluding only rapid progressors, displayed an association with processes of nervous system development (GO:0007399, 13 of 20 proteins), including neuron development, projections and axon development (Figure 1B). In contrast, the analysis using the KEGG database returned no hits for proteins found in the groups of HTLV-1 AC and HAM/TSP patients with typical and very slow progression as well as in their intersections (Supplementary Table 3).

The differential expression analysis showed that the soluble vascular cell adhesion molecule 1 (sVCAM-1) was the most upregulated protein in HAM/TSP patients compared to HTLV-1 AC (log2 fold-change = 1.696, p = 0.004) (Figure 1D). In addition, the chitotriosidase 1 (CHIT1) protein was also upregulated in HAM/TSP patients (log2 fold-change = 1.467, p =0.042) (Figure 1D). Furthermore, HAM/TSP rapid progressors had increased cathepsin C (CTSC) expression compared to individuals with very slow disease progression (log2 fold-change = 2.431, p = 0.006) (Figure 1E). Moreover, the differential protein expression between individuals with rapid and typical HAM/TSP progression revealed that CHIT1 (log2 fold-change = 2.865, p = 0.041) was the most upregulated protein among rapid progressors (Figure 1F). The statistical analysis of CHIT1 expression in HAM/TSP patients with very slow progression was not possible since no intensity for this protein was detected in this group. In addition, the comparison between individuals with typical and very slow disease progression resulted in very few and unremarkable differentially expressed proteins (Supplementary Figure 1).

The functional enrichment analysis of upregulated proteins in HAM/TSP patients with rapid progression reinforced the relevance of the inflammatory process. In the comparison with the groups of HTLV-1 AC, and HAM/TSP patients with typical and very slow progression, it was respectively observed enriched processes of positive regulation of immune system process (GO:0002684, 7 of 11 proteins), leukocyte activation (GO:00045321, 8 of 15 proteins), and apoptosis (KEGG:04210, 2 of 2 proteins). On the other hand, processes of angiogenesis (GO:0001525, 3 of 3 proteins) were enriched in HTLV-1 AC compared to HAM/TSP rapid progressors (Supplementary Table 4).



3.2 CSF and serum levels of sVCAM-1, CHIT1, and CTSC

To assess candidate biomarkers, it was performed the correlation analysis between the intensity of all proteins identified by LC-MS/MS and the HAM/TSP progression index. Statistically significant results were ranked by the p-value. CHIT1 (R = 0.587, p < 0.001) and beta-2-microglobulin (B2M; R = 0.515, p = 0.003) showed the most significant correlations (Table 1). In HAM/TSP rapid progressors, CHIT1 and CTSC displayed higher intensity in LC-MS/MS compared to HTLV-1 AC and HAM/TSP patients with very slow progression (Supplementary Figure 2). Furthermore, higher protein intensity in HAM/TSP rapid progressors was also observed for B2M, sVCAM1, ANGPTL7, and COL1A1 compared to HTLV-1 AC (Supplementary Figure 2). Indeed, the differential protein expression analysis revealed a greater log2 fold-change for sVCAM1, CHIT1, and CTSC among HAM/TSP patients with rapid progression (Figures 1E, F and Supplementary Figure 1), which determined the choice of these three proteins for further validation by ELISA.


Table 1 | Correlation between the LC-MS/MS protein intensity and the HAM/TSP progression index.



The concentrations of these proteins were determined in paired CSF and serum samples from HTLV-1-infected individuals and an HTLV-1 seronegative control group. sVCAM-1 levels were higher in the CSF of HAM/TSP patients (2.94 ng/mL, IQR 2.06-3.74 ng/mL) in comparison with the control group (1.19 ng/mL, IQR 0.89-1.25 ng/mL) (Dunn’s test p < 0.001). HAM/TSP patients also displayed increased CHIT1 CSF levels (1.74 ng/mL IQR, 0.97-3.32 ng/mL) compared to the HTLV-1 AC (0.62 ng/mL, IQR 0.45-0.79 ng/mL) and control groups (0.73 ng/mL, IQR 0.36-1.21 ng/mL) (Dunn’s posthoc test p = 0.006 and 0.017, respectively) (Figures 2A, B). In turn, CTSC levels in the CSF were higher in uninfected individuals (1.99 ng/mL, IQR 1.49-6.05 ng/mL) than in HTLV-1 AC, which presented values below the LLOD of the assay (< 0.95 ng/mL) (Dunn’s test p = 0.004) (Figure 2C). HAM/TSP patients were also evaluated according to the speed of disease progression. Rapid progressors showed significantly higher CSF levels of sVCAM-1 (3.78 ng/mL, IQR 3.69-4.24 ng/mL) and CHIT1 (3.88 ng/mL, IQR 3.40-8.24 ng/mL) compared to very slow progressors (sVCAM-1: 1.98 ng/mL, IQR 1.86-2.39 ng/mL; and CHIT1: 1.13 ng/mL, IQR 0.86-1.44 ng/mL) (Dunn’s test p = 0.0274 and 0.0070, respectively) (Figures 2D, E). Moreover, HAM/TSP patients with rapid disease progression also had higher CHIT1 CSF levels compared to those with typical progression (1.35 ng/mL, IQR 0.96-2.28 ng/mL) (Dunn’s test p = 0.0284) (Figure 2E). Furthermore, no difference was also observed in CTSC concentration between groups (Figure 2F). Conversely, these proteins did not show altered serum levels between groups (Figures 2G–L).




Figure 2 | Validation of proteome findings in the cerebrospinal fluid (CSF). sVCAM-1, chitotriosidase 1 (CHIT1), and cathepsin C (CTSC) concentration were determined by ELISA in paired (A–F) CSF and (G–L) serum samples from HTLV-1-infected individuals identified according to their clinical status as HTLV-1 asymptomatic carriers (AC) (n=13) and HAM/TSP patients (n=21). The CSF (n=9) and serum samples (n=5) from individuals with non-inflammatory and non-infectious neurological diseases were used as a control. HAM/TSP patients were also subdivided according to the speed of disease progression as very slow (n=6), typical (n=9) and rapid (n=6). The statistical analysis was performed with Kruskal-Wallis test, followed by Dunn’s posthoc test. Unadjusted p-values were used and differences with p < 0.05 were considered significant. (M–O) The association of the HAM/TSP progression index, defined by the speed of neurological deterioration in the IPEC-2 disability scale and the time of disease, and the CSF levels of CHIT1, sVCAM-1, and CTSC was evaluated by Spearman’s rank of correlation analysis, and p-values < 0.05 were considered significant.



Interestingly, CSF levels of sVCAM-1 and CHIT1 slightly increased with the rate of disease progression, as observed in Figures 2D, E. Indeed, correlation analysis confirmed an association between the HAM/TSP progression index and the CSF concentration of CHIT1 (Spearman R = 0.577, p = 0.006) and sVCAM-1 (Spearman R = 0.448, p = 0.047) (Figures 2M, N) but not for CTSC (Spearman R = 0.058, p = 0.804) (Figures 2O). Moreover, the reliability of the proteome profile determined by LC-MS/MS analysis was confirmed by multiple regression analysis using data of the CSF CHIT1 levels quantified by ELISA and the CSF CHIT1 intensity, which showed a significant correlation (R2 = 0.662, p < 0.001) (Supplementary Figure 3).



3.3 CHIT1 and sVCAM-1 levels correlate with biomarkers of neuroinflammation and neurodegeneration in HAM/TSP patients

Distinct biomarkers of neuroinflammation and neuronal death were previously evaluated in this study population (25). In HAM/TSP patients, CSF levels of CHIT1 positively correlated with neopterin, a byproduct from the monocyte/macrophage inflammatory response (Spearman R = 0.603, p = 0.005), and with the phosphorylated neurofilament heavy protein (pNfH), a biomarker for neuronal damage (Spearman R = 0.627, p = 0.003). It was also observed a positive correlation with chemokines in the CSF, and increasing CSF CHIT-1 levels were associated with elevated levels of CXCL10 (Spearman R = 0.548, p = 0.011) and CXCL11 (Spearman R = 0.436, p = 0.048), which are potent chemoattractants to Th1 cells, and with CXCL5 levels (Spearman R = 0.439, p = 0.046) (Figures 3A−E and Supplementary Table 5).




Figure 3 | Association of CHIT1 and sVCAM-1 with biomarkers of neuroinflammation and neuronal damage in the CSF of HAM/TSP patients. The correlation between the CSF concentration of (A–E) CHIT1 and (F–L) sVCAM-1 with neopterin, phosphorylated neurofilament heavy chain (pNfH) protein, and proinflammatory chemokines (CCL2, CCL3, CCL4, CXCL1, CXCL5, CXCL8, CXCL10, and CXCL11) was performed with Spearman’s rank of correlations test. The biomarkers of neuroinflammation or neuronal damage were assessed in this population in a previous study (25). The concentration values were log2-transformed and p-values <0.05 were considered significant.



In HAM/TSP patients, CSF levels of sVCAM-1 positively correlated with CSF neopterin (Spearman R = 0.565, p = 0.011). A positive correlation was also observed with CXCL1 and CXCL8 (Spearman R = 0.608, p = 0.004; and Spearman R = 0.484, p = 0.03, respectively), which are involved in the recruitment of neutrophils and NK cells, with CCL2 (Spearman R = 0.48, p = 0.034), CCL3 (Spearman R = 0.665, p = 0.001), and CCL4 (Spearman R = 0.493, p = 0.027), which are chemoattractant to monocytes and T-cells. In addition, CSF sVCAM-1 levels also correlated with the CSF concentration of pNfH in HAM/TSP patients (Spearman R = 0.562, p = 0.011) (Figures 3F−L; Supplementary Table 5).




4 Discussion

The study of the protein profile of human tissues and bodily fluids has been an important tool for the discovery of disease biomarkers for early diagnosis or prognosis, particularly in disorders with silent onset or rapid progression. In addition, data from high throughput assays also have great value in identifying biological processes underlying mechanisms of disease development. In this study, the CSF of HAM/TSP patients showed elevated CHIT1 levels even though the CSF of these individuals showed high similarity with HTLV-1 AC, since most proteins identified in the proteomic analysis (90.2%) were shared between groups. Interestingly, when HAM/TSP patients were divided according to the speed of disease progression, 72.1% of the proteins (31 of 43 proteins) identified in this group were exclusively expressed in rapid progressors. This suggests that unique processes have been upregulated in this group as a sign of the fast neurological decline observed.

HAM/TSP patients with rapid progression expressed proteins related to immune response and leukocyte/cell activation, and pathways associated with neurodegeneration. In agreement with our study, rapid progressors seem to present stronger inflammatory activity in the spinal cord (12). Therefore, these data suggest that the speed of HAM/TSP progression might be defined or influenced by unbalanced deleterious and protective responses acting in the processes of neuroinflammation and neurodegeneration. However, further studies are still needed to elucidate this hypothesis.

The CHIT1 is expressed by cells of the myeloid lineage, particularly by mature macrophages, and by microglia cells in the CNS (37, 38). This protein has a chitinase activity and therefore has a role in the immune response to chitin-containing pathogens (39). Furthermore, in the CNS, CHIT1 is associated with adaptive Th2 response, tissue remodeling, and oligodendrogenesis (37). CHIT1 was also shown to promote a TGF-β-induced uptake of β-amyloid by microglia cells in vitro (40). To our knowledge, this study is the first to associate CHIT1 expression with HAM/TSP development. Altered levels of CHIT1 in the CSF have been shown as a biomarker for other neurodegenerative disorders, such as Alzheimer’s disease, amyotrophic lateral sclerosis (ALS), and multiple sclerosis (41–43). In ALS, it was observed an association between CSF CHIT1 levels and both disease severity and progression (44, 45). In addition, CHIT1 intrathecal administration in a rat experimental model induced microglia and astrocyte activation leading to neuroinflammation and neuronal loss in the spinal cord (44). Similar findings were observed in patients with multiple sclerosis with rapid neurological deterioration, which displayed higher CSF CHIT1 levels in addition to other markers of microglial activity, such as TREM-2 (triggering receptor expressed on myeloid cells 2) and CH3L1 (chitinase-3-like protein 1 precursor) (41). In this study, the HTLV-1-infected individuals with distinct levels of neurological involvement showed no difference in the serum concentration of CHIT1. This suggests that CHIT1 was intrathecally produced. In ALS, controversial results indicate that only CSF CHIT1 levels or both CSF and serum levels are useful as disease biomarker (43, 44). However, the lack of paired CSF and serum samples in these studies might limited to obtain consistent conclusions.

High CSF sVCAM-1 was also associated with faster HAM/TSP progression in our study, although it was not possible to use this protein as a biomarker to discriminate between HAM/TSP patients and HTLV-1 AC, or to predict the speed of HAM/TSP progression. However, sVCAM-1 also displayed distinct levels in the CSF and the serum of HTLV-1-infected individuals, also suggesting intrathecal production and shedding. In contrast, Ishihara et al. (32) observed an upregulation of sVCAM-1 in the CSF and plasma of unpaired HTLV-1-infected populations. This controversy was also observed in patients with multiple sclerosis, in which elevated sVCAM-1 in the CSF did not consistently correlate with serum/plasma levels (46, 47). Moreover, patients with subacute HIV-associated dementia presented higher levels of sVCAM-1 in CSF but not in serum (48).

The release of sVCAM-1 from brain endothelial cells seems to play a role in inflamed BBB in multiple sclerosis, enhancing the BBB permeability by autocrine stimulation (49). Since sVCAM-1 was not elevated in the serum of HAM/TSP patients, VCAM-1 production and release was likely occurring within the CNS and not by transport through the BBB. The frequency of microglia expressing VCAM-1 is enhanced in oligodendrocyte injured regions in multiple sclerosis, while endothelial cells in spinal cord lesions were VCAM-1 negative, suggesting its participation in the demyelination process (50). Moreover, the CSF patients with HIV-associated neurocognitive disorder show a correlation between increased levels of sVCAM-1 and markers of macrophage/microglia (CD163 and CD14) (48). In HAM/TSP patients, increased expression of VCAM-1 and its ligand (VLA-4) is present in chronically active spinal cord lesions (19). Moreover, the frequency of T-cells expressing CD49d (Integrin subunit alpha 4), a component of VLA-4, is increased in the peripheral blood of HTLV-1-infected individuals (51). Therefore, more studies are needed to investigate whether CNS cells are responsible for VCAM-1 shedding and the role of this protein in processes related to neuronal damage and demyelination in HAM/TSP.

Recently, neopterin and CXCL10 have been shown as promising biomarkers for HAM/TSP progression evaluated with the Osame Motor Disability Score (24), and confirmed in this study population using the IPEC-2 disability scale (25). Neopterin is a byproduct of immune responses mediated by monocytes/macrophages. Indeed, CSF neopterin has been shown as a biomarker for numerous viral and bacterial diseases affecting the CNS as well as in chronic neuroinflammatory disorders (52). In this study, CHIT1 and sVCAM-1 showed a significant correlation with neopterin in the CSF of HAM/TSP patients. In addition, CHIT1 and sVCAM-1 also showed an association with pNfH, a component of neurofilaments and a biomarker for the destruction of myelinated axons. In ALS patients, pNfH has been associated with higher CHIT1 levels of in the CSF (43, 53). The neurofilament light chain (NfL) protein, another biomarker for axonal loss, also correlates with CSF CHIT1 levels in patients with ALS and multiple sclerosis (42, 54). This association however was not observed in our study, likely as a result from the chronic and slow progression rate of HAM/TSP compared to ALS and multiple sclerosis, in addition to the shorter half-life of NfL in comparison to pNfH.

In addition, CHIT1 correlated with the concentration of CXCL5, CXCL10, and CXCL11 in 13 chemokines previously assessed in the CSF of this study population. CXCL10 and CXCL11 are ligands of the CXCR3, a chemokine receptor expressed in Th1 cells and CD8+ T-cells and strongly associated with HAM/TSP progression (24, 25). This confirms the importance of CXCR3 chemotactic axis in the recruitment of Th1 and CD8+ T-cells to the CNS and in HAM/TSP pathogenesis. In addition, CSF sVCAM-1 correlated with CCL3 and CCL4, ligands of CCR5, a chemokine receptor also present in Th1 and CD8+ T-cells as well as in monocytes. These inflammatory chemokines were also upregulated in the CSF of HAM/TSP patients compared to HTLV-1 AC (25), although they were not identified as biomarkers for disease progression. Therefore, the correlation between CSF CHIT1 and the HAM/TSP progression index and CXCL10 levels strengthen the indication of CHIT1 as a candidate biomarker for CXCL10.

CHIT1 and sVCAM-1 concentration in CSF also correlated with chemokines involved in the chemotaxis of polymorphonuclear cells, such as CXCL5, CXCL8, and CXCL1, all ligands of CXCR2. However, cells infiltrating the CNS of HAM/TSP patients were predominantly mononuclear cells (25), as well as previously shown by others (19). Therefore, the CSF concentration of these chemokines in HAM/TSP neuroinflammation might not be sufficient to attract polymorphonuclear cells expressing CXCR2 into the CNS. Nonetheless, activated astrocytes secrete CXCL1, which in turn can induce VCAM-1 expression in cerebral endothelial cells (55). Therefore, the production of these cytokines may represent a side-effect of the strong activation of astrocytes, as shown by their involvement with CXCL10 secretion in response to IFN-γ released by HTLV-1-infected cells (56).

Interestingly, the mass spectrometry analysis suggested that HAM/TSP rapid progressors had higher CTSC levels in the CSF compared to individuals with very slow progression. In the CNS, CTSC promotes microglia M1 polarization (57) and it is highly expressed under neuroinflammatory conditions (58), particularly in areas of demyelination (59). However, it was not possible to determine whether CTSC plays a role in HAM/TSP development since CTSC concentration was undetectable in the CSF of most participants and no difference was observed between groups. Unfortunately, the lower limit of detection of ELISA kits commercially available for the CTCS quantification did not allow to determine its CSF concentration.

In contrast to rapid progressors, HAM/TSP patients with typical and very slow progression presented CSF protein profiles closer to HTLV-1 AC, particularly of proteins related to processes to stabilize and/or to limit the CNS damage. These groups presented the expression of proteins related to nervous system development, which may represent a counter-response to the neuronal damage promoted by the inflammatory response against HTLV-1 infection. These proteins participate in the guidance, synaptic regulation, and survival of regenerating axons, including cell adhesion molecules such as the cell adhesion molecule L1 like protein (CHL1) (60, 61) and the contactin 6 (CNTN6) (62). Other factors are involved in synaptic organization, such as the heterodimer receptor formed by neuropilin 2 (NRP2) and plexinA4 that binds the endothelial-secreted semaphorin-3G (SEMA3G). However, it was shown that SEMA3G is reduced in the CSF of patients with Alzheimer’s disease, which might contribute to the impairment of the structure and the plasticity of synapses (63). In addition, protocadherin alpha-C2 (PCDHAC2), a protein expressed in the axons and synaptic junctions of neurons, is associated to neuronal survival, synaptic connectivity, axonal convergence, and axonal projection of serotoninergic neurons (64). The αGDP dissociation inhibitor 1 protein (coded by GDI1 gene) is another protein participating in synaptic organization. GDI1 regulates the rab GTPase cycle and therefore can modulate the intracellular protein traffic, and the absence of CDI1 in the brain leads to the impairment of pre-synaptic functions and synaptic plasticity (65). Other proteins are associated with prevention of neurotoxicity, such as the arylsulfatase A (ARSA), an intracellular enzyme that hydrolyzes cerebroside sulfate, which is a lipid abundant in myelin that is neurotoxic when accumulated. Therefore, ARSA activity protects the CNS cells and prevents microglial activation and neuroinflammation (66). Thus, it is possible that these processes of neuronal development, plasticity, and survival might contribute to the prevention of HAM/TSP development or to slow down the speed of disease progression.

This study presented limitations, particularly regarding to the small sample size and the lack of a distinct testing population. However, the conduction of long-term cohort studies, with a structured neurological follow-up to determine the speed of HAM/TSP progression, and the recovery of paired CSF and serum samples are quite challenging. Despite that, our findings did demonstrate that CHIT1 levels in the CSF represent a promising biomarker for the prognosis of HAM/TSP, particularly to differentiate patients with rapid progression and worse prognosis. Since CHIT1 plays a role in proinflammatory responses observed in other neurodegenerative disorders, it would be interesting to investigate whether CHIT1 expression by CNS-infiltrating macrophages and/or resident microglial cells influence the positive regulatory feedback of neuroinflammation, and thus increasing the neurodegeneration in HAM/TSP.
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Human T-cell leukemia virus-1 (HTLV-1) is a retrovirus that persistently infects CD4+ T-cells, and is the causative agent of adult T-cell leukemia/lymphoma (ATLL), tropical spastic paraparesis/HTLV-1-associated myelopathy (TSP/HAM) and several inflammatory diseases. T-cell transformation by HTLV-1 is driven by multiple interactions between viral regulatory proteins and host cell pathways that govern cell proliferation and survival. Studies performed over the last decade have revealed alterations in the expression of many microRNAs in HTLV-1-infected cells and ATLL cells, and have identified several microRNA targets with roles in the viral life cycle and host cell turnover. This review centers on miR-150-5p, a microRNA whose expression is temporally regulated during lymphocyte development and altered in several hematological malignancies. The levels of miR-150-5p are reduced in many HTLV-1-transformed- and ATLL-derived cell lines. Experiments in these cell lines showed that downregulation of miR-150-5p results in activation of the transcription factor STAT1, which is a direct target of the miRNA. However, data on miR-150-5p levels in freshly isolated ATLL samples are suggestive of its upregulation compared to controls. These apparently puzzling findings highlight the need for more in-depth studies of the role of miR-150-5p in HTLV-1 infection and pathogenesis based on knowledge of miR-150-5p-target mRNA interactions and mechanisms regulating its function in normal leukocytes and hematologic neoplasms.
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Introduction

Human T-cell leukemia virus-1 (HTLV-1), the first retrovirus identified as pathogenic in humans (1), infects 5-10 million persons worldwide (2). HTLV-1 is the causative agent of adult T-cell leukemia/lymphoma (ATLL), tropical spastic paraparesis/HTLV-1-associated myelopathy (TSP/HAM) and several inflammatory diseases (3). The unique characteristics of HTLV-1 replication and persistence have thus far impeded the development of effective strategies to control infection and treat HTLV-1-associated diseases [reviewed by (4, 5)].

HTLV-1 codes for the regulatory/accessory proteins Tax, Rex, p30, p13, p12, and HBZ in addition to the Gag, Env and Pol genes common to all retroviruses [reviewed by (6, 7)]. Tax and Rex are essential for productive viral infection, with Tax driving transcription of the plus-strand genome [reviewed by (8)] and Rex functioning as an RNA escort that facilitates exit of plus-strand viral transcripts from the nucleus [reviewed by (9)].

CD4+ CD25+ T-cells are the main targets of HTLV-1 infection and transformation in vivo (10). In the current model of ATLL pathogenesis, Tax is considered to be the primary driver of neoplastic transformation while HBZ is essential for maintaining the transformed cell population [reviewed by (11, 12)].



HTLV-1 and the cellular miRNA network in infected T-cells and ATLL cells

microRNAs (miRNAs) are small RNAs of about 22 nt that induce degradation and/or block translation of target mRNAs after binding to complementary sequences in the mRNA’s 3’UTR. miRNA-mRNA interactions thus contribute to the precise control of gene expression in physiological and pathological settings including cancer [reviewed by (13)].

The role of miRNAs in HTLV-1 infection and disease has been investigated using PBMC from ATLL patients and asymptomatic carriers, cell lines and clones stabilized from ATLL cells or infected PBMC, and HTLV-1-transformed cell lines generated by cocultivating normal cells with patients’ infected cells. Control cells included normal PBMC, isolated CD4+ T-cells and the T-cell acute lymphoblastic leukemia (T-ALL)-derived cell line Jurkat. Results of these studies yielded many up-and downregulated miRNAs [reviewed by (14)].

Both Tax and HBZ directly influence the expression of specific miRNAs [reviewed by (15)]. Tax and HBZ also have general disruptive effects on miRNA expression through Tax-mediated ubiquitination and degradation of Drosha (16) and HBZ-mediated repression of Dicer expression (17). Dicer activity is also reduced through interactions with Rex (18).

Only a few miRNA-mRNA interactions have been described in the context of HTLV-1-transformed cells. miR-93 and miR-130b, identified as upregulated in ATLL samples and ATLL-derived cell lines, target the mRNA coding for the pro-apoptotic protein TP53INP1 (19). Two miRNAs upregulated by HBZ, miR-17 and miR-21, repress expression of the DNA-binding protein OBFC2A (gene symbol NABP1) (20). miR-34a-5p is overexpressed in HTLV-1-transformed cell lines and ATLL samples (19, 21); its targets identified in HTLV-1-transformed cell lines include the protein deacetylase SIRT1, the pro-apoptotic protein BAX, and the anti-apoptotic protein BIRC5 (Survivin) (21). miRNA profiling of a large panel of ATLL samples and normal CD4+ T-cell controls revealed downregulation of many miRNAs in ATLL cells (22). The most dramatically downregulated miRNA, miR-31, is silenced by genetic deletions and Polycomb-mediated repression. Downregulation of miR-31 increases levels of its target MAP3K14 (NIK), a positive regulator of the noncanonical NF-ĸB pathway (22). Bellon et al. showed that miR-124a is downregulated in ATLL samples, ATLL-derived cell lines and chronically infected cell lines compared to normal PBMC due to promoter methylation, and identified STAT3 as a miR-124a target (23).

miR-150-5p, one of the most highly expressed miRNAs in normal naïve CD4+ T-cells (see below), stands out among the many miRNAs that have been identified as deregulated by HTLV-1, as it was initially reported to be downregulated in HTLV-1-transformed cell lines and ATLL-derived cell lines but upregulated in ATLL samples compared to normal PBMC (19) and CD4+ T-cells (24). On the other hand, the 2012 study by Yamagishi et al. (22) did not identify miR-150 as up- or downregulated in ATLL samples vs. CD4+ controls using a stringent > 5-fold cutoff for differential expression.

RNAseq analyses confirmed significant downregulation of miR-150-5p in the HTLV-1-transformed cell lines C91PL and MT-2 compared to normal CD4+ T-cells (25). miRBase (version 22.1; https://www.mirbase.org) indicates a strong bias for expression of miR-150-5p compared to miR-150-3p; the text below refers to miR-150-5p as miR-150.

In an analysis of miR-150 and miR-223 in additional HTLV-1-transformed cell lines and ATLL cell lines (IL-2-independent or IL-2-dependent) compared to Jurkat cells, Moles et al. (26) detected reduced levels of both miRNAs in the transformed cell lines and the IL-2-independent ATLL cell lines, while the IL-2-dependent ATLL cell lines showed reduced levels of miR-223, but increased levels of miR-150. Analyses of the cell lines cultured with or without IL-2 indicated a link between miR-150 expression and IL-2 stimulation/dependence. Functional assays showed that miR-150 and miR-223 directly target STAT1. Ectopic expression of miR-150 or miR-223 interfered with proliferation of an HTLV-1-transformed cell line, indicating a tumor suppressor function (26).

Recent RNAseq analyses of PBMC from asymptomatic HTLV-1-infected patients (ASP) and control PBMC identified many differentially expressed small RNAs, including upregulated miR-150, in the ASP samples (27). Additional studies that included PBMC from ATLL patients detected higher levels of miR-150 in ATLL vs. both ASP and control PBMC (28). These findings would be strengthened by comparison of miRNAs in purified CD4+ cells, since PBMC preparations from ATLL samples contain a preponderance of infected CD4+ neoplastic cells compared to ASP or control PBMC samples.

Given the importance of miR-150 in normal lymphocyte development and its altered expression in a variety of neoplasms (29, 30), the expression of miR-150 and its mRNA targets in the context of HTLV-1 infection and disease merit further investigation. The following sections provide information on the role of miR-150 in normal CD4+ T-cells and selected hematologic malignancies that could help guide the design of further investigations of this miRNA as a potential actor in HTLV-1 replication and pathogenesis.


miR-150 and MYB

miR-150 levels are temporally regulated during B- and T-cell maturation. The first detailed miRNA profiling analyses of murine lymphocyte populations revealed abundant levels of miR-150 in mature B-cells and CD4+ T-cells compared to pro-B cells and thymocytes (31). In vitro activation of mature naïve CD4+ T-cells and CD8+ T-cells is accompanied by substantial alterations in the pattern of miRNA expression, including a rapid decline in miR-150 levels (31–33).

HTLV-1-infected cells and ATLL cells frequently express markers of regulatory T-cells (Tregs) including GITR (34), CD45RO (35) and FOXP3 (36). Early studies of murine lymphocytes showed that miR-150 is much less abundant in Tregs compared to helper CD4+ T-cells, and that forced expression of FOXP3 In CD4+ T-cells leads to downregulation of miR-150 (32).

Forced premature expression of miR-150 in hematopoietic stem/progenitor cells blocks B-cell development at the pro-B stage without overt disruption of T- and myeloid populations (37), while miR-150-knockout mice develop an expanded population of the B-cell subtype B1 without substantial effects on other B-cell subtypes or T-lymphocytes (38). The studies of murine B-cell maturation led to the identification of the transcription factor MYB (c-Myb) as a target of miR-150 (38). MYB plays a key role in the regulation of hematopoietic cell development and turnover, and it is deregulated in cancer cells [reviewed by (39)].

Recent miR-150-RNA-pull-down experiments in resting and in vitro-activated human CD4+ T-cells yielded the MYB transcript and many additional bound mRNAs, including PIK3R1 (phosphoinositide-3-kinase regulatory subunit 1), HNRNPAB (heterogeneous nuclear ribonucleoprotein AB), and PDAP1 (PDGFA-associated protein 1) (40). Results of CRISPR/Cas-9 editing experiments verified the relevance of miR-150, MYB and PDAP1 in regulating the activation state of CD4+ T-cells (40).

Although the potential for miR-150 to regulate MYB in the context of HTLV-1 has not been investigated, MYB function and expression are known to be altered in HTLV-1-infected cells through the actions of Tax and HBZ, with contrasting effects: while Tax represses expression of MYB (41, 42) and competes with MYB for binding to the transcription coactivators CBP/p300 (43), HBZ displaces Tax from p300/CBP and promotes MYB-CBP/p300 binding (44).

MYB is upregulated in ATLL samples compared to CD4+ T-cell controls (45). ATLL samples exhibit very high expression of MYB and in particular the splicing variant MYB-9A, a shorter protein isoform that is more active than full-length MYB. Both MYB and MYB-9A were shown to activate the NF-κB pathway, and knockdown of total MYB or MYB-9A alone induces apoptosis of ATLL cells (45). As depicted in Figure 1A, the predicted 3’UTR region of the MYB-9A mRNA lacks 2 functionally verified binding sites for miR-150 that are present in the full-length MYB transcript (38), suggesting that the MYB-9A mRNA in ATLL cells might bypass negative regulation by miR-150.




Figure 1 | miR-150 binding site predictions for MYB-9A and NOTCH1. Panel (A) The alternatively spliced transcript coding for full-length MYB (640 amino acids) contains 15 exons. TargetScan (46) predicts 3 binding sites for miR-150 in the MYB 3’UTR (ENST00000367814.4, 1193 nt). The second and third sites were found to be functionally relevant by Xiao et al. (38). The 3’UTR of MYB-9A (402 amino acids) has not been experimentally verified. The red line indicates a predicted 3’UTR based on the presence of a consensus sequence for polyadenylation (47) downstream of the MYB-9A stop codon. The miRNA target prediction tools STarMir (48) and RNA22 (49) do not identify miR-150-5p binding sites in this sequence. Panel (B) An NCBI BLAST search of the region spanning the functionally relevant miR-150 binding site in the murine NOTCH1 3’UTR characterized by Deng et al. (50) identified a highly similar sequence in the human NOTCH1 3’UTR. This segment contains a potential binding site for miR-150-5p according to TargetScan analysis of the NOTCH1 3’UTR (ENST00000277541.6, 1627 nt). TargetScan Release 8.0: https://www.targetscan.org/vert_80/, STarMir: http://sfold.wadsworth.org/, RNA22 version 2.0: http://cm.jefferson.edu/rna22/Interactive/.





miR-150 and NOTCH

An analysis of miRNA expression during human thymocyte maturation identified miR-150 among the most strongly upregulated miRNAs in the transition from CD4+CD8+ double-positive (DP) cells to mature CD4+ or CD8+ single-positive (SP) cells, and confirmed its sustained expression in mature circulating CD4+ and CD8+ SP populations (51). Integration of gene expression data obtained for thymocyte populations with miRNA target predictions led to the identification of NOTCH3 as a miR-150 target. Forced expression of miR-150 in T-ALL cell lines reduced the levels of NOTCH3, slowed cell proliferation and induced apoptotic death (51).

The NOTCH family proteins (NOTCH1-4) are cell-surface, transmembrane proteins that, after interacting with a NOTCH ligand (DLL1, DLL3, DLL4, JAG1, JAG2), undergo proteolytic cleavage of their cytoplasmic tails. The resulting Notch intracellular domain (NICD) peptide transfers to the nucleus, where it regulates transcription of target genes. NOTCH signaling regulates development and cell fate, including that of T- and B-cells, and is frequently deregulated in hematologic- and solid cancers [reviewed by (52)].

The NOTCH pathway is activated through diverse mechanisms in ATLL cells, including oncogenic mutations in NOTCH1 (53, 54), overexpression of JAG1 (55), a Tax-mediated increase in the half-life of the NICD (56), inactivating mutations of FBXW7, a ubiquitin ligase that directs NICD degradation (57), and mutations in NOTCH pathway-regulating genes ATXN1 and ZFP36L2 (54).

A recent study of pathways involved in the activation of murine macrophages demonstrated that miR-150 directly targets NOTCH1 (50). As shown in Figure 1B, the human NOTCH1 3’UTR contains a predicted binding site for miR-150 that is highly similar to the murine sequence. The possible impact of miR-150 on NOTCH signaling in HTLV-1-infected cells through its repression of NOTCH1 and/or NOTCH3 thus merits investigation.



miR-150 and GLUT1

The extent of miR-150 downregulation upon stimulation of naïve T-cells and downstream effects depend on the activating stimulus. Analyses of the response of CD4+ T-cells to stimulation with either anti-CD3/CD28 or anti-CD3/CD46 antibodies revealed a more pronounced downregulation of miR-150 in CD3/CD46 stimulated cells, which was paralleled by a more substantial increase in MYB levels (58). Further characterization of the activated cells identified the glucose transporter SLC2A1 (GLUT1) as a miR-150 target (58). These findings are of interest in the context of HTLV-1 infection, as GLUT1 plays a key role in the binding/entry phase of HTLV-1 infection (59). The observation that GLUT1 is needed to set up a metabolic profile that supports HIV-1 replication in CD4+ T-cells (60) suggests that regulation of the miR-150/GLUT1 balance might influence HTLV-1 replication at both the entry and post-entry phases.



miR-150 and AKT/mTOR signaling

miR-150 regulates the maturation and activity of NK cells (61, 62), and is frequently downregulated in NK/T lymphomas (63, 64). Forced expression of miR-150 in NK/T lymphoma cells results in reduced cell proliferation, increased apoptosis and a senescent phenotype. These effects were attributed in part to miR-150-mediated targeting of DKC1 (dyskerin pseudouridine synthase 1) and AKT2 (AKT serine/threonine kinase 2), both of which regulate telomerase activity (63). A subsequent study identified both AKT2 and AKT3 as miR-150 targets and showed that reintroduction of the miRNA into NK/T lymphoma cells increases their sensitivity to killing by ionizing radiation (64).

AKT is activated in ATLL cells and HTLV-1-transformed cell lines (65). Activated AKT feeds into the mTOR signaling network, which plays a central role in nutrient sensing, metabolism, and cell growth, and is frequently deregulated in cancer (66). Studies of T-ALL cells indicated a role for the AKT/mTOR pathway in downregulating miR-150 (67). Treatment of the T-ALL cell line Jurkat with the mTORC1-inhibitor rapamycin resulted in an increase in the levels of miR-150 and a block in the cell cycle; forced expression of miR-150 plus rapamycin augmented the anti-proliferative effect (67). Experiments performed in the myeloid leukemia cell line K562 led to the identification of FOXO4, TET3, PRKCA and EIF4B as direct miR-150 targets (68). The fact that EIF4B is an important downstream participant in mTOR signaling suggests that mTOR and miR-150 functionally antagonize each other. These observations are of interest, as both Tax and HBZ stimulate the mTOR pathway (69, 70). HTLV-1-transformed cell lines and ATLL samples respond to rapamycin and its analogue everolimus with growth arrest (65, 71), with long-term everolimus treatment inducing a senescent phenotype followed by apoptosis (71). It would thus be interesting to evaluate the effects of mTOR inhibition on miR-150 expression in ATLL/HTLV-1-infected cells and the impact of combining mTOR inhibitors with a miR-150 mimic on cell senescence/death.

Integration of gene expression data from rapamycin-treated/control Jurkat cells and miRNA target predictions suggested a role for miR-150 in cell cycle regulation, and led to the identification of CDK2 (cyclin-dependent kinase 2) as a direct miR-150 target (67). It is noteworthy that CDK2 was found to be significantly upregulated in a panel of ATLL-derived and HTLV-1-transformed cell lines compared to activated T-cell controls (72); low miR-150 levels might thus contribute to sustain growth of HTLV-1-infected cells by relaxing control of CDK2 expression.



miR-150 and CCR6

Cutaneous T-cell lymphoma (CTCL) defines a variety of neoplasms characterized by the accumulation of mature T-cells in the skin, and includes ATLL cases with cutaneous homing [reviewed by (73)]. An analysis of a panel of CTCL cell lines and primary CTCL samples (including ATLL lymph node biopsies) revealed significant downregulation of miR-150 in CTCL cells compared to normal CD4+ T-cells (74). Ectopic expression of miR-150 in CTCL cells reduced their growth in immunodeficient mice and interfered with their migration/dissemination properties. These effects were linked to miR-150-mediated downregulation of CCR6, a chemokine receptor recognized by CCL20 (74). Treatment with histone deacetylase inhibitors resulted in a decline in CCR6 levels accompanied by changes in expression of many miRNAs, including upregulation of miR-150 (75). The survival of CTCL-inoculated mice was prolonged by systemic treatment with a miR-150 mimic or a siRNA against CCR6, suggesting a possible therapeutic application for miR-150 (75). These findings are of interest, as an earlier study of inflammatory signals associated with HTLV-1 pathogenesis had shown that HTLV-1-transformed cell lines express high levels of both CCR6 and its ligand, CCL20, which is upregulated by Tax through the NF-κB pathway (76). Consistent with these observations, expression of CCR6 was found to be elevated in PBMC from TSP/HAM patients and asymptomatic carriers compared to healthy controls (77). Taken together, these observations suggest that low miR-150 levels may contribute to sustain CCR6 expression in HTLV-1-infected cells.



miR-150 and viral transcripts

Cellular miRNAs can potentially influence the retroviral life cycle by directly targeting viral transcripts. miR-150, together with miR-28, miR-125b, miR-223, and miR-382, contribute to maintain HIV-1 latency in resting CD4+ T cells by binding to the viral 3’ UTR, resulting in repression of viral gene expression (78). A search for interactions between miRNAs and HTLV-1 transcript showed that miR-28-3p binds to the unspliced viral RNA (genomic and coding for Gag-Pro-Pol) and singly spliced Env mRNA (79). This interaction blocks viral replication at the reverse transcription step (79). The HTLV-1 plus- and minus strand primary transcripts contain many additional predicted binding sites for cellular miRNAs, including 2 predicted sites for miR-150 on the minus-strand transcript coding for HBZ (80); the potential for miR-150 to regulate HBZ expression remains to be explored.



Mechanisms involved in repression of miR-150 expression/function

Mechanisms known to repress miR-150 expression/function include promoter methylation, interference with miRNA precursor processing, inhibition by lncRNAs (long noncoding RNAs), and release from the cell.

The miR-150 stem-loop is coded on the minus strand of chromosome 19q13.33 (chr19: 49,500,785-49,500,868 [-]). An investigation of a ~ 500-bp sequence spanning this region identified several CpG dinucleotides that are targets for methylation by DNMT1 and mediate miR-150 silencing in anaplastic large-cell lymphoma cells (81).

Early studies of miRNA regulation showed that MYC represses expression of many miRNAs, including miR-150 (82). Further investigations revealed a control circuit in which MYC induces expression of LIN28, an RNA-binding protein that interferes with miRNA maturation, including that of miR-150. This leads to deregulation of oncogenes normally targeted by miR-150, including MYB and FLT3 (83, 84). The impact of MYC on miR-150 may be cell-context dependent, as MYC was shown to repress miR-150 expression independently of LIN28 in follicular lymphoma cells (85). The role of MYC in miR-150 transcription/processing may be relevant in HTLV-1 infection, given the findings that MYC expression and function are increased through the activities of the viral regulatory proteins HBZ and p30, respectively (86, 87).

The multiple functions of lncRNAs include direct miRNA binding, which ‘sponges’ the miRNA from its 3’UTR targets. An investigation of lncRNAs in a panel of HTLV-1-transformed- and ATLL cell lines revealed expression of AVRIL, HOTAIR H19, TUSC7, MALAT1 and SAF lncRNAs and demonstrated roles for AVRIL in NF-κB signaling and repression of CDKN1A expression (88). MALAT1 is also a good candidate for further study, as it was recently shown to act as a sponge for miR-150 in non-Hodgkin lymphoma (89).

Many miRNAs, including miR-150, are released into the extracellular environment as cargo in extracellular vesicles (EVs) or in association with Argonaute proteins or high-density lipoproteins (HDL) [reviewed by (90)]. Extracellular release of miRNAs can serve as a mechanism to rapidly eliminate them from the cell, or to target them to recipient cells.

Studies of CD4+ T-cells indicated that the rapid decline in miR-150 levels induced by in vitro stimulation is associated with its active export in EVs and upregulation of MYB expression (91). Tregs also actively export miR-150 in EVs which can in turn induce downregulation of MYB in recipient cells and reduce the proliferation of in vitro-stimulated CD4+ T-cells (92).

HTLV-1-infected cell lines are known to release EVs that contain Tax protein, a subset of viral mRNAs, and cell signaling molecules [reviewed by (93)]. These EVs can have activating effects on recipient cells and promote cell-cell contact, thereby facilitating virus transmission (94). It would be interesting to determine whether HTLV-1-infected cells release miR-150 as a means of depleting their intracellular pools or to provide signals to surrounding cells.




Conclusions and perspectives

Future studies aimed at defining the expression pattern of miR-150 and its targets in HTLV-1-infected- and ATLL cells will help complete the picture of the interplay between the miRNA regulatory network and HTLV-1 infection and pathogenesis. An important task will be to extend miR-150 expression analyses to primary ATLL samples and PBMC from asymptomatic patients to specific populations enriched for CD4+, infected cells.

The strong downregulation of miR-150 observed in many HTLV-1-transformed- and ATLL-derived cell lines makes these lines useful models for discovering miR-150 targets that are relevant to T-cells and the virus, STAT1 being the first such example (26) (see Figure 2). An in vitro-co-cultivation system could be employed to verify some of the mRNA targets described above, e.g. GLUT1, and to test the effects of forced expression/silencing of miR-150 on HTLV-1 infection and immortalization. The results of these studies will be instrumental to assess the potential relevance of miR-150 as a biomarker and possible therapeutic target in HTLV-1 infection and disease.




Figure 2 | miR-150-mRNA interactions in HTLV-1 infection/transformation: one confirmed, many to explore. miR-150 is known to repress expression of STAT1 (highlighted in green) when overexpressed in ATLL cell lines (24). As depicted here and described in the text, many other genes of potential relevance to HTLV-1 infection and pathogenesis are known to be controlled by miR-150 in normal and neoplastic T-cells and other leukocyte populations.
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Human T-lymphotropic virus 1 (HTLV-1) infection causes two serious diseases: adult T-cell leukemia/lymphoma (ATL) and HTLV-1-associated myelopathy (HAM). Immunological studies have revealed that HTLV-1 Tax-specific CD8+ cytotoxic T-cells (Tax-CTLs) in asymptomatic carriers (ACs) and ATL patients play an important role in the elimination of HTLV-1-infected host cells, whereas Tax-CTLs in HAM patients trigger an excessive immune response against HTLV-1-infected host cells infiltrating the central nervous system (CNS), leading to local inflammation. Our previous evaluation of HTLV-1 Tax301-309 (SFHSLHLLF)-specific Tax-CTLs (Tax301-309-CTLs) revealed that a unique T-cell receptor (TCR) containing amino acid (AA)-sequence motif PDR, was shared among HLA-A*24:02+ ACs and ATL patients and behaved as an eliminator by strong activity against HTLV-1. However, it remains unclear whether PDR+Tax301-309-CTLs also exist in HLA-A*24:02+ HAM patients and are involved in the pathogenesis of HAM. In the present study, by high-throughput TCR repertoire analysis technology, we revealed TCR repertoires of Tax301-309-CTLs in peripheral blood (PB) of HLA-A*24:02+ HAM patients were skewed, and a unique TCR-motif PDR was conserved in HAM patients (10 of 11 cases). The remaining case dominantly expressed (-DR, P-R, and PD-), which differed by one AA from PDR. Overall, TCRs with unique AA-sequence motifs PDR, or (-DR, P-R, and PD-) accounted for a total of 0.3-98.1% of Tax301-309-CTLs repertoires of HLA-A*24:02+ HAM patients. Moreover, TCR repertoire analysis of T-cells in the cerebrospinal fluid (CSF) from four HAM patients demonstrated the possibility that PDR+Tax301-309-CTLs and (-DR, P-R, and PD-)+Tax301-309-CTLs efficiently migrated and accumulated in the CSF of HAM patients fostering increased inflammation, although we observed no clear significant correlation between the frequencies of them in PB and the levels of CSF neopterin, a known disease activity biomarker of HAM. Furthermore, to better understand the potential function of PDR+Tax301-309-CTLs, we performed immune profiling by single-cell RNA-sequencing of Tax301-309-CTLs, and the result showed that PDR+Tax301-309-CTLs up-regulated the gene expression of natural killer cell marker KLRB1 (CD161), which may be associated with T-cell activation and highly cytotoxic potential of memory T-cells. These findings indicated that unique and shared PDR+Tax301-309-CTLs have a potential role in promoting local inflammation within the CNS of HAM patients.
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Introduction

Human T lymphotropic virus 1 (HTLV-1) is a human retrovirus, and most individuals infected with HTLV-1 remain asymptomatic carriers (ACs) throughout their lives (1, 2). However, some infected individuals develop HTLV-1-associated diseases including two major serious diseases, adult T-cell leukemia/lymphoma (ATL) and HTLV-1-associated myelopathy (HAM). ATL is an aggressive mature T-cell malignancy with a poor prognosis that occurs in approximately 5% of HTLV-1-infected individuals (3, 4) and HAM is a chronic inflammatory neurological disease of the central nervous system (CNS) that occurs in approximately 0.25-3.8% of HTLV-1-infected individuals (5–7). Thus, even though ATL and HAM are both HTLV-1-associated diseases, their pathogenesis is quite different, and the corresponding T-cell immune responses against HTLV-1 lead to distinct beneficial and detrimental contributions in their pathogenesis (7–10).

Tax, a regulatory protein of HTLV-1, is not only involved in viral transcription but is also known to be the major target antigen for HTLV-1-specific CD8+ cytotoxic T-cells (CTLs). Accordingly, HTLV-1 Tax-specific CTLs (Tax-CTLs) act as a pivotal mediator that eliminates infected host cells (11, 12). In our previous studies on the T-cell receptor (TCR) of HLA-A*24:02-restricted Tax301–309 (SFHSLHLLF)-specific CTLs (Tax301-309-CTLs), we found that a unique amino acid (AA)-sequence motif, PDR in the complementarity-determining region 3 (CDR3) of TCR-β chain was shared among ACs and ATL patients undergoing allogeneic hematopoietic stem cell transplantation (allo-HSCT) (13, 14). Tax301-309-CTLs expressing PDR-motif (PDR+Tax301-309-CTLs) were often predominantly observed in peripheral blood (PB) of HLA-A*24:02+ ACs and well-controlled ATL long-term survivors after allo-HSCT and exerted strong and selective cytotoxicity against HTLV-1-infected cells in vitro (13–16). These results suggested that PDR+Tax301-309-CTLs, which have strong activity against HTLV-1 might play an important role in reducing the risk of the onset of ATL during the AC phase and in preventing relapse of ATL patients after allo-HSCT.

On the other hand, the pathogenesis of HAM is thought to be triggered by an excessive T-cell immune response, centered on Tax-CTLs, against HTLV-1-infected cells infiltrating the CNS, resulting in damage to CNS resident cells, described as “bystander damage” (8, 17, 18). So far, TCR repertoire analysis of Tax-CTLs in HAM patients, especially HLA-A*24:02+ patients, has not been adequately carried out, and it is unclear how Tax-CTLs could be involved in CNS inflammation. Therefore, we hypothesized that if HLA-A*24:02+ HAM patients, as well as ACs and ATL patients, share very high cytotoxic PDR+Tax301-309-CTLs, this may infiltrate the CNS and detrimentally contribute to HTLV-1-specific inflammatory responses, ultimately affecting the morbidity and severity of HAM. Although several studies have reported the accumulation of Tax-CTLs in the cerebrospinal fluid (CSF) of HAM patients (19, 20), none have focused on the potential role of a unique CTL clonal component of Tax-CTLs, such as PDR+Tax301-309-CTLs, in promoting local inflammation within the CNS of HAM patients.

In this study, we comprehensively evaluated the TCR repertoires of Tax301-309-CTLs in both PB and CSF of HLA-A*24:02+ HAM patients to better understand the potential role of shared PDR+Tax301-309-CTLs in promoting the inflammatory pathogenesis of HAM.



Materials and methods


Cells

For all experiments, the used samples were from HLA-A*24:02+ individuals. PB from fifteen HAM patients and CSF from four HAM patients were collected at St. Marianna University School of Medicine, respectively. PB samples of twelve ACs were collected at the Institute of Medical Science, The University of Tokyo Hospital. Patients with HAM were diagnosed based on the World Health Organization (WHO) guidelines (21), and the clinical information has been summarized in Table 1. The protocol in this study was approved by the Institutional Review Boards of St. Marianna University School of Medicine (#1646), the Institute of Medical Science, The University of Tokyo (30-4-B0501), and Tokyo Medical and Dental University (TMDU) (#O2018-002). All subjects provided written informed consent. Peripheral blood mononuclear cells (PBMCs) were separated by Ficoll-based density gradient centrifugation, and all samples were cryopreserved in liquid nitrogen until use.


Table 1 | Clinical characteristics of patients with HAM and ACs enrolled in this study.





Measurement of HTLV-1 proviral load and CSF biomarkers

PVL in PBMCs was measured using real-time quantitative PCR targeting HTLV-1 tax, as a previous report (22), and compensated using standard reference material (23). CSF level of CXC motif chemokine 10 (CXCL10) was measured using a cytometric bead array (CBA, BD Biosciences, San Jose, CA) and CSF neopterin level was commercially measured using high-performance liquid chromatography (SRL Inc., Tokyo, Japan).



Multi-color flow cytometry and sorting

Thawed PBMCs were reacted with LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (Thermo Fisher Scientific, Waltham, MA, USA) to remove the dead cells. For phenotypic analysis, cells were stained with phycoerythrin (PE)-conjugated Tax301-309/HLA-A*24:02 tetramer reagents (MBL, Nagoya, Japan) and several fluorescence-conjugate mouse anti-human monoclonal antibodies (mAbs) [CD3-APC-H7, CD8-Pacific Blue, CD45RA-PerCP5.5, CCR7-Alexa647, CD62L-PE-Cy7, CD27-FITC, CXCR3-BV605 (BD Biosciences), and CD95-PE-Cy5 (Biolegend, San Jose, CA)] for 25 min on ice. Stained cells were washed twice and immediately acquired using FACSAriaIII Fusion (BD Biosciences) equipped with 20 detectors by 4-lasers at 488 nm, 561 nm, 633 nm, and 405 nm. The data were analyzed using FlowJo ver.10 software (BD Biosciences). The experiments requiring cell sorting for TCR repertoire analysis, described below, were carried out using the same equipment.



TCR repertoire analysis by next-generation sequencing

TCR repertoires of FACS-sorted Tax301-309-CTLs (approximately 0.5-8.5 x104 cells) and CD8+ T-cells (approximately 1.5-6.3 x105 cells) in PBMCs from eleven HAM patients (HAM-1, -4, -5, -7, -8, -9, -11, -12, -13, -14, and -15) and CSF whole cells (approximately 0.8-2.7 x 104 cells) of four HAM patients (HAM-8, -9, -11, and -12) were analyzed. The total RNA of each sample was independently extracted using the RNeasy Micro kit (Qiagen, Valencia, CA). Then, cDNA was amplified using iRepertoire human TCRβ kits (iRepertoire, Huntsville, AL, USA) according to the manufacturer’s protocol. The quality (size and integrity) and quantity (concentration) of the final library for sequencing were checked by the TapeStation4150 system (Agilent Technologies, Santa Clara, USA) and Qubit 4.0 fluorometer (Thermo Fisher Scientific), respectively. Sequencing was performed using MiSeq platform (Illumina, San Diego, CA, USA) with 250 bp paired-end reads. The data were analyzed in a provided pipeline by iRepertoire (http://www.irepertoire.com). The illustrative tree map was used to represent each unique T-cell clone. The sequence run data including reads, total CDR3, and distinct CDR3 have been summarized in Supplementary Table 1.



Single-cell RNA-sequencing for Tax301-309-CTLs

scRNA sequencing for FACS-sorted Tax301-309-CTLs in PBMCs from three HAM patients were performed using the microwell-based BD Rhapsody Single-Cell Analysis System (BD Biosciences). Cell lysis, cDNA synthesis, and library construction were performed according to the manufacturer’s protocols (24). Briefly, approximately 1.0 x 103 (HAM-1), 5.1 x 104 (HAM-7), and 4.3 x 103 (HAM-8) live Tax301-309-CTLs were sorted by FACSAriaIII Fusion, centrifuged, and resuspended in cold sample buffer, respectively. Following viability confirmation (>92%), each cell sample was independently loaded on a Rhapsody Cartridge for single-cell capture and cDNA library preparation using the BD Rhapsody Express System (BD Biosciences). In the process, estimated 543 cells (HAM-1), 13,057 cells (HAM-7), and 2,053 cells (HAM-8) were captured by cell capture beads, respectively. Following single-cell capture, we performed cDNA library construction for VDJ TCR, sample tags, and the targeted mRNA (259 different genes) with Human T-Cell Expression Panel, according to the manufacturer’s protocols. Size selection was performed using AMPure XP magnetic beads (Beckman Coulter, Brea, CA, USA). The quality and quantity checks of the library were assessed using Agilent4150 TapeStation system and Qubit 4.0 fluorometer, respectively. Finally, prepared sequence libraries from all three patients were pooled together in a ratio of 1 (targeted mRNA 2000 reads/cell): 5.5 (VDJ TCR 3000 reads/cell) and commercially sequenced on Illumina NextSeq500 with paired-end reads (75-bp for Read 1 and 225-bp for Read 2) by Macrogen (Seoul, South Korea).



scRNA-seq data processing and analysis

FASTQ sequence data files were processed on Seven Bridges Genomics online platform (https://www.sevenbridges.com) by running the BD Rhapsody Targeted Analysis Pipeline with V(D)J processing incorporated, following the company’s instructions.

After identifying the cell barcode and the unique molecular index (UMI), recursive substitution error correction (RSEC) counts as the final molecular counts by removing the effect of UMI errors were calculated. Quality control for removing dead cells was adopted using the putative cell detection function in the Seven Bridge pipeline as the first step, and then we excluded cell based on the distribution of gene and transcript counts as the following quality criteria: less than 25 expressed genes and less than 50 detected transcripts. RSEC counts were used for downstream analysis with SeqGeq version 1.7.0 (BD Biosciences) and R version 4.0.2. After RSEC data files were concatenated together, the plug-in Lex-BDSMK was run to separate the sample tags, then the plug-in VDJ Explorer to identify individual TCR CDR3 sequences. Consequently, a total of 11,029 TCR paired with mRNA expression were successfully assembled from the three patients’ data. Then, we sorted the unique CDR3-AA PDR-motif and (PD-, P-R, and -DR)-motif expressing TCR clones also by plugin-VDJ Explorer, and the data was concatenated and supplied to further process in differentially expressed gene (DEG) analysis. Furthermore, the data of 11,029 TCRs of Tax301-309-CTL clones sorted with PDR-motif expressing TCR clones were also proceeded in Seurat (version 4.0.1) package to perform downstream cell clustering. For cell clustering, principal component analysis (PCA) was performed to determine the number of clusters, and UMAP for two-dimensional data visualization using PCA data was conducted. GO (Gene ontology) function annotation and pathway enrichment analysis of the target genes were performed using the Metascape database platform (https://metascape.org/gp/index.html#/main/step1).



Statistical analysis

Statistical analyses were performed using GraphPad Prism 9 (GraphPad Software Inc., San Diego, CA). Differences in the frequencies and the differentiation subsets of Tax301-309-CTLs between ACs and HAM patients were tested using the Mann-Whitney U-test. Correlation between the CSF markers (CXCL10 and neopterin) and the frequencies of Tax301-309-CTLs expressing (PDR, -DR, P-R, and PD-)-motifs in PB were tested by Spearman’s rank correlation test. P-values, 0.05 were considered statistically significant. In the scRNA-seq experiments, DEG analysis expressing fold change was performed using Bonferroni adjusted p< 0.05 relative to comparator populations.




Results


Frequencies and differentiation of Tax301-309-CTLs in HAM patients

The frequencies and differentiation status of Tax301-309-CTLs in PBMCs of HAM patients were evaluated compared with those of ACs (Figure 1 and Table 2). Figure 1A shows a detection panel of each population of live- CD4+ T-cells, CD8+ T-cells, and Tax301-309-CTLs in PBMCs by 10-color flowcytometry. The percentage of Tax301-309-CTLs in CD8+ T-cells and the absolute frequencies of Tax301-309-CTLs in PBMCs from HAM patients were significantly higher than those of ACs (Figure 1B-i and -ii, respectively), which results were consistent with previous reports (19, 25, 26).




Figure 1 | The frequencies and differentiation status of Tax301-309-CTLs in PBMCs of HAM patients and ACs (A) gating strategy to define live CD4+ T-cells, CD8+ T-cells and Tax301-309-CTLs by ten-color flowcytometry. (B) comparison of the frequencies of Tax301-309-CTLs (i) in CD8+ T-cells (%) and (ii) the absolute frequencies of Tax301-309-CTLs in PB between ACs and HAM patients. (C) the hierarchy model of five T-cell differentiation subsets (TN, TSCM, TCM, TEM, and TEFF) and the corresponding phenotypes. (D) the percentage of the five T-cell differentiation subsets in CD4+ T-cells, CD8+ T-cells, and Tax301-309-CTLs of HAM patients and ACs. (E) comparison of the percentages of Tax301-309-CTLs in the five T-cell differentiation subsets between ACs and HAM patients, respectively. p values were calculated using the Mann-Whitney U test. n.s., no significant.




Table 2 | Tax301-309-CTL profiles of HLA-A*24:02+ HAM patients and ACs.



Recently, human T-cells have been phenotypically divided into the five T-cell differentiation subsets mainly based on CD45RA/CCR7 and CD95 molecule expression: CD45RA+CCR7+ (T naive [TN]), CD45RA-CCR7+ (T central memory [TCM]), CCR7-CD45RA- (T effector memory [TEM]), and CCR7-CD45RA+(T effector [TEFF]) (27), and stem cell memory [TSCM], a novel T-cell differentiation subset, mainly expressing CD95 in the conventional CD45RA+CCR7+ TN population (Figure 1C) (28–30). TSCM has properties of differentiated cells yet retain high stemness and phenotypical proximity to naïve cells, therefore, TSCM is understood to be an essential component of the T-cell population for the maintenance of functional immunity in infectious diseases (29).

Tax301-309-CTLs in PBMCs of HAM patients showed a clear dominance of TEM (91.1%) among the five T-cell differentiation subsets as well as CD4+ T-cells and CD8+ T-cells, and the result was comparable to that of ACs (83.5%) (Figure 1D). Furthermore, as shown in Figure 1E, Tax301-309-CTLs of HAM had significantly reduced percentages of each subset of TN and TSCM compared to those of ACs, respectively. In particular, the frequency of Tax301-309-CTLs belonging to the TSCM subset of HAM patients were extremely low and undetectable in 5 of 15 cases by our 10-color detection panel for TSCM with CD27+CD62L+CXCR3+CD95+ in the conventional TN population.



Skewed TCR repertoires of Tax301-309-CTLs in PBMCs of HLA-A*24:02+ HAM patients with a preference for unique sequences

TCR repertoire analysis of whole CD8+ T-cells and Tax301-309-CTLs (the sorting gate as shown in Figure 1A) in PBMCs of eleven randomly selected HLA-A*24:02+ HAM patients were performed with NGS illumina Miseq (Figure 2). The TCR-β CDR3 AA-sequence information was summarized in Supplementary Table 2. The illustrative tree maps of the whole CD8+ T-cell repertoires in PBMCs from HAM patients showed a very wide diversity, with limited clonal expansion of CD8+ T-cells (Figure 2A). In contrast, Tax301-309-CTL repertoires were skewed in all cases analyzed (Figure 2B). As expected, PDR, a unique AA-sequence motif in the Tax301-309-CTL repertoires, was observed in ten of eleven HLA-A*24:02+ HAM patients (0.01-92.3% of Tax301-309-CTL repertoires of each patient analyzed) as well as HLA-A*24:02+ ACs and ATL patients, previously analyzed (13, 14). In the case (HAM-4) without detection of PDR+TCRs, Tax301-309-CTL repertoires expressing TCR AA-motif (-DR, P-R, and PD-), which differed by one AA from PDR with the hyphens indicating other AA at these positions, were often observed. In fact, Tax301-309-CTL repertoires expressing TCR AA-motif (-DR, P-R, and PD-) have been very frequently observed in not only other HAM patients analyzed in this study but also in ACs and ATL patients in our previous studies (13, 14).




Figure 2 | TCR repertoires of CD8+ T-cells and Tax301-309-CTLs in PBMCs of HAM patients analyzed by a high-throughput sequencing system The illustrative tree maps of TCR repertoires of (A) CD8+ T-cells and (B) Tax301-309-CTLs in the PBMCs of HAM patients were generated using iRweb tools (iRepertoire), respectively. Each rectangle plot in the tree map represents a unique T-cell clonotype determined by TCR-ß CDR3 sequences and the size reflects the frequency of each clone. (C) ratios of each TCR repertoire type according to the CDR3 AA-sequence motifs (i) PDR, (ii) -DR, P-R, and PD-, and (iii) others to the total number of detected TCR repertoires in Tax301-309-CTLs of each HAM patient. (D) TCR-BV gene usages of CD8+ T-cell clones and Tax301-309-CTL clones expressing three types of CDR3 AA-sequences. For CD8+ T-cell clones, the TCR-BV gene usage was analyzed within the top 2000 TCR repertoires identified in each patient’s sample.



Then, we classified a total of 2,200 Tax301-309-CTL clonotypes from eleven HAM patients detected in this experiment into three groups based on their CDR3 AA-sequences with 1) PDR+TCRs, 2) (-DR, P-R, and PD-) +TCRs, and 3) others that had no common unique AA-sequence motif. The ratio of each of the three groups based on the AA-sequences to the total TCR repertoires of Tax301-309-CTLs in each patient has been summarized in Figure 2C. Overall, Tax301-309-CTLs expressing TCRs with a unique AA-sequence motif PDR or (DR, P-R, and PD-), accounted for 0.3-98.1% of Tax301-309-CTL repertoires in HAM patients. Furthermore, TCR BV gene usage of PDR+Tax301-309-CTL clones was skewed in favor of the BV7-9 gene and that of (-DR, P-R, and PD-) +Tax301-309-CTL clones was skewed in favor of the BV4-1 and BV7-9 genes, while Tax301-309-CTLs expressing other TCRs showed variable BV gene usages (Figure 2D).



Accumulation of Tax301-309-CTLs in the CSF of HAM patients

TCR repertoire analysis of whole T-cells in the CSF of four HLA-A*24:02+ HAM patients (HAM-8, -9, -11, and -12) was performed with NGS illumina Miseq (Figure 3).




Figure 3 | TCR repertoires of whole T-cells in the CSF of HAM patients (A) the illustrative tree maps of TCR repertoires of whole T-cells in the CSF from four HAM patients (HAM-8, -9, -11, and -12). (B) the clonal rankings of individual CD8+ T-cell clones and Tax301-309-CTL clones identified in both PB and CSF of four HAM patients. Two HAM patients (HAM-9 and -11) had high levels of CSF neopterin and two HAM patients (HAM-8 and -12) had moderate levels of CSF neopterin. The red circle indicates a PDR+Tax301-309-CTL clone and the green circle indicates a (-DR, P-R, and PD-)+Tax301-309-CTL clone.



We identified a total of 1,428 (HAM-8), 906 (HAM-9), 6,207 (HAM-11), and 3,002 (HAM-12) T-cell clones in the CSF, respectively (Supplementary Table 1). Paired TCR repertoire analysis using PB and CSF samples from the same patients allowed us to identify CD8+ T cell and Tax301-309-CTL clones infiltrating from PB to CSF. Therefore, we were able to list the top 30 T-cell repertoires in the CSF of four HAM patients, along with the origin of the TCRs of the CD8+ T-cells or Tax301-309-CTLs (Table 3). As shown in Figure 3A, the CSF T-cell repertoires of three of four cases (HAM-8, -11, and -12) exhibited very wide clonal diversity, with the most predominant T-cell clone constituting approximately 5.3% of CSF T-cells (Table 3). In contrast, the CSF T-cell TCR repertoires of HAM-9 were constituted by a single T-cell clone (approximately 62% of CSF T-cells). This clone was identified as an infiltrating Tax301-309-CTL clone from PB.


Table 3 | TCRß CDR3 amino acid sequences and frequencies of T-cell clones in the CSF of HLA-A*24:02+ HAM patients.



To speculate on the efficiency of migration and accumulation of CD8+ T-cells and Tax301-309-CTLs at the clone levels in the CSF, their clonal rankings were compared between PB and CSF (Figure 3B). Although the clonal rankings of CD8+ T-cells and Tax301-309-CTL were not constantly parallel between PB and CSF, Tax301-309-CTL clones that further clonally expanded after infiltrating the CSF from PB were observed more frequently in the two patients (HAM-9 and-11) with high levels of inflammation (CSF neopterin, ≥31 pmol/ml, Table 1) than in the two patients (HAM-8 and -12) with moderate inflammation levels (CSF neopterin, ≥17 pmol/ml, Table 1). Notably, in HAM-9 with high levels of inflammation, one PDR+Tax301-309-CTL clone, although very rare in PB (<0.001% of Tax301-309-CTLs), rapidly clonally expanded after infiltrating the CSF, reaching a high rank of 30th among CSF T-cell clones.



Inflammatory status and the frequency of Tax301-309-CTLs with unique TCRs in the CSF of HAM patients

We have previously reported that CSF CXCL10 and neopterin were strongly correlated with the rate of disease progression in HAM (31, 32). Here, to assess whether infiltrating Tax301-309-CTLs expressing unique TCR-motif PDR, or (-DR, P-R, and PD-) would be linked to the promotion of CNS inflammation of HAM, we evaluated the relationship between their frequencies in PB and CSF and the CSF levels of CXCL10 and neopterin.

As a result, there was no clear correlation between the frequencies of Tax301-309-CTLs expressing unique TCR-motif PDR or (-DR, P-R, PD-) in PB and the CSF levels of CXCL10 and neopterin (Supplementary Figure 1). However, as shown in Figure 4, Tax301-309-CTLs expressing unique TCR-motif PDR or (-DR, P-R, PD-) were 10-fold more abundant in the CSF of the two patients (HAM-9 and-11) with high levels of inflammation (CSF neopterin, ≥31 pmol/ml) compared to the two patients (HAM-8 and -12) with moderate inflammation levels (CSF neopterin, ≥17 pmol/ml). Specifically, in HAM-11, a patient with high levels of inflammation, a high frequency of PDR+Tax301-309-CTLs (2.9% of total CSF T-cells) was found in the CSF. Thus, Tax301-309-CTLs expressing unique TCR-motif PDR or (-DR, P-R, PD-) were frequently observed in the CSF of HAM patients with inflammation, and the frequency of them in the CSF rather than PB may better reflect the CNS inflammation of HAM patients.




Figure 4 | The frequencies of Tax301-309-CTLs expressing the unique TCR motifs in the CSF and the inflammation status of HAM patients The graph shows the frequencies of the total Tax301-309-CTLs and Tax301-309-CTLs expressing unique TCR-motifs (PDR or -DR, P-R, PD-) in the CSF of the HAM patients with the moderate (HAM-8 and -12) or high (HAM-9 and -11) levels of CSF inflammation markers (CXCL10 and neopterin).





Single-cell RNA sequence of Tax301-309-CTLs with unique TCRs of HAM patients

To further understand the potential function of Tax301-309-CTLs expressing unique TCR motifs (PDR or -DR, P-R, PD-), we performed scRNA-seq on FACS-sorted Tax301-309-CTLs in PBMCs of HAM patients (Figure 5). The data from a total of 11,029 Tax301-309-CTLs (HAM-1: 1,414 cells, HAM-7: 9,290 cells, and HAM-8: 325 cells, respectively) was supplied to be processed in the DEG analysis and in the Seurat package to perform downstream clustering of the cells. In DEG analysis, we focused on the two groups in Tax301-309-CTLs. Group-1 was a population of PDR+Tax301-309-CTLs (336 cells) and group-2 was a population of the sum of Tax301-309-CTLs expressing PDR or (-DR, P-R, and PD-)-motif (453 cells). DEG analysis indicated that 9 genes were identified as up-regulated genes in group-1 (Figure 5A). Particularly, natural killer (NK) gene KLRB1 (CD161), T-cell receptors TRAC (TCR-α), and TRBC2 (TCR-ß) were upregulated approximately more than 1.5-fold compared to Tax301-309-CTLs expressing other repertoires. In group-2, 13 genes were identified as up-regulated genes (Figure 5B) and KLRB1 (CD161), TRAC (TCRα), and TRBC2 (TCR-ß) were again approximately more than 1.5-fold compared to Tax301-309-CTLs expressing other repertoires (Supplementary Table 3). Furthermore, analysis of enriched GO functions of up-regulated genes of groups-1 and -2 was examined using the Metascape database platform, respectively (Figures 5C, D). As a result, GO indicated that the main pathway was (positive) regulation of lymphocyte activation in both groups-1 and -2. Moreover, GO biological processes of both groups-1 and -2 were most enriched in the immune system process.




Figure 5 | scRNA-seq profiling of Tax301-309-CTLs expressing the unique TCR motifs in PBMCs of HAM patients We performed scRNA-seq analysis for Tax301-309-CTLs from three HAM patients focusing on the two groups, group-1: Tax301-309-CTLs expressing PDR-motif (PDR+Tax301-309-CTLs) and group-2: sum of Tax301-309-CTLs expressing PDR-motif and (-DR, P-R, and PD-)-motif. The DEG analysis was performed for (A) group-1 and (B) group-2, respectively. GO function and pathway enrichment analysis was performed for the up-regulated genes in (C) group-1 and (D) group-2, respectively. BP: the biological process of GO category. (E) cell clustering of Tax301-309-CTLs with UMAP plot and overlay of PDR+Tax301-309-CTLs. Consequently, seven clusters were formed in the Tax301-309-CTL population. (F) PDR+Tax301-309-CTLs were concentrated in both clusters 5 and 6 and the genes upregulated in the corresponding clusters are shown.



Finally, to further understand the potential function of Tax301-309-CTLs expressing unique TCR motif, especially on shared TCR-motif PDR (cells in group-1), cell clustering of Tax301-309-CTLs was performed using UMAP plots and individual PDR+Tax301-309-CTLs were representatively overlaid on the plots (Figure 5E). As a result, seven major cell clusters (clusters 1-7) were identified from Tax301-309-CTLs, and PDR+Tax301-309-CTLs were concentrated in clusters 5 and 6, respectively, constituting approximately 10% of cells in each cluster (Figure 5F). Notably, KLRB1 gene expression was selectively highest in both clusters 5 and 6, whereas it was unidentified in the other clusters (Supplementary Table 4), corresponding to the results of upregulated genes in DEGs of group-1 of PDR+Tax301-309-CTLs (Figure 5A). Upregulation of TRAC and TRBC2 genes in the DEG analysis did not match the results of clusters 5 and 6, respectively.

Thus, scRNA-seq for Tax301-309-CTLs indicated that the up-regulated genes in Tax301-309-CTLs expressing PDR or (-DR, P-R, and PD-)-motifs may be associated with the immune system process of T-cell activation, and the shared PDR+Tax301-309-CTLs among HTLV-1-infected individuals might be activated in association with upregulation of KLRB1 gene expression.




Discussion

After development of NGS-based TCR repertoire analysis technology, studies are accumulating data on shared (public) TCRs in infectious diseases, malignancy, and autoimmunity (31, 33–37). In the present study, we also comprehensively analyzed Tax301-309-specific TCR repertoires of HLA-A*24:02+ HAM patients by NGS sequencing and found that they were skewed with a preference for unique TCR AA-sequence PDR- or (-DR, P-R, and PD-), regardless of disease duration and inflammation status of HAM. Based on the comprehensive evaluation of the TCR repertoires of Tax301-309-CTLs in HAM patients in the present study and those in ACs and ATL patients previously analyzed (13, 14), we confirmed that PDR is a shared (public) TCR-motif for the HTLV-1 Tax301-309 epitope among HLA-A*24:02+ HTLV-1-infected individuals. Regarding HTLV-1 Tax11-19-specific TCRs which are restricted by HLA-A*02:01, it has been demonstrated that AA-sequence (PG-G) in the TCR-ß CDR3 may be conserved among Tax11-19-specific T-cells (38) and the sequence was observed in the muscle biopsies obtained from a patient with HLA-A*02:01+ HAM (39).

In chronic viral infections, TSCM is thought to play a central role in the maintenance of long-term human T-cell immunity by reconstituting the entire spectrum of memory and effector T-cell subsets (28–30, 40). In HTLV-1 infections, a study has reported the frequency of TSCM of CD8+ T-cells increased in HAM patients compared to healthy volunteer (41). In the present study, our data showed that TSCM of Tax301-309-CTLs in PB of HAM patients were decreased compared to ACs (Figure 1E), although the absolute frequency of Tax301-309-CTLs with the predominant TEM phenotype were increased in PB compared to ACs (Figure 1B). In fact, we observed no clear positive correlation between the absolute frequencies of TSCM and TEM of Tax301-309-CTLs in PB of HAM patients (data not shown). These results imply that the abundant memory Tax-CTLs in PB of HAM patients compared to ACs would be more likely to be due to clonal expansion of Tax-CTLs with highly activity potential against HTLV-1 (42, 43), rather than due to the reconstitution by TSCM of Tax-CTLs after the onset of HAM.

Previous studies have demonstrated accumulation of HTLV-1-infected cells and Tax-CTLs infiltrating the CSF of HAM patients (19, 20). In one study, the visualization of Tax-CTLs in the spinal cord of HAM patients using Tax-tetramer staining directly demonstrated that the frequency of Tax-CTLs was more than 20% of CD8+ cells infiltrating the CNS (44). Furthermore, recently, Nozuma et al. revealed that an AA-sequence motif (PGLAG) was conserved in the TCR-ß CDR3 of Tax11-19–specific CD8+ T-cells among HLA-A*02:01+ HAM patients and expanded HTLV-1 Tax11-19–specific CD8+ T-cell clones in PB were also enriched in the CSF of the same patient by NGS-based TCR repertoire analysis technology (37). In the present study, we also showed the clonal dynamics of CD8+ T-cells and Tax301-309-CTLs before and after CSF infiltration by simultaneous analysis of the TCR repertoire of PB and CSF samples from the same HAM patients. Our data indicated that Tax301-309-CTL clones expressing PDR or (-DR, P-R, PD-)-motif were more frequently observed in the CSF of HAM patients with severe inflammation compared to that of patients with moderate inflammation. Importantly, a patient with severe inflammation demonstrated a dramatic clonal expansion of one PDR+Tax301-309-CTL clone after infiltrating the CSF from PB. Our findings supported the hypothesis regarding the potential role of PDR+Tax301-309-CTLs to promote inflammation in the CNS of HAM. It is still unclear whether there is a mechanism by which Tax301-309-CTLs, particularly PDR+Tax301-309-CTLs, selectively migrate to the CSF, because we failed to find any obvious factors associated with T-cell migration by scRNA-seq for PDR+Tax301-309-CTLs using T-cell expression gene panel.

Recent scRNA-seq technology has been used as a powerful tool to reveal cellular heterogeneity and discover new cell types in various human diseases (24, 45, 46). Since Tax301-309-CTLs in HAM patients potentially react to the same Tax301-309 epitope and its population was relatively homogeneous (most cells were effector memory T-cells), it seemed difficult to profile PDR+Tax301-309-CTLs by scRNA-seq. Interestingly, however, the scRNA-seq indicated that at least KLRB1 could be a gene expression signature of PDR+Tax301-309-CTLs. The role of the expression of NK cell markers including CD161 (gene: KLRB1) on human antigen-specific CD8+ T-cells has been under investigation by several groups (47–50). Previous studies reported that CD161 was preferentially expressed on human memory T-cell subsets (48, 49) and these cells showed highly cytotoxic potential, long life, and drug-effluxion (47, 50), although the signaling cascade of events that lead to the effector functions is poorly understood. Unfortunately, in the present study, we could not approach the signal pathway of KLRB1 expression in PDR+ Tax301-309-CTLs. Mathewson et al. recently revealed that glioma-infiltrating CD8+ T-cells with high cytotoxicity expressed several NK cell markers, including KLRB1 (CD161) by scRNA-seq (51). Thus, these data from scRNA-seq and our accumulating function data of PDR+Tax301-309-CTLs in in vitro (13–16) and in vivo (52) experiments support the potential role of PDR+Tax301-309-CTLs to promote CNS inflammation of the patients with HAM. Since gene enrichment by scRNA-seq does not always reflect protein expression on cell surface (45), we plan to confirm the CD161 expression on PDR+Tax301-309-CTLs and discuss their highly cytotoxic potential in relation to CD161 signaling events in future study.

The present study provides a better understanding of HTLV-1-specific CTLs shared among HLA-A*24:02+ HTLV-1-infected individuals under the inflammatory pathogenesis of HAM. Further studies on a larger scale are needed, before we can reach a definitive conclusion regarding the strength of the biological impact of PDR+Tax301-309-CTLs on promoting inflammation within the CNS lesions of HAM. If confirmed, however, this would offer an interesting insight as regulating the inflammation of HLA-A*24:02+ HAM, and the PDR+Tax301-309-CTLs may serve as a candidate target to ameliorate the inflammatory cascade in HLA-A*24:02+ HAM.
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SUPPLEMENTARY Figure 1 | Correlation between the frequencies of Tax301-309-CTLs expressingunique TCR-motif in PB and the CSF levels of CXCL10 and neopterinCorrelation were tested by Spearman’s rank correlation test. p-values,0.05 were considered statistically significant.



References

1. Poiesz, BJ, Ruscetti, FW, Gazdar, AF, Bunn, PA, Minna, JD, and Gallo, RC. Detection and isolation of type c retrovirus particles from fresh and cultured lymphocytes of a patient with cutaneous T-cell lymphoma. Proc Natl Acad Sci USA (1980) 77:7415–9. doi: 10.1073/pnas.77.12.7415

2. Gessain, A, and Cassar, O. Epidemiological aspects and world distribution of HTLV-1 infection. Front Microbiol (2012) 3:388. doi: 10.3389/fmicb.2012.00388

3. Uchiyama, T, Yodoi, J, Sagawa, K, Takatsuki, K, and Uchino, H. Adult T-cell leukemia: clinical and hematologic features of 16 cases. Blood (1977) 50(3):481–92. doi: 10.1182/blood.V50.3.481.481

4. Hinuma, Y, Nagata, K, Hanaoka, M, Nakai, M, Matsumoto, T, Kinoshita, KI, et al. Adult T-cell leukemia: antigen in an ATL cell line and detection of antibodies to the antigen in human sera. Proc Natl Acad Sci USA (1981) 78(10):6476–80. doi: 10.1073/pnas.78.10.6476

5. Gessain, A, Barin, F, Vernant, JC, Gout, O, Maurs, L, Calender, A, et al. Antibodies to human T-lymphotropic virus type-I in patients with tropical spastic paraparesis. Lancet (1985) 2(8452):407–10. doi: 10.1016/S0140-6736(85)92734-5

6. Osame, M, Usuku, K, Izumo, S, Ijichi, N, Amitani, H, Igata, A, et al. HTLV-I associated myelopathy, a new clinical entity. Lancet. (1986) 1(8488):1031–2. doi: 10.1016/S0140-6736(86)91298-5

7. Kubota, R. Pathogenesis of human T-lymphotropic virus type 1-associated myelopathy/tropical spastic paraparesis. Clin Exp Neuroimmunol (2017) 8(2):117–28. doi: 10.1111/cen3.12395

8. Yamano, Y, and Sato, T. Clinical pathophysiology of human T-lymphotropic virus-type 1-associated myelopathy/tropical spastic paraparesis. Front Microbiol (2012) 3:389. doi: 10.3389/fmicb.2012.00389

9. Nozuma, S, and Jacobson, S. Neuroimmunology of human T-lymphotropic virus type 1-associated Myelopathy/Tropical spastic paraparesis. Front Microbiol (2019) 10:885. doi: 10.3389/fmicb.2019.00885

10. Kannagi, M, Hasegawa, A, Nagano, Y, Kimpara, S, and Suehiro, Y. Impact of host immunity on HTLV-1 pathogenesis: the potential of tax-targeted immunotherapy against ATL. Retrovirology (2019) 16(1):23. doi: 10.1186/s12977-019-0484-z

11. Kannagi, M, Shida, H, Igarashi, H, Kuruma, K, Murai, H, Aono, Y, et al. Target epitope in the tax protein of human T-cell leukemia virus type I recognized by class I major histocompatibility complex-restricted cytotoxic T cells. J Virol (1992) 66(5):2928–33. doi: 10.1128/jvi.66.5.2928-2933.1992

12. Pique, C, Connan, F, Levilain, JP, Choppin, J, and Dokhélar, MC. Among all human T-cell leukemia virus type 1 proteins, tax, polymerase, and envelope proteins are predicted as preferential targets for the HLA-A2-restricted cytotoxic T-cell response. J Virol (1996) 70(8):4919–26. doi: 10.1128/jvi.70.8.4919-4926.1996

13. Tanaka, Y, Nakasone, H, Yamazaki, R, Sato, K, Sato, M, Terasako, K, et al. Single-cell analysis of T-cell receptor repertoire of HTLV-1 tax-specific cytotoxic T cells in allogeneic transplant recipients with adult T-cell leukemia/lymphoma. Cancer Res (2010) 70(15):6181–92. doi: 10.1158/0008-5472.CAN-10-0678

14. Ishihara, Y, Tanaka, Y, Kobayashi, S, Kawamura, K, Nakasone, H, Gomyo, A, et al. A unique T-cell receptor amino acid sequence selected by human T-cell lymphotropic virus type 1 Tax(301-309)-Specific cytotoxic T cells in HLA-A24:02-Positive asymptomatic carriers and adult T-cell Leukemia/Lymphoma patients. J Virol (2017) 91(19):e00974–17. doi: 10.1128/JVI.00974-17

15. Tanaka, Y, Nakasone, H, Yamazaki, R, Wada, H, Ishihara, Y, Kawamura, K, et al. Long-term persistence of limited HTLV-I tax-specific cytotoxic T cell clones in a patient with adult T cell leukemia/lymphoma after allogeneic stem cell transplantation. J Clin Immunol (2012) 32(6):1340–52. doi: 10.1007/s10875-012-9729-5

16. Tanaka, Y, Yamazaki, R, Terasako-Saito, K, Nakasone, H, Akahoshi, Y, Nakano, H, et al. Universal cytotoxic activity of a HTLV-1 tax-specific T cell clone from an HLA-A*24:02+ patient with adult T-cell leukemia against a variety of HTLV-i-infected T-cells. Immunol Lett (2014) 158(1-2):120–5. doi: 10.1016/j.imlet.2013.12.016

17. Ijichi, S, Izumo, S, Eiraku, N, Machigashira, K, Kubota, R, Nagai, M, et al. An autoaggressive process against bystander tissues in HTLV-i-infected individuals: a possible pathomechanism of HAM/TSP. Med Hypotheses (1993) 41(6):542–7. doi: 10.1016/0306-9877(93)90111-3

18. Jacobson, S. Immunopathogenesis of human T cell lymphotropic virus type I-associated neurologic disease. J Infect Dis (2002) 186Suppl2:S187–92. doi: 10.1086/344269

19. Greten, TF, Slansky, JE, Kubota, R, Soldan, SS, Jaffee, EM, Leist, TP, et al. Direct visualization of antigen-specific T cells: HTLV-1 Tax11-19- specific CD8(+) T cells are activated in peripheral blood and accumulate in cerebrospinal fluid from HAM/TSP patients. Proc Natl Acad Sci USA (1998) 95(13):7568–73. doi: 10.1073/pnas.95.13.7568

20. Nagai, M, Yamano, Y, Brennan, MB, Mora, CA, and Jacobson, S. Increased HTLV-I proviral load and preferential expansion of HTLV-I tax-specific CD8+ T cells in cerebrospinal fluid from patients with HAM/TSP. Ann Neurol (2001) 50(6):807–12. doi: 10.1002/ana.10065

21. Osame, M. (1990) Review of WHO Kagoshima meeting and diagnostic guidlines for HAM/TSP, in Human Retrovirology, ed.  W. A. Blattner (New York, NY: Raven Press) 191–197.

22. Yamano, Y, Nagai, M, Brennan, M, Mora, CA, Soldan, SS, Tomaru, U, et al. Correlation of human T-cell lymphotropic virus type 1 (HTLV-1) mRNA with proviral DNA load, virus-specific CD8(+) T cells, and disease severity in HTLV-1-associated myelopathy (HAM/TSP). Blood (2002) 99(1):88–94. doi: 10.1182/blood.V99.1.88

23. Kuramitsu, M, Okuma, K, Nakashima, M, Sato, T, Sasaki, D, Hasegawa, H, et al. Development of reference material with assigned value for human T-cell leukemia virus type 1 quantitative PCR in Japan. Microbiol Immunol (2018) 62(10):673–6. doi: 10.1111/1348-0421.12644

24. Shum, EY, Walczak, EM, Chang, C, and Christina Fan, H. Quantitation of mRNA transcripts and proteins using the BD rhapsody™ single-cell analysis system. Adv Exp Med Biol (2019) 1129:63–79. doi: 10.1007/978-981-13-6037-4_5

25. Jacobson, S, Shida, H, McFarlin, DE, Fauci, AS, and Koenig, S. Circulating CD8+ cytotoxic T lymphocytes specific for HTLV-I pX in patients with HTLV-I associated neurological disease. Nature (1990) 348(6298):245–8. doi: 10.1038/348245a0

26. Takamori, A, Hasegawa, A, Utsunomiya, A, Maeda, Y, Yamano, Y, Masuda, M, et al. Functional impairment of tax-specific but not cytomegalovirus-specific CD8+ T lymphocytes in a minor population of asymptomatic human T-cell leukemia virus type 1-carriers. Retrovirology (2011) 8:100. doi: 10.1186/1742-4690-8-100

27. Sallusto, F, Lenig, D, Förster, R, Lipp, M, and Lanzavecchia, A. Two subsets of memory T lymphocytes with distinct homing potentials and effector functions. Nature (1999) 401(6754):708–12. doi: 10.1038/44385

28. Gattinoni, L, Lugli, E, Ji, Y, Pos, Z, Paulos, CM, Quigley, MF, et al. A human memory T cell subset with stem cell-like properties. Nat Med (2011) 17(10):1290–7. doi: 10.1038/nm.2446

29. Gattinoni, L, Speiser, DE, Lichterfeld, M, and Bonini, C. T Memory stem cells in health and disease. Nat Med (2017) 23(1):18–27. doi: 10.1038/nm.4241

30. Lugli, E, Gattinoni, L, Roberto, A, Mavilio, D, Price, DA, Restifo, NP, et al. Identification, isolation and in vitro expansion of human and nonhuman primate T stem cell memory cells. Nat Protoc (2013) 8(1):33–42. doi: 10.1038/nprot.2012.143

31. Sato, T, Coler-Reilly, A, Utsunomiya, A, Araya, N, Yagishita, N, Ando, H, et al. CSF CXCL10, CXCL9, and neopterin as candidate prognostic biomarkers for HTLV-1-associated myelopathy/tropical spastic paraparesis. PloS Negl Trop Dis (2013) 7(10):e2479. doi: 10.1371/journal.pntd.0002479

32. Tamaki, K, Sato, T, Tsugawa, J, Fujioka, S, Yagishita, N, Araya, N, et al. Cerebrospinal fluid CXCL10 as a candidate surrogate marker for HTLV-1-Associated Myelopathy/Tropical spastic paraparesis. Front Microbiol (2019) 10:2110. doi: 10.3389/fmicb.2019.02110

33. Alves Sousa, AP, Johnson, KR, Ohayon, J, Zhu, J, Muraro, PA, and Jacobson, S. Comprehensive analysis of TCR-β repertoire in patients with neurological immune-mediated disorders. Sci Rep (2019) 9(1):344. doi: 10.1038/s41598-018-36274-7

34. Benichou, J, Ben-Hamo, R, Louzoun, Y, and Efroni, S. Rep-seq: uncovering the immunological repertoire through next-generation sequencing. Immunology (2012) 135(3):183–91. doi: 10.1111/j.1365-2567.2011.03527.x

35. Li, H, Ye, C, Ji, G, and Han, J. Determinants of public T cell responses. Cell Res (2012) 22(1):33–42. doi: 10.1038/cr.2012.1

36. Tickotsky, N, Sagiv, T, Prilusky, J, Shifrut, E, and Friedman, N. McPAS-TCR: a manually curated catalogue of pathology-associated T cell receptor sequences. Bioinformatics (2017) 33(18):2924–9. doi: 10.1093/bioinformatics/btx286

37. Nozuma, S, Enose-Akahata, Y, Johnson, KR, Monaco, MC, Ngouth, N, Elkahloun, A, et al. Immunopathogenic CSF TCR repertoire signatures in virus-associated neurologic disease. JCI Insight (2021) 6(4):e144869. doi: 10.1172/jci.insight.144869

38. Bourcier, KD, Lim, DG, Ding, YH, Smith, KJ, Wucherpfennig, K, and Hafler, DA. Conserved CDR3 regions in T-cell receptor (TCR) CD8(+) T cells that recognize the Tax11-19/HLA-A*0201 complex in a subject infected with human T-cell leukemia virus type 1: relationship of T-cell fine specificity and major histocompatibility complex/peptide/TCR crystal structure. J Virol (2001) 75(20):9836–43. doi: 10.1128/JVI.75.20.9836-9843.2001

39. Ozden, S, Cochet, M, Mikol, J, Teixeira, A, Gessain, A, and Pique, C. Direct evidence for a chronic CD8+-t-cell-mediated immune reaction to tax within the muscle of a human T-cell leukemia/lymphoma virus type 1-infected patient with sporadic inclusion body myositis. J Virol (2004) 78(19):10320–7. doi: 10.1128/JVI.78.19.10320-10327.2004

40. Jung, JH, Rha, MS, Sa, M, Choi, HK, Jeon, JH, Seok, H, et al. SARS-CoV-2-specific T cell memory is sustained in COVID-19 convalescent patients for 10 months with successful development of stem cell-like memory T cells. Nat Commun (2021) 12(1):4043. doi: 10.1038/s41467-021-24377-1

41. Enose-Akahata, Y, Oh, U, Ohayon, J, Billioux, BJ, Massoud, R, Bryant, BR, et al. Clinical trial of a humanized anti-IL-2/IL-15 receptor β chain in HAM/TSP. Ann Clin Transl Neurol (2019) 6(8):1383–94. doi: 10.1002/acn3.50820

42. Biddison, WE, Kubota, R, Kawanishi, T, Taub, DD, Cruikshank, WW, Center, DM, et al. Human T cell leukemia virus type I (HTLV-i)-specific CD8+ CTL clones from patients with HTLV-i-associated neurologic disease secrete proinflammatory cytokines, chemokines, and matrix metalloproteinase. J Immunol (1997) 159(4):2018–25.

43. Kubota, R, Kawanishi, T, Matsubara, H, Manns, A, and Jacobson, S. Demonstration of human T lymphotropic virus type I (HTLV-I) tax-specific CD8+ lymphocytes directly in peripheral blood of HTLV-i-associated myelopathy/tropical spastic paraparesis patients by intracellular cytokine detection. J Immunol (1998) 161(1):482–8.

44. Matsuura, E, Kubota, R, Tanaka, Y, Takashima, H, and Izumo, S. Visualization of HTLV-1-specific cytotoxic T lymphocytes in the spinal cords of patients with HTLV-1-associated myelopathy/tropical spastic paraparesis. J Neuropathol Exp Neurol (2015) 74(1):2–14. doi: 10.1097/NEN.0000000000000141

45. Islam, S, Zeisel, A, Joost, S, La Manno, G, Zajac, P, Kasper, M, et al. Quantitative single-cell RNA-seq with unique molecular identifiers. Nat Methods (2014) 11(2):163–6. doi: 10.1038/nmeth.2772

46. Wen, W, Su, W, Tang, H, Le, W, Zhang, X, Zheng, Y, et al. Immune cell profiling of COVID-19 patients in the recovery stage by single-cell sequencing. Cell Discov (2020) 6:31. doi: 10.1038/s41421-020-0168-9

47. Konduri, V, Oyewole-Said, D, Vazquez-Perez, J, Weldon, SA, Halpert, MM, Levitt, JM, et al. CD8(+)CD161(+) T-cells: Cytotoxic memory cells with high therapeutic potential. Front Immunol (2020) 11:613204. doi: 10.3389/fimmu.2020.613204

48. Lanier, LL, Chang, C, and Phillips, JH. Human NKR-P1A. a disulfide-linked homodimer of the c-type lectin superfamily expressed by a subset of NK and T lymphocytes. J Immunol (1994) 153(6):2417–28.

49. Fergusson, JR, Hühn, MH, Swadling, L, Walker, LJ, Kurioka, A, Llibre, A, et al. CD161(int)CD8+ T cells: a novel population of highly functional, memory CD8+ T cells enriched within the gut. Mucosal Immunol (2016) 9(2):401–13. doi: 10.1038/mi.2015.69

50. Turtle, CJ, Swanson, HM, Fujii, N, Estey, EH, and Riddell, SR. A distinct subset of self-renewing human memory CD8+ T cells survives cytotoxic chemotherapy. Immunity (2009) 31(5):834–44. doi: 10.1016/j.immuni.2009.09.015

51. Mathewson, ND, Ashenberg, O, Tirosh, I, Gritsch, S, Perez, EM, Marx, S, et al. Inhibitory CD161 receptor identified in glioma-infiltrating T cells by single-cell analysis. Cell (2021) 184(5):1281–98.e26. doi: 10.1016/j.cell.2021.01.022

52. Kawamura, K, Tanaka, Y, Nakasone, H, Ishihara, Y, Kako, S, Kobayashi, S, et al. Development of a unique T cell receptor gene-transferred tax-redirected T cell immunotherapy for adult T cell leukemia. Biol Blood Marrow Transplant (2020) 26(8):1377–85. doi: 10.1016/j.bbmt.2020.04.006



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Tanaka, Sato, Yagishita, Yamauchi, Araya, Aratani, Takahashi, Kunitomo, Nagasaka, Kanda, Uchimaru, Morio and Yamano. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




REVIEW

published: 08 September 2022

doi: 10.3389/fimmu.2022.953650

[image: image2]


A role for an HTLV-1 vaccine?


Lee Ratner *


Division of Oncology, Department of Medicine, Washington University School of Medicine, St Louis, MO, United States




Edited by: 

Luc Willems, Fonds National de la Recherche Scientifique (FNRS), Belgium

Reviewed by: 

Aileen Rowan, Imperial College London, United Kingdom

Yutaka Tagaya, University of Maryland, United States

*Correspondence: 

Lee Ratner
 lratner@wustl.edu

Specialty section: 
 This article was submitted to Viral Immunology, a section of the journal Frontiers in Immunology


Received: 26 May 2022

Accepted: 11 July 2022

Published: 08 September 2022

Citation:
Ratner L (2022) A role for an HTLV-1 vaccine?. Front. Immunol. 13:953650. doi: 10.3389/fimmu.2022.953650



HTLV-1 is a global infection with 5-20 million infected individuals. Although only a minority of infected individuals develop myelopathy, lymphoproliferative malignancy, or inflammatory disorders, infection is associated with immunosuppression and shorter survival. Transmission of HTLV-1 is through contaminated blood or needles, mother-to-child exposure through breast-feeding, and sexual intercourse. HTLV-1 is a delta retrovirus that expresses immunogenic Gag, Envelope, TAX, and Hbz proteins. Neutralizing antibodies have been identified directed against the surface envelope protein, and cytotoxic T-cell epitopes within TAX have been characterized. Thus far, there have been few investigations of vaccines directed against each of these proteins, with limited responses, thus far. However, with new technologies developed in the last few years, a renewed investigation is warranted in search for a safe and effective HTLV-1 vaccine.
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HTLV-1

HTLV-1 is prevalent in many parts of the world, including Central & South America, Caribbean Islands, Africa, northeast Iran, southern Japan, Melanesia, Australia, where endemic rates are 5-10%, but in some isolated communities endemic rates as high as 50% have been identified (1, 2). However, several large and highly populated regions in India and North and East Africa have not been screened. In the US, the prevalence of HTLV infection is 0.1-0.2% (3). HTLV-1 strains are highly conserved with <2% overall divergence for cosmopolitan strains (HTLV-1a) from most areas of the world, with up to 10% divergence with strains from Australia and Melanesia (HTLV-1c)(Figure 1) (4). Strains from central Africa (HTLV-1b, d-g) are somewhat more divergent than the HTLV-1a strains.




Figure 1 | Phylogenetic representation of the HTLV-1 genotypes and subgroups. An alignment of complete LTR sequences (774 nucleotides long) from 178 HTLV-1 strains was obtained. The unrooted phylogenetic tree was generated with the neighbor-joining method using the GTR model (gamma=0.50). Branch lengths are drawn to scale, with the bar indicating 0.01 nucleotide replacements per site. Numbers on each node indicate the percentage of bootstrap samples (of 1000 replicates). HTLV-1 genotypes (a-g) and subgroups with HTLV-1a and HTLV-1c are presented. Published with permission from the author and journal (4).



Diseases caused by HTLV-1 include an aggressive CD4+ lymphoproliferative malignancy, designated adult T-cell leukemia lymphoma (ATLL) and spastic paraparesis, known as HTLV-1 myelopathy (HAM) or tropical spastic paraparesis (TSP) (5). Although, only 5-10% of infected individuals develop these disorders, HTLV-1 is associated with many other clinical inflammatory disorders, immunosuppression, and shortened survival (6). Sequence differences in the virus do not correlate with disease development (7). HTLV-1 causes a lifelong persistent infection, which is never truly silent (8). This led to an increased focus by the WHO on HTLV epidemiology and prevention strategies, which included a recommendation to develop a global strategy for the elimination of HTLV-1 (9).

Transmission of HTLV-1 is through contaminated blood or needles, sexual intercourse, and breast feeding (10). Rarely, HTLV is transmitted through ritual scarification practices (11). Zoonotic transmission through severe bites from simian T-cell leukemia virus type 1 infected non-human primates have also occurred among hunters in central Africa (12). Transmission of HTLV-1 from mother-to-child can be reduced by screening and education, which is a nationwide strategy in Japan (13). Horizontal transmission of HTLV-1, by sexual intercourse or blood transfusion is also preventable (14). An additional emerging concern is HTLV-1 infection upon organ transplantation (15). Attempts to facilitate screening remain to be developed.

After transmission, a balance between virus replication, expansion of infected cells, and immune response to the virus leads to the establishment of a proviral load “set point” after HTLV-1 acquisition. However, there have been few studies of acute HTLV-1 infection aimed at assessing the determinants and kinetics of the set point. In a study of three individuals who acquired HTLV-1 infection after organ transplantation, the proviral load set point was reached within 6 weeks (15). Thus, therapeutic approaches to infection prophylaxis have a limited time window in which to act. Nevertheless, it remains unclear whether transmission through other routes establishes the proviral set point with similar kinetics.

Cellular transfer of virus occurs more commonly via cell-to-cell contacts than via free virus particles (16). Two types of cell-cell contacts have been described to be critical for HTLV-1 transmission, tight junctions and cellular conduits (17). Non-exclusive mechanisms of virus transmission at cell-cell contacts include polarized budding into synaptic clefts and cell surface transfer of viral biofilms at virological synapses (18, 19). In contrast to CD4+ T-cells, dendritic cells can be infected with cell-free virus and, to a greater extent, via viral biofilms (20).

HTLV-1 is a member of the δ retrovirus family, which also includes HTLV-2 and bovine leukemia virus (BLV) (21). HTLV-2 is not clearly associated with disease, whereas BLV is a cause of B cell lymphoproliferative disorders in cattle. HTLV-1 encodes classical retrovirus structural proteins from group-specific antigen (gag) and envelope (env) genes, and enzymes from the protease (pr) and polymerase (pol) genes that encode the viral protease, reverse transcriptase (RT), and integrase (IN). Virus infection is mediated by a receptor complex on the cell surface and the virus particle is taken into cells by membrane fusion. Virus uncoating activates RT to copy the two copies of the plus-strand viral RNA genome into a dsDNA copy that is integrated into cellular DNA by the viral IN. Transcription is mediated by cellular RNA polymerase II, and viral RNAs may be spliced or unspliced prior to export from the nucleus. Translation produces viral proteins, including the Gag, Gag-Pr, and Gag-Pr-Pol polyprotein precursors which are processed into individual components during virus budding. Envelope is synthesized and processed in the reticuloendothelial-Golgi system, transported to the plasma membrane, and incorporated into the budding virus. Regulatory proteins, are encoded from multiple spliced RNAs and include the transactivator protein, TAX, the regulator of splicing and nuclear export, REX, the helix zipper protein, HBZ, as well as proteins designated p12, p27, and p30 that are presumed to regulate virus replication and/or pathogenesis.

HTLV-1 encodes two oncoproteins, TAX and HBZ (22–24). TAX promotes cytoplasmic signaling through various receptors and causes abnormal cell cycle regulation, genetic instability, and inhibition of DNA repair and apoptosis (25). HBZ counteracts the functions of TAX promoting a persistent latent infection (26). HBZ regulates signaling pathways important for inflammation, transcription, apoptosis, autophagy, histone methylation, and T-cell differentiation (27).



HTLV-1 envelope glycoprotein

The HTLV-1 env gene encodes the gp62, 488 amino acid envelope precursor glycoprotein which is cleaved by furin-like enzymes into a 20 amino acid (AA) signal peptide, a 292 amino acid gp45 surface envelope protein (SU) and a 176 amino acid gp21 transmembrane envelope protein (TM). SU has four asparagine (N)-linked glycosylation sites (AA 140, 222, 244, and 272; Figure 2), and TM has a single N-linked glycosylation site (AA 404), a disulfide bond (AA 393-400), and a S-palmitylated cysteine residue (AA 462). TM includes the fusion peptide (AA 313-333), and two coiled coil, heptad repeat (HR) domains (AA 341-387 and 397-429).




Figure 2 | Localization of the neutralizing regions and the domains and residues involved in HSPGs, NRP-1, and GLUT-1 binding within the HTLV-1 SU protein. The 90-94 motif identified as critical for direct NRP-1 binding corresponds to a minimal neutralizing epitope, and contains the R94 residue required for HTLV-1 particle infectivity. R94, as well as D106 and Y114 that mediate binding of the H1-RBD to target cells are required for H1-RBD-mediated receptor interference. The C-terminal domain of the SU contains the determinants for HSPG binding. Published with permission from the author and the journal (28).



SU mediates infection by binding to cellular entry factors heparin sulfate proteoglycans (HSPG), glucose transporter 1 (GLUT-1), and neuropilin-1 (NRP-1) (28). Subsequent conformational changes include isomerization of a SU-TM intersubunit disulfide result in fusion of the viral and cellular membranes (29). Although the crystal structure for SU has not yet been determined, it has been proposed to contain two separate folding domains separated by a proline-rich linker peptide (PRR; Figure 2) (30). The N-terminal region, designated the receptor-binding domain (RBD) is necessary and sufficient for binding to GLUT-1. The C-terminal domain includes the binding site for HSPG.

Retroviral envelope proteins, like those of coronaviruses, arenaviruses, filoviruses, pneumoviruses, and orthomyxoviruses are class I fusion proteins (31). They are all type I single-pass trans-membrane proteins that form non-covalently linked homotrimers in their pre- and post-fusion conformations. The structural hallmark of class I fusion proteins is the parallel trimeric α-helical coiled-coil in the post-fusion C-terminal subunit (TM in the case of retroviruses). This long α-helix of the coiled coil contains the HR with non-polar amino acids at positions 1 and 4 of the repeats. The C-terminal portion of the α-helix runs antiparallel to the N-terminal portion along the grooves of the coiled-coil to complete the post-fusion hairpin, thereby making a trimeric postfusion six-helix bundle. Detailed structures are available for many of these proteins in each conformation. A common feature of these proteins is their dynamic conformational changes, presenting open and closed forms in equilibrium (32). There is a large body of research indicating that it is the closed form that is recognized by the known broadly neutralizing antibodies, whereas the epitopes exposed in the open form which do not bind these antibodies



Neutralizing anti-HTLV-1 antibodies

Polyclonal and monoclonal antibodies to HTLV-I envelope proteins, including SU, have been demonstrated to neutralize HTLV-I infection (33–36). Neutralizing antibodies were observed in HTLV-1 infected individuals, which can prevent infection (37–40). These antibodies may interfere with receptor or coreceptor recruitment, or prevent receptor-induced changes in SU conformation that are required to activate the fusogenic properties of envelope (41). Major neutralizing domains of SU have been mapped to 4 domains (AA 53-75, 88-107, 175-215, and 287-311, Figure 2) (35, 36, 42). Efficacy of neutralizing antibodies was demonstrated by passive transfer of anti-envelope antibodies which block blood-borne or milk-borne HTLV-1 infection of rabbits (43–47)



HTLV-1-specific cellular immunity

HTLV-1 infection elicits a strong CTL response (48). The frequency of HTLV-1-specific CTLs may be very high with up to 10% of circulating CD8+ T cells recognizing a single immunodominant CTL antigen target, TAX (49). The frequency of HTLV-1-specific CTLs is correlated with the HTLV-1 proviral load (50). This raised the hypothesis that HTLV-1-specific CTLs may fail to eradicate the virus, and may contribute to the inflammatory tissue damage with disease. presentation However, there is also evidence that CTL responses to HTLV-1 may be protective. Higher expression of CTL effector proteins is correlated with lower proviral load (51). In addition, the immunodominant TAX protein is subject to positive selection in vivo (52). Envelope-specific CTLs have also been detected, but are present at low frequencies (53, 54). T-cell epitopes within envelope in HLA-A2-positive individuals were mapped to residues 175-183, 182-190, 239-247, 395-403, and 442-450 (55, 56). The lytic efficiency of the CD8+ T cell response, as measured by the fraction of HTLV-1-expressing cells eliminated per CD8+ cell per day, was found to be inversely correlated with both the proviral load and the rate of spontaneous proviral expression (57). However, ATLL patients have weak CTL responses to HTLV-1 antigens (58).



Vaccination against HTLV-1

Preventative vaccines are highly effective against a wide range of viral diseases, including cancer viruses, hepatitis B virus and human papilloma virus (59). There has also been a resurgence in therapeutic cancer vaccines (60), including malignancies caused by viruses (61), as well as non-viral cancers associated with production of neoantigens (62). However, most efforts focused on a vaccines for retroviruses have been concerned with HIV, and with very limited success, thus far (63). Nevertheless, an inactivated viral vaccine for feline leukemia virus has been developed that provides protection against heterologous strain infection (64). The vaccine did not prevent infection, but it did induce an antibody response and results in proviral loads more than 100-fold lower than challenged but non-vaccinated cats, that were detectable for a shorter time interval. A recombinant feline leukemia virus vaccine (PureVAX) is also commercially available, which utilizes a canary pox vector to express a mutated envelope, gag, and a truncated polymerase protein, resulting in 93% efficacy (65)

Several studies have evaluated vaccines against BLV (66). Inactivated BLV, crude lysates from persistently infected cell lines, peptide antigens, poxvirus-expressed BLV antigens, or DNA vaccines led to partial protection, with declining neutralizing antibody titers and poor stimulation of CTL responses. An attenuated BLV vaccine was made with deletions in TAX and the antisense accessory (G4) genes, resulting in a virus capable of very low levels of infectivity and replication, which is commercially available (67).

Kazanji et al. tested a chimeric peptide vaccine composed of B- and T-cell epitopes of HTLV-1 (68). They identified high titer antibodies and a high frequency of interferon γ-expressing cells against the envelope and TAX immunogens, but not against individual TAX peptides. After challenge, partial protection was achieved as evidenced by lower proviral loads in immunized compared to control animals. Studies with peptide immunization had previously been performed in rabbits by Takehara et al. (43). In that case, rabbits were vaccinated with a peptide corresponding to Env amino acids 175-196. Although pre-challenge sera from these rabbits showed high titers of anti-HTLV-1 Env antibodies, after challenge, virus was recovered from all rabbits.

A highly attenuated poxvirus expressing the entire HTLV-1 envelope protein was used to immunize New Zealand white (NZW) rabbits (69). The animals were protected from HTLV-1 infection, but not protected upon re-challenge 5 months later with 10- to 100-fold greater infectious virus load. It was unclear whether the lack of protection to re-challenge was a result of being overwhelmed with a large dose of virus, or due to the presence of a viral variant that evaded the immune response. Hokada et al. also inoculated rabbits with a recombinant vaccinia virus carrying the HTLV-1 envelope gene (70). This vaccine elicited anti-envelope and antibodies, but neutralizing antibodies were not detected. In addition, this vaccine did not prevent infection.

Nakamura et al. immunized 4 cynomolgus monkeys with 4-6 doses of E coli-produced HTLV-1 envelope protein (71). These animals were protected against infection, when challenged with a live HTLV-1 producing cell line, MT2. However, 2 monkeys inoculated with fewer doses did not produce antibodies that block HTLV-1 induced syncytium formation and were not protected against challenge with MT2 cells.

Ibuki et al. inoculated 2 cynomolgus monkeys with a recombinant vaccinia virus expressing the HTLV-1 envelope, and elicited neutralizing antibodies, and these animals were protected against infection (72). Kazanji et al. tested several HTLV-1 vaccines in squirrel monkeys (73). These included attenutated vaccinia virus-derived HTLV-1 env and/or gag expression vectors. However, after 3 inoculations, only one of three animals was protected against infection. Since naked DNA has also been used to induce neutralizing antibodies against HTLV-1 envelope glycoproteins in mice (74, 75), Kazanji et al. also incorporated this reagent in their studies (73). Priming animals with an env DNA vaccine followed by the recombinant vaccinia virus expressing env and gag resulted in protection of all three inoculated animals.

Kabirit et al. synthesized a multi-epitope chimeric protein with TAX, Env, and Gag immunodominant epitopes encapsulated in biodegradation poly(D,L-lactide-co-glycolide) nanoparticles (76). This preparation elicited antibody and cytokine responses in mice, but efficacy against infection was not reported. Humoral and cell-mediated immune response against the HTLV-1 envelope were detected in the protected animals.

A recombinant HTLV-1 glycoprotein protein vaccine was made against the HTLV-1c glycoprotein (77). This subunit vaccine utilized a molecular trimerization domain clamp to stabilize the prefusion conformation of the glycoprotein (78). This approach was previously used to stabilize influenza A hemagglutinins, using HIV-1-derived heptad regions. For the HTLV-1c envelope vaccine, the clamp was modified to negate production of anti-HIV-1 envelope antibodies. Use of several different adjuvants resulted in strong antigen-specific responses in mice.

MHC-I-bound HTLV-1 peptides have been identified which give rise to HTLV-1-specific CTLs in vivo (79). A therapeutic vaccine to activate TAX-specific CTLs was developed using TAX peptide-pulsed dendritic cells, resulting in favorable clinical outcomes in three ATLL patients (80, 81). These investigators also demonstrated that dendritic cells from peripheral blood mononuclear cells of a chronic ATLL patient evoked TAX-specific CTL-responses (82). However, since half of all ATLL patients lose the ability to express TAX, this approach may have limited utility (83). MacNamara et al. quantified the contribution of all HLA class I alleles to host protection against infection with HTLV-1 (84). They concluded that CD8+ cell response to HBZ are most effective. HTLV-1 carriers who had MHC class 1 alleles which could preferentially bind and present epitopes from HBZ were more likely to have low proviral loads, and less likely to develop disease than carriers who had MHC alleles which weakly bound HBZ peptides. Vaccination with a recombinant vaccinia virus expressing HBZ resulted in CTLs with anti-lymphoma effects in HBZ transgenic mice (85). In addition, this vaccine produced HTLV-1-specific T cell responses in infected rhesus monkeys (85).



RNA vaccines

Messenger RNA (mRNA)-based vaccines hold the promise to revolutionize the infectious disease prevention field by addressing current manufacturing challenges and offering novel vaccine compositions (86). Critical quality attributes are high efficiency of expression with a 5’cap, 5’untranslated region of optimal length with key regulatory elements, codon optimization, 3’poly-A tail length appropriate for translation, and lack of impurities that induce inflammatory cytokines and reduce expression. The use of lipid nanoparticle (LNP) formulations stabilize the mRNA and facilitate cellular uptake. As of 2020, 12 clinical trials for mRNA-based infectious disease vaccines were completed for infectious agents including respiratory syncytia virus, rabies, chikungunya, zika, parainfluenza, influenza, and cytomegaloviruses. The recent success of coronavirus-19 mRNA vaccines has re-energized the field (87). These vaccines, based on a “universal” LNP delivery system, have proven tolerable and highly efficacious. Challenges remaining include thermal instability of the mRNA cargo, further optimization of the nanoscale delivery platform to produce target-specific immunoactivation and prolong the duration of the effect, achieving a “one-shot” approach, achieving low cost for low- to middle-income countries, lack of clarity about the longevity and type of immunoprotection offered, and hypersensitivity reactions. This approach is worthy of investigation for HTLV-1.



Clinical vaccine trials

A safe and effective vaccine preparation in animal studies will eventually be considered for clinical trials. This would include phase 1 safety and pharmacokinetics studies in volunteers. Phase 2 and 3 trials would then be targeted to a population at risk of acquisition of HTLV-1. The largest and most suitable population would likely be individuals at significant risk of sexual acquisition of HTLV-1 in an endemic region.



Conclusions

Previous studies in rabbits and monkeys suggest that inoculation with HTLV-1 gene products may provide protection against infection. The ideal vaccine candidate and method of inoculation remains to be deciphered. In addition, immune correlates of response remain to be determined. Although some studies suggest that neutralizing antibodies against the HTLV-1 envelope protein may provide protection against infection, the role of cytotoxic T lymphocyte responses against envelope and other viral proteins remains to be fully characterized. In addition, antibody-dependent cellular cytotoxicity, known to occur in primary infection (88–90), could also be important in vaccine protection.

The WHO issued a technical report in 2020 with a strong recommendation for global strategies to eliminate transmission of HTLV-1 (9). Thus, further studies of possible efficacy and safety of HTLV-1 vaccines is warranted. It will be interesting to determine why some people who are infected with HTLV-1, manage to maintain a very low proviral load set-point, and have a very low risk of disease. Analysis of such HTLV-1 “elite controllers” could provide important details to defining a protective response to the virus. If a safe and effective vaccine can be developed, it remains unclear which individuals might benefit from its use. Individuals at greatest risk of acquisition of HTLV-1, include people who are sexual partners of HTLV-1 infected subjects. In addition, a vaccine could have benefits in preventing maternal-to-child transfer. Although control of breast-feeding was effective in Japan in preventing vertical transmission, limiting breast-feeding in developing countries might cause malnutrition issues with newborns, so vaccination might have unique advantages in these settings. Thus, the highest prevalence of such individuals will be sexually active individuals in HTLV-1 endemic areas.
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Human T-cell leukemia virus type-1 (HTLV-1) establishes a long-term persistent infection in humans and causes malignant T-cell leukemia, adult T-cell leukemia (ATL). HTLV-1-specific cytotoxic T lymphocytes have been suggested to play a major role in the immunosurveillance of HTLV-1-infected T cells. However, it remains unclear whether HTLV-1-specific functional antibodies are also involved in the host defense. To explore the role of antibodies in the course of HTLV-1 infection, we quantitated HTLV-1-specific neutralizing and antibody-dependent cellular cytotoxicity (ADCC)-inducing antibody levels in plasma from asymptomatic carriers (ACs) and ATL patients. The levels of neutralizing antibodies, as determined by a syncytium inhibition assay, were significantly lower in acute and chronic ATL patients than in ACs. The levels of ADCC-inducing activity were tested using an autologous pair of HTLV-1-producing cells and cultured natural killer (NK) cells, which showed that the ADCC-inducing activity of IgG at a concentration of 100 µg/ml was comparable between ACs and acute ATL patients. The anti-gp46 antibody IgG levels, determined by ELISA, correlated with those of the neutralizing and ADCC-inducing antibodies. In contrast, the proviral loads did not correlate with any of these antibody levels. NK cells and a monoclonal anti-gp46 antibody reduced the number of HTLV-1 Tax-expressing cells in cultured peripheral blood mononuclear cells from patients with aggressive ATL. These results suggest a protective role for HTLV-1 neutralizing and ADCC-inducing antibodies during the course of HTLV-1 infection.
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Introduction

HTLV-1 is prevalent worldwide, with foci of high prevalence in southwest Japan, the Caribbean islands, South America, and some areas of Central Africa and Australia (1, 2). The total number of HTLV-1 carriers is estimated to be 10–20 million (3). HTLV-1 is transmitted through contact with body fluids containing infected cells by breastfeeding and sexual contact, which occurs through cell-to-cell infection via the formation of virological synapses (4, 5). A characteristic of HTLV-1 infection is that most carriers remain asymptomatic throughout their lives, and approximately 5% of them develop ATL or HAM/TSP after a prolonged latency period (6, 7).

Upon latent infection establishment, HTLV-1-antigen-expressing cells are difficult to detect, at least in fresh peripheral blood mononuclear cells (PBMCs). However, when these PBMCs are isolated from the blood and cultured in vitro, some T cells begin to produce HTLV-1 antigen (8, 9). In addition, the continued presence of strong CD8+ cytotoxic T lymphocyte (CTL) responses and readily detectable levels of antibodies specific for HTLV-1 antigens (10) indicates that the persistent production of HTLV-1 continues in vivo. It is suggested that owing to the high degree of genomic stability (11), HTLV-1-expressing cells hardly escape from specific immune attacks by CTLs specific for Tax and HBZ antigens (12). However, the role of HTLV-1-specific neutralization and ADCC-inducing antibodies in controlling HTLV-1 infection progression in vivo remains unclear.

To date, several lines of evidence have shown that the major HTLV-1 envelope antigen gp46 serves as a major target for neutralization and ADCC (13, 14). The possible involvement of anti-HTLV-1 ADCC responses in the eradication of HTLV-1-expressing cells suggests that a humanized anti-gp46 monoclonal antibody (hu-LAT-27) is highly effective in the elimination of HTLV-1-infected cells in the presence of autologous natural killer (NK) cells, while preventing de novo infection with HTLV-1 (15). In the present study, in an effort to define the role of HTLV-1-specific antibodies with neutralizing and ADCC-inducing activities in controlling infection, we compared neutralizing and ADCC-inducing antibody levels in plasma between asymptomatic HTLV-1 carriers (ACs) and patients with ATL. Here, we show that HTLV-1 protective antibody levels were lower in patients with acute ATL than in ACs, indicating that both CTL and functional antibodies are positively involved in the immuno-surveillance of HTLV-1-expressing cells in vivo.



Materials and methods


Reagents

The medium used throughout was RPMI-1640 medium (Sigma-Aldrich. Inc. St. Louis, MO, USA) supplemented with 10% fetal calf serum, 100 U/ml penicillin, and 100 µg/ml streptomycin (hereinafter referred to as RPMI medium). The mAbs used were mouse anti-HTLV-1 Tax Lt-4 mAb (16) labeled by HiLyte Fluor 647 Labelling kit (Dojindo, Japan) according to the manufacturer’s instructions, anti-human CD25-FITC, CD16-FITC, CD56-PE, CD3-APC and anti-human CD4-PE (BioLegend, San Diego, CA), and humanized LAT-27 (hu-LAT-27) (15). HRP-labeled protein G was purchased from Abcam (Cambridge, UK). IgG was purified from the plasma using protein G (Protein G HP Spin Trap, GE Healthcare, UK).



Blood samples

Blood samples were obtained from ACs and ATL patients living in Okinawa Prefecture after obtaining informed consent. Clinical samples were procured from seven institutions in Okinawa Prefecture (University of the Ryukyus Hospital, Heart Life Hospital, Nakagami Hospital, Naha City Hospital, Nanbu Medical Center, Chubu Tokushukai Hospital, and Kariyushi Hospital) between August 2014 and August 2021. HTLV-1 infection was confirmed by the particle agglutination method (Fujirebio, Tokyo, Japan). Patients with ATL were diagnosed based on the criteria proposed by the Japan Clinical Oncology Group and confirmed with a monoclonal integrated HTLV-I proviral genome using Southern blot hybridization, as described previously (17). PBMCs and plasma samples were separated from heparinized blood samples by density-gradient centrifugation using Lymphocyte Separation Solution (Nacalai Tesque, Kyoto, Japan) and stored in gaseous nitrogen and at −80°C, respectively, until use.



Neutralization assay

HTLV-1 neutralizing antibody levels in samples were quantitated by performing a syncytium inhibition assay as described previously (14), with a slight modification using a new HTLV-1-producing cell line, YT-8, established from CD8+T cells from a normal donor by co-cultivation with the HTLV-1-producing B cell line ATL-040 cells (18). To increase the frequency of HTLV-1 gp46-expressing cells, YT-8 cells were stimulated in media containing 0.1 µg/ml prostaglandin E2 (PGE2) overnight. A volume of 5 µl of the YT-8 cell suspension at 2 × 107 cells/ml in 100 U/ml IL-2 media was mixed with 90 µl of serially 2-fold diluted plasma or purified IgG in round-bottom 96-well micro-titer plates (Falcon) for 5 min, followed by the addition of an equal number of HTLV-1-negative T cell line (CEM) cells in a volume of 5 µl of the same medium. After cultivation for 4 h at 37°C in a 5% CO2 humidified incubator, syncytium formation was microscopically observed using an inverted microscope to determine the final dilution of plasma and IgG, which showed the complete blocking of syncytium formation. The neutralization titers of the plasma were expressed as reciprocals of the final dilutions.



ADCC assay based on flow cytometry

The ADCC-inducing activity of antibodies was tested as described previously with a slight modification (14) using YT-8 cells and autologous NK cells. Briefly, 100 µl/well of YT-8 cell suspension (1 × 106 cells/ml in 100 U/ml IL-2 medium) was mixed with the same volume of autologous NK cells (4 × 106 cells/ml) selectively grown from PBMCs using an NK-cell expansion kit (KBM NK kit, Cosmo bio, Tokyo, Japan) according to the manufacturer’s protocol in duplicate in round-bottom 96-well micro-titer plates (BD) in the presence or absence of purified IgG at 100 µg/ml. After 2 days, the culture wells were examined for the number of Tax-expressing cells by FCM. Live cells harvested from the co-culture wells were Fc receptor-blocked by pre-incubation in 2 mg/ml pooled normal human IgG in FACS buffer (PBS containing 0.2% bovine serum albumin and 0.1% sodium azide) for 10 min on ice and then stained with FITC-labeled anti-CD25 mAb for 30 min on ice. After washing with FACS buffer, the cells were fixed in 1% paraformaldehyde in PBS for 10 min at room temperature, permeabilized, and washed with 0.5% saponin and 1% BSA-containing FACS buffer. The cells were then incubated with 100 µl of 0.1 µg/ml Alexa Fluor-647-labeled Lt-4 mAb for 30 min at room temperature. These cells were washed and resuspended in 300 µl FACS buffer. Cells were analyzed using FACSCalibur (BD), and the data obtained were analyzed using Cell Quest software (BD), as shown in Supplementary Figure 2. The absolute cell numbers in the test tubes were determined using a cell counting bead kit (Flow-Count, Beckman Coulter) according to the manufacturer’s protocol. The percent ADCC activity was calculated as follows:

(1-[CD25+Tax+ cell counts in the presence of antibody and NK cells/CD25+Tax+ cell counts in the presence of only NK cells]) × 100.

To evaluate the effect of anti-gp46 ADCC-inducing antibodies on primary T cells carrying endogenous HTLV-1, 100 µl of suspension of cryopreserved PBMCs from HTLV-1+ donors (1 × 106 cells/ml in 100 U/ml IL-2 medium) were mixed with the same volume of medium or allogeneic NK cells (4 × 106 cells/ml) in round-bottom 96-well microtiter plates (BD) in the presence or absence of hu-LAT-27 at 10 µg/ml. After 2 days, the number of CD4+Tax+ cells in the wells was examined using FCM.



ELISA

Anti-HTLV-1 gp46 antibody levels in the plasma and IgG samples were determined by ELISA. Briefly, 50 µl of plasma diluted to 1:20 and IgG samples at a concentration of 20 µg/ml in a buffer containing 0.2% Triton X-100, 0.2% BSA, 0.05% Tween-20 in PBS was added to wells of 96-well ELISA plates (Nunc) precoated with 50 µl/well of 0.2 µg/ml affinity-purified native gp46 (14) and incubated for 1 h. After washing, the plates were incubated with 50 μl/well of HRP conjugate protein-G (Sigma-Aldrich) for 30 min. After the final wash, 50 μl/well of TMB substrate solution (Sigma-Aldrich) was added to the plates, which were incubated for 5 min, and then, the reaction was terminated by adding 50 μl/well of 2 N H2SO4. The absorbance was read at 450 nm using a reference wavelength of 620 nm with an automatic microplate reader (Bio-Rad, Hercules, CA, USA). All samples were analyzed in duplicate.



HTLV-1 proviral loads

PVL in PBMCs were measured by quantitative PCR using 100 ng of genomic DNA (approximately equivalent to 1.0 × 104 PBMCs) on an ABI 7500 Fast Real-Time PCR System (Applied Biosystems, Foster City, CA), as previously described (19). HTLV-1 PVLs were determined using the following formula: HTLV-1 tax copy number per 1.0 × 104 PBMCs = ([tax copy number]/[β-actin copy number/2]) × 104. All samples were analyzed in triplicate at the University of the Ryukyus Center for Research Advancement and Collaboration.



Statistical analysis

Welch’s t-test, Kruskal-Wallis test or Spearman’s correlation analysis was performed for statistical analysis using Prism 8 software (GraphPad Software, San Diego, CA, USA). Statistical significance was set at P < 0.05.



Ethical considerations

This study was approved by the Human Institutional Review Board of the University of the Ryukyus (approval number: 1470, 319-6 and 777-2). All blood samples and information were collected after obtaining written informed consent, according to the Declaration of Helsinki.




Results


Quantitation of HTLV-1-neutralizing antibody titers

HTLV-1 neutralization levels were titrated by a syncytium inhibition assay using a pair of new HTLV-1-producing CD8+ T cell line (YT-8) and an HTLV-1-negative T cell line (CEM). This pair was used because syncytia induced after co-cultivation are easily recognized under an inverted microscope (Supplementary Figure 1). As shown in Figure 1, HTLV-1-specific neutralizing antibody titers of plasma from acute ATL patients, but not from chronic and smoldering ATL patients, were significantly lower than those of ACs. Simultaneously, we evaluated the levels of anti-gp46 binding antibodies by ELISA and compared them with neutralization levels. To detect total IgG antibody levels specific for the HTLV-1 gp46 antigen, a native gp46 protein, which was purified from culture supernatants of HTLV-1-producing cells (MT-2) by antibody-affinity column chromatography, was used as the immobilized target antigen. At a dilution of 1:20, the levels of anti-gp46 IgG in the plasma were clearly correlated with those of the neutralization titers in ACs, acute and smoldering ATL patients (Figure 2). These results showed that the levels of HTLV-1 neutralization titer and anti-gp46 antibody titer were lower in acute ATL patients than in ACs, and suggested that these neutralization activities were mainly mediated by anti-gp46 IgG antibodies, as reported previously (14).




Figure 1 | Comparison of the HTLV-1 neutralization antibody titers between ACs and ATL patients. Neutralization antibody titers were determined by a syncytium inhibition assay for ACs (n=64), acute ATL patients (n=84), chronic ATL patients (n=22), and smoldering ATL patients (n=15) and expressed as reciprocals of the final dilutions that showed complete inhibition. Statistical analysis was performed with Kruskal-Wallis test. ns, not significant.






Figure 2 | Relationship between HTLV-1 neutralization antibody titers and those of anti-gp46 based on ELISA in ACs and ATL patients. Dot plot analysis of neutralization titers (y-axis) vs. anti-gp46 titers as determined by ELISA with a 1:20 dilution of plasma (x-axis) is shown. Statistical analysis was performed with Spearman’s correlation test.





Quantitation of HTLV-1 ADCC-inducing antibody levels

Next, we determined ADCC-inducing antibody levels using an autologous pair of target and effector cells. The target YT-8 cell line was selected because it is less sensitive to autologous NK cells than other CD4+ HTLV-1-producing T cell lines (Tanaka et al. unpublished). To reduce possible cytotoxic components in the plasma, we purified IgG from the plasma and tested them at a final concentration of 100 µg/ml. Samples were randomly selected from ACs (n=16) and acute ATL patients (n=16). The effector NK cells used were selectively expanded from PBMCs in vitro, and most of them expressed CD16 on the cell surface (Supplementary Figure 2). As shown in Supplementary Figure 3, the CD25+Tax+ cell number in each well after co-cultivation was counted by FCM, and the ADCC-inducing capacity of IgG was calculated as cytotoxicity. In these experimental conditions, NK cells at E/T ratio of 4 and 10 μg/ml humanized anti-gp46 mAb (hu-LAT-27) could achieve complete eradication of the target YT-8 cells during cultivation for 7 days in vitro (Supplementary Figure 4). Figure 3A provides a summary indicating that the ADCC-inducing capacity of IgG was comparable between ACs and patients with acute ATL patients. Notably, the ADCC-inducing capacity of IgG was significantly correlated with both neutralizing and anti-gp46 antibody levels among the total samples tested (Figure 3B). These results showed that there was no difference in HTLV-1-specific ADCC-inducing antibody levels at a fixed concentration of IgG between ACs and acute ATL patients. However, since the neutralization titers were lower in acute ATL patients than in ACs, it can be speculated that the total plasma levels of ADCC-inducing antibodies in acute ATL patients were also lower than those in ACs.




Figure 3 | ADCC-inducing activity of IgG from ACs and acute ATL patients. Purified IgG from ACs (n=16) and acute ATL patients (n=16) at a final concentration of 100 µg/ml were added to co-culture HTLV-1 producing YT-8 cells and autologous NK cells. After 2 days, the number of CD25+Tax+ cells was determined by FCM as shown in Supplementary Figure S3. (A) Comparison of ADCC-inducing IgG activity between ACs and acute ATL patients. Statistical analysis was performed using t test with Welch’s correction. (B) Correlation between ADCC-inducing IgG activity at 100 µg/ml and neuralization IgG titers at 2 mg/ml, and anti-gp46 IgG ELISA titers at 20 µg/ml, among all ACs and ATL patients tested (n=32). Statistical analysis was performed with Spearman’s correlation test.





No correlation between PVL and anti-gp46 antibody levels

It has been reported that antibody titers against a mixture of multiple HTLV-1 antigens are correlated with the PVL (20, 21). Thus, we tested whether neutralizing, ADCC, and anti-gp46 ELISA antibody levels were correlated with PVL. The prominence of PVL was clear in the ATL samples compared to that in ACs (Figure 4A). However, as shown in Figures 4B, C, we found no significant correlation between PVL and any of the three antibody levels. These results indicated that antibody production against the gp46 antigen was independent of PVL.




Figure 4 | No correlation between PVL and neutralizing, ADCC-inducing, or anti-gp46 antibody titers. (A) PVL in each group of ACs (n=64), acute ATL (n=84), chronic ATL (n=22), and smoldering ATL (n=15) patients. Statistical analysis was performed with Kruskal-Wallis test. (B) Relationship between PVL and neutralizing titers in ACs and acute ATL patients, and (C) Relationship between PVL and anti-gp46 antibody or ADCC-inducing levels. Statistical analysis was performed with Spearman’s correlation test in (B, C).





ADCC reduces the number of Tax+ cells in primary PBMC cultures of ATL patients

Finally, we evaluated the role of anti-gp46 ADCC in primary T cells isolated from three aggressive ATL patients (one from lymphoma type ATL and two from acute type ATL) and one AC. PBMCs were co-cultured with allogeneic NK cells at an effector to target cell ratio of 4 in the presence or absence of a humanized anti-gp46 ADCC-inducing mAb (hu-LAT-27) for 2 days, and the number of CD4+Tax+ T cells was calculated as shown in Figure 5A. Figure 5B showed that a combination of hu-LAT-27 and NK cells significantly reduced the number of CD4+Tax+ cells in the PBMCs in comparison to NK cell alone. These results show that fresh ATL leukemic cells expressing Tax antigen were susceptible to ADCC.




Figure 5 | Reduction of the number of CD4+Tax+ cells by ADCC in cultured PBMCs. Cryopreserved PBMCs (1 x 106 cells/ml) isolated from HTLV-1+ donors were cultured alone or co-cultured with allogeneic NK cells (4 x 106 cells/ml) in the presence or absence of humanized anti-gp46 ADCC-inducing mAb (hu-LAT-27) for 2 days, and the number of CD4+Tax+ T cells was calculated by FCM. (A) FCM data on the case of an aggressive type of ATL patient (lymphoma type: ATL-1) showing a decrease in the number of CD4+Tax+ T cells by ADCC. (B) Decrease in the number of CD4+Tax+ T cells by ADCC in three of aggressive ATL and one AC. The number of CD16+CD56+ NK cells in the PBMCs from patients with lymphoma type ATL (Lymphoma type ATL-1), acute ATL (ATL-2 and ATL-3), and asymptomatic AC-4 were 200, 39,400, 500, and 92,000/well, respectively, as determined by FCM. Experiments were performed in duplicate. Statistical analysis was performed using Wilcoxon matched-pairs singed rank test.






Discussion

In the present cross-sectional study using a large number of plasma samples collected in Okinawa, we showed that the levels of HTLV-1-neutralizing antibodies in the plasma were significantly lower in acute ATL patients than in ACs. In the past, similar observations were reported by Astier-Gin et al. using another neutralization method (a reporter gene inhibition assay to determine 50% inhibition) and samples from chronic and acute ATL patients (n=16) and ACs (n=41) among native inhabitants of Central Africa and the Caribbean area (22). Thus, it can be generalized that the decrease in the HTLV-1-neutralizing antibody titer is a possible accompanying biomarker of aggressive ATL.

Several questions remain to be addressed with the current data. Firstly, there was no significant difference in the neutralizing activity in chronic and smoldering ATL patients compared to ACs (Figure 1). However, a significant correlation existed between the anti-gp46 binding antibody level and the neutralization level in ACs, as well as in the acute and smoldering ATL but not in the chronic ATL (Figure 2). The reason for this is unclear; however, it is possible that the number of samples from chronic and smoldering ATL patients was small for a group analysis. Alternatively, as smoldering ATL and a part of chronic ATL are classified as indolent ATL types (23), the plasma titers of the neutralizing antibodies from patients with indolent type ATL may not be significantly different from those of ACs. Secondly, due to a limited number of samples, the correlation between ADCC–inducing activity and neutralizing antibody activity titer in each ATL subtype and ACs remains unclear. Thirdly, correlation studies between anti-gp46 antibody production and clinical laboratory data reflecting tumor volume remain to be undertaken. Our preliminary analysis indicated no correlation between anti-gp46 antibody titers and sIL-2R (sCD25) plasma levels (data not shown), which was in accordance with our recent findings that PVL and sIL-2R plasma levels correlate significantly (24). These data indicate that anti-gp46 antibody production is independent of ATL tumor volume. Further studies using more samples are in progress to address these questions.

Although the ADCC-inducing capability of purified IgG from acute ATL patients was comparable to that of ACs at a concentration of 100 µg/ml, based on the correlation between ADCC-inducing antibody levels and neutralizing antibody titers (Figure 3B), it is suggested that the total amount of ADCC-inducing antibodies might be lower in acute ATL patients than in ACs. Since ADCC mediated by a combination of anti-gp46 mAb and NK cells was able to reduce the number of Tax+ cells in freshly cultured PBMCs from ATL patients (Figure 5), it is suggested that the decreased levels of anti-HTLV-1 gp46 neutralizing and ADCC-inducing antibody concentrations might be related to the development of acute ATL. It seems likely that in the presence of a substantial number of CD16+NK cells in the blood or organs at an asymptomatic stage, HTLV-1-infected T cells that transiently become positive for HTLV-1 Tax antigen followed by gp46 expression will be eradicated instantly by the NK-mediated ADCC via the cell surface binding of anti-gp46 ADCC-inducing antibodies, as shown in Figure 5. Our preliminary study indicated that the addition of hu-LAT-27 (without NK cells) into PBMC cultures from the asymptomatic carrier (AC-4 in Figure 5B), wherein sufficient CD16+CD56+NK cells (10% of PBMCs) existed, did not induce ADCC (data not shown). The impaired function of the NK cells in the donor could be speculated from the cases reported for patients with ATL (25). Further studies are in progress to determine whether or not HTLV-1-specific ADCC-inducing ability is deficient in the NK cells of ATL patients and ACs.

The fact that such ADCC could not eradicate all Tax-expressing cells in primary cultured PBMCs from ATL patients (Figure 5) could suggest that Tax+ expressing cells are heterogeneous in the expression of cell surface gp46. It can be speculated that HTLV-1-specific CD8+ CTL directed against Tax and HBZ antigens (26) will cooperate together for the wide-range eradication of HTLV-1-expressing cells in vivo. However, we cannot exclude another possibility that immunodeficiency conditions in acute ATL patients (27–29) are the cause of the decreased antibody production. For a precise understanding, longitudinal follow-up studies with AC cohorts need to be performed.

An elevated HTLV-1 PVL is a hallmark of ATL and the sole risk factor for developing ATL in an asymptomatic state (30). However, it has been elusive whether anti-HTLV-1 antibody titers correlate with PVL. So far, using 45 samples from ACs, Akimoto et al. reported a positive correlation between PVL and antibody levels against purified HTLV-1 antigen plus synthetic Env peptides as determined by ECLIA (20). In accord, Burbelo et al. reported a correlation between PVL and antibody levels against recombinant HTLV-1 Env antigens as determined by LIPS assay in ACs but not in HAM/TSP patients (31). In addition, Matsumoto et al. showed a weak correlation between PVL and antibody levels against whole HTLV-1 antigens produced in HTLV-1-infected cell line as measured by CLIA (21). In contrast, no correlation was found between PVL and antibody levels against either recombinant Tax antigen as determined by ECLIA (20) or HBZ antigen as determined by LIPS assay (32) or ELISA (33). The present study is the first to show no significant correlation between PVL and anti-native gp46 antibody levels. Further studies with larger numbers of specimen will be required to solve the discrepancy on relationship between PVL and anti-HTLV-1 titers, in which the frequency of defective-type proviruses (34) in total PVL should be taken into account.

In conclusion, the present study indicated a possible role for anti-gp46 HTLV-1-neutralizing and ADCC-inducing antibodies in immuno-surveillance during the course of HTLV-1 infection. So far, it has been reported that the number and function of NK cells in aggressive ATL patients are low (25, 35), and that NK cells, but not monocytes, are the main effector cells in ADCC against both ATL leukemic cells in patients under the anti-CCR4 therapy (36) and HTLV-1-transformed cells in the presence of anti-gp46 mAb (14). Therefore, it might be worthwhile to investigate whether therapy that can elevate both HTLV-1-specific neutralizing and ADCC-inducing antibody levels and the number of functional NK cells would be beneficial for some patients with aggressive ATL by, for example, an adaptive immunization with a sufficient number of autologous CD16+NK cells along with the humanized anti-gp46 hu-LAT-27 mAb. Studies are in progress to explore an adequate method for in vitro expansion of CD16+NK cells from PBMCs of patients with acute ATL.
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Human T lymphotropic virus 1 (HTLV-1) is a human retrovirus identified as the causative agent in adult T-cell leukemia/lymphoma (ATL) and chronic-progressive neuroinflammatory disorder HTLV-1-associated myelopathy/tropical spastic paraparesis (HAM/TSP). HTLV-1 is estimated to infect between 5-20 million people worldwide, although most infected individuals remain asymptomatic. HTLV-1 infected persons carry an estimated lifetime risk of approximately 5% of developing ATL, and between 0.25% and 1.8% of developing HAM/TSP. Most HTLV-1 infection is detected in CD4+ T cells in vivo which causes the aggressive malignancy in ATL. In HAM/TSP, the increase of HTLV-1 provirus induces immune dysregulation to alter inflammatory milieu, such as expansion of HTLV-1-specific CD8+ T cells, in the central nervous system of the infected subjects, which have been suggested to underlie the pathogenesis of HAM/TSP. Factors contributing to the conversion from asymptomatic carrier to disease state remain poorly understood. As such, the identification and tracking of HTLV-1-specific T cell biomarkers that may be used to monitor the progression from primary infection to immune dysfunction and disease are of great interest. T cell receptor (TCR) repertoires have been extensively investigated as a mechanism of monitoring adaptive T cell immune response to viruses and tumors. Breakthrough technologies such as single-cell RNA sequencing have increased the specificity with which T cell clones may be characterized and continue to improve our understanding of TCR signatures in viral infection, cancer, and associated treatments. In HTLV-1-associated disease, sequencing of TCR repertoires has been used to reveal repertoire patterns, diversity, and clonal expansions of HTLV-1-specific T cells capable of immune evasion and dysregulation in ATL as well as in HAM/TSP. Conserved sequence analysis has further been used to identify CDR3 motif sequences and exploit disease- or patient-specificity and commonality in HTLV-1-associated disease. In this article we review current research on TCR repertoires and HTLV-1-specific clonotypes in HTLV-1-associated diseases ATL and HAM/TSP and discuss the implications of TCR clonal expansions on HTLV-1-associated disease course and treatments.
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Introduction

Human T lymphotropic type 1 (HTLV-1) is a retrovirus known to be an etiological agent of an aggressive mature T cell malignancy termed adult T cell leukemia/lymphoma (ATL) and the chronic, progressive inflammatory neurologic disease HTLV-1-associated myelopathy/tropical spastic paraparesis (HAM/TSP) (1–4). Although most infected individuals remain asymptomatic, HTLV-1-infected persons carry an estimated lifetime risk of approximately 2-5% of developing ATL (5), and 0.25-1.8% of developing HAM/TSP (6, 7), which varies between studies and ethnic groups. Disease development such as T cell transformation and inflammation occurs after many years of chronic infection of HTLV-1. The predominant reservoir of HTLV-1 is CD4+ T cell in both ATL and HAM/TSP patients as well as asymptomatic carriers. Two viral proteins, Tax and HBZ, play critical roles in HTLV-1 oncogenesis and chronic inflammation. Tax is a transforming and transactivating protein of HTLV-1 and induces the expression of a variety of cellular genes by activation of the NF-κB pathway and the modulation of the epigenetic machinery to induce cellular proliferation and transformation (8). HBZ is encoded by the minus strand of the HTLV-1 provirus and ubiquitously expressed in all ATL cells and PBMCs of HTLV-1-infected subjects (9, 10). HBZ promotes proliferation and survival of ATL cells, suppresses Tax-mediated viral transcription, and inhibits the classic NF-κB pathway (8). Accumulating evidence showed that Tax and HBZ are important factors for both ATL and HAM/TSP, but it remains unknown how the virus can lead to such different diseases and why only small numbers of HTLV-1-infected individuals develop these diseases.

ATL has four clinical subtypes including acute, lymphoma, chronic, and smoldering subtypes, and its prognosis remain poor, especially in aggressive typed ATL (acute and lymphoma type) due to rapid progression (11). ATL is characterized by clonal proliferation of CD4+ T cells containing integrated HTLV-1 provirus, typically associated with T cell receptor (TCR) gene rearrangements (12, 13). The malignant T cells have lobulated nuclei (“flower cells”) with condensed chromatin and express characteristic T cell markers, CD3+, CD4+, CD5+, CD7-, CD25+, CD26-, and a monoclonal TCRVβ (14). Previous studies demonstrated that increase of HTLV-1 proviral load (PVL) and clonal expansion of HTLV-1-infected cells in PBMCs reflect a high risk of ATL transformation in HTLV-1-infected subjects (15, 16). Interestingly, while about 60% of ATL patients lost the tax gene expression, the HBZ gene is expressed in all ATL cells (10, 17). HBZ has been demonstrated to induce similar immunophenotypes of ATL cells in HBZ-transgenic mice, suggesting that HBZ plays an important role for proliferation and infiltration of ATL cells (18, 19). Both Tax and HBZ are immunogenic proteins recognized by HTLV-1-specific cytotoxic CD8+ T cells (CTL) which plays a crucial role in immunity against HTLV-1 to secrete various factors that suppress viral replication and kill infected target cells (20–24). However, HBZ-specific CTL were less detectable in HTLV-1-infected subjects compared to Tax-specific CTL (20, 23, 24). Moreover, the frequency and function of HTLV-1-specific CTL are reduced in ATL patients (25, 26). Therefore, the immunologic effect against ATL cells may play a critical role in the prevention of ATL development (27).

HAM/TSP is a progressive, chronic inflammatory myelopathy of the central nervous systems (CNS) (28). HTLV-1 PVL in PBMCs is higher in HAM/TSP than in asymptomatic carriers (29) and has been shown to be significantly elevated in HAM/TSP cerebrospinal fluid (CSF) cells than in PBMCs (30, 31). These observations have led to the hypothesis that an increased HTLV-1 PVL is associated with an increased risk of HAM/TSP disease progression. It has been demonstrated that HTLV-1-infected CD4+ T cells can induce the production of proinflammatory cytokines and proliferation of CD8+ T cells (32–34). CD8+ T cells, including HTLV-1 Tax11-19-specific CTL which recognize an immunodominant HTLV-1 Tax antigen particularly in patients who are HLA-A*0201, are found in high numbers in PBMCs, even higher in the CSF. This corelates with the increased levels of HTLV-1-infected lymphocytes and high PVL in both compartments (21, 35–39). This higher frequency of CD8+ T cells and HTLV-1 PVL in CSF has recently been shown to have clinical consequence since a quantitative radiological analysis of the spinal cord has shown a correlation of spinal cord atrophy in HAM/TSP associated with increased CD8+ T cells (40). It remains a question why HAM/TSP patients have high PVL despite vigorous HTLV-1-specific CTL, while a strong, chronically activated CTL response to HTLV-1 was found in both asymptomatic carriers and HAM/TSP patients (41–43). Several reports have demonstrated the mechanism in HAM/TSP patients including dysregulation in CD4+ regulatory T cells (44), degenerate specificity and exhaustion in HTLV-1-specific CD8+ T cells (45–50), and increased T cell proliferation due to high expression of the common γ chain family of cytokines and their receptors, such as IL-2 and IL-15, associated with HTLV-1 gene transactivation (51, 52). The presence of both HTLV-1-infected lymphocytes and chronically activated CD8+ T cells in high numbers in the CSF generating a highly proinflammatory environment support the hypothesis that HAM/TSP is an immunopathologically mediated disease associated with bystander damage to surrounding oligodendrocytes (53).

In both HAM/TSP and ATL, sequencing of TCR repertoires has been a useful tool in parsing the drivers of disease. As such, identification of biomarkers for an HTLV-1-associated disease outcome is a central focus in the field. Advances in high throughput and single cell RNA sequencing technology have made characterization of TCR repertoires more efficient, economical, and accessible in recent years, and offer unmatched resolution of T cell populations. Unique molecular identifier (UMI) based single cell sequencing techniques have been used to identify unique molecular reads and remove bias introduced by PCR amplification. This technique has allowed highly accurate quantitation of T cell clonal expansions in disease states. Additionally, sequencing of the complementary determining region 3 (CDR3), responsible for peptide recognition has been used to determine HTLV-1 and disease-specific motifs in both HAM/TSP and ATL. In this review, we will compare the differing TCR repertoire profiles of HAM/TSP and ATL and discuss differences in profiles that may contribute to differing disease outcomes.



TCR repertoire profiles in healthy individuals

Diversity of TCR repertoires is an essential characteristic of the highly adaptable healthy immune system; a highly polyclonal repertoire allows the immune system to quickly mount responses to a wide variety of antigens (54). TCR diversity is determined by the combination of the variable (V), diversity (D), and joining (J) regions of TCR genes, as well as the introduction of random insertions and deletions at gene junctions (Figure 1) (55, 56). TCR repertoire analysis has mainly relied on TCR β chain sequences due to several reasons, such as the presence of the D gene component in TCR-β and unique expression of TCR-β on each single αβ T cell, but recent advance of single cell TCR sequencing approaches can identify the pairs of α and β chains to provide more accurate TCR diversity and the biological function (57). Estimates of total possible unique TCR sequences range from 1015 to 1020 in PBMCs (56, 58), with naive T cell subsets exhibiting a very low frequency of individual clones and memory T cell subsets exhibiting more clonal expansions in TCR-α and TCR-β chains (59). In healthy individuals, peripheral blood TCR repertoires have been observed to be highly polyclonal, demonstrate some stability over time, and are highly specific to the individual in which TCR-β sequences in particular are highly conserved, although identical sequences may rarely be found between patients (60, 61). Within the healthy individual’s repertoire, small subpopulations of 1-5% of the total TCR-β sequences are observed to be persistent over time, perhaps indicating immunological selection pressures in response to low-grade chronic antigen exposures. These persistent receptor sequences are encoded by an increased number of redundant nucleotide sequences and make up a significantly larger proportion of “public” TCR sequences shared across individuals than unique receptor sequences (61). By comparison, studies of the TCR repertoire in compartmentalized locations such as CSF are limited. Studies have shown very low TCR-β richness and diversity in the CSF of healthy individuals and subjects without any neuroinflammatory disease (62, 63), suggesting a lack of antigenic stimuli to drive migration and expansion of T cells within healthy CSF.




Figure 1 | TCR-α and TCR-β chain gene structure. TCR-α and TCR-β chains consist of a variable (V) amino-terminal region and a constant (C) region. The complementarity-determining region 1 (CDR1) and CDR2 encoded in the TCR germline V genes, which are conserved across TCR-α and TCR-β. In contrast with CDR1 and CDR2, CDR3 is located at the junction between the rearranged V and joining (J) segments in TCR-α chain and V, diversity (D) and J segments in TCR-β chain. Additions of P- and N-nucleotides (P/N addition) are present in the junctions between the V, D, and J gene segments of the rearranged TCR-β chain and also between the V and J gene segments of all rearranged TCR-α chain.





TCR repertoire analysis in HAM/TSP


HTLV-1-specific CD8+ T cells in HAM/TSP

In HAM/TSP, a previous report on the TCR analysis demonstrated that clonal expansion of both CD4+ and CD8+ T lymphocytes occurs in both asymptomatic carriers and HAM/TSP patients and that the total number of expanded clones in the CD8+ T lymphocyte population was much greater than that of the CD4+ T lymphocytes (64). Using technology based on high-throughput sequencing and bioinformatics methods, it has been recently shown that HAM/TSP patients had a higher clonal T cell expansion in PBMCs as well as purified CD4+ and CD8+ cells compared with healthy individuals and patients with multiple sclerosis, a clinically similar disease to HAM/TSP but whose etiologic trigger has not yet been identified (60). In addition, both cross-sectional and longitudinal analysis of TCR-β clonal expansions in HAM/TSP patients have shown significant correlation with HTLV-1 PVL and increased effector/memory and effector phenotypes in both CD4+ and CD8+ T cell subsets in PBMCs (60, 63), suggesting that clonal expansions closely reflect active immune response to HTLV-1 infection. Moreover, sequencing analyses of TCR-β repertoires demonstrated significantly greater oligoclonal expansion in CSF compartments as well as PBMCs of HAM/TSP patients compared to healthy individuals (63). The clonal expansion of TCR-β clonotypes in CSF of HAM/TSP patients has been suggested to be associated with high numbers of activated CD4+ T cells and CD8+ T cells found in CSF of HAM/TSP patients (34, 35, 65, 66). Importantly, while a large fraction (77.4%) of expanded TCR-β clones identified in the CSF of HAM/TSP patients were also demonstrated in matched PBMC, the other 22.6% of expanded clones in the CSF that were not identified in matched PBMCs appeared to be specific for the CSF compartment (Figure 2) (63). Collectively these results indicate an antigen-driven immune response in which the majority of TCR clones in the CSF are derived from the periphery, while a small but distinct population of clones are the result of intrathecal enrichment (63).




Figure 2 | Origin of TCR expanded clones in CSF of HAM/TSP patients. HAM/TSP patients had a higher clonal T cell expansion, especially CD8+ T cells (including HTLV-1-specific CTL), in PBMCs as well as in CSF. Within expanded T cell clones in CSF of HAM/TSP patients, most expanded CSF TCR-β clonotypes were derived from expanded T cell clones in PBMCs (yellow). A small but distinct fraction of these expanded TCR-β clonotypes were intrathecally enriched in CSF of HAM/TSP patients [reference (37)].



Compared to asymptomatic carriers, HAM/TSP patients showed significantly high levels of circulating HTLV-1-specific CD8+ T cells, which was able to infiltrate in CSF and spinal cord lesion of HAM/TSP patients (21, 53, 67). Selective enrichment of HTLV-1-specific CD8+ T cells in CSF of HAM/TSP patients strongly suggests that these cells maybe directly involved in the pathogenesis of HAM/TSP. Characterization of TCR repertoire and usage in HLA-A*0201+ HAM/TSP patients demonstrated that TCRs used within each patient display a limited heterogeneity, indicating an oligoclonal expansion of HTLV-1-specific CD8+ T cells (68, 69). Using a high-throughput sequencing technology, it has recently been demonstrated that expanded TCR clones in PBMCs of HAM/TSP patients are found in even greater proportions in CD8+ T cells, and more specifically, HTLV-1 Tax11-19-specific CD8+ T cells (63). However, as the highest ranking TCR-β clonotypes in the peripheral blood did not appear to be used by HTLV-1 Tax11-19-specific CD8+ T cell clones (63), it suggests that the peripheral blood compartment may not best reflect the antigen (HTLV-1) driven immunological responses characteristic of the disease. Rather, analysis of TCR-β clonotypes from Tax11-19-specific CD8+ T cells in the CSF of one HAM/TSP patient with matched PBMC data showed seven TCR-β sequences shared between PBMCs and CSF (63). Of these seven TCR-β sequences, two clones from Tax11-19-specific CD8+ T cells were detected more in the CSF than PBMCs, suggesting that a subset of Tax11-19-specific TCR-β clonotypes was clonally expanded in peripheral blood and was subsequently infiltrated and becoming highly enriched in the CSF (63). These observations are consistent with the hypothesis that HAM/TSP is immunopathologically mediated by HTLV-1-specific CTL whose TCR-β clonotypes can be demonstrated to be expanded in the CSF.



CD4+ T cells in HAM/TSP

In contract to CD8+ T cells, little is known about TCR repertoire in CD4+ T cells of HAM/TSP patients, although TCR clonal expansion was detected in both CD4+ and CD8+ T cells in HAM/TSP patients (60, 64). Using flow cytometry, comparison of TCR Vβ usage showed that TCR Vβ7.2 was under-utilized and Vβ12 was over-utilized in CD4+ T cells of HTLV-1-infected individuals compared with healthy uninfected controls, whereas there were no such differences in CD8+ T cells (70). While the virological and immunological events are different between HAM/TSP and ATL, the frequency of ATL development in HAM/TSP patients is extremely rare and has been reported to be approximately 3.81 per 1000 person-years (71). Since HTLV-1-infected subjects including HAM/TSP patients may be at risk for developing ATL, further studies about TCR repertoire analysis of CD4+ T cells would be needed for a more complete understanding of CD4+ T cell dynamics in HTLV-1-infected subject.




TCR repertoire analysis in ATL


Malignant T cells

Malignant T cells in ATL patients are derived from clonally expanded T cells with HTLV-1 provirus integrated into the cellular genome and express characteristic T cell markers, CD3+, CD4+, CD5+, CD7-, CD25+, CD26-, CCR4+, CADM-1+ and monoclonal TCR Vβ (14, 72–76). Using high throughput sequencing, TCR repertoire analysis in PBMCs demonstrated that ATL patients showed oligo- or monoclonal patterns of TCR clonotypes whereas asymptomatic carriers and healthy individuals showed polyclonal patterns (77, 78). However, expression of TCR-α and TCR-β genes in the dominant clone differed among the samples (77). The most and commonly expressed TCR-β clone constituting 60-99% of total clones, while the clonal percent of the top TCR-β clone from non-malignant HTLV-1-associated disease patients ranges from 1% to 40%, highlighting the stark differences in ATL clonal profiles (79). In ATL, four clinical subtypes (acute, lymphoma, chronic and smoldering) have been identified, which range from highly aggressive to indolent in their clinical course (11). Some studies have demonstrated significant variation in ATL TCR repertoire based on disease subtype in which smoldering ATL patients showed significantly higher TCR diversity compared with the other subtypes while diversity significantly decreased in more aggressive stages of the disease, including acute, chronic, and lymphoma types (77, 78).

Importantly within ATL, TCR-β clonal expansions originate primarily from HTLV-1-infected cells. Characterization of TCR repertoire together with virological approaches, such as genomic and viral transcriptomes, provirus integration, and somatic mutation, are essential to understanding the heterogeneity and complexity of ATL. Using high throughput genome sequencing and flow cytometric screening of TCR repertoire and T cell markers, longitudinal analysis of TCR clones in one smoldering ATL patient revealed a gradual switch from one dominant HTLV-1-infected T cell clone (Vβ 20) to another (Vβ 13.1), corresponding to an increase in somatic mutations associated with upregulation of genes downstream of the TCR pathway (80). Further longitudinal studies of the TCR repertoire in ATL may offer insight into the relationship between progression of ATL disease subtype and shifts in dominant clones. In some cases of ATL, dominant TCR clones were skewed, with only dominant CDR3 TCR-α or TCR-β sequences being observed in a single individual (77). As both TCR-α and TCR-β sequences are typically expressed in conjunction and necessarily must interact with CD3 for the differentiation and survival of T cells, these skewed TCR clones may coincide with previous findings of reduced CD3 protein expression in ATL (81). A recent advance of TCR repertoire analysis with multiple bioinformatics analysis at single cell level also demonstrated that HTLV-1-infected cells in an activated state further transformed into ATL cells, which are characterized as clonally expanded, highly activated T cells (78). In addition, while healthy individuals harbored T cells with an activated phenotype, in ATL, infected T cells and ATL cells became spontaneously activated, acquired a regulatory T cell phenotype, and subsequently progressed to a state of extreme activation, which was maintained throughout the ATL phase (78). Thus, new technologies and bioinformatics tools at single cell level will further improve our ability to identify mechanistic pathways responsible for the in vivo transformation of HTLV-1-infected T cells into leukemic cells.



Malignant T cell HTLV-1-specific CD8+ T cells in ATL

In contrast with HAM/TSP, ATL patients are commonly immunosuppressed and have a lower frequency and diversity of HTLV-1-specific CD8+ T cells (11, 25, 26, 82, 83). TCR repertoire analysis in CD8+ T cells have been studied for anti-viral T cell-based treatment of ATL. Previous studies demonstrated that HTLV-1 Tax-specific CD8+ T cells could prevent relapse in ATL patients who have undergone allogeneic hematopoietic stem cell transplantation (allo-HSCT) (84, 85). In addition, Tax301-309-specific CD8+ T cells were increased in ATL patients who achieved complete remission after allo-HSCT and TCR repertoires in Tax301-309-specific CD8+ T cells of ATL patients were highly restricted having a particular amino acid sequence motif (PDR) in CDR3 of the TCR-β chain (86–88).



TCR repertoire and treatment of ATL

In addition to allo-HSCT which can achieve long-term remission, treatments of ATL may additionally affect TCR clonal profiles and act as a marker of remission. Following treatment of ATL with traditional chemotherapy (mLSG15) which can provide short-term survival of about one year (14), major TCR clonotypes were reduced but remained dominant within the repertoire, and typical polyclonal T cells were not fully reestablished (89). Mogamulizumab is a humanized anti-CCR4 antibody to kill CCR4+ cells by enhanced antibody-dependent cellular cytotoxicity and has shown substantial anti-ATL activity, even in relapsing or chemotherapy-resistant disease (90, 91). Mogamulizumab treatment of ATL resulted in the reduction of ATL-associated TCR clones and a return to polyclonal repertoire in CD4+ T cells and oligoclonal repertoire in CD8+ T cells, suggesting remarkable reduction or elimination of clonal cells, and enhanced reconstitution of non-tumor polyclonal CD4+ T cells and oligoclonal CD8+ T cells (89). Thus, TCR repertoire analysis can provide strong insights to understand immune reconstitution in ATL patients undergoing anti-tumor treatment.




Conserved TCR motifs

In HTLV-1-associated disease, identification of conserved TCR sequences or motifs maybe useful in predicting disease-specific outcomes in early-stage HTLV-1 infection. While it is still challenging to identify shared TCR sequences between individuals and disease-specific TCRs across patients (92), sequence motif analysis may offer insights into key antigen determinants that maybe predictive of an HTLV-1-associated disease outcome.


HAM/TSP

The amino acid sequencing analysis in the CDR3 region of TCR demonstrated the shared amino acid motif in the CDR3β in CD8+ T cells and Tax11-19-specific CD8+ T cells in HAM/TSP patients (64, 93, 94). Recently, amino acid CDR3 repertoire analysis of expanded clones in Tax11-19-specific CD8+ T cells from HAM/TSP patients with HLA-A*0201 has demonstrated a consensus sequence of interest. While exact TCR-β sequences amongst HLA-A*0201 patients are largely private, an amino acid sequence motif, PGLAG, at position 4-8 of the CDR3 region, was found in over half of sequenced HAM/TSP patients (63). These findings are consistent with previous indications of a possible PG or PXG CDR3 motif, which were found in 50% of HLA-A*0201 HAM/TSP patients (64). In addition, it has been demonstrated that similar motifs, such as PGL at positions 5-7 and SLG at position 8-10, in the center of the CDR3 region were detected in some expanded TCR-β clonotypes in CSF of HAM/TSP patients (63). Since HAM/TSP patients have the complexity of T cell expansions including both CD4+ and CD8+ T cells (60, 63, 64, 93, 94), it would be important to identify TCR motifs that reflect disease and/or pathogen specificity and local inflammation.



ATL

A particular amino acid motif, the PDR sequence found at position 108-110 in CDR3β of Tax301-309-specific TCRs, has been found to be highly conserved between asymptomatic carriers and ATL patients with HLA-A*24:02 (86–88). In addition, Tax301-309-specific CD8+ T cells of asymptomatic carriers and ATL patients commonly showed highly restricted TCR repertoires with a strongly biased usage of the BV7 gene family, and the preference for BV7 of Tax301-309-specific CD8+ T cells tended to decrease in asymptomatic carriers to ATL (88). Expression of the PDR+ Tax301-309-specific clones was detected in both asymptomatic carriers and ATL patients (chronic and acute subtypes) demonstrating that PDR amino acid sequence motif was conserved in CDR3β of Tax301-309-specific CD8+ T cells regardless of clinical subtype in HTLV-1 infection (88). Interestingly, following allo-HSCT, Tax301-309-specific PDR+ TCRs persisted in ATL patients (87). Longitudinal analysis of TCR repertoire in one such post-allo-HSCT ATL patient demonstrated persistence and selective expansion of PDR+ Tax301-309-specific TCR clones up to 3 years post-transplant and were found to exhibit strong Tax301-309-specific cytotoxic activity in peripheral blood and bone marrow (86). CTL activity of Tax301-309-specifc PDR+ TCR clones was importantly found to be restricted to HTLV-1-infected cells and had no effect on uninfected normal cells, regardless of autologous or allogeneic origin (95). Recently, it has been reported that HLA-A*24:02+ healthy individual T cells transduced with PDR+ TCRs have strong Tax301-309-specific reactivity against HTLV-1-infected cell lines and some ATL primary cells (96).

In addition, treatment with Tax301-309-specific PDR+ TCRs in NOD/Shi-scid, IL-2Rγnull (NOG) mice inoculated with an HLA-A*24:02+ HTLV-1-infected cell line (MT-2) resulted in significant decreases in size and eventual eradication of tumors, compared to uncontrolled tumor growth and eventual death of non-genetically modified PBMC treated and control mice (96). These results collectively indicate a potentially promising therapeutic directed at TCR-β clones containing the PDR motif against HTLV-1-infected and ATL cells. In addition, since the downregulation of Tax expression or acquisition of viral and cellular gene mutations also linked to immune evasion during ATL disease course (97, 98), further analysis of therapeutic targets for ATL cells such as HBZ, is warranted.




Conclusions

Analysis of TCR repertoires associated with a wide range of cancers, autoimmune, and inflammatory diseases in various compartments such as peripheral blood and CSF will greatly contribute to our understanding of the role that T cells play in these disorders and may lead to identification of markers of disease and even potential therapeutic targets. While understanding of TCR repertoires in HTLV-1-associated disease has made great strides in recent years due to advances in sequencing technology, large gaps remain in the literature regarding the progression of the TCR repertoire from HTLV-1-infected asymptomatic carrier to diseased individuals. Increasing evidence indicates T cell clonal profiles and motif sequences may be unique to different HTLV-1-associated diseases. Timing of progression from asymptomatic carrier to disease may improve our ability for early diagnosis and intervention. Longitudinal studies following asymptomatic carriers through disease development, treatment and remission or disease progression will be invaluable in this effort. Further studies utilizing new techniques in high throughput single cell sequencing are warranted to better characterize the in vivo TCR repertoire in ATL and HAM/TSP, particularly in compartments such as CSF for HAM/TSP in which large numbers of cells are difficult to obtain and which may be more closely reflective of events in the CNS rather than T cells in the peripheral blood. Lastly, TCR dynamics, tracking and mRNA single cell sequencing in local tissues would offer a valuable tool to discover antigen specificity, transcriptional profiling, and the molecular mechanisms of T cell plasticity to understand the heterogeneity and complexity of HTLV-1-associated diseases.
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HTLV-1 is an oncovirus causing ATL and other inflammatory diseases such as HAM/TSP and HU in about 5% of infected individuals. It is also known that HTLV-1-infected cells maintain a disease-free, immortalized, latent state throughout the lifetimes of about 95% of infected individuals. We believe that the stable maintenance of disease-free infected cells in the carrier is an intrinsic characteristic of HTLV-1 that has been acquired during its evolution in the human life cycle. We speculate that the pathogenesis of the virus is ruled by the orchestrated functions of viral proteins. In particular, the regulation of Rex, the conductor of viral replication rate, is expected to be closely related to the viral program in the early active viral replication followed by the stable latency in HTLV-1 infected T cells. HTLV-1 and HIV-1 belong to the family Retroviridae and share the same tropism, e.g., human CD4+ T cells. These viruses show significant similarities in the viral genomic structure and the molecular mechanism of the replication cycle. However, HTLV-1 and HIV-1 infected T cells show different phenotypes, especially in the level of virion production. We speculate that how the activity of HTLV-1 Rex and its counterpart HIV-1 Rev are regulated may be closely related to the properties of respective infected T cells. In this review, we compare various pathological aspects of HTLV-1 and HIV-1. In particular, we investigated the presence or absence of a virally encoded “regulatory valve” for HTLV-1 Rex or HIV-1 Rev to explore its importance in the regulation of viral particle production in infected T cells. Finally, wereaffirm Rex as the key conductor for viral replication and viral pathogenesis based on our recent study on the novel functional aspects of Rex. Since the activity of Rex is closely related to the viral replication rate, we hypothesize that the “regulatory valve” on the Rex activity may have been selectively evolved to achieve the “scenario” with early viral particle production and the subsequent long, stable deep latency in HTLV-1 infected cells.
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Introduction

More than 40 years have passed since the discovery of HTLV-1, and much knowledge has been accumulated in the analysis of its characteristics as an oncovirus, especially through the functional analysis of viral functional proteins such as Tax and HBZ, as well as through the tracking of mutational evolution of infected cells (1–3). Although HTLV-1 does cause ATL (adult-T cell leukemia/lymphoma, about 5% of carriers in Japan) (4–6), HAM/TSP (HTLV-1 associated myelopathy/tropical spastic paraparesis, about 0.3% of carriers in Japan) (7) and HU (HTLV-1 uveitis, about 0.1% of carriers in Japan) (8), it does not cause diseases in rest of about 95% of infected individuals for the rest of their lives (1, 5, 9). Most infected cells are expected to remain in a stable latent state (deep latency=transcriptional latency) in the carrier body (9). It is speculated that neither active proliferation of infected T cells nor virion production for de novo infection occurs in asymptomatic carriers since the proviral load (PVL=% proviral DNA carrying T cells in PBMCs) is kept under 4% in most asymptomatic carriers (6). HTLV-1 is thought to have co-evolved with the human life cycle over at least tens of thousands of years since when STLV-1 (simian T-cell leukemia virus type-I), which was widespread in the old-world monkeys, infected humans. The reason why it was able to spread around the world with human migration over a long period without being eliminated from human life is thought to be that HTLV-1 was essentially a virus that did not kill human hosts. We, therefore, believe that the long-term maintenance of disease-free infected cells in the carrier body is a low-risk transmission strategy of this virus. Development of life-threatening ATL, i.e., tumorigenesis of infected cells, is therefore considered as a deviation from the viral program.

HIV-1, which belongs to the same family Retroviridae as HTLV-1, has many similarities in the tropism, genomic structure, and viral replication cycle with those of HTLV-1 (10). Unlike HTLV-1 infected cells, it is known that HIV-1 infected cells sustain viral production at a low level even during latency (=shallow latency) and resume active viral production (reactivation) by antigen stimulation and cytokine signaling without the antiretroviral therapy (ART) (11). The viral particle production is continued until the death of the host cell. De novo infection of functional T cells leads to depletion thus nearly 100% of infected individuals eventually develop acquired immunodeficiency syndrome (AIDS) if not treated (12). The difference in virulence between HTLV-1 and HIV-1 seems to be closely related to the viral replication capacity in acute and latent infection. Since HTLV-1 Rex and its HIV-1 counterpart, Rev, play a central role in the positive regulation of viral replication rate, we hypothesized that regulation of HTLV-1 Rex and HIV-1 Rev is related to the virulence of HTLV-1 and HIV-1, respectively. In this context, we investigated the mechanism of the cis-acting “regulatory valve” for Rex and Rev in HTLV-1 and HIV-1, respectively. Moreover, we explored if the presence or absence of such a “regulatory valve” for HTLV-1 Rex and HIV-1 Rev is indeed reflected in the viral production rate of infected cells and the pathogenesis of each virus. Finally, our recent study, which demonstrated that Rex intervenes in the various cellular pathways to achieve its function, proposed the possibility that Rex is an effective target of regulation for the virus to control the overall viral replication efficiency in the infected cells. Thus, the regulatory mechanism of Rex may be selectively equipped during the evolution of HTLV-1 to achieve the “scenario” with early viral production followed by a long, disease-free latency of infected cells.



Evolution of HTLV-1


Transmission from monkeys to humans

The origin of HTLV-1 is the cross-species transmission of STLV-1 (simian T-cell leukemia virus type-I) from non-human primates (NHPs) to humans in Central Africa. Subsequently, it spread throughout the world with the geographic movement of people. Currently, seven types of HTLV-1a-g have been identified, and HTLV-1a has an additional eight subtypes, A-F and Senegalese. There is little genomic variation among the HTLV-1 types, indicating that the virus has spread to the human world via transmission and proliferation of infected cells rather than through novel infection by viral particles, which generally increases the frequency of recombination and point mutations. According to molecular clock calculations, STLV-1 is predicted to have infected humans and diverged to HTLV-1 93000+/-8000 years ago (13). Among seven types of HTLV-1, HTLV-1c is highly varied, and this strain is estimated to be confined and isolated in Melanesian Islands and Australia at a relatively early stage, about 40,000~60,000 years ago (13, 14), while HTLV-1a,b,d, and e diverged 27300+/-8200 years ago (15). Thus, HTLV-1 has evolved over tens of thousands of years in humans without being eliminated from the human life cycle.



HTLV-1 survival strategy in the human life cycle

HTLV-1 is transmitted vertically through breast milk or horizontally through sexual transmission or blood transfusion (Figure 1). Although the mode of transmission has not been clarified yet in both vertical and horizontal transmissions, both possibilities, i.e., HTLV-1 infected cell transmission and/or infectious virion transmission have been proposed by in vitro infection experiments and in vivo animal model (16). As summarized in the review by Miura et al. (17), reactivations of the sense-strand viral gene expression by ex vivo culture of PBMCs from HTLV-1 infected individuals are often observed. Therefore, it is also possible that infected T cells, which are latent in the donor body, may be reactivated at the time of transmission in the acceptor body.




Figure 1 | Mode of HTLV-1 transmission in the human life cycle: HTLV-1 is mainly transmitted by vertical mother-to-child transmission via breast milk or by horizontal sexual transmission and blood transfusion. Both modes of transmission, i.e., the transmission of infected T cells and/or infectious virions, are possible. Although HTLV-1 causes ATL, HAM/TSP, and HU, only about 5% of carriers develop diseases (mostly ATL) and about 95% of carriers remain asymptomatic, in which infected cells maintain a disease-free latent state for their lifetimes. Especially, HTLV-1 infected cells transferred from the carrier mother as well as de novo established in the infant are expected to quickly be immortalized and remain in a stable latent state for decades beyond the age to transmit the virus to the next generation.



A recent analysis of blood donors in Japan, which is one of the endemic areas of HTLV-1 infection, showed that the proportion of horizontally transmitted cases is unexpectedly high (approximately 4,000 cases/year, with a peak age of 50-59 years for women and 60-69 years for men) and that 77% of cases are transmitted from men to women (18). The average age of onset of ATL in Japan is 67 years old (5), and the peak age of onset of HAM/TSP is in the 40~50 age group (7). Further epidemiologic analyses are required to clarify the proportion of vertical and horizontal infection, respectively, involved in the development of HTLV-1-associated disease. At least based on the reports showing that the peak age of horizontal transmission is higher than 50 years old for men and women, it is likely that the disease-causing infection for the most ATL and a part of HAM/TSP and HU occurs through vertical transmission (16, 19). Indeed, it is widely accepted that HAM/TSP and HU are often observed to be developed over a period of months to years due to horizontal transmission such as blood transfusions (8, 20–24). In addition, intergenerational (vertical mother-to-child) transmission may be an important evolutional factor for HTLV-1 in the continuous presence of this virus in the human life cycle (Figure 1). Although HTLV-1 is the human oncovirus that causes several diseases including ATL, infected individuals develop ATL at low rates same as other oncoviruses (25, 26). The incidence of ATL, HAM/TSP, and HU is less than 5% of HTLV-1 carriers, and about 95% of carriers remain asymptomatic for their lifetimes. After the transmission, immortalized infected cells remain in a disease-free latent state in most cases until he/she is old enough to transmit the virus to the next generation (Figure 1).



Unanswered question: how do most of HTLV-1 infected cells remain disease-free?

We still do not know the viral mechanism, which allows HTLV-1 to establish a stable disease-free latency for decades. We hypothesize that HTLV-1 has an inherent program that makes its accessory proteins function in a coordinated or antagonistic manner to establish an infected cell of such characteristics. HTLV-1 was discovered as a novel human retrovirus in 1980~81 (27, 28). In the following year, it was identified as the virus causing ATL (29, 30), followed by the elucidation of its genomic structure (31). Subsequently, by the early 2000s, the function of accessory proteins encoded by the pX region and their effects on host T cell pathways were vigorously analyzed, and the molecular mechanisms of viral replication in infected T cells were elucidated (32–35). Those studies contributed to clarifying a wide scope of HTLV-1 molecular mechanism in viral replication, yet not fully understanding the whole landscape of HTLV-1 infected cells from the early phase to the latent state. From the late 2000s, the research interest was shifted to the aspect of HTLV-1 as an oncovirus. In particular, the importance of Tax and Hbz in tumorigenesis of infected cells was highlighted. There are many reports demonstrating the transforming activity of Tax and Hbz in vitro and in vivo (36–45). However, given that most infected individuals do not develop ATL, HTLV-1 may have a mechanism to downregulate the transforming activities of Tax and Hbz. It is well-known that Tax expression is turned-off in the early phase of infection, thus the latently infected cells can escape from the host immune response (46). On the other hand, Hbz is not effectively targeted by HTLV-1-specific cytotoxic T cells, allowing Hbz to be continuously expressed in latently infected T cells (47). We do not have a clear answer to why most infected individuals do not develop ATL even though Hbz is expressed in almost all infected cells of HTLV-1 infected individuals. The regulatory mechanism among viral proteins is an important field of research, which is remained to be elucidated. In 2007 and 2008, reports were successively published on the regulation of viral gene expression by the mutual regulation mechanism of Rex and p30II (48, 49). More recently, Philip et al. reported that Hbz negatively regulated the function of Rex (50).

We have been focusing on the importance of Rex in the HTLV-1 life cycle. Although Rex is thought to regulate the timing of viral replication and latency transition through its function of transporting viral RNA (51, 52), how it fulfills this function is largely unknown. Therefore, we believe it is important to elucidate novel functional aspects of Rex that remain mostly to be explored. Rex transports viral unspliced/partially spliced mRNAs out of the nucleus. We previously reported that Rex suppresses the host mRNA quality control mechanism, NMD (nonsense-mediated mRNA decay), and stabilizes HTLV-1 RNA, a target of NMD (53, 54). However, it is still not known how it avoids splicing that occurs simultaneously with transcription. It is also not elucidated if Rex increases the selective translation efficiency of viral mRNAs.

Overall, to clarify the nature of HTLV-1, it is essential to understand the events occurring in realistic infected cells where multiple viral accessory proteins co-exist. Active viral replication occurs in the early phase of infection, followed by immortalization and the transition to the latent state. The detailed mechanism to achieve such a “scenario” has not been clarified, yet. We speculate that the viral mechanism to maintain an appropriate power balance among the accessory proteins such as Tax, Rex, and Hbz is essential for the “scenario”, yet our knowledge of the such aspect of the virus is far from enough. The interplay among viral accessory proteins should be further investigated to understand the viral characteristics and pathogenesis of HTLV-1.




Similarities and differences between HTLV-1 and HIV-1

HTLV-1 belongs to the family Retroviridae and the genus Deltaretrovirus. HIV-1 also belongs to the family Retroviridae and the genus Lentivirus. As retrovirus, HTLV-1 and HIV-1 have a single-strand sense RNA as the viral genome. After entering human T cells, the genomic RNA is reverse transcribed and further transformed into double-stranded DNA, which is rapidly integrated into the human genomic DNA as a provirus. HTLV-1 and HIV-1 have much in common in terms of the genome structure, the infection topology, the mode of infection, and the viral replication pathways (10, 55–57). On the contrary, HTLV-1 and HIV-1 show significant differences in the mode of infection and pathogenesis (Figure 2). To understand the characteristics of HTLV-1, comparisons with HIV-1 could be a useful tool, since more knowledge, especially in molecular virology including structural details of viral proteins, has been accumulated (58–66) than HTLV-1.




Figure 2 | Comparison of HTLV-1 and HIV-1 viral replication modes: (A) In the early state of HTLV-1 infection to T cells, Tax and Rex are expressed from the provirus to start viral gene expression. Tax activates the viral promoter 5′LTR (as L.545) and enhances transcription of unspliced/singly spliced mRNAs encoding viral structural proteins. Rex nuclear exports those unstable, not-completely spliced viral RNAs via the RxRE/CRM1 dependent mechanism to enhance the translation of viral structural proteins, thus the production of virions. In HTLV-1 infected cells, such active virion replication is expected to be brought to the end within a few weeks. Then HTLV-1 infected cells transit to the latency with immortalization, although the molecular mechanism of immortalization has not been clarified. The immortalized HTLV-1 infected T cell maintains the deep latency (transcriptional latency) without active viral gene expression for decades. Somatic infected-cell division and temporal virion production may occur to maintain the infected cell number in asymptomatic carriers. The ProVL is the % of provirus-carrying inactive infected cells in PBMCs of an infected individual (blue dashed line). (B) HIV-1 also undergoes active viral particle replication through Tat-mediated activation of 5′LTR (as L.545) and nuclear export of unspliced/singly spliced viral mRNAs by Rev/RRE/CRM1 dependent mechanism. The active viral replication in infected cells and de novo infection via viral particles quickly increase the viral load (VL: the number of HIV-1 mRNAs in a carrier body=the blood level of virus particles, purple dashed line) to the peak level within a few weeks in the acute infection phase. After the acute infection, the infected cells are quickly eliminated leaving a small number of long-lived memory CD4+ T cells as the reservoir. The reservoir cells are expected to produce virions at a low level during the (shallow) latent infection, therefore the VL is reduced to the setpoint (no disease-inducing level), but never becomes undetectable level in untreated carriers. Without treatment, the reservoir cells are reactivated within a few years and clonally expanded by immunological stimuli. Reactivated cells produce a vast number of viral particles, resulting in an explosive increase in the number of newly infected T cells and the VL. The viral particle production is continued until the host cells die, thus the number of functional CD4+ T cells is depleted to cause the onset of AIDS. Generated using Servier Medical Art, provided by Servier, licensed under a Creative Commons Attribution 3.0 unported license.




Receptors and tropisms

The major population of both HTLV-1 and HIV-1 infected cells in infected individuals is CD4+ T cells. The tropism of HIV-1 in CD4+ T cell is relevant since it enters via interaction between CD4 on the host cell and viral Env-gp120 with CCR5 or CXCR4 as co-receptors (67). In contrast, GLUT1, a ubiquitous glucose transporter, and NRP-1, a glycoprotein more specific to T cells and dendritic cells (DCs), have been identified as the cellular receptor for HTLV-1 with heparan-sulfate proteoglycan as a cofactor essential for viral attachment (68). Although GLUT1 is known to be expressed in a wide variety of cell types, the expression level in the resting T cell is kept low, while increased by T cell activation (68), which may be related to the more specific tropism of HTLV-1 than the receptor distribution. Yet, the cause of the strong HTLV-1 tropism in CD4+ T cells in infected cells in asymptomatic carriers and disease-causing cells in HAM/TSP patients and ATL patients has not been fully elucidated.



Regulation of viral gene expression during early infection


The LTR activation by HTLV-1 tax and HIV-1 tat

In both HTLV-1 and HIV-1, after the entry to the host cell, the viral genomic RNA is reverse-transcribed and converted to a double-stranded DNA to be integrated into the host genome as the provirus (10). It has been well defined that the HIV-1 provirus is tended to be integrated downstream of an actively-transcribed gene, which is regulated by the host nuclear architecture (69). Less preference for the integration site of HTLV-1 provirus was reported firstly in HeLa cells, which were experimentally infected with HTLV-1 (70). Gillet et al. demonstrated for the first time in the HTLV-1 infected individuals that a significantly higher frequency of proviral integration in transcriptionally silenced genes was observed in asymptomatic carriers (71). More recently, a significantly higher preference for actively-transcribed genes was observed in infected cells in HAM/TSP patients compared with asymptomatic carriers (72), indicating an implication between the HTLV-1 proviral integration site and the risk of disease onset.

In early infection, the viral gene expression occurs via activation of the 5´ LTR (long terminal repeat) by Tax for HTLV-1 (Figure 2A) and Tat for HIV-1 (Figure 2B), respectively. HTLV-1 Tax binds to TREs (Tax responsive elements) in the LTR via a cellular transcription factor CREB (cAMP response element binding protein). The Tax-CREB complex then recruits strong cellular co-activators such as p300 (E1A binding protein p300), CBP (CREB binding protein), and PCAF (P300/CBP-associated factor) to activate the LTR (35, 73). On the other hand, HIV-1 Tat directly binds to the HIV-1 LTR at the TAR (the trans-activating response) element. The HIV-1 LTR, which is embedded between two nucleosomes (nuc-0 and nuc-1), contains the NF-κB and the SP-1 binding sites to recruit these transcription factors. Thus mechanically, the HIV-1 LTR is always activated for transcription initiation. However, further elongation does not occur without Tat interaction with TAR because the RNA polymerase II (RNAPII) is stalled at nuc-1 without Tat. The binding of Tat on TAR recruits a transcription elongation factor P-TEFb, which directly activates RNAPII to resume elongation of viral transcripts by overcoming its stalling at nuc-1. The activity of Tat is also regulated by a series of cellular histone acetyltransferases (HATs), such as PCAF, p300/CBP, and hGCN5 (74).



Post-transcriptional regulation by HTLV-1 Rex and HIV-1 Rev

From the provirus of HTLV-1 and HIV-1, the doubly spliced mRNAs encoding accessory proteins, the singly spliced mRNA encoding Env, and the unspliced mRNA encoding Gag/Pro/Pol are transcribed from the provirus. At first, depending on the host cellular pathway, the doubly spliced Tax/Rex mRNA for HTLV-1 and Tat and Rev mRNAs for HIV-1 are transcribed. Then HTLV-1 Tax and HIV-1 Tat activate the 5´ LTR to enhance the transcription of unspliced/singly spliced viral mRNAs. For retroviruses, the nuclear export of those incompletely spliced viral mRNAs is essential for replication. It is noteworthy that the molecular mechanism of that nuclear export is different between complex retroviruses and simple retroviruses. Complex retroviruses, such as HTLV-1 and HIV-1, encode several accessory proteins including the viral RNA binding protein. Rex in HTLV-1 and Rev in HIV-1 are the accessory proteins playing the central role in the nuclear export of viral unspliced/singly spliced mRNAs. HTLV-1 Rex and HIV-1 Rev bind specifically to the Rex responsive element (RxRE) in the 3′ LTR (Figure 2A) and the Rev responsive element (RRE) in the Env coding region of the viral RNA (Figure 2B), respectively. Then, Rex and Rev themselves are transported by the cellular nuclear export adaptor protein CRM1, thereby promoting selective nuclear export of viral RNAs (Figure 2). Such active transport of unspliced/singly spliced viral mRNAs by HTLV-1 Rex and HIV-1 Rev enhances cytoplasmic accumulation and translation of viral structural proteins for viral particle replication (75, 76). HTLV-1 Rex and HIV-1 Rev return to the nucleus via the common host nuclear localization protein importing-β to repeat the nuclear export (56, 57, 77). On the other hand, simple retroviruses, such as MPMV (Mason-Pfizer monkey virus), do not have any accessory proteins. Instead, they have the RNA motif called the constitutive transport element (CTE) within an intronic region of the viral structural transcripts (77). The CTE-containing viral mRNA is nuclear-exported by direct binding of a host nuclear-export adaptor NXF1/Tap (nuclear RNA export factor 1/transporter associated with antigen processing) to CTE (78–80). NXF1 is also responsible for the modification and nuclear export of cellular mRNAs (81). Therefore the NXF1/CTE dependent pathway, which is a cellular pathway utilized by simple retroviruses, is distinguished from the CRM1-dependent Rex/RxRE and Rev/RRE pathways, which is a specific pathways by complex retroviruses (82). Indeed, HIV-1 Rev suppresses the cellular mRNA nuclear-export level by inhibiting recruitment of the transcription/export (TREX) complex with NXF1/Tap to the CAP structure of a cellular mRNA (83), probably to enhance the specific nuclear-export of viral transcripts. Recently, it was demonstrated that MLV (murine leukemia virus), a simple retrovirus, utilizes not only the NXF1/CTE dependent pathway for nuclear export of unspliced viral mRNA to be translated but also the CRM1 dependent pathway for nuclear export of unspliced genomic RNA for packaging (84). Each complex and simple retroviruses may have developed to hijack the host cellular mRNA transport machinery via a cellular canonical system (i.e., NXF1/Tap dependent) and/or the virus-specific system (i.e., CRM1 dependent) to optimize the viral gene expression level beneficial for replication.

The detailed molecular mechanism of HTLV-1 Rex and HIV-1 Rev in nuclear-export of viral RNA is well-described (77, 85). The importance of HTLV-1 Rex and HIV-1 Rev in the viral replication cycle was elucidated early after the discovery of each virus (75, 76, 86–94). As shown in Figure 3, HTLV-1 Rex and HIV-1 Rev share many similarities in the primary structure and the functional mechanism. Rex and Rev are encoded in the 3′ LTR flanking region of HTLV-1 and HIV-1 genome, respectively (Figure 3A). They are translated from doubly spliced viral mRNA (Figure 3B). Both have NES (the nuclear export signal), NLS (the nuclear localization signal), and two MDs (the multimerization domains) (Figure 3C) to regulate viral mRNA transport and the viral particle production through a largely common molecular mechanism (52). Such molecular mechanism of HTLV-1 Rex and HIV-1 Rev was elucidated at a similar rate by the late 1990s. In the 2000s, no further active investigation into HTLV-1 Rex was conducted, while exploration of the more detailed molecular mechanism of HIV-1 Rev was continued (95–98). Ongoing studies to date suggest that HIV-1 Rev is involved not only in viral RNA transport but also in various intracellular pathways such as splicing and translation (99), defining it as the key player in the viral replication cycle and as a potential therapeutic target of HIV-1 (100). In particular, the crystal structure of HIV-1 Rev, which was elucidated around 2010, improved our understanding greatly in the mechanism of Rev/CRM1 interaction via multimerization of Rev (101–107). Even now, new virological findings are updated one after another in the virology of HIV-1 including the property of Rev (61, 100, 108–110). In contrast, no new information on the structure of HTLV-1 Rex has been reported since 1999, which demonstrated a partial structure of the N-terminal ARM region and RNA adaptor of Rex (aa1-16) by NMR (111). HTLV-1 Rex has not been analyzed in its involvement in intracellular pathways such as mRNA splicing and translation, either.




Figure 3 | Comparison between HTLV-1 Rex and HIV-1 Rev: (A) The genomic structures of HTLV-1 and HIV-1 are similar, with structural proteins encoded on the 5′ side and viral accessory proteins including Rex and Rev on the 3′ side. (B) Of the several transcriptional variants transcribed from provirus, both Rex and Rev are encoded on the doubly spliced mRNAs. Importantly, HTLV-1 Rex and Tax are encoded on a single mRNA in different reading frames. HIV-1 Rev and Tat are encoded on separated mRNAs. (C) The primary amino acid structures of HTLV-1 Rex and HIV-1 Rev have common functional domains such as NES that binds CRM1, and NLS that binds importin-β, overlapping with the RNA-binding domain (ARM, arginine-rich motif), and two multimerization domains. Rex has a C-terminal stability domain and can remain within the cell longer than Tax. In addition, the region aa22-57 is involved in the inhibition of the host cell’s nonsense-mediated mRNA decay (NMD) (54). There is no clear stabilization domain reported so far in HIV-1 Rev. (D) In HTLV-1 and HIV-1 infected cells, Tax and Rex, and Tat and Rev are responsible for 5′LTR (as L.545) activation and viral mRNA stabilization, respectively. Rex functions to regulate the expression levels of self and Tax. Hbz negatively-regulates Tax and Rex activities in the early infected cells. P30II also suppresses Tax and Rex activities by sequestering Tax/Rex mRNA in the nucleolus. Tax, Hbz, and p30II are also known to be involved in the malignant transformation of infected T cells. P12 and its cleaved form p8 are not directly involved in the regulation of the viral replication cycle but regulate the proliferation of infected cells via the NFAT pathway. In HIV-1, Tat and Rev also play a central role in the viral replication cycle. Other accessory proteins such as Vif, Vpu, and Vpr influence infected cell phenotypes and pathogenesis. Nef promotes the immune escaping of infected cells. The HIV-1 antisense RNA, asp mRNA, is known to suppress viral expression from 5′LTR (as L.545), thus negatively regulating HIV-1 replication, although it has not been reported that asp mRNA directly interacts with Tat and Rev. Generated using Servier Medical Art, provided by Servier, licensed under a Creative Commons Attribution 3.0 unported license.






Regulation of viral gene expression during latent infection

Proviral LTRs undergo epigenetic repression in latently infected cells of both HTLV-1 (112–114) and HIV-1 (74, 115, 116). Those epigenetic modifications include chromatin-remodeling and histone modification, as well as DNA methylation. In particular, heavy DNA methylation plays an important role in the repression of viral gene expression, i.e., maintenance of latency.

In HTLV-1 infected cell lines and primary malignant cells from ATL patients, the 5′LTR (as L.545), but not the 3′ LTR, of provirus are highly methylated (117, 118). Recently, a suppressive regulation of HTLV-1 gene expression by CTCF was also reported (119, 120). However, the mechanism of why all HTLV-1-infected cells uniformly switch to full transcriptional latency within a certain period is not known. Taniguchi et al. predicted based on the provirus methylation profiling analysis that the methylation spreads from the proviral gene body to the 5′LTR (as L.545) in carrier infected cells, eventually forming complete methylation of the 5′LTR (as L.545) in ATL cells (118). Experimental infection systems and animal models that can track the transition from early infection to latent infection in a single cell will be necessary to elucidate this mechanism.

The proviral methylation has been also reported in HIV-1 infected cells (121, 122). It has been also reported that the proviral methylation level is not high in many HIV-1 infected individuals, and even fluctuates in an individual over years (123), whole the LTR methylation under ART treatment is rare (124). These observations in primary HIV-1 infected cells indicate that the methylation of LTR and provirus is not the main mechanism for latent persistence in HIV-1 infected T cells.



The mode of viral spread and pathogenesis

In HTLV-1, the mode of viral spread at the time of transmission has not been fully clarified, although both possibilities of infected T cell transmission and/or de novo infection are proposed by in vitro/in vivo experiments (16). Especially, the transmission of HTLV-1 infected T cells from mother to child through breast milk has been clinically confirmed (125). Most infected cells are expected to be in the transcription latency (deep latency) by heavy methylation of 5′LTR (as L.545) in HTLV-1-infected individuals and patients (117) (Figure 2A) since few viral particles are detected peripherally (9). It is also speculated that neither active proliferation of infected T cells nor virion production for de novo infection occurs in asymptomatic carriers since the proviral load (ProVL=% proviral DNA carrying T cells in PBMCs) is kept under 4% in most asymptomatic carriers (6). Yet, to maintain a certain level of ProVL, the temporal somatic infected-cell division may occur even in asymptomatic carriers

In HIV-1, after the acute infection phase, the most of infected cells are eliminated except for long-lived memory T cells. The blood viral mRNA level (viral load: VL) in an infected individual is reduced to the set point, yet never be undetectable level without treatment even during chronic infection (126) (Figure 2B). This suggests that the survived latent reservoir cells likely to continue producing virions even during the chronic infection phase (115, 126) (Figure 2B). It may be because the 5′LTR (as L.545) methylation state of each infected cell is heterogenous in HIV-1 infected individuals (74), thus some infected cells are allowed to continue the leaky expression of viral genes. This hypothesis is also supported by the fact that stopping the ART treatment in HIV-1 carriers restores the viral load quickly in most cases (see reviews (127, 128). These transcriptionally-reversible infected cells (in shallow latency) are reactivated to initiate the viral replication cycle and are clonally expanded by antigen stimulation within a few years. The viral production in an infected cell continues until the host cell dies. Thus, the number of functional CD4+ T cells is eventually depleted to develop AIDS (12) (Figure 2B).



CIS-acting self-regulatory mechanism of viral gene expression

The above similarities and differences between HTLV-1 and HIV-1 let us speculate that the major factors that distinguish the characteristics of the infected cell and associated disease(s) of these viruses appear to be the regulation and reactivation of viral production in the host cell. As explained above, Tax and Rex for HTLV-1 and Tat and Rev for HIV-1 are essential for viral replication (76). Particularly, HTLV-1 Rex and HIV-1 Rev were shown early on to be essential for viral particle formation via export and stabilization of unspliced/singly spliced viral structural mRNAs (129). Therefore, cis- and trans-regulatory mechanisms of viral proteins, especially of HTLV-1 Rex and HIV-1 Rev, are expected to closely relate to the level of viral production.

In HTLV-1, Rex is thought to regulate the amount of viral particle production, thus determining the timing of active viral replication in the early infection and the entry to the latent state, because the intracellular concentration of structural protein mRNAs is regulated by Rex (51, 130). Rex selectively transports CRM1-dependent viral mRNAs of structural proteins out of the nucleus, thereby reducing the amount of normal cap-dependent mRNA nuclear transport. Although there is a report that some Tax/Rex mRNAs are RxRE/CRM1-dependently transported out of the nucleus (131), most are exported cap-dependently, just like other cellular mRNAs. Thus, activation of selective nuclear export of CRM1-dependent viral structural protein mRNAs by Rex reduces the cytoplasmic amount of Tax/Rex mRNA to be translated. Therefore, Rex regulates expression levels of Rex itself and Tax in a negative feedback manner (Figure 3D). Another viral accessory protein, p30II, which is translated from a minor doubly spliced transcript variant, is known to suppress the viral replication cycle by retention of Tax/Rex mRNA in the nucleolus, thus reducing the cellular level of Tax and Rex proteins (34, 132) (Figure 3D). P30II is also known to interact directly with Rex to inhibit its activity. The most recent review of p30II (133) highlighted that it is also involved in the host T cell gene expression and cell-cycle regulation, proposing a critical role of this protein in T-cell transformation (Figure 3D). In addition, the authors described the important aspect of p30II in the manipulation of innate immune response by suppressing TLR4 (toll-like receptor 4) via inhibition of PU.1 transcription factor in myeloid cells, such as macrophages, monocytes, and dendritic cells. P12 is known to activate NFAT and contributes to the proliferation of infected cells (34, 134, 135), although it has not been reported that p12 directly or indirectly influences the activity of Tax and Rex (Figure 3D). Finally, Hbz, the only functional viral protein expressed from the antisense strand, suppresses viral gene expression by Tax in early infected cells (Figure 3D) and is the only viral factor that continues to be expressed after latency, thus is believed to maintain latently infected cells (136). Recently, Philip et al. reported that Hbz directly suppresses the Rex function in the nuclear export of the RxRE-dependent intron-containing mRNAs (50) (Figure 3D). They also demonstrated that Hbz inhibits the function of Rex and Tax in the viral replication cycle in early infection, as well as in reactivation in the latently infected cell. Their data proposed an important notion that Hbz plays a central role in sustaining the latency of HTLV-1 infected cells via regulation of Rex and Tax activities (Figure 3D). Thus, the viral replication cycle of HTLV-1 is strictly regulated by the cis-acting regulatory mechanism among the viral accessory proteins (73, 132).

In HIV-1, the negative-feedback mechanism may be also true between HIV-1 Rev and Tat, as Tat is also encoded in a doubly spliced HIV-1 mRNA (Figure 3D). HIV-1 also encodes several accessory proteins such as Nef, Vpu, Vpr, and Vif. They influence the phenotypes and functions of infected CD4+ T cells and thus play significant roles in the pathogenesis of HIV-1. On the other hand, it is also known that these accessory proteins are not directly related to viral gene expression and viral replication (137) (Figure 3D). HIV-1 encoded antisense RNA, asp (antisense protein) RNA, which is the only viral factor to suppress the viral gene expression from 5′LTR (as L.545) via epigenetic modification and replication, thus asp mRNA is considered to play an important role in the maintenance of the latent infection of HIV-1 (138–141). However, it has not been reported that asp mRNA directly interacts with Tat and Rev. The role of ASP protein, which is encoded by asp mRNA, in the viral life cycle has been less clarified compared with the RNA (138, 140). Consequently, it seems that HIV-1 does not have a cis-acting regulatory mechanism as strict as HTLV-1, especially in the direct regulation of Tat and Rev activities.

Besides the function of accessory proteins, other factors may be involved in the overall optimization of the power balance among viral proteins in HTLV-1. One of those is that HTLV-1 Rex and Tax are translated from the exact same mRNA, probably allowing the fine-tuning of the expression levels of Tax and Rex by different translation-initiation efficiency of each frame (Figure 3B). Moreover, such double-coding mRNA is beneficial to control the expression level of both Tax and Rex simultaneously. As mentioned above, p30II binds to Tax/Rex mRNA and confines it in nucleoli, thus restricting the nuclear export and translation of both Tax and Rex together (34, 132). Such a mechanism is unique to HTLV-1. HIV-1 Tat and Rev are encoded on the separated mRNAs without the counterpart of HTLV-1 p30II. In addition, Rex must function longer than Tax in infected cells to serve as the final regulator to shut down the viral replication and to transit to the latency. Indeed, as shown in Figure 3C, HTLV-1 Rex has the C-terminal stability domain (142), which is responsible for the significantly longer half-life of Rex than Tax (51). No clear stability domain has been reported for HIV-1 Rev (Figure 3C). Recently, a linker region at both ends of the N/C terminus of Rev was shown to be involved in stability (108), but the biological importance of the stabilization in the regulation of Rev function and for Tat activity are still unknown.

Collectively, HTLV-1 has multiple factors, which negatively regulate the activity of Rex and Tax, while HIV-1 has a less-stringent regulation against HIV-1 Rev and Tat activities (Figure 3D). Since HTLV-1 Rex and HIV-1 Rev serve as the “pipeline” of the viral transcripts for replication, the regulation of the “flow rate (i.e., the activity of Rex and Rev)” is critical for the overall viral production. We imagine that the Rex pipeline has a “regulatory valve” consisting of multiple cis-acting regulators such as Hbz and p30II (Figure 4A). Therefore, the viral mRNA transcribed by Tax is not translated as is, but tuned by the regulatory valve, which controls the Rex activity. The regulatory valve on the Rex pipeline thereby controls the active viral replication phase in early HTLV-1 infection and rapid replication cessation to enter the latency. In addition to such orchestrated mechanism in the quantity and temporal regulation of the viral replication cycle, the universal 5′LTR (as L.545) methylation stops Tax and Rex expression completely, thus allowing the infected cell to maintain the deep latency thereafter (Figure 4A). In HIV-1, no direct negative regulator of Rev has been reported, at least to date. Since the Rev-pipeline does not have any regulatory valve, the viral transcripts are expected to be translated as are transcribed by Tat (Figure 4B). The asp mRNA is known to suppress the viral gene expression in early and latent infection. However, since the 5′LTR (as L.545) LTR of HIV-1 provirus is not methylated universally, a leaky viral expression continues at a low level in latency. No regulatory valve on the Rev pipeline and leaky suppression of viral gene expression may be related to the shallow latency of HIV-1 infected cells, which are easily reactivated (Figure 4B).




Figure 4 | With or without the regulatory valve for HTLV-1-Rex and HIV-1 Rev and the regulation of the viral gene expression: (A) In the early HTLV-1-infected cells, Tax enhances the viral gene expression and Rex serves the “pipeline” of viral mRNAs between the site of transcription and the translational machinery. Since the “flow rate (Rex activity)” of the Rex pipeline is controlled by the “regulatory valve”, which is composed of Rex itself, Hbz, and p30II, the viral mRNAs transcribed by Tax are not all translated directly into viral particles. In the latent state, the 5′LTR (as L.545) is heavily methylated universally, therefore the expression of Tax and Rex is completely shut-down in almost all infected T cells. Such strict regulation of viral gene expression may allow the infected cells sustain the disease-free deep latency for decades. (B) In HIV-1 infected cells, Tat is responsible for viral gene expression and Rev also serves as the pipeline of the viral mRNAs. In contrast to HTLV-1, there is no regulatory valve, which controls the activity of Rev. Therefore, the viral mRNAs transcribed by Tat are expected to be translated as is to produce a vast number of viral particles from an early infected cell. Asp mRNA and methylation of 5′LTR (as L.545) serve to suppress viral gene expression during the latency. However, the methylation in the 5′LTR (as L.545) does not occur universally, allowing some reservoir cells to produce a low level of viral particles even in latently infected cells. The lack of a regulatory valve on the Rev pipeline together with a permissive viral gene expression may allow the infected cell to stay in the shallow latency, which is easily reactivated. Generated using Servier Medical Art, provided by Servier, licensed under a Creative Commons Attribution 3.0 unported license.






Reaffirming Rex as a key regulator of viral gene expression

The RxRE/CRM1 dependent unspliced/singly spliced viral mRNA nuclear export by HTLV-1 Rex has been well studied. However, how Rex achieves such a function is largely unknown. Especially, the following questions have not been clarified, yet; 1) How does Rex avoid unnecessary splicing?, 2) Why does Rex preferentially use CRM1, a major nuclear export adapter of the host cell?, and 3) Does the RxRE/CRM1 dependent pathway contribute to the selective translation of viral RNAs? We speculate that Rex has as yet unknown aspects to escort viral RNAs from the transcription to the translation. To explore new aspects of Rex, we recently conducted transcriptome and interactome analysis of Rex (143). Firstly, we conducted the interactome analysis of Rex in HEK293T cells overexpressing His-Halo-tagged Rex. The human intracellular proteins that interact with Rex were identified by the His-tag/Halo-tag tandem affinity purification followed by the LC-MS/MS analysis. The results revealed that Rex interacts with human intracellular proteins involved in various pathways such as gene expression, splicing, mRNA quality control, and translation (Figure 5A). In particular, Rex interacts with a large number of ribosomal proteins, which highlighted the involvement of Rex in the host cellular translational pathway. How Rex intervenes in the host translation to attain the selective translation of viral mRNAs via the RxRE/CRM1 dependent mechanism waits for further investigation. Rex also interacts with proteins involved in immune responses and signaling pathways (Figure 5B), proposing a possibility that Rex may alter the phenotype of the host T cell. Next, we conducted the gene expression and splicing analysis of Rex in CEM (human TALL patient-derived T cell line) overexpressing Rex. The Rex-overexpressing induced alterations in a wide range of gene expression profiles (Figure 5C). The significantly upregulated genes by Rex are involved in the regulation of gene expression, cell cycle, and viral infection response. The significantly downregulated genes by Rex are involved in the humoral immune response and chemokine signaling pathway. The exon microarray analysis shows that the mRNA splicing patterns of more than 2,000 mRNAs are altered in the Rex-overexpressing CEM cells. These results indicate that Rex influences the host cellular gene expression and splicing mechanism. Changes in gene expression levels and the splicing patterns by Rex may influence the protein activities and functions and thus may re-shape the host cellular function. Previously, we reported that Rex suppresses the host cellular nonsense-mediated mRNA decay (NMD) to stabilize the viral genomic RNAs (53). Recently, we analyzed the interaction between Rex and the NMD complex proteins and demonstrated that Rex may enter the NMD complex from the beginning to the end of the pathway to regulate the activity of NMD (54). Indeed, our transcriptome analysis in Rex overexpressing CEM demonstrated the upregulation of natural NMD target mRNAs, which are involved in TGFβ, ATF2, IFNγ, DNA damage response, IL-2, MAPK, and TNFα signaling pathways. Therefore, Rex may influence the activities of various signaling pathways via the suppression of NMD. These results suggest that Rex not only transports viral RNA outside the nucleus but may also intervene in various host intracellular pathways (Figure 5). To transport viral RNAs, Rex needs to avoid extra splicing at the site of transcription and protect them from NMD, which targets and degrades abnormal mRNAs including intron-containing viral mRNAs at the site of translation. Based on our data, we hypothesize Rex escorts viral unspliced/singly spliced mRNAs by regulating the activity of the various intracellular pathways through which the mRNAs are processed. Figure 5 may reflect such novel aspects of Rex and lets us reaffirm Rex as a key viral factor in viral gene expression.




Figure 5 | Novel aspects of Rex and its effects on cellular pathways; (A)The interactome analysis between Rex and human cellular proteins revealed that Rex interacts with proteins involved in cellular pathways from transcription to translation (arrows in deep purple). Especially, Rex shows interactions with many ribosomal proteins, indicating a possible involvement of Rex in the host translational pathway. (B) Rex also interacts with proteins involved in immune response and signaling pathways (arrows in deep purple), suggesting that Rex may alter T cell functions and phenotypes by affecting these intracellular pathways (arrows in light purple). (C) Rex-overexpressing T cells showed alterations in a wide range of gene expression profiles (arrows in light purple). In the Rex expressing cells, the genes involved in the regulation of gene expression, cell cycle, and viral infection response are upregulated, while those involved in the humoral immune response and chemokine signaling pathway are downregulated. In addition, changes in splicing patterns were observed in various mRNAs in Rex expressing T cells (arrows in light purple). Particularly, exon inclusion in mRNAs encoding EGF-like domains and exon skipping in mRNAs encoding Ig-like domains are observed in high frequencies. In addition, the expression levels of natural NMD target mRNAs involved in various signaling pathways were elevated in Rex expressing T cells (arrows in light purple), possibly because of the NMD inhibitory function of Rex. Generated using Servier Medical Art, provided by Servier, licensed under a Creative Commons Attribution 3.0 unported license.





Conclusion remarks and future perspectives

HTLV-1 Rex and HIV-1 Rev have long been thought to positively-regulate viral gene expression via the transport of viral RNA. In this review, we note that HTLV-1- and HIV-1-infected T cells have different characteristics, despite the many similarities in the functional mechanisms of these accessory proteins. By exploring the similarities and differences between HTLV-1 and HIV-1, we proposed a novel possibility that the presence or absence of a virus-derived regulatory valve for Rex or Rev activity, respectively, may relate to the permissiveness of the viral gene expression, thus the phenotype and pathogenesis of the infected cell. Our recent study, which demonstrated the involvement of HTLV-1 Rex in a much wider range of host-cellular pathways than ever expected (Figure 5), supports the notion that ruling viral gene expression at the Rex activity may be beneficial for the virus to control the overall events in the infected cell, i.e., early viral particle replication and maintenance of stable transcriptional latency thereafter. In HTLV-1,not only Tax but also Hbz directly influences the viral gene expression. They are also known as the oncoproteins of HTLV-1, which drive the transformation of the infected T cell. Especially, Hbz is known to be expressed in all infected cells through the lifetime of an infected individual even during the latent infection in an asymptomatic carrier. As shown in Figure 1, it is also well-known that HTLV-1-infected cells are not transformed in about 95% of infected individuals. Consequently, we speculate that there must be a viral mechanism to suppress the transforming activity of Tax and Hbz. Especially, the function and activity of Hbz in the latently infected T cells need to be controlled, otherwise, all HTLV-1 infected cells eventually would be malignantly-transformed to develop ATL in all infected individuals. Recently, we tested the effects of HTLV-1 Rex, Tax, and Hbz in CEM cells expressing them individually or simultaneously. As result, the intracellular changes observed by Rex, Tax, or Hbz alone are significantly different from those by Rex/Tax, Tax/Hbz, Rex/Hbz, and Rex/Tax/Hbz together. (Nakano, unpublished data). These results propose a possibility that those HTLV-1 accessory proteins regulate each other. Such inter-control within a viral replication cycle may be essential to orchestrate the events in the HTLV-1 infected T cells, i.e., the early replication phase followed by stable maintenance of a disease-free latent state. We believe that the further investigation in the functional interaction among HTLV-1 accessory proteins will bring us closer to understanding the nature of the HTLV-1 virus and its infected cells in the future.
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Human T-cell leukemia virus type 1 (HTLV-1), a retrovirus which mainly infects CD4+ T cells and causes adult T-cell leukemia/lymphoma (ATL), is primarily transmitted via direct cell-to-cell transmission. This feature generates a wide variety of infected clones in hosts, which are maintained via clonal proliferation, resulting in the persistence and survival of the virus. The maintenance of the pool of infected cells is achieved by sculpting the immunophenotype of infected cells and modulating host immune responses to avoid immune surveillance. Here, we review the processes undertaken by HTLV-1 to modulate and subvert host immune responses which contributes to viral persistence and development of ATL.
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Introduction

Human T-cell leukemia virus type 1 (HTLV-1), the first human retrovirus discovered (1–3), was identified as the etiological agent of adult T cell leukemia/lymphoma (ATL) (4, 5) and to date, one of the only seven human viruses with strong epidemiological links to human cancers (6). The virus primarily infects CD4+ T cells and induces a lifelong infection in infected individuals as asymptomatic carriers (ACs) (Figure 1). Nevertheless, approximately 3-5% of infected individuals eventually develop ATL, a malignant CD4+ T cell neoplasm (7) (Figure 1). HTLV-1 is also associated with various other inflammatory diseases including uveitis, dermatitis, arthropathy (8) and most notably HTLV-1-associated myelopathy/tropical spastic paraparesis (HAM/TSP) which affects 1-4% of infected individuals (7, 9, 10) (Figure 1).




Figure 1 | Natural history of HTLV-1 infection. HTLV-1 primarily infects CD4+ T cells and spread mainly by cell-to-cell transmission via viral synapse. The pool of infected cells are maintained by clonal proliferation which is promoted by Tax, HBZ mRNA and other viral accessory proteins while HBZ protein and host CTLs act to suppress them. Most HTLV-1-infected individuals remain life-long asymptomatic carriers. However, in approximately 5% of infected individuals, acquisition and accumulation of certain mutations leads to malignant transformation of infected cells into adult T-cell leukemia (ATL) cells. Additionally, about 4% of infected individuals develop HTLV-1-associated myelopathy/tropical spastic paraparesis (HAM/TSP), which is caused by infiltration of infected cells and CTLs into the central nervous system.



HTLV-1 is mainly transmitted through three routes: (1) sexual intercourse, (2) breastfeeding, and (3) blood transfusion and needle sharing (11). The peculiar thing about HTLV-1 transmission is that cell-free infection of HTLV-1 is extremely inefficient (12). Instead, HTLV-1 primarily relies on direct cell-to-cell transmission via virological synapse (13), viral biofilm (14) or cellular conduits such as tunneling nanotubes (15). Within an infected individual, HTLV-1 presence is then maintained largely via mitotic division of infected cells (16) (Figure 1) with a minor contribution by infectious spread (17).

In fact, immune cells are constantly surveilling the body to look for and eliminate foreign pathogens or pre-cancerous and cancerous cells (18). This process is called immune surveillance (18) and is carried out by both the innate and acquired immune system. Immune response to HTLV-1 has been extensively reviewed elsewhere (19–22) with most of the recent work focusing on the innate immune responses, including retroviral restriction factors (23, 24) and chemokines (25). HTLV-1 mainly infects CD4+ T cells, which are one of the major players of the cell-mediated immune response primarily carried out by T cells (26). Cell-mediated immune response is activated upon antigen presentation by professional antigen-presenting cells (APCs) such as dendritic cells (DCs) and B cells to T cells (26). Elimination of the foreign pathogen or cancerous cells is then carried out through the production of inflammatory cytokines and the killing action of effector cells including cytotoxic T lymphocytes (CTLs), macrophages and natural killer (NK) cells (26). To ensure long-term survival and circumvent this immune surveillance, HTLV-1 would have developed certain traits to modulate host cell’s immunophenotype, immune response and environment so that the infected cells have a survival advantage.

In this review, we will discuss on what is known so far on the virus–host interplay which renders infected cells invisible from immune surveillance and thus contributing to HTLV-1 persistence in infected individuals. The article is divided into 3 major sections which chiefly describes: (1) immune escape mechanisms utilized by HTLV-1-infected cells for persistence, (2) malignant transformation of infected cells plus additional mechanisms employed by leukemic cells, and (3) new findings on the hijack of physiological T-cell activation mechanisms for immune evasion.



Immune escape mechanisms used by HTLV-1-infected cells for persistence

During the infectious phase, thousands of infected-cell clones are established before plateauing and only those which escaped initial CTL detection continue to live on for decades in infected individuals (27, 28). Here, we will review some of the host and virus factors which sculps the clonal landscape of HTLV-1-infected cells.


Regulation of HTLV-1 provirus transcription

The HTLV-1 provirus is around 9 kb in length and encodes several structural (gag, pol and env), regulatory (tax and rex) and accessory proteins [p12, p13, p30 and HTLV-1 bZIP factor (HBZ)]. Among them, Tax and HBZ are important for the maintenance and proliferation of the pool of infected cells. Tax, which is encoded in the sense strand, is a highly immunogenic protein; while HBZ, encoded in the anti-sense strand, has a lower immunogenicity (29, 30). As such, there is a need for different expression pattern between tax and hbz to minimize the activity of Tax-specific CTLs.

Transcription from the sense and anti-sense strand of the provirus is controlled by different mechanisms. Sense strand transcription is strongly enhanced by Tax protein, which recruits cAMP response element binding protein (CREB) and the transcriptional coactivators CBP/p300 to the Tax response elements in the 5’ long terminal repeat (LTR) (31). This transcriptional burst is then suppressed by the viral proteins p30, which binds and retains Tax mRNA in the nucleus (32), and HBZ, which interacts with the KIX domain of p300 (33). Interestingly, HBZ acts in a negative feedback loop to control provirus expression and re-establish provirus latency as a small surge of HBZ transcription is observed during the late stage of the Tax burst (34).

Epigenetically, the 5’ LTR is heavily methylated which silences sense strand transcription. However, this only extends up to roughly three quarters of the provirus with the HBZ and 3’ LTR remaining free of DNA methylation, allowing continued expression of HBZ (35, 36). This unique pattern of epigenetic modification is achieved through the insulator-binding protein CCCTC-binding factor (CTCF) that acts to define boundaries between transcriptionally active and inactive regions of the genome by restricting the spread of epigenetic modifications (37). Binding of CTCF to the proviral DNA at a defined epigenetic border helps to regulate and modify provirus transcription. Additionally, a novel enhancer region was recently identified near the 3’ LTR which acts to enhance transcription from the 3’ LTR as well as acting as another barrier to prevent spreading of epigenetic modifications towards the 3’ LTR (38).

Differences in promoter activity, epigenetic modifications as well as regulatory elements as described above contribute to the contrasting transcriptional kinetics of Tax and HBZ whereby the tax gene is being expressed transiently in rare, self-limiting bursts (34, 39) while the hbz gene is continuously expressed at low levels (40, 41) (Figure 2).




Figure 2 | Expression pattern of several related genes during HTLV-1 persistence and leukemogenesis. After a long latency period, about 5% of HTLV-1-infected individuals develop ATL. Both Tax and HBZ are critical for leukemogenesis with the HBZ gene being constantly expressed while tax is transcribed in rare, short, self-limiting bursts. Infected cells exhibit increased expression of genes related to T-cell activation (CD25) as well as Treg (FOXP3). Subsequent accumulation of certain mutations during the lifetime of infected clone potentiates leukemic transformation which is accompanied by a loss of CD7 expression and an increase in CADM1 expression. Expression of CD25 and FOXP3, as well as HLA-II, is maintained throughout the latency phase as well as in ATL cells after malignant transformation.





CTLs response against HTLV-1-infected cells

Among the various viral proteins, Tax is the major viral antigen targeted by CTL (42, 43). The antigen specificity and quality of the CTL response is determined by the human leukocyte antigen (HLA) class I alleles of infected individuals. Several studies reported that individuals with HLA-A*02 had stronger affinities towards various Tax epitopes, especially Tax11-19, which confers a lower proviral load due to the selective pressure against Tax-expressing cells. The same studies also revealed that individuals with HLA-Cw*08 are associated with lower proviral load while HLA-B*54 is associated with higher proviral load (44–48).

Notably, HBZ-specific CTLs have a significantly lower frequency than Tax-specific CTLs in infected individuals (30, 49) and are unable to lyse infected cells (29). It has been suggested that the lower frequency and weak immune response of HBZ-specific CTLs is a consequence of the low expression and antigenicity as an immunogen. This is not surprising, given the indispensable roles of HBZ in maintaining the survival and proliferation of infected cells (50, 51) in vivo which necessitates the need for persistent expression (Figure 3). Such mechanism is not specific to HTLV-1 as it was observed in other oncogenic viruses as well, such as EBNA-1 in Epstein-Barr virus (EBV) (52) and E7 in human papilloma virus (HPV) (53). Furthermore, HBZ in its RNA form elicits additional functions including anti-apoptotic activity and suppression of Tax transcription to evade Tax-specific CTLs (54) (Figure 3).




Figure 3 | Role of HBZ in immune evasion of infected cells. HBZ induces expression of co-inhibitory molecules to suppress immune activation and confers anti-apoptotic properties by altering expression pattern of pro- and anti-apoptotic proteins. HBZ also induces IL-10 expression in infected cells and antigen presenting cells through TIGIT. IL-10 acts to suppress host immune response as well as enhancing cellular proliferation of infected cells through modulation of STAT signaling by HBZ (not shown).



In terms of clonal selection during viral persistence, the expression of Tax confers a disadvantage towards the survival of infected cells whereas HBZ might not. This selective advantage is not specific for ATL cells, but rather a general aspect of HTLV-1 infection, which was demonstrated in a comprehensive DNA-capture-seq analysis whereby in all HTLV-1-infected individuals, the proportion of 5’ defective provirus is around 15% but 3’ defective ones are extremely rare (~2.5%) (55). Analysis of viral genes expression also showed that Tax is not expressed in approximately 60% of ACs and ATL cases but HBZ expression can be seen in all of them (40, 56, 57), which is consistent with the notion that Tax expression is unfavorable for survival in vivo.



Integration preference and provirus structure

HTLV-1 prefers to integrate into transcriptionally active, accessible regions in the host genome with a slight bias to transcriptional start sites (TSS). However, as these proviruses are transcriptionally active, viral genes are expressed resulting in a majority of these cells being eliminated. Most of the infected cells that survived this initial selection are those with integration sites in transcriptionally quiescent regions (58–60). Nevertheless, some of these clones with provirus integrated in transcriptionally active regions do survive and remain in circulation at least partially due to the spatial organization of the chromosome harboring the integrated provirus (61). Although HTLV-1 shows no preference for any given chromosome during initial integration, the clones that survived and persisted in vivo are frequently found in the long arm of acrocentric chromosomes (chromosomes 13, 14, 15, 21 and 22) and close to the centromere (61, 62). The centromere-proximal regions of these chromosomes are situated in transcriptionally repressive regions in the nucleus – the nucleolar periphery or nuclear lamina – hence these regions are transcriptionally quiescent which favors the survival of these clones (61).

Besides integration site preference, the proviral structure also determines clonal survival and longevity. Defective proviruses are preferentially selected as these may lack the 5’ LTR and flanking regions coding immunogenic proteins, Tax in particular, which confers survival advantage by evading Tax-specific CTLs (63–65). The loss of the 5’ LTR has been well characterized in ATL patients where there are about 30% defective proviruses (55, 66, 67) while in ACs and HAM/TSP patients, about 15–20% of provirus are defective (55), suggesting that deletion of certain regions from the provirus genome for immune evasion is a general feature of HTLV-1-infected clones (55). Several studies have demonstrated that oncogenesis can still occur despite the absence of Tax, indicating that Tax is important for de novo infection but may be dispensable for leukemic transformation and maintenance of the clonal population of infected cells (64). Thus, both proviral integration site and structure plays a role in determining the fate of infected cells in vivo.



Immunophenotype remodeling through Foxp3 expression

Tregs, defined as CD4+Foxp3+ T cells, play a role in suppressing excessive immune activity and function as ‘guardians’ of immune homeostasis. Interestingly, however, 60–70% of ATL cells express Foxp3 (68–71). Hence, ATL was previously considered as a tumor of HTLV-1-infected Tregs (72). However, recent findings have demonstrated the immunophenotypic modifying properties of HBZ induces some features of Treg in conventional CD4+ T cells, although it does not confer suppressive function. HBZ induces Foxp3 expression via Smad3-dependent TGF-β signaling (73). However, HBZ then interferes with the DNA binding activity and function of Foxp3 by direct physical interaction (74). Thus, Foxp3+ HTLV-1-infected and Foxp3+ ATL cells may not always possess the suppressive function of Tregs (75–77). The key question here is why does HTLV-1 alter the immunophenotype of its host cell to mimic the ‘guardians’ of immune homeostasis? One plausible explanation is that Foxp3+ infected T cells can evade immune surveillance via the expression of immune checkpoint molecules such as CTLA-4, PD-1 and TIGIT and immunoregulatory cytokines including IL-35 and IL-10. The similarities and differences of immunosuppressive mechanism between Treg and HTLV-1-infected cells still require further understanding and further studies utilizing single-cell methods for precise immunophenotyping will provide more evidence on how HTLV-1 evade host immunity (78, 79).



Host restriction factors

Restriction factors, the first line of antiviral defense, are host cellular proteins that recognize and interfere with specific steps of the virus replication cycle, thus blocking infection. Restriction factors were first described as counteractors of HIV-1 infection and some well-characterized ones include APOBEC3G (apolipoprotein B mRNA-editing enzyme, catalytic subunit-like 3G), SAMHD1 (sterile alpha motif and histidine aspartate domain-containing protein 1), Tetherin/BST-2 (bone marrow stromal antigen 2) and TRIM5α (tripartite motif 5α) (80).

However, as HTLV-1 rarely produce free viral particles and spread primarily via cell-to-cell transmission, CTL response against immunogenic viral proteins, particularly Tax, is the predominant immune response against HTLV-1, especially during the initial stages of infection with the role of restriction factors remain poorly understood (23, 81). Nevertheless, in view of the complexity of clonal persistence and the wide spectrum of associated diseases caused by HTLV-1, mechanisms of intrinsic immunity may yet have a role to play. Studies pertaining to HTLV-1 restriction factors are rather limited with the majority of them discovered through studies in HIV-1 infection. The role of restriction factors in HTLV-1 infection has been extensively reviewed elsewhere (23, 24) and is summarized briefly in Table 1.


Table 1 | Restriction factors and their impact on anti-HTLV-1 immunity.






Malignant transformation of infected cells and additional mechanisms employed by leukemic cells

Among the many infected clones, only a selected cell clone will eventually undergo leukemic transformation. The long latent period before ATL onset suggests that malignant transformation occurs when HTLV-1-infected cells acquire a certain set of genetic and epigenetic alterations (90–92) while escaping host’s immune surveillance. Once HTLV-1-infected cells become malignant, they will have to escape not only HTLV-1-specific immune surveillance but also cancer-specific ones (93).


Modulation of immune checkpoint expression

HTLV-1 is also known to modulate the expression of immune checkpoint molecules on the cell surface of infected cells for immune evasion. Several studies have shown that HTLV-1 infection upregulates both the expression of stimulatory and inhibitory immune checkpoint molecules and is further augmented by leukemic transformation and ATL progression (78, 79, 94). For instance, the viral protein Tax is involved in the overexpression of OX40 (95, 96), a costimulatory molecule which promotes cellular proliferation, enhances cell survival and suppresses Treg activity (97). Interestingly, HTLV-1 selectively enhances expression of particular coinhibitory receptors while suppressing the others. For example, Kinosada et al. (98) showed the involvement of the viral protein HBZ in this process whereby HBZ enhances the expression of TIGIT and PD-1 but suppresses the expression of BTLA and LAIR-1 (98).

TIGIT is a competitive inhibitor of the costimulatory receptor CD226 for binding with the CD155 ligand, resulting in poor T cell activation. Physiologically, TIGIT-mediated signaling inhibits T cell proliferation through the interaction of its cytoplasmic ITIM domains with the THEMIS : SHP complex (99). However, HTLV-1-infected and ATL cells can proliferate in vivo despite the upregulation of TIGIT, indicating that downstream TIGIT signaling is impaired. This impairment thus enhances cellular proliferation and is mediated by HBZ which interacts with THEMIS and weakens its interaction with the phosphatases SHP1 and SHP2 (100). Additionally, HBZ also suppresses CD226 expression (100).

An increase in TIGIT-mediated signaling was correlated with increased IL-10 production as shown in TIGIT+CD4+ T cells of HBZ-transgenic mice (100). Likewise, an elevated IL-10 levels was observed in the serum of HTLV-1-infected and ATL patients (101, 102). This increased IL-10 production not only occurs from DCs, but from infected T-cells as well (100, 102). IL-10 is an immunoregulatory cytokine with the functions of suppressing inflammation and Th1 responses (103). Therefore, this elevated expression leads to the generation of an immunosuppressive microenvironment which enhances survival of HTLV-1-infected and ATL cells. Furthermore, IL-10 was reported to support proliferation of ATL cells despite not known to promote T cell proliferation normally (104). This stark contrast of IL-10 function is attributed to the viral protein HBZ as it can modulate IL-10 signaling by interacting with STAT3 (105). This indigenous strategy by HTLV-1 enables the virus to modulate IL-10-mediated signaling pathways for suppressing host immune response in a paracrine manner, while supporting proliferation of infected cells in an autocrine manner.

The role of PD-1 upregulation in HTLV-1 infection is much less established. Expression of PD-1, as well as its ligand PD-L1, is shown to be augmented in HTLV-1-infected individuals and ATL patients (106, 107). Several studies showed that upon PD-1/PD-L1 blockade, CTL function was restored indicating operating PD-1/PD-L1 axis during HTLV-1 infection which diminishes CTL function (106–108). The PD-1 ligands, PD-L1 and PD-L2, are expressed on the surface of dendritic cells and reverse signaling from these ligands stimulates IL-10 expression and confer dendritic cells with an immunosuppressive phenotype (109). Thus, PD-1 upregulation by HTLV-1 in infected cells is a possible mechanism for escaping immune surveillance. Another study by Koya et al. (78) reported that upregulated PD-L1 in malignant cells can be transferred to the microenvironment and alter the anti-tumor immune response (78). However, contrary to the reports above, Takeuchi et al. (110) reported a significant association between PD-L1 expression and improved survival of ATL patients (110). Additionally, similar to TIGIT, the suppressive signaling from PD-1 is impaired via HBZ interaction with the THEMIS : SHP complex, thus avoiding growth suppression (98, 100). Furthermore, a clinical trial using the anti-PD-1 antibody, nivolumab, showed that all three participants showed dramatic progression of ATL with a rapid expansion of predominant ATL clones, which was a result of an unanticipated loss of ATL suppression rather than a selective advantage for a specific clone after PD-1 blockade (111, 112). These contrasting findings indicate that further studies are warranted to understand the role and importance of PD-1/PD-L1 upregulation by HTLV-1 and whether PD-1/PD-L1 blockade can be used efficiently as immunotherapy for ATL patients.



CCR4 expression

CCR4 expression is a well-known hallmark of ATL cells (113). CCR4 upregulation is reported to be induced by HBZ-mediated GATA3 expression which then activates the promoter of the CCR4 gene. Upregulated CCR4 is associated with enhanced cellular proliferation and chemotactic properties of ATL cells (114). Additionally, HTLV-1-infected cells produces IFN-γ (115), which induces production of the CCR4 ligands CCL17 and CCL22 in keratinocytes and endothelial cells. This chemoattracts HTLV-1-infected cells and augments infiltration into the skin (114). CCL22 production in infected cells is also enhanced by the Tax protein, which in turn chemoattracts and maintains a high frequency of CD4+Foxp3+CCR4+ regulatory T cells (Treg) in circulation. These Treg in turn suppresses and reduced the efficiency of HTLV-1-specific CTL response which promotes survival of ATL cells (70, 116). Furthermore, frequent gain-of-function mutations are observed in the CCR4 gene in ATL patients. This improves cellular metabolism and survival by prolonging the PI3K/AKT signaling (90, 117). These findings spurred the way for the development of mogamulizumab, a monoclonal antibody against CCR4, which was currently being adopted for treatment of relapsed ATL (118–121).




New findings on the hijack of physiological T-cell activation mechanisms for immune evasion

We have thus far discussed on the immunomodulation mechanisms of HTLV-1 and the role of HBZ which is summarized in Figure 3. It is well established that HTLV-1-infected and ATL cells exhibit a highly activated phenotype. Physiologically, activated T cells are not long-lived and will undergo apoptosis to restore T cell homeostasis, which is largely achieved by cytokine deprivation and negative regulators such as Foxp3 and CTLA4 (122). HTLV-1-infected and ATL cells, which are highly activated, also exhibits a sustained expression of Foxp3 and CTLA4 (Figure 2) but these cells are not targeted for cell killing. This implies that HTLV-1 must have developed ways to avoid these negative regulatory mechanisms while maintaining a highly activated phenotype.

HLA class II (HLA-II) are important molecules for the regulation of immune responses by CD4+ T cells and normally found only on professional APCs and in T cells after activation. We have recently shown that HTLV-1-infected cells also upregulate HLA-II to present antigen to T cells. However, HTLV-1-infected cells are not efficient APCs as they lack the CD28 ligands CD80/CD86 and cannot provide the key costimulatory signaling in T cells (79). This in turn may contribute to the immune escape of infected cells as the lack of costimulatory signals make responder T cells anergic, in a manner similar to tolerogenic DCs (123). The suppression of T cell activation by tolerogenic DCs is mediated by IL-10 (see above) and a similar mechanism may be operating here as well. Additionally, our study showed that T cells express anergy-related genes upon stimulation by HLA-II on HTLV-1-infected cells, which suggests that HLA-II induction in HTLV-1-infected cells may induce other mechanisms for T cell anergy to inhibit anti-HTLV-1 T cell response.

Additionally, HTLV-1-infected cells also upregulate the expression of CIITA, a master regulator of HLA-II expression. We showed that promoter III of CIITA was more open in infected cells and its activity increases proportionally to levels of Tax (79) which suggests that Tax contributes to the upregulation of HLA-II during HTLV-1 infection.

In addition to the role in inducing stable HLA-II complexes, previous studies showed that CIITA is a potent transcriptional repressor for Tax-mediated HTLV-1 expression and a potential host restriction factor (23). Tax-mediated HTLV-1 expression is induced by the assembly of a multiprotein promoter complex containing CREB, CBP and PCAF on the viral LTR promoter (31). Tosi et al. (124) showed that CIITA disrupts the assembly of this promoter complex by physically interacting with Tax, thus inhibiting viral replication (124). Furthermore, it was also reported that CIITA can inhibit Tax-mediated NF-κB activation (125). This implies that CIITA may be crucial to counteract HTLV-1 infection and oncogenic transformation. Therefore, it is unexpected that HTLV-1-infected cells, which rarely express Tax, exhibits a high CIITA activity with increased HLA-II expression.

To reconcile the evidence above, here we propose the model that HTLV-1 hijacks the CIITA-HLA-II axis to enhance its survival and persistence in vivo (Figure 4). Firstly, irrespective of when Tax expression occurs (either during initial infection or a Tax burst in the latency phase), induction of Tax leads to increased CIITA expression. This then enhances presentation of HLA-II molecules on the cell surface of infected cells which confers infected cells with an immunosuppressive phenotype. CIITA can also bind and sequester Tax to work in a negative feedback loop, thus suppressing Tax-mediated expression. This hijack of host’s cellular factors allows HTLV-1 to halt Tax expression or burst, thus silencing the provirus. Additionally, this also helps to reduce the amount of Tax available for antigen presentation, thus minimizing CTL response against the virus. However, there are still several ambiguous points, chiefly: (1) how Tax interacts with the promoter of CIITA, and (2) how the expression of CIITA and HLA-II is maintained throughout the latent period. We speculated that it is highly possible that similar to CCR4 expression in ATL cells (90, 113, 117), infected cells acquire genetic or epigenetic alterations associated with constitutive expression of the CIITA gene. Another possible explanation is that infected cells modulates expression of certain microRNAs which sustains CIITA expression, similar to how epigenetic downregulation of miR31 expression leads to NFκB activation in the absence of Tax (126). Secondly, by inducing HLA-II expression in host cells, HTLV-1 modulates the immune system to be less responsive and effective against Tax-expressing cells. This dual role hypothesis certainly warrants further investigation to elucidate the role of CIITA in HTLV-1 infection.




Figure 4 | Hypothetical model on how HTLV-1 hijacks the CIITA-HLA-II axis for immune evasion. (1) Upon induction of Tax either during initial infection or a Tax burst, it promotes CIITA expression as well as further supporting HTLV-1 provirus expression in a positive feedback loop. As the level of Tax increases, so does the levels of CIITA. (2) CIITA induces expression of HLA-II-related genes, leading to upregulation of HLA-II molecules on the cell surface of HTLV-1-infected and ATL cells. This confers an immunosuppressive phenotype to these cells. Additionally, CIITA also binds and sequesters Tax. (3) Working in a negative feedback loop, binding of CIITA and Tax reduces the amount of Tax available for the assembly of promoter complex on the LTR, leading to a reduction in Tax-mediated expression of the HTLV-1 provirus, thus halting Tax expression or burst. Additionally, this also reduces the amount of Tax available for antigen presentation to Tax-specific CTLs, thus reducing CTL activity against HTLV-1. The red question marks in (1) and (2) indicates the points in which the regulation of CIITA in HTLV-1 infection is still unclear; namely (1) how Tax interacts with the promoter of CIITA, and (2) how CIITA and HLA-II expression is maintained throughout the latent period.





Concluding remarks

HTLV-1 has developed different and unique strategies in order to escape immune surveillance and induce disease in hosts. This remarkable ability of HTLV-1 to outmaneuver host immune surveillance while maintaining a pool of viral reservoir is the major obstacle in drafting effective treatment and prevention strategies. We expect that further uncovering of the immune escape mechanisms of HTLV-1 will lead to the development of innovative methods to reconstitute and restore normal immune homeostasis.
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HTLV-1-infected individuals may develop a neurologic inflammatory condition known as HTLV-1-associated myelopathy (HAM/TSP), in which the high production of TNF is observed. These patients exhibit higher proviral loads, enhanced production of proinflammatory cytokines and lymphocyte proliferation in comparison to asymptomatic HTLV-1 carriers and those presenting overactive bladder (OAB-HTLV-infected). Metalloproteinases (MMPs) are known to degrade the components of the blood-brain barrier, favoring the migration of infected cells into the central nervous system. Moreover, the unbalanced production of MMPs and their inhibitors (TIMPs) has also been associated with tissue damage. The present work studied the production of MMP-9 and TIMPs in HTLV-1-infected individuals with and without neurological manifestations. HAM/TSP patients presented higher concentrations of MMP-9 in peripheral blood mononuclear cell (PBMC) culture supernatants, as well as a higher MMP-9/TIMP-3 ratio when compared to the other groups studied. MMP-9 levels positively correlated with proviral load and TNF in OAB-HTLV-infected individuals, and the in vitro neutralization of TNF significantly decreased MMP-9 levels in PBMC culture supernatants. Our findings indicate an association between MMP-9 production and the proinflammatory state associated with HTLV-1 infection, as well as HAM/TSP.
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Introduction

Approximately 10 million people are infected with HTLV-1 worldwide (1). Although most HTLV-1-infected individuals remain asymptomatic, some will develop neurological disorders, such as overactive bladder (OAB) and HTLV-1-associated myelopathy/tropical spastic paraparesis (HAM/TSP) (2–4). HAM/TSP is an inflammatory condition in which the principal neuropathological finding is chronic myelitis, characterized by parenchymal infiltration consisting mainly of lymphocytes (2–5). The mechanisms driving the development of HAM/TSP in HTLV-infected individuals are not well-understood. OAB, a urologic manifestation, is characterized by increased urgency and frequency, as well as urinary loss (6–8). Although asymptomatic HTLV-1 carriers present urodynamic alterations, dysuria and urinary loss are more frequent among patients with severe HAM/TSP (9). Thus, it has been proposed that OAB may be an oligosymptomatic presentation of myelopathy, or an initial manifestation of HAM/TSP (10).

The host immune response against HTLV-1 is characterized by increased lymphocyte proliferation followed by exacerbated production of proinflammatory cytokines and chemokines, such as IFN-γ, TNF, CXCL-10. Patients with HAM/TSP produce higher levels of these molecules, and also present higher proviral loads compared to asymptomatic HTLV-1 carriers (11–15). TNF and CXCL-10 have been detected in cerebrospinal fluid (CSF), suggesting the potential for the virus to cross the blood-brain barrier (4, 16–19). The blood-brain barrier is composed of cells (astrocytes, pericytes, neurons and endothelial cells), while the extracellular matrix is formed by proteins, such as fibers, collagen, elastin, laminin and fibronectin (16, 17, 20). The latter is responsible for permitting the entry of ions, molecules and cells into the central nervous system. However, in the context of pathologies, increased permeability of blood-brain barrier facilitates the entry of pathogens and infected cells into the central nervous system (16, 17).

Metalloproteinases (MMPs) are molecules that degrade extracellular matrix components. Unbalanced production between MMPs and their inhibitors (TIMPs) has been associated with tissue damage in several inflammatory conditions, including arthritis, cutaneous leishmaniasis, cancer and cardiovascular diseases (21–23). Among the MMPs, MMP-3 and -9 have been the focus of studies on HTLV due to their ability to degrade Types IV and V collagen, fibronectins and laminin, all components of the basement membrane in the blood-brain barrier (24–27). It has been documented that, when activated, astrocytes in the central nervous system produce pro-inflammatory cytokines, contributing to increased permeability in the blood-brain barrier (28). Moreover, astrocytes are also known to produce MMP-9 when in contact with HTLV-infected T cells (29). Moreover, MMP-9 has been evidenced in CSF, and MMP-9 production in the central nervous system has been hypothesized to be associated with HAM/TSP development (25, 29, 30). The literature contains several studies investigating imbalances in MMP and TIMP levels in serum and CSF in association with immunopathology in HTLV (24–26). However, since HTLV primarily infects T cell populations, we chose to focus on the production of MMP-9 and its TIMP-3 inhibitor by peripheral blood mononuclear cells (PBMC) in asymptomatic HTLV-1 carriers, HTLV-1-infected individuals with OAB (HTLV-1-OAB), and HAM/TSP patients. We found a relevant association between HAM/TSP and high levels of MMP-9, in addition to low levels TIMP-3. Moreover, TNF was identified as a key cytokine linked to MMP-9 production by PBMCs in HTLV-1-infected patients regardless of myelopathy.



Material and methods


Patients

The present study included 120 participants followed at the HTLV-1 multidisciplinary outpatient clinic at the Professor Edgard Santos University Hospital Complex of the Federal University of Bahia (HUPES-UFBA), Salvador, Bahia-Brazil. Subject participation was strictly voluntary, all individuals provided written informed consent and the present research protocol was submitted to and approved by the Institutional Review Board of the Federal University of Bahia. HTLV-1 infection was diagnosed through the detection of antibodies by ELISA (Cambridge Biotech Corp., Worcester, MA, USA) and subsequently confirmed by Western blot (HTLV blot 2.4, Genelab, Singapore). Participants were classified into three groups: i) HTLV-1 carriers (asymptomatic HTLV-1-infected individuals), ii) HTLV-1-OAB (HTLV-1-infected individuals with urinary manifestations indicative of neurogenic bladder, i.e., urgency or other urinary symptoms, such as nocturia and incontinence), iii) HAM/TSP (HTLV-1-infected individuals classified as definite HAM/TSP according to the de Castro-Costa diagnostic criteria (31). HTLV-1-infected individuals aged between 23-75 years of both genders participated in the study. Individuals coinfected with HIV, hepatitis virus (B or C), syphilis, and those using immunosuppressive drugs, or who were pregnant, were not recruited for this study. None of the studied patients were using corticosteroids.



Proviral load determination

DNA was extracted from 106 PBMCs using proteinase K and salting-out method. HTLV-1 proviral load was quantified using a real-time TaqMan PCR method on an ABI Prism 7700 Sequence detector system (Applied Biosystems) (32). Five plasmid dilution points were used to calculate the standard curve (pcHTLV-ALB). All samples were analyzed in duplicate, both for the quantification of HTLV-1 proviral load and albumin levels. Albumin DNA was used as an endogenous reference. Normalized HTLV-1 proviral load values were calculated using the ratio (HTLV-1 DNA average copy number/albumin DNA average copy number) × 2×106, and expressed as the number of HTLV-1 copies per 106 PBMCs.



Peripheral blood mononuclear cell cultures

Peripheral blood mononuclear cells were isolated from heparinized venous blood by Ficoll-Paque (GE Healthcare, Chicago, IL, USA) gradient centrifugation. After washing in saline, cell concentrations were adjusted to 3×106 cells in 1 ml of RPMI-1640 medium (Thermofisher Scientific, NY, USA) supplemented with 10% FBS (Thermofisher Scientific, NY, USA), penicillin (100 U/mL) and streptomycin (100 µg/mL). PBMCs were dispensed into 24-well plates and incubated at 37°C under 5% CO2 for 72 hours. Supernatants were collected from PBMCs cultures and stored at -70°C until the time of MMP-9, TIMP-3 and TNF quantification using an ELISA KIT (R&D Systems, Minneapolis, MS, USA), in accordance with manufacturer instructions. To investigate the effects of cytokine blockade on MMP-9 production, anti-TNF, anti-IFN-γ, anti-IL-1β anti-IL-6 and anti-TGFβ (R&D Systems, Minneapolis, MS, USA) monoclonal antibodies were added to some PBMC cultures at a concentration of 10 μg/mL. Results are expressed in pg/mL.



Statistical analysis

Differences between groups were analyzed using the Mann-Whitney U test (for comparisons between two independent groups). Receiver operator characteristics (ROC) curve analysis was used to evaluate the ability of MMP-9 levels to distinguish between asymptomatic HTLV-1 carriers, HTLV-1-OAB individuals and HAM/TSP patients. Spearman’s rank correlation was employed to test correlations. All data were analyzed using GraphPad Prism 5.01 (GraphPad Software, San Diego, CA, USA). Differences were considered statistically significant when p value ≤ 0.05.




Results


Patients, proviral load and inflammatory response

The present study aimed to quantify MMP-9 and TIMP-3 production by PBMCs in HTLV-1-infected individuals with or without OAB, as well as in HAM/TSP patients. We enrolled 40 HTLV-1-infected asymptomatic individuals, 40 HTLV-1-OAB and 40 HAM/TSP patients. The studied groups did not differ with regards to sex or age (Table 1). Consistent with previous reports, proviral loads in HAM/TSP patients were significantly higher than in HTLV-1 asymptomatic carriers or HTLV-1-OAB patients (Table 1 and Supplementary Figure 1A) (12, 13). Also, as was previously documented, significantly higher spontaneous production of TNF was observed in PBMC culture supernatants from HAM/TSP patients compared to HTLV-1 carriers or HTLV-1-OAB patients (Table 1 and Supplementary Figure 1B) (12, 14, 16).


Table 1 | Clinical and demographical characteristics of studied groups.





Unbalanced production of MMP9 and TIMP3 in HAM/TSP patients

HAM/TSP development in HTLV-infected patients has been associated with the infiltration of leukocytes into the central nervous system. Several studies have documented the association of MMP-9 production in CSF with blood-brain barrier disruption (33, 34). Therefore, we assessed the concentrations of MMP-9 and TIMP-3 in PBMC culture supernatants from HTLV-1-infected individuals. MMP-9 levels were found to be significantly higher in PBMC cultures from HAM/TSP patients compared to HTLV-1 carriers and HTLV-1-OAB individuals (Figure 1A). MMP-9 activity is inhibited by TIMPs (22, 26, 35). Moreover, lower TIMP-3 levels were observed in HAM/TSP patients compared to the other HTLV-1-infected individuals (Figure 1B). Finally, the unbalanced production of MMP-9 and TIMP-3 was evidenced in HAM/TSP patients via higher MMP-9/TIMP3 ratios compared to HTLV-1 carriers and HTLV-1-OAB individuals (Figure 1C). ROC analysis confirmed that the ability of MMP-9 to distinguish between HAM/TSP patients and asymptomatic HTLV-1 carriers, as well as HTLV-1-OAB patients, with high accuracy (Figures 2A, B).




Figure 1 | HAM/TSP patients present increased MMP-9 levels in PBMC culture supernatants. MMP-9 (A) and TIMP-3 (B) levels in PBMC supernatants from HTLV-1 carriers, OAB-HTLV-infected and HAM/TSP patients, as assayed by ELISA. (C) MMP-9/TIMP-3 ratio. Bars represent median values from each group. Nonparametric testing (Mann-Whitney) was used to compare groups.






Figure 2 | ROC curve analysis of MMP-9 levels distinguishes HAM/TSP patients from HTLV-1 carriers and OAB-HTLV-infected individuals. (A) ROC curves were built based on MMP-9 levels in PBMC supernatants from HTLV-1 carriers, OAB-HTLV-infected and HAM/TSP patients. (B) ROC curve sensitivity and specificity estimations with 95% confidence intervals (CI), as well as Area Under Curve (AUC) values, corresponding P values, and selected cut-off values.





MMP-9 levels correlate with inflammatory response and proviral load in OAB-HTLV-1 patients

Proviral load has been associated with an exacerbated inflammatory response and HAM/TSP development (12, 14). To study the association between MMP-9 production and neurological manifestations associated with HTLV-1 infection, we investigated whether MMP-9 levels correlated with proviral load and TNF production. Our results showed a positive correlation between MMP-9 production with proviral load and TNF production in OAB patients, indicating the association of MMP-9 with the immunopathology and neurological manifestation (Figure 3).




Figure 3 | MMP-9 levels positively correlate with proviral load and TNF in OAB-HLTV-1-infected patients. Correlation between MMP-9 levels and proviral load, as well as TNF, in asymptomatic HTLV-1-infected individuals, OAB-HTLV-1-infected and HAM/TSP patients. Spearman’s correlation rank testing was used for comparisons.





TNF induces MMP-9 production in HTLV

The present results indicate that HAM/TSP patients produce higher levels of TNF compared to asymptomatic or OAB-HTLV-infected individuals. Furthermore, it has been documented that TNF induces MMP-9 production (36, 37). To investigate the effect of TNF levels on MMP-9 production in HTLV-1, we cultured PBMCs from HTLV-1-infected individuals in the presence of anti-TNF antibodies. The neutralization of TNF decreased the spontaneous production of MMP-9 in PBMC culture supernatants (Figure 4). Other cytokines, such as IFN-γ, IL-1-β, IL-6 and TGF-β, are also known to affect MMP-9 production (38, 39). Our results indicate a protective role for IFN- γ, since the neutralization of this cytokine subsequently increased MMP-9 production in PBMC culture supernatants (Figure 4). Together, these findings demonstrate that proviral load influences proinflammatory response, which is linked to both the production of MMP-9 and HAM/TSP development.




Figure 4 | TNF blockade decreases MMP-9 levels in HTLV-1 infection. PBMCs from HTLV-1-infected individuals, including those with or without OAB or HAM/TSP, were cultured for 72 hours in the presence or absence of the following monoclonal antibodies: anti-TNF, -IFN-γ, -IL-1-β, -IL-6 and -TGF-β. MMP-9 levels were assessed in culture supernatants by ELISA. Bars represent median values from each group. Nonparametric testing (Mann-Whitney) was used to compare among groups. *P < 0.05, **P < 0.005.






Discussion

Patients with HAM/TSP present high proviral load, and HTLV-1-infected T cells from these individuals produce high levels of proinflammatory mediators, e.g., TNF and CXCL-10, when compared to asymptomatic carriers or OAB-HTLV-1-infected individuals (14). The development of HAM/TSP is associated with the migration of T cells across the blood-brain barrier, composed of endothelial cells that selectively coordinate cell migration (5, 16, 17). Thus, increased permeability in the blood-brain barrier allows for the infiltration of inflammatory cells into the central nervous system (16, 17). Under such conditions, MMPs can actively damage the blood-brain barrier, and MMP-9 has been shown to be an important mediator in this process (40). For instance, increased levels of MMP-9 are found after stroke (33, 34). MMP-9 is mainly secreted by neutrophils, mononuclear phagocytes and fibroblasts (35, 41). Since the presently performed experiments employed PBMCs, it is likely that monocytes are the main source of MMP-9. However, other cell types also contribute to the production of MMP-9, as it has been shown that HTLV-1-infected CD4+ T cells induce astrocytes to produce MMP-9, and another study demonstrated that HTLV-1-infected cells are prone to produce MMP-9 through the transactivation of its gene by the viral Tax protein (29, 42). Our data indicate the low production of TIMP-3 in HAM/TSP patients. Imbalance in the production of MMPs/TIMPs can lead to excessive degradation of the extracellular matrix, as well as changes in the interconnectivity of the cells that make up the blood brain barrier (25). Thus, alterations in the balance of MMP/TIMP production appear to be relevant in neurological diseases mediated by T lymphocytes. Additionally, we found that MMP-9 levels correlated positively with proviral load, which supports the hypothesis that MMP-9 participates in a deleterious inflammatory response.

TNF, a proinflammatory cytokine produced during viral infection, can stimulate monocytes to secrete MMPs (23, 25). In HTLV-infected individuals, it has been demonstrated that HTLV-infected cells produce TNF and other proinflammatory cytokines/chemokines through the nuclear translocation of NF kappa B components, mediated by the viral Tax protein (43). Our data show that the HAM/TSP patients studied herein produce more TNF than asymptomatic carriers or OAB-HTLV-infected patients, suggesting the contribution of this cytokine to the immunopathogenesis of HAM/TSP. Moreover, our results also show that MMP-9 production in HTLV1-infected patients is partially dependent on TNF. We further identified a strong positive correlation between MMP-9 and TNF in OAB individuals, despite the lack of such a correlation in patients with HAM/TSP. It is possible that the similar MMP-9 levels found among the HAM/TSP individuals, in contrast to OAB, contributed to the lack of a correlation between MMP-9 and TNF in this group. Furthermore, as most HAM/TSP patients present high proviral load, it is known that the viral Tax protein directly induces MMP-9 production, which may abrogate the effects of TNF in HAM/TSP patients (44). The use of etanercept, a TNF inhibitor, has been shown to reduce MMP-9 levels in children with polyarticular juvenile idiopathic arthritis, corroborating the role of TNF in MMP-9 production (45). Although TNF possesses antiviral properties, in the context of HTLV infection, its production does not seem to contribute to viral killing, as TNF has been observed to positively correlate with proviral load (46–48). Further, HTLV-1-infected individuals treated with etanercept did not present any worsening of HTLV-associated T cell leukemia over a five-year period (49). Altogether, these results support the notion that HTLV-infected individuals may benefit from treatments designed to attenuate TNF production.

Some works have reported increased levels of MMP-9 in the central nervous system in individuals with HAM/TSP (26, 50, 51). However, our findings also indicate a strong correlation between TNF and MMP-9 production in OAB-HTLV-infected patients. We were able to clearly identify two groups of MMP-9 producers (high and low producers) among the asymptomatic and OAB individuals studied. OAB individuals presenting neurological manifestations are believed to eventually progress to HAM/TSP.

The present results were achieved via a cross-sectional study, which presents limitations. As HAM/TSP is an insidious complication of HTLV infection, long-term cohort studies are necessary to definitively validate the link between TNF and MMP-9 production in the context of HAM/TSP development. In conclusion, our findings enhance the data available in the literature by shedding light on the association between unbalanced production of MMP-9 and TIMP-3 by PBMCs and the development of HAM/TSP, and also serve to highlight the important role of TNF in triggering pathologic responses in HTLV infection. The identification of pathways involved in the immunopathogenesis of HTLV-1-associated diseases may aid in the quest to discover novel therapeutic approaches.
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Supplementary Figure 1 | Increased proviral load and high TNF production in HAM/TSP patients. (A) Proviral load values from HTLV-1 carriers, OAB-HTLV-1-infected and HAM/TSP patients, as assayed by PCR. (B) PBMCs from HTLV-1 carriers, OAB-HTLV-1-infected and HAM/TSP patients were cultured for 72h, after which TNF levels were assessed by ELISA. Bars represent median values from each group. Nonparametric testing (Mann-Whitney) was used to compare among groups.
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  The African continent is considered the largest high endemic area for the oncogenic retrovirus HTLV-1 with an estimated two to five million infected individuals. However, data on epidemiological aspects, in particular prevalence, risk factors and geographical distribution, are still very limited for many regions: on the one hand, few large-scale and representative studies have been performed and, on the other hand, many studies do not include confirmatory tests, resulting in indeterminate serological results, and a likely overestimation of HTLV-1 seroprevalence. For this review, we included the most robust studies published since 1984 on the prevalence of HTLV-1 and the two major diseases associated with this infection in people living in Africa and the Indian Ocean islands: adult T-cell leukemia (ATL) and tropical spastic paraparesis or HTLV-1-associated myelopathy (HAM/TSP). We also considered most of the book chapters and abstracts published at the 20 international conferences on HTLV and related viruses held since 1985, as well as the results of recent meta-analyses regarding the status of HTLV-1 in West and sub-Saharan Africa. Based on this bibliography, it appears that HTLV-1 distribution is very heterogeneous in Africa: The highest prevalences of HTLV-1 are reported in western, central and southern Africa, while eastern and northern Africa show lower prevalences. In highly endemic areas, the HTLV-1 prevalence in the adult population ranges from 0.3 to 3%, increases with age, and is highest among women. In rural areas of Gabon and the Democratic Republic of the Congo (DRC), HTLV-1 prevalence can reach up to 10-25% in elder women. HTLV-1-associated diseases in African patients have rarely been reported in situ on hospital wards, by local physicians. With the exception of the Republic of South Africa, DRC and Senegal, most reports on ATL and HAM/TSP in African patients have been published by European and American clinicians and involve immigrants or medical returnees to Europe (France and the UK) and the United States. There is clearly a huge underreporting of these diseases on the African continent. The genetic diversity of HTLV-1 is greatest in Africa, where six distinct genotypes (a, b, d, e, f, g) have been identified. The most frequent genotype in central Africa is genotype b. The other genotypes found in central Africa (d, e, f and g) are very rare. The vast majority of HTLV-1 strains from West and North Africa belong to genotype a, the so-called ‘Cosmopolitan’ genotype. These strains form five clades roughly reflecting the geographic origin of the infected individuals. We have recently shown that some of these clades are the result of recombination between a-WA and a-NA strains. Almost all sequences from southern Africa belong to Transcontinental a-genotype subgroup.



 Keywords: HTLV-1, Africa, epidemiology, genetic variability, ATL, HAM/TSP 

  1. Introduction.

In 1984-1986, shortly after the discovery of the first oncogenic human retrovirus (HTLV-1) in 1980 (1), researchers mostly from Europe and North America, suggested that this virus might be endemic to certain regions of Africa (2–4). Almost 40 years later, the available data remain fragmentary for certain regions, but it is widely accepted that the African continent constitutes the largest endemic area for HTLV-1, with several million infected people (5). This review aims to provide as comprehensive and exhaustive as possible an overview of HTLV-1 infection and associated diseases in Africa and in Indian Ocean islands. Based on a rigorous analysis of published data and our expertise in the field, we provide the most probable figures for the prevalence, distribution and risk factors of HTLV-1 in different regions of Africa. We also describe what is currently known about HTLV-1-associated diseases, such as adult T-cell leukemia (ATL), HTLV-1 associated myelopathy (HAM/TSP), and infective dermatitis (ID), in Africa. Finally, we present data on the genetic diversity of HTLV-1 in Africa, focusing on our most recent data on recombinant strains.

In this analysis of the available data for HTLV-1 in Africa, we were confronted with seven critical issues:

 	 Data are lacking for several regions. HTLV-1 has been little studied, if at all, in many African countries. This is the case, in particular, for some heavily populated regions of North and East Africa including the Horn of Africa. There is a critical need to perform studies in these areas. 

	 The major epidemiological features of HTLV-1 infection include an increase in prevalence with age, and a higher prevalence in women than in men (6). An absence of data concerning the age and sex of the studied populations therefore precludes, in many cases, reliable comparisons of prevalence estimates. 

	 A large proportion of the epidemiological studies on HTLV-1 performed in Africa was conducted on relatively small groups of people and focused on either blood donors or pregnant women. These two populations are not representative of the general population and are not comparable. Indeed, studies of the population of pregnant women provide information exclusively on the prevalence in infection with HTLV-1 in young women. Similarly, in West and Central Africa, blood donors are often young men, university students or soldiers, or, in some cases, relative of hospitalized patients requiring transfusions (7, 8). We were able to identify only a few studies that were truly representative of a country or rural/urban region, in Gabon and Guinea-Bissau for example. More studies on a more representative general population are required, particularly in the most populous countries of Africa. 

	 HTLV-1-associated diseases in African patients have rarely been reported in situ, in hospital wards, by local physicians. With the exception of the Republic of South Africa, the Democratic Republic of the Congo (DRC) and Senegal, most reports on ATL and HAM/TSP in African patients have been published by European and American clinicians and relate to immigrants or medical returnees in Europe (France and the UK) and the USA. There are many reasons for local underreporting of ATL: a lack of awareness of these rare clinical entities among most clinicians, including many hematologists, the rapid progression observed in the absence of effective treatment, a lack of availability of the diagnostic tests for HTLV-1, immunostaining for pathology purposes (CD4, CD25), and tests for molecular T-cell clonality. The clinical and epidemiological features of ATL, HAM/TSP and ID therefore remain virtually unknown in many parts of Africa. 

	 Most epidemiological studies on HTLV-1 are based on serological methods, which can be difficult to interpret in samples from sub-Saharan Africans. Indeed, in many tropical regions, particularly in sub-Saharan Africa, many ELISA-positive results have been found to be false positives. Epidemiological studies based on ELISA alone therefore overestimate the prevalence of HTLV-1, by a factor two to six, depending on the study. Historical publications (1984–1989) were valuable, as they drew attention to the high prevalence of HTLV-1 in certain regions/countries of Africa, but in most of the cases they largely overestimated HTLV-1 seroprevalences, and cannot, therefore, be included in a rigorous epidemiological review (2). Thus, an initial screening test (usually an ELISA or an equivalent method) should ideally be performed, with or without replication, and then a second test based on a different method should be used to confirm the initial results. The current reference tests for such validation are western blotting or the Innogenetics line immunoassay (INNO-LIA) (9). Unfortunately, many recent studies have still disregarded this problem and were based on a single serological detection technique. 

	 Indeterminate seroreactivity patterns, with partial immunoreactivity against HTLV-1 on Western blots (therefore not corresponding to the defining criteria of the confirmatory kits), are often observed with samples from Central Africa. In a few cases, these indeterminate patterns correspond to individuals infected with defective HTLV-1 viruses or with a low proviral load. These individuals are unlikely to transmit the virus, and the importance of their detection in terms of public health is debatable. In some cases, partial immunoreactivities may correspond to ongoing seroconversion in the individual concerned, as demonstrated by some longitudinal serological studies (10). Indeterminate profiles may indicate infection with related viruses, such as HTLV-2, which is mostly detected in the Pygmy populations of Cameroon (11) and the Democratic Republic of the Congo (DRC) (12), or HTLV-3 or -4, which are quite rare, with fewer than 10 cases reported in Central Africa (Cameroon and Gabon) (13–15). In most cases, these indeterminate patterns are not related to HTLV-1 infection. 



Two indeterminate patterns on Western blotting, named HGIP (for HTLV-1 gag indeterminate patterns) or N (for New) profiles, have been shown to be frequent in Central Africa (16–18). They often result from cross-reactivity with other microbial agents, such as Plasmodium falciparum in Cameroon (16, 18). In populations displaying such patterns, the epidemiological features differ from those of HTLV-1 infection: there is no increase in prevalence with age, no female preponderance, no evidence of mother-to-child transmission and these patterns are not present in patients with HTLV-1-associated diseases (19).

 	 7. Small clusters of high HTLV-1 prevalence are often observed, with a lower prevalence of the virus in neighboring regions. This has been clearly shown in southern Japan (20), some regions of South America (e.g. Argentina and French Guiana) (21) and in the Middle East, in the Mashhad region of Iran (22), for example. With this “microepidemiology”, it is difficult to estimate the prevalence within a given region accurately. This difficulty can be overcome only by performing large studies or combining many studies, to obtain a reliable figure representative of the region. Unfortunately, very few of the studies conducted in Africa have adopted such approaches. 




 2. Epidemiological aspects of HTLV-1 in Africa.

 2.1. Methods: Search strategy and data extraction for HTLV-1 infection, ATL and HAM/TSP cases in African countries and Indian Ocean Islands.

We searched PubMed for studies published since 1983 on HTLV-1 prevalence and the two main diseases associated with HTLV-1 infection found in individuals of African origin: adult T-cell leukemia and tropical spastic paraparesis or HTLV-1-associated myelopathy. We also included most of the book chapters and abstracts published from 20 international conferences on HTLV and related viruses held since 1985. The results of recently published meta-analyses regarding the situation of HTLV-1 worldwide and in particular in West and sub-Saharan Africa, have also made it possible to find some original articles that have been used in this study (23–28).

Keyword searches were also performed to identify articles from gray literature sources, including Google Scholar and Web of Science. Restrictions were imposed regarding language (English, Spanish and French) and study design (cases of HTLV-1 infection confirmed by serological (Western blotting) or molecular (PCR) tests).

Medical Subject Heading (MeSH) terms and keyword searches were performed on PubMed and other databases (Google Scholar). Additional studies were identified through manual searches of the references of relevant studies and reviews. The search terms were combined with ‘and’ statements and searches were performed on article titles, abstracts and subjects.

The PubMed search terms used were: “HTLV-1” OR “HTLV1” OR “Human T-cell Lymphotropic Virus” OR “Human T-cell Lymphotropic Virus Type 1” OR “Human T-leukemia Virus Type 1” AND “ATL” OR “ATLL” OR “Adult T-cell leukemia” OR “Adult T-cell leukemia/lymphoma” OR “leukemia-lymphoma” OR “HAM/TSP” OR “Tropical spastic paraparesis” OR “HTLV-1-associated myelopathy” OR “Tropical spastic paraparesis/HTLV-1 associated myelopathy” OR “Infective dermatitis”. All these query items were associated with the name of a country or region in Africa (North, West, Central, East, South) and territories of the Indian Ocean region (Reunion Island, Republic of Seychelles, Madagascar and the Comoros). The former names of countries were also used (Upper Volta, Zaire and Swaziland).

The database searches were updated regularly, with the last update on August 3, 2022.

The titles and abstracts of the publications identified were screened independently by three reviewers (JL, AG and OC), with any publication deemed potentially relevant by either reviewer carried forward for full-text evaluation. Disagreements during full-text review were resolved by consensus.


 2.2. Results.

We identified 220 references relating to epidemiological studies on HTLV-1 performed on the African continent. Most were published in the 1990s ( Figure 1 ;  Table S1 ). As indicated above (see Introduction, point 5), one major limitation of several of these studies was the absence of serological confirmation assays. As explained above, high levels of cross-reactivity with other pathogens can result in a false positives and consequent overestimate, hindering the interpretation of single ELISA results ( Figure 2 ;  Table S1 ). Thus, in principle, only studies on large populations (more than 150 people) and including serological confirmation assays (immunofluorescence IFA, immunoprecipitation (RIPA), Western blotting (WB), Innogenetics line immunoassay (INNO-LIA)) or molecular diagnosis (e.g. PCR), should be considered. However, we also chose to include studies in which no samples tested positive by ELISA, as there is no risk of overestimation. Studies on populations at high risk of HTLV-1 infection, such as HIV-infected individuals, sex workers or patients with other STIs, were excluded, together with studies on hospitalized patients ( Figure 2 ). Based on these criteria, 94 studies focusing on the prevalence of HTLV-1 in rural or urban adult populations, blood donors or pregnant women were included in the analyses ( Figure 2 ).

 

Figure 1 | Histogram of number of publications per decades on ‘HTLV-1 prevalences’ in Africa, from 1983 to July 2022. The shades of gray to black represents the percentage of studies lacking confirmatory results and of studies excluded for other criteria that are detailed in figure 2 (mainly other type of population, low numbers and disease report studies). 



 

Figure 2 | Flow chart of manuscript screened for prevalence of HTLV-1 in blood donors, pregnant women and rural or urban adult population, living in Africa. * Two studies lacking confirmatory assay but showing 0% HTLV-1 seroprevalence with ELISA were included and were not counted in this line. ** Hospitalized patients included neurological, hematological, malignant, Kaposi, Leprosy patients and other. (a) Numbers in each study population category do not add up as some studies had data on different populations (blood donors, pregnant women and urban or rural adult population). These studies were counted in each category. (b) Two studies on healthy mothers were included. (c) Two studies on rural out-patients, presenting no severe pathology were included and considered as rural population. 



The vast majority of the studies were carried out in Central and West Africa, leaving much of North and East Africa with little information available on the presence of HTLV-1 ( Figure 3 ).

 

Figure 3 | Map of Africa showing the geographic location of HTLV-1 prevalence studies. The circles represent the number of HTLV-1 prevalence studies among blood donors, pregnant women, or the adult rural or urban population in each country that were included in the representation of results. For each country, the n/N column of the table indicates the number of included studies out of the total number of HTLV-1 epidemiological studies concerning that country. Studies with data on different countries were counted for each concerned country (i) both in the number of included studies (ni) and in the total number of studies (Ni). As a result, the sum of ni for all countries is greater than the total number of studies included in our study (n). The same is true for the total number of studies. The exclusion criteria are detailed in  Figure 2 . 



 2.2.1. Pregnant women.

The prevalence of HTLV-1 in pregnant women ranged from 0.2 to 7.7% in West Africa, 0.6-6.8% in Central Africa, 0% to 1% in East Africa, and 0.2 to 0.6% in Southern Africa. No HTLV-1 infection was detected in the only study performed in North Africa. The highest prevalences were reported in Gabon (2.1-6.8%), DRC (5%), Nigeria (3.3-7.7%), and Guinea-Bissau (2.2-3.3%) ( Figure 4 ;  Table 1 ).

 

Figure 4 | Map of Africa showing location and results of HTLV-1 prevalence studies among pregnant women. The range of HTLV-1 prevalence is indicated by color of red gradient. In case of great geographical or inter-studies variations in prevalence within a country, each result was represented separately at the site of the study location (when available). Studies with low numbers (below 150) are indicated with a dashed line. 



 Table 1 | HTLV-1 prevalence among African pregnant women. 




 2.2.2. Blood donors.

The prevalence of HTLV-1 in blood donors ranged from 0 to 0.1% in North Africa, 0 to 2.6% in West Africa, 0.7 to 6% in Central Africa, 0 to 1.1% in East Africa, and 0 to 0.1% in Southern Africa. As for pregnant women, prevalences were highest in Central African countries, reaching 6% among blood donors from East Gabon, 4% in DRC, and in 2.6% in some Nigerian blood donors (West Africa) (2.6%) ( Figure 5 ;  Table 2 ).

 

Figure 5 | Map of Africa showing location and results of HTLV-1 prevalence studies among blood donors. The range of HTLV-1 prevalence is indicated by color of red gradient. In case of great geographical or inter-studies variations in prevalence within a country, each result was represented separately at the site of the study location (when available). 



 Table 2 | HTLV-1 prevalence among African blood donors. 



As indicated above (point 3), populations of blood donors are not representative of the general (urban or rural) population. In Gabon, the age- and sex-adjusted prevalence of HTLV-1 was four times higher in the rural population than in blood donors (8). However, studies of HTLV-1 infection in blood donors provide a useful indicator of the risk of transmission via contaminated blood (7).


 2.2.3. Adult rural and urban populations.

Only one study was conducted on a rural population of adult outpatients in North Africa: it reported a prevalence of 0.06% in Egypt. In West Africa, the prevalence of HTLV-1 in the rural adult population generally ranged from 0.7 to 1.7%, but was much higher in Benin and Guinea-Bissau, where it ranged from 1.5 to 4.5% and from 4.6 to 5.2%, respectively. In West Africa, HTLV-1 prevalence was lower in urban populations, ranging from 0.5% in Nigeria to 2.7 to 4.4% in Guinea-Bissau ( Figure 6  and  Table 3 ). In Central Africa, HTLV-1 prevalence varied considerably, ranging from 0 to 10.5% in the rural adult population and from 3.1 to 6.6% in the urban population. In East Africa, the prevalence of HTLV-1 was 0% in Zambia, Ethiopia and Namibia, and ranged from 0.1 to 2% in Burundi, Ethiopia, Mozambique, Rwanda, Somalia and Zambia, reaching 6.2% in the Seychelles. In Southern Africa, HTLV-1 prevalence was 1.1% in the rural population and ranged from 0 to 2.6% in cities and was higher in the black population than in white population.

 

Figure 6 | Map of Africa showing location and results of HTLV-1 prevalence studies among rural and urban adult population. The range of HTLV-1 prevalence is indicated by color of red gradient. In case of great geographical or inter-studies variations in prevalence within a country, each result was represented separately at the site of the study location (when available). Studies with low numbers (below 150) are indicated with a dashed line. 



 Table 3 | HTLV-1 prevalence among African rural and urban adult population. 



As reported for other endemic areas endemic in the world, HTLV-1 infection is unevenly distributed. Prevalences in rural areas tend to be higher than in urban populations, but geographic variation is often observed in countries with high levels of endemicity for HTLV-1. Thus, in Gabon, HTLV-1 prevalence varies between regions, ranging from 5% to 14% (94, 98, 99). The different prevalences of HTLV-1 are indicated by separate dots placed on a map, corresponding to the site of the survey when possible, to provide a better appreciation of these variations ( Figures 4 – 6 ).



 2.3. Challenges in the evaluation of HTLV-1 prevalence.

As exemplified above, it is difficult to estimate the overall prevalence of HTLV-1 prevalence for individual countries or regions of Africa due to the considerable variation of HTLV-1 prevalence between studies. Some of these variations may be due to the differences in the nature of the confirmatory assay used or evolutions in these same assays over the years, limiting the comparability of HTLV-1 prevalence values over time. Another significant variable is the demographics of the study population, as the mean age distribution and sex ratio of the population can have a major impact on prevalence (see Introduction, points 2 and 3). Age- and sex-adjusted prevalence values would provide a more accurate comparison, but it was not possible to extract these data, as age and sex data were missing in several studies. Moreover, some surveys performed on small study populations (fewer than 200 people) were included as no other studies were available for the countries concerned, but the prevalence values obtained in such small studies must be interpreted with care. There is a critical need for studies in areas for which few data are available.



 3. Risk factors for HTLV-1 infection and modes of transmission.

Few epidemiological studies have assessed the risk factors for HTLV-1 infection in Africa. In most studies, the principal limitation is the absence of a multivariable approach. As a result, the proportion of transmission attributable to each mode of transmission and the associated risk factors remain largely unknown in Africa.

 3.1. Sexual transmission.

By contrast to other endemic areas, such as Japan, the USA and the Caribbean region, the sexual transmission of HTLV-1 has rarely been investigated in Africa, even though this mode of transmission is probably the most relevant ( Table 4 ). Indirect evidence for this assertion is provided by the increase in HTLV-1 prevalence with age, and higher rates in women, with further support from the association between high-risk sexual behaviour and HTLV-1 infection reported in some studies. In Kinshasa, the prevalence of HTLV-1 was 9.7% in female sex workers (FSWs), but only 2% in pregnant women (42). A higher prevalence of HTLV-1 has been reported among FSWs in DRC (42, 115), Nigeria (82, 116), Guinea-Bissau (117), Gambia (118), Cameroon (119, 120), Djibouti (121) and Côte d’Ivoire (31). High prevalences have also been reported among the clients of FSWs in Djibouti (121) and Guinea-Bissau (117), and in patients with sexual transmitted infections (STIs) in Guinea-Bissau (117), Nigeria (82, 122), Djibouti (121) and South Africa (123). HTLV-1 infection has also been associated with HIV-2 infection in Guinea-Bissau (76, 78, 79, 112).

 Table 4 | Cross-sectional studies of HTLV-1 transmission risk and associated risk factors. 




 3.2. Maternal transmission.

Mother-to-child transmission is also a major mode of HTLV-1 transmission, given the high prevalence in pregnant women in most African countries and the lack of alternatives to breast milk. The rate of mother-to-child transmission has been estimated at 17.5% in Gabon (124), 22% in Gambia (33) and 25% in Guinea-Bissau (125).


 3.3. Parenteral transmission through blood transfusion.

HTLV-1 can be transmitted via contaminated blood products, during blood transfusion, organ transplantation or the intravenous injection of drugs. The lack of systematic screening for HTLV-1 infection in African blood banks and the observed prevalence among blood donors indicate that there is a significant risk of contamination via blood. An association between blood transfusion history and HTLV-1 infection has previously been reported in Central African Republic (CAR) (92) while in Guinea-Bissau this association was only found in earlier studies and has not been confirmed in more recent ones (79) ( Table 4 ). The risk of HTLV-1 infection through blood transfusion was estimated to be as high as the risk of mother-to-child HTLV-1 transmission in children hospitalized in Gabon (113). In South Africa, a case of HAM/TSP was described in a patient who underwent transfusion with contaminated blood (65).

Despite the risk of HTLV-1 transmission and secondary HAM/TSP development, routine screening is not widely implemented in Africa due to its low cost-effectiveness in countries with high endemicity but low-income (126).


 3.4. Nosocomial transmission through injection, hospitalisation, or surgery.

In addition to blood transfusion, a history of hospitalization, surgery or injections has also been shown to be independently associated with HTLV-1 infection in various studies in Central Africa ( Table 4 ). For instance, prophylactic intramuscular injections campaigns against trypanosomiasis between 1947 and 1953 are suspected to have simultaneously spread HTLV-1 and hepatitis C virus in CAR (92). These results may reflect nosocomial transmission that occurred decades ago, due to poor disinfection and the reuse of equipment. However, the possibility of current nosocomial transmission remains an open question and cannot be ruled out in some African countries.


 3.5. Zoonotic transmission.

The zoonotic transmission of STLV-1 from non-human primates (NHPs) has only been demonstrated clearly in Central Africa, where bushmeat hunting is frequent and the presence of STLV-1 in monkeys and apes appears to be high. Zoonotic transmission seems to occur primarily through bites from NHPs, the risk being particularly high for gorilla bites (86, 114). NHP bites have been identified as a risk factor in the rural populations of Cameroon and Gabon (86, 99, 114). However, indirect contact with NHPs, such as hunting, injury, cutting or eating bushmeat, has not been identified as a risk factor (73, 86, 95, 99).


 3.6. HTLV-1 in different ethnic groups.

HTLV-1 prevalence can differ between ethnic groups. For example, it is higher in Pygmies than in Bantus in Central African countries (11, 86, 99, 114), and higher in the black population than in the white population in the Republic of South Africa (65, 109). The origin of these ethnic differences remains poorly understood. They probably result from founder effects and have been maintained by higher rates of transmission in these populations, due to a longer duration of breastfeeding, for example (127). Cultural practices, such as ornamental scarification initiation rites and traditional healing practices leading to blood contamination, may represent a risk for HTLV-1 transmission, although associations with HTLV-1 have rarely been reported (112).



 4. HTLV-1-associated diseases.

 4.1. What do we know about adult T-cell leukemia in Africa?.

We know very little about adult T-cell leukemia in Africa. Indeed, only a few cases in African patients have been reported to date ( Tables 5 ,  S2 ). This low reporting partly reflects the rarity of the disease, but is likely compounded by the very low awareness of HTLV-1 and ATL among local clinicians and by the absence of diagnostic tools (point 4). Such tools are needed to establish an accurate differential diagnosis between ATL and other hematologic malignancies, including cutaneous T-cell lymphomas, such as mycosis fungoides (184, 207, 208) or Sézary’s syndrome (133, 209), which are also present in African patients. An extensive search of medical publications over a period of almost 40 years identified only about 160 reported cases of ATL in patients of African origin ( Table 5 ). This figure is ridiculously low for the African continent, which is home to several (two to five) million people infected with HTLV-1. Based on an estimated incidence of ATL of about 1-2/1,000 HTLV-1 carriers (210), a few thousand cases of ATL would be expected to occur annually in African patients. A similar, but less dramatic, situation has already been reported in other highly endemic regions, such as Brazil (211), although to a lesser extent. Indeed, the number ATL cases reported in the national cancer registry in Brazil was 12 per year, compared to the estimated 800 cases per year. Only specific, targeted research on this rare disease will allow a better appreciation of the true incidence of ATL.

 Table 5 | HAM/TSP and ATL cases reported in 33 African countries and Indian Ocean Islands. 



The few cases of ATL identified locally were mostly performed in South Africa, Senegal, Nigeria, Gabon and, to a lesser extent, in Mali ( Table 5 ). Teams from the Principal Hospital in Dakar, the dermatology department of Thiès Hospital in Senegal, and the Institut Pasteur in Dakar have reported about 20 cases of ATL over a period extending from 1994 to 2010 (129, 164–168, 212). In Nigeria, several small series of patients with ATL hospitalized in Ibadan and Zaria have been reported, but these studies are a quite dated (3, 159–161). In Gabon, a sparsely populated country with high endemicity for HTLV-1, studies have only reported a few cases of ATL hospitalized in Libreville in the 1990s (136, 184, 185). In Mali, rare cases of ATL have been diagnosed at the Institut Marchoux in Bamako (133, 134), together with other cutaneous T-cell lymphomas, such as Sézary syndrome (133). Surprisingly, only 36 cases of ATL have been diagnosed in South Africa despite the high level of endemicity of HTLV-1, and the presence of a hospital system and virology research facilities that are much developed than those in many other sub-Saharan African countries (191–195).

Little is known about the situation in East Africa, but because some patients suffering from other types of cutaneous T-cell lymphomas have been reported in Rwanda (209) and Tanzania (207), we can assume that ATL is extremely rare in this region of low HTLV-1 endemicity (144).

The vast majority of cases of ATL in patients from Africa reported in the medical literature were diagnosed in France, England and the United States, in immigrants and patients repatriated for medical reasons ( Tables 5 ,  S2 ). In France, a large proportion of the African patients with ATL reported mostly in recent years were diagnosed in Paris and originated from the Côte d’Ivoire (130, 132, 135, 136, 145). In addition, a small series of patients from Mali and Senegal have been diagnosed and hospitalized in France since the 1990s. More recently, a few cases of ATL in patients from Nigeria were diagnosed in the United States, England, Canada, and Italy (161, 162). Finally, sporadic cases of ATL have been reported in patients from other West African countries, such as Sierra Leone, Guinea, Guinea-Bissau, Gambia, Burkina Faso, Ghana, and Togo (132, 135, 153, 173). For North Africa, where little is known about the prevalence of HTLV-1, only a few cases of ATL have been reported in patients from Morocco, Mauritania, and Algeria hospitalized in France (128–130, 132, 136, 137).

Interestingly, the mean age of ATL cases in Africans is about 40-50 years, similar to that of patients in Brazil and the Caribbean, but very different from that in Japan, where the mean age of ATL cases is 60-70 years old (213). This disparity between regions suggests the existence of cofactors, such as other infections or differences in population genetics, which could favor the development of ATL at a younger age.

The published cases of ATL in patients of African origin are listed in the  Supplemental Table 2  and illustrated in  Figure 7 . A few other cases or series of ATL in patients of African descent have been reported, but with an important lack of data, making it impossible to include them in this table.

 

Figure 7 | Map of Africa showing the overall distribution of two major HTLV-1-associated diseases: adult T-cell leukemia/lymphoma (ATL) and tropical spastic paraparesis or HTLV-1 associated Myelopathy (HAM/TSP) reported across the continent and some Indian Ocean islands (Comoros, Seychelles and The Reunion Island). The number of ATL and HAM/TSP cases is shown for each African country and archipelagoes. The map includes information from articles available on PubMed. We also included most of the book chapters and abstracts published at the 20 International Conferences on HTLV and related viruses held since 1985. Countries without indication do not have informative published data on these two HTLV-1 associated diseases. The size of the circles is proportional to the number of reported cases. The smallest size corresponds to 1 reported case, intermediate sizes to a maximum of 5 or 10 cases and the largest to a minimum of 11 cases. Of the 34 countries and islands for which we have records, only 16 have reported cases available for both diseases. DRC, Democratic Republic of The Congo; CAR, Central African Republic; Rep, Republic. 




 4.2. What is the situation for HTLV-1-associated myelopathy/tropical spastic paraparesis in Africa?.

Data for HAM/TSP in African patients are also very fragmentary, with both a significant lack of awareness of this disease among local clinicians and a lack of means for diagnosing HTLV-1 infection. Moreover, when considering neurological diseases, the scarcity of neurologists and of biological and technical means, such as radiological explorations (scans and MRI) in several African countries represents a major handicap. Indeed, it is crucial to differentiate the diagnosis of HAM/TSP from other spastic paraplegia-like syndromes, which are quite common in Africa. Finally, many patients with progressive gait disturbance do not, or cannot seek medical attention. The rare studies on HAM/TSP were performed in capital cities, and there are almost no data available for rural populations. This may account for the considerable underreporting of HAM/TSP in Africa, despite its chronic nature.

Only a few relatively large series of HAM/TSP cases in African patients have been published by or in association with local African physicians ( Tables 5 ,  S3 ). These cases were reported in the early 1990s, in the Republic of South Africa (RSA) and in Zaire (now the DRC).

The first of these studies was performed in RSA, on a series of 24 patients, mostly women, aged between 40 and 50 years, from the Durban area of Natal Province (196). A subsequent study led to the reporting of a series of 90 cases of HAM/TSP diagnosed within a few years of follow-up (110). Apart from a few published sporadic cases, including cases of HAM/TSP developing after blood transfusions, there have, surprisingly, been no new data reported on HAM/TSP since, in this region of South Africa where HTLV-1 is highly endemic.

The second study described a series of 25 HAM/TSP patients hospitalized in Lisala, Equateur Province in DRC. Most of the patients were women, aged 30-40 years at onset (178). Another study from DRC identified six cases of HAM/TSP in Inongo (179). Interestingly, these studies reported ethnic and familial clustering, suggesting the presence of various cofactors (genetic or environmental, including cultural habits).

The other four countries in continental Africa in which studies on smaller series of HAM/TSP cases have been performed locally are Côte d’Ivoire, Senegal and Togo in West Africa, and Gabon in Central Africa ( Tables 5 ,  S3 ). Tropical neuromyelopathies of unknown origin are frequent in Côte d’Ivoire, and several studies conducted in the 1990s demonstrated the presence of HTLV-1 infection in small series of patients with chronic pyramidal syndrome diagnosed as HAM/TSP (148). In a series of 13 patients infected with HTLV-1, several were coinfected with HIV-1. In Senegal, a series of six cases of typical HAM/TSP was reported in 1995 in the neurology department of the hospital in Dakar (129). Similarly, a study performed in the late 1980s in the neurology department of the hospital in Lomé, Togo, reported a series of nine cases of HAM/TSP (84). Four cases were also reported in Gabon in the 1990s (87, 186). A few other sporadic cases of HAM/TSP have been reported in patients from Morocco and Ethiopia (138, 139, 187, 188).

In Southern Africa, besides the cases reported in RSA, a few cases have been reported in Mozambique, Zimbabwe, Zambia and Eswatini (formerly Swaziland).

Most of the other reported cases of HAM/TSP in African patients were diagnosed in France or England, in immigrants or repatriated patients ( Table S3 ). These few sporadic cases of HAM/TSP have been reported in patients from West African countries, such as Senegal, Mali, Côte d’Ivoire, Liberia, Ghana and Nigeria, and from Central African countries, such as DRC, Gabon, Congo, CAR, and Chad. One case has been reported in a patient from Mauritania (128).

We also included studies from the Seychelles, an archipelago in the Indian Ocean with a history and settlement closely linked to the eastern coast of the African continent, in this review. In 1987, a cluster of 17 cases of HAM/TSP was reported in patients living in the Seychelles (204). Finally, a few cases of HAM/TSP have been reported in patients from The Reunion Island and the Comoros, also located in the Indian Ocean and with strong connections to mainland Africa (67, 206).


 4.3. Infective dermatitis in Africa.

Infective dermatitis (ID) is a rare dermatological condition associated with HTLV-1 infection that was initially described in Jamaican children in 1990 (214). It has since been reported in other endemic countries, mostly in Jamaica and Brazil, with a few sporadic cases diagnosed in French Guiana, Guadeloupe, Colombia, Trinidad, Japan, and Central Australia.

We have reported the first cases of ID in African patients in 2004 (212). Over a three-year period, five of the approximately 2,500 children seen at a dermatological center in Dakar, Senegal, were diagnosed with typical ID associated with HTLV-1 infection. The oldest patient was 17 years old and had also developed chronic ATL. Nearly 10 years later, a series of 19 cases of ID were reported in KwaZulu Natal, South Africa (215). This series of patients is from a three-year study in an outpatient facility managing more than 3,000 patients with various skin conditions. These results, once again, support the hypothesis of a significant underreporting of this disease.

Several cases of HTLV-1-associated uveitis and myositis have been reported in Sierra-Leone, Togo, and Côte d’Ivoire (216, 217).

Unfortunately, very little progress has been made over the last two decades towards understanding the clinical and epidemiological aspects of HTLV-1-associated diseases in Africa. The prevalence, incidence, and geographic distribution of these diseases, which are globally neglected in Africa, remain almost unknown to this day. Only major efforts to inform and sensitize local medical staff — both clinicians and the personnel of biology and virology laboratories — can improve our knowledge of this virus and associated diseases on this continent.



 5. Molecular epidemiology of HTLV-1 in Africa.

 5.1. Genetic diversity.

The genetic diversity of HTLV-1 is the greatest in Africa, where six distinct genotypes (a, b, d, e, f, g) have been identified ( Figures 8 , 9A, B ) (218). These genotypes are generally related to the geographic origin of the infected individuals. Furthermore, clades can be detected within a given genotype. These intragenotype geographically-related clades probably arose from a founder effect: a bottleneck in evolution followed by speciation of genetically isolated populations.

 

Figure 8 | Map of Africa showing the general distribution of HTLV-1 genotypes across the continent [Source: Afonso et al., Retrovirology, 2019 – (218)]. The proportion of the different HTLV-1 genotypes and subgroups is presented for each African country. This figure incorporates the information from 24 papers of molecular epidemiology available on PubMed. It also incorporates results from one manuscript in preparation (Filippone C. et al.) concerning the situation in Madagascar. Countries without indications have no informative published data on HTLV-1 genotypes between 1994–2019. The size of the circles is proportional to the number of strains identified. The smallest size corresponds to 1 characterized strain, the intermediate sizes to a maximum of 5 or 30 strains and the largest to a minimum of 30 strains. HTLV-1a-North African (HTLV-1a-NA), HTLV-1a-Senegalese (HTLV-1a-Sen), HTLV-1a-West African (HTLV-1a-WA), HTLV-1b and HTLV-1a-Transcontinental (HTLV-1-a-TC) are the most common throughout the continent in North, West, Central and the Austral parts respectively. HTLV-1d, -e and-g have been identified in Central Africa (Cameroon and Gabon) and -f in East Africa (Ethiopia). 



 

Figure 9 | (A) General disposition of African PTLV-1 among the other PTLV-1. Phylogenetic tree generated from a 711-nucleotide long alignment of 196 sequences. Sequences comprise African PTLV-1, Australo-Melanesian HTLV-1c and Asian Macaque STLV-1 strains. The phylogenetic tree was generated using the Maximum Likelihood method. The scale bar represents nucleotide substitutions per site. (B) Phylogenetic tree presenting the genetic diversity of African PTLV-1. The analysis was performed on an alignment of 125 HTLV-1 and 30 STLV-1 sequences (presented in black and red respectively). This alignment contains distinct African HTLV-1 full-length LTR sequences (in black), and the most representative STLV-1 full-length sequences (in red). The size of the complete LTR available in GenBank varies between 745-nt and 790-nt depending on the strain, resulting in an alignment of 772-nt nucleotides (due to difficulties in aligning some regions). The phylogenetic tree was derived by the neighbor-joining method using the GTR model (gamma = 0.5017), with the PAUP software. Horizontal branch lengths are drawn to scale, which is indicated by the bar. The topology of the phylogenetic tree was validated by Maximum Likelihood (using the SeaView5 software), and the strength of the branches was estimated using approximate likelihood-ratio test (aLRT). The values correspond to the calculated probability. The definition of genotypes (or subtypes of PTLV-1) depends on the number of sequences present for each group, and the size of the sequences. The historically coined “South African and East African STLV-1” subgroup (219) is now presented as part of the PTLV-1e genotype. Similarly, the “Central and West Africa STLV-1” subgroups now belong to the HTLV-1g genotype. All genotypes represented in Africa are presented in the tree, except HTLV-1h (as described by Liégeois (220), for which only partial LTR sequences are available. HTLV-1a is strictly present in humans, STLV-1 Gibraltar and STLV-1 baboon have never been detected in humans. All the other subgroups have been identified both in human and simian hosts. 



The most frequent genotype in Central Africa is genotype b ( Figure 8 ). It accounts for 70-100% of the strains from Gabon, Cameroon, DRC, and Nigeria. For example, in Gabon, more than 200 of the almost 230 reported viral strains belong to genotype b (98). In DRC, a recent study found that all 107 HTLV-1 strains belonged to genotype b (95). Interestingly, there is some diversity within genotype b, with different phylogenetic clades that seem to be linked to geographic origin. The other genotypes found in Central Africa (d, e, f and g) are usually rare, although genotype d viruses accounted for 3% to 5% of genotypes in two large studies in Gabon (98, 221). By contrast, only a few, sporadic of strains of genotypes e, f and g have been described in Gabon (222) and Cameroon (15, 114, 223). Of note, viruses of genotypes b and d have been reported both in individuals of Bantu origin and in Pygmies (114, 135, 221, 223).

The vast majority of HTLV-1 strains from West and North Africa belong to genotype a (which is known to be ‘Cosmopolitan’, with only a few exceptions from Côte d’Ivoire, where a small number of genotype g strains were reported, together with specific local strains (i/sm) (73, 157, 224, 225). The a-genotype strains isolated in North and West Africa form five clades (Figs. 8-9). The distribution of these clades roughly reflects the geographic origin of the infected individuals (132). The North African subgroup (a-NA) was mostly found in individuals originating from Morocco, Mauritania, Western Sahara, Algeria, and Mali. The West African (a-WA) subgroup was mostly found in populations from Côte d’Ivoire, Liberia, Ghana, Burkina Faso, and Benin. Strains from the HTLV-1 a-WA clade are also highly endemic to Noir-Marron populations living in Suriname and French Guiana, probably as a result of the historical transatlantic slave trade. This finding clearly confirms that the low genetic variability of HTLV-1 and validated the use of HTLV-1 as a marker of migration in infected populations (226). Strains from Senegal and neighboring countries (Guinea-Bissau, Gambia, Mali and Cabo Verde) mostly belong to the a-Sen clade. The lower abundance of this subtype outside its probable initial focus, probably testifies to the migrations and population movements still frequently occurring today between the inhabitants of Senegal and other West African countries, such as Côte d’Ivoire, and Ghana. We recently showed that the a-Sen clade arose from recombination between a-WA and a-NA strains (130). Furthermore, some strains present in Guinea and Ghana coalesce into a subgroup named a-G-rec, which also arose through recombination between a-WA and a-NA strains (see the next section for more details) (132).

When considering Southern Africa, many strains have been sequenced, but they are almost exclusively originate from South Africa (227) and Mozambique (228). There are only rare strains available from neighboring countries (Zimbabwe, Eswatini (formerly Swaziland), Madagascar, etc.) (63, 130). Almost all of these sequences belong to a subgroup of a-genotype called ‘Transcontinental’ (a-TC). This subgroup corresponds to the most common and most widely disseminated clade of HTLV-1 in the world. Indeed, it is also present in many highly endemic regions of South America, such as Brazil and Peru, where it constitutes the major subgroup, but also in North America (the USA and Canada), and Japan. The wide spread of the Transcontinental subgroup throughout the world seems to be linked, above all, to past movements of infected populations, particularly through the slave trade. Thus, certain strains from Mozambique and South Africa are very closely related to each other, and to those present in Brazil, testifying to a probable common origin in Southern Africa (229). In Mozambique, two other clades within HTLV-1 a-TC are present. The sequences of one clade segregate with strains found in the Middle-East and in India, and are probably related to the past migration of Indian populations to Maputo. The other clade seems to be more specific to Mozambique and probably reflects local speciation (228).


 5.2. Origins of this HTLV-1 diversity.

It is currently thought that HTLV-1 viruses have derived from simian counterpart, STLV-1. These viruses spread via several routes in monkey colonies in natura: sexual transmission, mother-to-offspring transmission, through wounds acquired during fights for sexual dominance, and during the consumption of infected prey (230–234). STLV-1 can cause clonal proliferations of T-cells in vivo; cases of ATL have been described in many African and Asian simian species (233, 235).

In Africa and Asia, more than 25 species of non-human primates, both monkeys (Cercopithecus, baboons, mandrills, macaques, etc.) and apes (chimpanzees, gorillas, orangutans, gibbons), are naturally infected with STLV-1 (236). Many African HTLV-1 strains have very similar simian homologs, suggesting recent zoonotic transmission. Moreover, the zoonotic transmission of STLV-1-b was strongly suggested by case-control study studies in Gabon and Cameroon conducted on hunters bitten by gorillas (114, 221). In Cameroon, the prevalence of HTLV-1 increased significantly with bite severity, strongly suggesting a causal relationship between the bite and interspecies viral transmission involving contact between the saliva of the monkey or ape and the blood of the hunter (114). Bite-related interspecies transmission has been demonstrated even more clearly in the context of other retroviruses present in the saliva of African apes, the simian foamy viruses (237, 238). Like HTLV-1b, HTLV-1d seems to be transmitted both between humans, and from NHPs to humans, probably through bites from infected animals (221). STLV-1d is endemic in mandrills and C. nictitans (220, 236, 239). HTLV-1 genotypes e, f, and g are sporadically detected in association with hunting accidents involving small monkeys naturally infected with these genotypes. Finally, other studies in Côte d’Ivoire and DRC have also strongly suggested that interspecies STLV-1 (of genotype i/sm or b) transmission occurs from different monkey species (including sooty mangabey and Allenopithecus nigroviridis) to humans, particularly after contact with NHPs (219, 224).

By contrast to the situation for the HTLV-1 a-TC and, at a lesser extent, HTLV-1 b genotypes, there is little evidence to suggest that interhuman transmission of the rare e, f, and g genotypes occurs. It would, therefore, be interesting to study further the possible intrafamilial transmission of these viruses. If it is confirmed that these rare genotypes are almost exclusively transmitted to humans from NHPs, it would be interesting to quantify the proviral load in infected individuals, and to determine whether these viruses are rendered less viable as a result of the innate immune responses (such as APOBEC editing). Indeed, a low proviral load (125, 240) or a massive editing of the virus (241–243) could render it less viable and less able to spread between humans.


 5.3. Unresolved questions.

 	 What is the origin of the cosmopolitan HTLV-1a genotype? No closely related STLV-1 strain has ever been described. This raises several possibilities. STLV-1a could still exist, possibly with a low prevalence, in one or more simian species that have not yet been studied. The natural host of STLV-1a may have disappeared or the virus may have been cleared from the original host. When considering a molecular clock model, the choice of either hypothesis would generate very different HTLV-1a spillover and diversification dates (see part V). 

	 Three African genotypes currently seem to be exclusively simian: STLV-1 baboon (219), STLV-1 Gibraltar (244), which is found in African macaques, and STLV Uganda (245) (for which only env sequences are available; these viruses are not, therefore, represented in  Figure 9B . Despite numerous contacts with infected animals, there are no reports of such strains infecting humans. There are many possible explanations for this. The first is that the prevalence of these viruses is low in the wild, rendering the probability of transmission very low. Alternatively, these viruses may be intrinsically unable to establish chronic infection in humans. The persistence of HTLV-1a in vivo depends on the expression of auxiliary proteins: P12/8, P13 and P30 (246–248). These proteins are essential for the propagation and immune escape of the HTLV-1a virus and for the proliferation of infected cells. A recent in silico analysis of the available complete genomes showed that the STLV-1e-g and i/sm genotypes do not encode the canonical accessory proteins (249). The identification of human counterparts suggests that there are alternative proteins that render the virus persistent in humans. The Asian macaque STLV-1 viruses lack the three canonical accessory proteins, which may account for their lack of transmission to humans. A similar phenomenon may be at work in the African genotypes not yet detected in humans. The testing of this hypothesis will require the generation of more complete genomes for all HTLV-1 genotypes. 





 6. Evolution of HTLV-1, mutation rate, and limitations to the use of molecular clock models.

 6.1. Difficulties calculating mutation rates.

When determining mutation rates for HTLV-1, it is important to bear in mind that there are two major phases of infection (250, 251). During primary infection, the virus spreads by cell-to-cell contact, and reverse transcription occurs. Reverse transcription has an error rate of 7.E-6 mutations/base pair/replication cycle (252). This results in the generation of some diversity during primary infection, with proviruses forming quasi-species within the host. A few months later, viremia is no longer detectable, and the levels of markers of recent infection (e.g. 2 LTR DNA circles) decrease. During this second phase, the virus persists during cell division (253, 254). During clonal expansion, the viral genome is replicated by the cellular DNA polymerase, which has a lower mutation rate (about E-8 mutations/base pair/mitosis). However, viral proteins induce genetic instability by inactivating checkpoints and altering the DNA damage repair system [such as the nucleotide excision repair mechanism – (255)]. The mutation rate per cell cycle is, therefore, probably higher. Moreover, HTLV-1-infected cells proliferate more than uninfected cells, mostly due to the promitotic activity of the viral proteins Tax and HBZ (256). The mutation rate for a given period of time (calculated as mutations/bp/year) would, therefore be higher for HTLV+ cells than for uninfected cells.

Despite the processes described above, longitudinal studies have reported that the viral genome sequence remains constant over the years (226). This may be due to the sequencing method (which generates a consensus sequence of sequences circulating in the donor, as the PCR product is often not cloned but sequenced in bulk), or the fact that studies are often conducted on short genomic fragments.

Such a genetic stability is even more astonishing as the pressure exerted by the immune response should favor the emergence of escape mutants. HTLV-1 evasion to the immune response is purportedly achieved through repression of viral expression, frequently referred as pseudo-latency, through epigenetic regulation (257–259).

HTLV-1 genome diversification is also limited during human-to-human transmission. The mutation rate has been estimated in several vertical/intrafamilial transmission chain studies. A study in the DRC (formerly Zaire) revealed that 10 related individuals carried an identical virus, with no mutation (in a 755-nt segment of the LTR) (260). In this case, the mutation rate is essentially zero. Another study in South America found two mutations in the LTR (756-bp long) and three mutations in env (522-bp long) in 16 vertical transmission chains (260). From this study, one can estimate the mutation rate per transmission chain of about 2E-4 substitutions/site/transmission chain. We can assume that the actual mutation rate per transmission chain probably lies between these two values.

Therefore, the apparent HTLV-1 mutation rate (substitution/site/year) increases with the number of transmission chains (human-to-human transmission) per period. Therefore, in conditions where the virus is frequently transmitted between different individuals, e.g. intravenous drug usage, or nosocomial transmission, or through ritual practices (such as scarification), the mutation rate per year will be higher than in conditions where the number of transmission rates is lower (as vertical transmission through breast-feeding). Of note, due to the limited genetic variability within an individual, as stated above, prolonged breast feeding or recurrent intercourse between two individuals should be considered as a single transmission chain.

Differences in apparent mutation rates depending on the modes of transmission have been previously demonstrated for HTLV-2: HTLV-2 mutation rate was found higher among intravenous drug users then when considering populations where the virus was transmitted vertically or by sexual transmission (261).

Phylogenetic studies have estimated the apparent mutation rate at 2.1E−7 and 8E−7 subst/site/year (262, 263). These values have been obtained using molecular clock models and anchoring dates (often the divergence of HTLV-1c). However, the molecular clock model is based on a major assumption: viruses are considered to evolve mostly via continuous accumulation of mutations. The model rarely accounts for saltatory evolution processes, such as recombination.


 6.2. Recombination occurs in HTLV-1.

Until recently, it was believed that HTLV-1 evolution occurs only through genetic drift and mutation. Recombination was ignored in HTLV-1 evolution. This was further comforted by a study on 10 patients, which reported that HTLV-1 infected T-cells contain a single integrated provirus (264).

However, in some cases, proviral load is higher than 100% in ATL patients (265–267), evidencing the possibility of multiple integrations. Moreover, a study presented in an international meeting reported frequent superinfection in HTLV-1 clone T cells (268). Nevertheless, the clones with multiple integration may be rare or short lived, which would make them difficult to detect.

Indirect evidence of multiple infection with different HTLV-1 strains was brought by phylogenetic studies. Indeed, we have identified two viral clades that have emerged through recombination (130). Some strains collected from individuals in North Africa (a-NA) are the result of recombination between HTLV-1 strains related to strains currently present in Senegal (a-Sen) and West Africa (a-WA). In this case, only one point of recombination was identified, in the LTR, at the U3/RU5 junction. The location of this recombination site suggests that recombination occurred during reverse transcription, rather than as a consequence of recombination between 2 proviral copies. Indeed, the junction corresponds to the first shift in RNA template of the reverse transcriptase. In Senegal and Ghana, we also identified another clade (a-G-rec) resulting from recombination between a-WA and a-Sen strains (132). In this clade, we identified two points of recombination, one at the U3/RU5 junction and the other in the env gene. It remains unclear why the only recombinant groups identified to date arose through recombination between a-WA and a-Sen strains. It is possible that recombination occurred between these two groups because the infected populations are more mobile and have ended up encountering each other more frequently. Alternatively, not all recombination events may generate functional viruses. The fitness of the generated clade may be low, leading to the disappearance of the other recombinants over time. It seems most likely that the detection of recombination requires the parental groups to be sufficiently divergent. If they are too alike, it may prove difficult to differentiate between strains obtained by mutation and those obtained by recombination. In Africa, there are no clear clades with significant bootstrap values among a-TC strains. It appears likely that recombination has occurred but that there were so few differences between the parental strains that we cannot trace the recombination back to the parental strains. For the identification of such recombinants, we would need more informative positions. The generation of complete genome sequences would, therefore, be the key to identifying recombinant groups.


 6.3. Dating the emergence of genotypes or subgroups is a tricky process.

Several previous studies used the molecular clock hypothesis to date speciation between the different HTLV-1 genotypes (130, 260, 262, 263, 269–271). This dating may yield highly variable results, according to the hypothesis underlying the model and the sequences considered.

First, as mentioned above, evolution rates depend on the mode of transmission (vertical, or through intravenous drug use, for example). Molecular clock methods should be applied only to strains with identical modes of transmission (261). Moreover, if strains are sequenced from ATL samples, they may have acquired mutations due to the genetic instability associated with oncogenesis (272).

Second, molecular clock models are unable to take saltatory evolution phenomena, such as recombination and deletion/insertion into account correctly. We have now demonstrated that recombination occurs in HTLV-1, and may be frequent, rendering the molecular clock impossible to implement within the HTLV-1a genotype.

Third, it is unclear whether STLV has the same evolution dynamics in simian and human hosts. Therefore, when studying genotypes present in both NHPs and humans, the estimated rate may correspond to a weighted average between the rates in the different species.

In light of all these issues, the estimated date of divergence between HTLV-1a and HTLV-1c ranges from 10 to 120 thousand years ago (263, 269, 271). We consider these dates to be highly questionable, given the current state of knowledge of viral dynamics and evolution. We believe that more complete sequences are required to overcome these limitations, to eliminate those generated by recombination, and to have data for more informative positions.

The African continent is currently considered as a highly (if not the highest) endemic area in the world for HTLV-1, with a few million people infected. The distribution of HTLV-1 which remains poorly understood on this continent, appears to be very heterogenous, with high prevalence of HTLV-1 in the central African regions and low prevalence in the eastern and northern regions. There is a huge underreporting of HTLV-1 associated diseases in Africa, including ATL and HAM/TSP.

The number of African people infected with HTLV-1 and developing associated diseases is likely to increase over the next century due to rapidly growing population and the aging of populations (prevalence increases with age), as well as the lack of preventive measures to reduce the spread of HTLV-1.

In order to improve the situation (current and future) and reduce the burden of HTLV-1 in Africa, the priorities are clear and will require both inter-African and North/South collaborations and specific financial support to:

 	 Raise awareness through major information campaigns, as has been developed in other endemic areas, such as Brazil and Japan. These campaigns should primarily target healthcare professionals (clinical and laboratory staff) to improve knowledge about HTLV-1 and related diseases, which are still largely neglected by the medical community in many parts of Africa. 

	 Promote large-scale studies in general (representative) populations and in hospitals. Such comprehensive studies are essential to assess the prevalence of HTLV-1 infection and the real situation regarding associated diseases. 

	 Develop public health measures in areas of high endemicity, with particular emphasis on blood banks to prevent the spread of HTLV-1 by transfusion, which may be associated with the development of HTLV-1 neurological diseases. 
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African region/Country HAM/TSP case  Reference Population
North Africa

Algeria 1 (128) - - 44,178,884
Mauritania 3 (129-131) 2 (128, 132) 4,161,925
Mali 10 (130, 132-135) 1 (132) 20,741,769
Morocco 3 ‘ (132, 136, 137) 7 (138, 139) 36,738,229
Unidentified country 2 (140, 141) g S

North-East Africa

Egypt 1 (142) 2 (143) 107,770,524
Sudan 1 (144) - - 47,958,856
West Africa

Burkina Faso 1 (132) - - 21,935,389
Cote d’Ivoire 21 (130, 132, 135, 136, 145-147) 11 (130, 132, 148-152) 28,713,423
The Gambia 1 (153) 2 & 2,413,403
Ghana 3 (132, 154, 155) 1 (130) 33,107,275
Guinea 3 (132) 1 (156) 13,237,832
Guinea-Bissau 1 (135) - - 2,026,778
Liberia 1 (142) 1 (157) 5,358,483
Niger - - 1 (158) 24,484,587
Nigeria 12 (3, 132, 159-163) 3 (130, 132) 225,082,083
Angola 1 (130) - - 34,795,287
Senegal 28 (129, 130, 132, 164-169) 16 (129, 130, 132, 135, 149, 170-172) 17,923,036
Sierra Leone 1 (173) - G 8,692,606
Togo 2 (132) 9 (84) 8,492,333
Unidentified country 1 (174) - -

Central Africa

Central African Republic = # 3 (171, 175, 176) 5,454,533
Chad - - 2 (130, 135) 17,963,211
Dem. Rep. of the Congo 1 (177) 56 (130, 135, 171, 175, 178-183) 108,407,721
Gabon 6 (136, 184, 185) 8 (87, 135, 186) 2,340,613
Republic of the Congo % & 1 (130) 5,546,307
East Africa

Ethiopia - - 4 (187-189) 113,656,596
Southern Africa

Eswatini (ex-Swaziland) - = 1 (130) 1,121,761
Mozambique - E 4 (190) 31,693,239
Republic of South Africa 36 (191-195) 202 (65, 109, 110, 135, 190, 196-200) 57,516,665
Zambia - - 1 (130) 19,642,123
Zimbabwe = - 4 (63, 130) 15,121,004
Africa

Unidentified country 15 (201, 202)

Indian Ocean Islands
Comoros - - 1 (130) 876,437
Republic of Seychelles 1 (203) 15 (204, 205) 97,017

The Reunion Island 2 (206) 4 (67, 69, 206) 868,800
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Factors associated with HTLV-1 infection Countries (references)

in multivariable analyses in univariable analyses

Sexual transmission

History of prostitution Guinea-Bissau (78)*
Genital ulcers Guinea-Bissau (80)*

Nb of partners Guinea-Bissau (79, 80)*

HIV-1 co-infection Guinea-Bissau (79)* Guinea-Bissau (77)
HIV-2 co-infection Guinea-Bissau (78, 79) Guinea-Bissau (76, 112)

Parenteral transmission

History of transfusion Guinea-Bissau (79)**; CAR (92) Cameroon (86); Gabon (98, 99, 113)
History of intramuscular injection CAR (92)

History of intravenous injection DRC (97)

History of hospitalization Gabon (99) Gabon (98)

History of surgery Cameroon (86) ' Gabon (98)

Ornemental scarification Guinea-Bissau (79)* Guinea-Bissau (112)

Zoonotic transmission
NHP bite Cameroon (86) Cameroon (114); Gabon (99); Guinea-Bissau (112)

*Associated factor among women only; ** associated factor among men only.
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Rural population Urban population

Subregion Country HTLV-1 prevalence N rural References HTLV-1 prevalence  Nurban  References
Northern Africa  Egypt 0.06%" 3158 (70)
Western Africa Benin 1.5-4.5% 6636 (53,71,72)
Céte d’Ivoire 0.7-1.7% 2686 (31,54,73)
Ghana 1.3-1.4%" 2567 (35, 74)
Guinea 1.10% 2285 (75)
Guinea-Bissau 46-5.2% 5396 (76,77) 2.7-44% 6590 (78-81) ‘
Liberia 1.60% 620 (4)
Nigeria 0.80% 1640 I (82) 0.50% 385 (83)
Senegal 1.20% 993 (4)
Togo 1.20% 1717 (84)
Central Africa Cameroon 0.7-6.6% 10975 (17, 18, 40, 85-91)
CAR 0-7.4% 2096 (85,92, 93)
Chad 0.5-2% 666 (94)
DR of the Congo 1% - 5% ‘ 4463 I (73, 95, 96) 3.10% 839 97)
Equatorial Guinea 10.40% 401 (94) 6.20% 391 (94)
Gabon 53-10.5% 8160 (87, 98-100) 5-6.6% 571 (87, 101)
Eastern Africa Burundi 1.30% 519 (102)
Ethiopia 0% 225 (103)
Mozambique 2% 752 (104)
Rwanda 0.30% 742 (105) 0.20% 1870 (105)
Somalia 0.09% 1133* (106)
Zambia 0% 226 (107)
Southern Africa  Namibia 0% 704 (108)
Rep. of South Africa  1.10% 178 (109) 0-2.6% 1268 (109, 110)
Indian Ocean Rep. of Seychelles 620% 1055 (111)

CAR, Central African Republic; DR, Democratic Republic; Rep, Republic.
*outpatients” population.
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ubregio! Country

prevalence

References

Egypt 0.12% 866 (51)
Northern Africa
Tunisia 0% 500 (52)
Benin 0% 1300 (53)
Burkina Faso 1.0% 191 (30)
Céte d'Ivoire 1.70% 414 (54)
‘Western Africa
Guinea 1.20% 1785 (55)
Nigeria 0-2.6% 1327 (4, 56-58)
Senegal 0.16% 4900 (59)
Cameroon 0% 100 (40)
Central Africa DR. of the Congo 4% 530 (43)
Gabon 0.74%-6% 3756 (8, 44)
Ethiopia 0.19% 1600 (60)
Eastern Africa Mozambique 0.89-1.1% 3597 (61, 62)
Zimbabwe 0*-0.1% 1509 (63, 64)
Southern Africa Rep. of South Africa 0-0.13% 85777 (65, 66)
Madagascar 0% 198 (29)
Indian Ocean
The Reunion Island 0-0.03% 44158 (67-69)

N BD: total number of blood donors studied.

* ELISA only; DR. of the Congo, Democratic Republic of the Congo; Rep, Republic.
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Cou

1 prevalences

Northern Africa Tunisia 0%*
Western Africa Burkina Faso 0.8%
Cote d’Ivoire 1.8-1.9%
The Gambia 1.20%
Ghana 2-2.1%
Guinea-Bissau 2.2-3.3%
Nigeria 3.3-7.7%
Senegal 0.2-04%
Togo 1.20%
Central Africa Cameroon 0.60%
Rep. of the Congo 0.70%
DR. of the Congo 3.7-4.6%
Gabon 2.1-6.8%
Eastern Africa Eritrea 0%
Malawi 1.00%
Mozambique 0.70%
Southern Africa Rep. of South Africa 0.2-0.56%

DR, Democratic Republic; PW, pregnant women; Rep, Republic; * ELISA only; ** mothers.
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Tax

Tax activates NF-kB, CREB, AP-1, and NF-AT (reviewed in (42, 43, 46).

HTLV-1 Tax protein is undetectable in freshly isolated peripheral blood mononuclear cells
from HTLV-1-infected individuals, but is rapidly induced in ex-vivo cultures (48).

High Tax levels induce senescence (39, 53-55).
Tax is a major target antigen for HTLV-1-specific CTLs (24, 56, 57).
Tax promotes IL-10 production (58, 59).

Tax promotes TGF-B production but suppresses TGF-B/Smad signaling in HTLV-1-infected
cells (61, 62).

HBZ

HBZ suppresses CREB, AP-1, NF-AT and classical NF-kB pathways
47).

HBZ mRNA is continuously detectable by RT-PCR (49, 50), and small
amounts of HBZ protein were detected in primary ATL cells

(51).

The cytoplasmic/nuclear localization of HBZ may play a role in HTLV-
1 oncogenesis (52).

HBZ expression counteracts Tax-induced senescence (39, 53).

Lower HBZ-specific CTLs (56).

HBZ promotes IL-10 production (47, 60).

HBZ enhances TGF-B/Smad signaling, inducing FOXP3, which is
frequently expressed in ATL cells (63).
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Restriction Impact on HTLV-1
factor

APOBEC3G *  Can be incorporated into HTLV-1 particles but is weakly susceptible to A3G activity and limited by a peptide motif in the nucleocapsid (82, 83)
(A3G) *  Generates nonsense mutations in vivo but as it targets the minus strand during reverse transcription, the HBZ gene is spared which in part
explains the constant expression of HBZ and sense-strand silencing (84)

BST2 (Tetherin) « Minimal effect due to efficient spread of HTLV-1 virions via virological synapse (85)
SAMHD1 *  Aborts HTLV-1 infection of myeloid lineage cells via STING-mediated apoptosis (86)
TRIMS0. +  Little information available; but an association is observed between TRIM50. polymorphisms with proviral load (87, 88)

miR-28-3p *  MicroRNA which targets a sequence within the HTLV-1 gag/pol mRNA, reducing viral replication and gene expression (89)
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Age
(per 1-year increase)
Disease duration
(per 1-year increase)
b/ts DMARDs use
(yes/no)
Concomitant oral steroid use (yes/no)
Dose of oral steroid (Prednisolone)
(per 1mg increase)
Changes in HTLV-1 PVL values: end of study minus baseline
(per 1 increase)

OR

1.003

0.938

0.788

0.438
0.710

1.059

95% ClI

0.918-1.097

0.810-1.087

0.074-8.432

0.042-4.609
0.307-1.643

1.002-1.120

p-value

0.94

0.34

0.84

0.49
0.30

0.026*

OR, odds raio; 95% Cl, 95% confidence interval; b/tsDMARDs, biological and/or targeted synthetic disease-modifying antirheumatic drugs; HTLV-1 PVL, Human T-cell leukemia virus type

1 proviral load *P < 0.05.
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. A strong search for them funded by the U.S. National Cancer Institute (NCI) virus cancer program was unsuccessful in the 1950s to late1970s.

. Evidence that the well-studied animal retroviruses replicated to high titers when causing disease. The assumption then was that human retroviruses would be easy to
discover if they existed. No sensitive tests would be needed.

. Human sera were lytic against complement-destroyed retroviruses (small animal retroviruses were used in this study), which led to the assumption that humans were,
therefore, protected against retroviruses, in fact, not against human and some primate retroviruses.

. Several false starts. In particular, many claims were made from a biochemical approach to detecting human retroviruses in a number of different human cancers, but
their assays were not specific and misinterpreted.

. It was thought that the concept of infectious causes of cancer was a primitive notion that implied that one could “catch” cancer. The assumption is based on acute
viruses, but not considered were “slow viruses”, among which are retroviruses.
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5.

6

. Itis the same kind of virus causing leukemia in many different animals.

. Itis epidemiologically linked to one particular leukemia/lymphoma, ATL.

. Infection of normal T cells in vitro leads to their immortalized growth and leukemia transformation.

. The HTLV-1 provirus is clonally integrated into ATL cells obtained from patients, demonstrating that the leukemia cells were infected before the leukemic
transformation.

Transfection of the HTLV-1 provirus or the transgene expression of either of two HTLV-1 specific genes (hbz, or tax, under T-cell specific promoters) leads to a T-cell
leukemia/lymphoma development in mice.

. Molecular studies in vitro reveal mechanism of neoplastic transformation.
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Baseline 6 months 12 months 18 months 24 months
ESR (mmv/hr) 29.0 £25.8 27.8+27.2 29.7 £27.1 27.1+£283 32.6 £27.7
CRP (mg/dl) 0.17 £0.18 0.14 £0.18 0.24 +0.46 0.29 + 0.61 0.34 £ 0.65
DAS28-ESR 3.17 £ 1.09 290+ 1.12 3.15 £ 1.03 3.24+1.18 3.34 +1.26
DAS28-CRP 2.32+0.90 215+ 0.79 231 £0.76 252 +0.93 2.53 +1.09
SDAI 7.11+£6.23 6.22 +5.54 6.78 £ 5.10 8.54+7.16 8.63 +7.76
CDAI 6.96 + 6.14 6.10 £ 5.51 6.59 + 5.09 8.29 + 6.99 8.30 + 7.44

No statistical significance was found in any disease activity and inflammatory markers at baseline vs those at 6,12, 18 and 24 months by the Wilcoxon signed rank test. Data are means +

standard deviations.

ESR, erythrocyte sedimentation rate; CRP, C-reactive protein; DAS, disease activity score; SDAI, simplified disease activity index; CDAI, clinical disease activity index activity.
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Frequency of subjects by changes
of HTLV-1 PVL values (from at

Quartile 1 (AHTLV-1 PVL:
<-5.5 copies/1000 PBMCs)

Quartile 2 (AHTLV-1 PVL:-
5.5-0.8 copies/1000

Quartile 3 (AHTLV-1
PVL:0.

Quartile 4 (AHTLV-

p-value

9.6 copies/ 1 PVL:>9.6 copies/ (compared in

2 years to baseline) PBMCs) 1000 PBMCs) 1000 PBMCs) all groups)
Number of patients 10 11 10 10

Age (years) 722 £14.4 65.9 + 10.9 68.5+ 12.1 65.5+ 10.1 0.31
Duration of RA (year) 14.5 £ 10.9 12077 10.3 £ 8.1 13.5+ 14.8 0.75
Concomitant oral steroid use n, (%) 5(50.0) 5 (45.5) 3(30.0) 4 (40.0) 0.82
Concomitant MTX use n, (%) 7 (70.0) 9(81.8) 8 (80.0) 4 (40.0) 0.35
b/ts DMARDs use n, (%) 3(30.0) 3(7.3 1(10.0) 2(20.0) 0.70
Changes of DAS28-ESR 0.08 +1.26 022 +1.70 -0.10 + 1.60 0.14 £1.01 0.95
(end of study minus baseline)

Incidence of infection during 2 years n, (%) 0 0 1(10.0) 3(30.0) <0.0001*

Data are means + standard deviations.
HTLV-1 PVL, Human T-cell leukemia virus type 1 proviral load; RA, rheumatoid arthritis; MTX, methotrexate; b/tsDMARDs, biological and/or targeted synthetic disease-modifying
antirheumatic drugs; DAS, disease activity score; ESR, erythrocyte sedimentation rate *P < 0.05.
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Female, n (%)

Age (years)

Duration of RA (year)

b/ts DMRDs use

Concomitant MTX use n, (%)

MTX dose (mg/week)

Concomitant csDMARDs (except MTX) use n, (%)
Concomitant oral steroid use, n (%)
Oral steroid dose (mg/day)
Biologic/ts DMARDs

TNF inhibitors

IL-6 inhibitors

Abatacept

JAK inhibitors

ACPA positive, n (%)

RF positive, n (%)

DAS28-ESR

DAS28-CRP

SDAI

CDAI

HTLV-1 PVL (copies/1000 PBMCs)

Data are means + standard deviations.

31 (75.6)

67.9+11.8
12.5 + 10.4
9(22.0)
34 (82.9)
80215
18 (43.9)
17 (41.5)
3.74 +2.83

on A

4
26 (63.4)
28 (68.3)

3.17 +1.09

2.32+0.90

7.11 £6.23

6.96 + 6.14

44.8 +51.6

RA, rheumatoid arthritis; b/tsDMARDs, biological and/or targeted synthetic disease-
modifying antirheumatic drugs; MTX, methotrexate; csDMARDs, conventional synthetic
disease-modifying antirheumatic drugs; TNF, tumor necrosis factor; IL-6, interleukin-6;
JAK, Janus kinase; ACPA, anti-citrullinated protein antibodies; RF, rheumatoid factor;
DAS, disease activity score; ESR, erythrocyte sedimentation rate; CRP, C-reactive protein;
SDA, simplified disease activity index; CDAI, clinical disease activity index activity; HTLV-1
PVL, Human T-cell leukemia virus type 1 proviral load; PBMCs, peripheral blood

mononuclear cells.
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Protein name Uniprot accession Spearman R p-value

CHIT1 Q13231 0.587 <0.001
B2M P61769 0.515 0.003
PCDHAC2 QIY514 -0.470 0.007
HEXA P06865 -0.468 0.007
CANT1 Q8WVvQl -0.445 0.011
PLXDC1 Q8IUKS -0.435 0.013
ALDOA P04075 -0.430 0.014
MRC1 P22897 0427 0.015
VCAM1 P19320 0427 0.015
LYVE1 QIY5Y7 -0.407 0.021
ANGPTL7 043827 0.398 0.024
ENO2 P09104 -0.389 0.028
IDS P22304 -0.380 0.039
DNA2 P51530 -0.377 0.033
COLI1A1 P02452 0.375 0.034
CTSC P53634 0.368 0.038
MAN2A2 P49641 -0.361 0.043
SPARC P09486 -0.358 0.044
CDH5 P33151 -0.356 0.046

ATRN 075882 -0.354 0.046
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Patient Age Sex HLA-A Disease used WBC Lymphocytes PVL /100 CSF CSF Steroid
ID (years) duration sample (/ul) (%) PBMCs neopterin CXCL10  therapy
(pmol/mL) (pg/ml)

HAM-1 77 F A%0201 A*24:02 18years PBMCs 6350 186 3.0 6 4149 -
HAM-2 60 M A*11:01 A*24:02 33years PBMCs 10100 155 4.0 18 5006.6 +
HAM-3 65 M A*2402 A*26:03 20years PBMCs 6100 408 8.9 7 672.1 +
HAM-4 68 F A*11:01 A*24:02 17 years  PBMCs 10800 130 29 4 8142 +
HAM-5 77 F A%0206 A*24:02 1lyears PBMCs 7320 167 22 14 2197.0 +
HAM-6 75 F A*11:01 A*24:02 16years PBMCs 7120 149 32 27 4598.1 +
HAM-7 77 F A%24:02 A*31:01 20years PBMCs 9200 221 6.0 38 4279.6 +
HAM-8 81 M A*2402 A*31:01 13years PBMCs/ 7520 317 213 18 36909 +
CSE
HAM-9 70 F A%24:02 A*24:02 9years  PBMCs/ 8300 217 8.8 35 38257 +
CSF
HAM-10 63 F A%24:02 A*31:01 29years PBMCs 6230 425 13 4 6417 +
HAM-11 39 F A%24:02 A*33:03 8years PBMCs/ 6600 24 2.1 31 6187.5 +
CSE
HAM-12 56 F A%24:02 A*24:02 4years PBMCs/ 4900 285 38 17 32167 +
CSF
HAM-13 38 F A%24:02 A*24:02 6years  PBMCs 7900 30 2.1 11 21365 ¥
HAM-14 50 F A*24:02 A*24:02 7years  PBMCs 5000 36.1 13.1 38 171209 +
HAM-15 53 F A*11:01 A*24:02 6years  PBMCs 3900 274 6.5 19 2842.8 -
ACs 58 (46- F/M A*24:02 PBMCs 580 322 (14.0-385) 3.1 (0.1-
70) (4330- 193)
9210)

Fifteen HLA-A*24:02-positive HAM patients between the ages of 38 and 81 years and twelve asymptomatic carriers (ACs) were enrolled in this study. The age and PVL values of ACs show
the mean values (ranges). 1D, identifier; F, female; M, male; CSF, cerebrospinal fluid; PVL, HTLV-1 proviral copies/100 PBMCs; CXCL10, C-X-C motif chemokine 10; Steroid therapy, oral
steroid therapy with prednisolone.
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Patient ID Tax301-309-CTLs in PB T-cell differentiation status of Taxsg;.309-CTLs (%)

(% in 8T) (/ul) Tn Tsem Tem Tem Terr
HAM-1 10 1.1 02 0.08 0.2 92.1 7.5
HAM-2 13 3.0 0.7 UD 0.0 90.4 8.9
HAM-3 44 28.1 0.1 uD 0.06 92.7 72
HAM-4 132 27.7 0.2 0.02 0.04 983 14
HAM-5 0.6 1.7 12 0.5 0.5 86.2 102
HAM-6 0.6 1.6 12 UD 0.2 744 242
HAM-7 17.5 123.5 0.02 UD 03 96.6 31
HAM-8 112 399 0.63 0.01 1.9 799 17.6
HAM-9 363 155.0 0.0 0.02 0.36 985 1.1
HAM-10 32 8.3 0.4 0.02 0.0 952 44
HAM-11 L5 9.2 0.70 0.01 0.5 95.1 38
HAM-12 4.4 210 0.1 0.02 0.3 97.9 1.7
HAM-13 7.0 319 0.1 0.02 0.2 922 7.5
HAM-14 58 273 0.6 0.01 17 80.0 17.7
HAM-15 30.5 40.2 0.03 UD 0.2 97.7 22
mean + (SD) 92 +11.1 346 +45.1 0.4 +04* 0.04 +0.1* 0.4 +0.6* LI x7.6% 7.9 £ 6.9
ACs (n=12) 32448 46+49 54+82 0.7 +08 23+50 83.5 £ 16.8 86+85

T-cells have been phenotypically divided into the five T-cell differentiation subsets mainly based on CD45RA and CCR? expression: CD45RA+CCR7+ (T naive [Ty]), CD45RA-CCR7+ (T
central memory [Tcp)), CCR7-CD45RA- (T effector memory [Tgp]), and CCR7-CD45RA+(T effector [Tggg]) (27) and stem cell memory [Tscpl, a novel T-cell differentiation subset, with
additional other molecule (CD27, CD62L, CXCR3, and CD95) expression in the conventional CD45RA+CCR7+ T population (28-30), summarized in Figure 1C. Each value of ACs shows
means + SD. UD, under detectable. *, P < 0.05.
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Patient / LA L2 rationt mst n¥'S

cSF csE
soperin clone  CDR3AA  TRBV TRBJ (%) TCR clone ranking  ncoperin  clone ranking CDR3 AA TRBV TRB] (%) TCR  clone
pmoump  ranking in CD8" T-cells  (pmotimi) ranking
or Taxso1 300~ in CD8" T-
CTLs cells or
Taxsor300-
CTLs
HAM.9/ 1 ASSVRGNEQF hTRBVY  KTRB21 617  Tax- 15 HAM-1/ 1 ASSPNRAVEQF HTRBV7-9 BIRB21 57 Tax- 1
csF crL s cr
neopterin neopterin
5 Bl
2 ASSVRGAAQF hTRBVS  KTRB21 59  Tax- 50 2 SVGLQGARGEQY HTRBV29-1 TRBJ2-7 38 ul
crL
3 ASSVRGSPLH hTRBVY  KTRBJL6 27  CDST 239 3 ASSVRGNEQR hTRBVY hTRB2-1 0w
4 ASSQDRGFYEGYT ~ WTRBVA-1 hTRBI2 20  Tax- 1 4 ASSPDREQTQY HTRBV7-9 hTRBJ2-S 2 T s
cr crL
5 ASSFYRGPYYNEQF  KTRBVS.6 hTRB 10 UI 5 ASSPDINYGYT HTRBV6.5 hTRBJ1-2 06 cosT 56
6 AWSENTEAR KTRBV3) KTRBJI1 L0 CDST 179 6 ASSYSRGGRDEQF HTRBV6.3 TRB2-1 06 cosT @
7 ASRTSGISDTQY hTRBVIS  KTRB23 09  CDST m 7 SVAGNNEQR KTRBV29-1 TRB2-1 w6 u
8 AWSSSSIDTQY RTRBVI)  HTRB3 08 Tax 163 8 SVANTQNTEAF KTRBV29-1 HTRBJ1-1 w6 u
crL
9 ASSNTGIGNTGELF  KTRBV7-9 hIRBR22 08  Tax- 13 9 ASSVRGAAQF hTRBYY IRB2-1 w6
crL
10 SVEAGELF hTRBV29-1 WTRB22 07 Ul 10 ASRNPSGGTDTQY HTRBV6-1 hTRB2:3 s u
1 ASSVGGNEQF hTRBV9  WTRBI21 06 Tax- 174 I AWTRGEDNEQF hTRBV30 TRB2-1 s
crL
12 ASSVKGNEQF hIRBVY  WTRB21 06 UI 12 ASSGRGITDTQY hTRBVY TRB2:3 05 cosT 1972
13 ASSVRGSEQF hTRBV9  HTRB21 06 Tax- 131 13 ATSRGLYTDTQY hTRBVIS TRB23 04 cosT 253
cr
14 SVESVREAF KTRBV29-1 KTRBJI1 05 UL 14 SVRRGSYEQY HTRBV29-1 hTRB27 04 coST 4
15 ASSVRGTPLH WTRBVY  KTRBJLG 05  Tax- & 15 ASSPNRQHTQY HTRBV7-9 IRB2:3 04 ST 65
crL
16 ASSSAGVIGELF WTRBV7-6  WTRB22 05 UI 16 SARERLTGARGGYT  KTRBV20-1 hTRBJI-2 04 cDST 85
17 ASSVGADVQPQH hTRBVY  WTRBJLS 05 UI 17 ASSAGTSGRAADTQY  HTRBV7-2 hTRB2-3 0 u
18 AWSPISYNEQF WTRBV3)  KTRB21 05 UL 18 AWSVDSNYGYT hTRBV30 hTRBJ1-2 04 ul
19 ASSLPSGGNTDTQY ~ KTRBV7-6 hTRB23 04  CDST 1 19 AWSSSSTDTQY hTRBV30 hTRB2-3 0 u
20 AWSQGGRGYT hTRBVI0 KTRBI2 04 UL 20 AWRDSPYEQY HTRBV30 TRB27 03 cDsT 1416
21 ASSSGVNTEAR KTRBVS.6  WTRBLI 04 Ul 21 SVGQGNSYEQY HTRBV29-1 TRB27 03 ul
2 ASSSRTSGTKNEQF hTRBV9  KTRB21 03  CDST 7 2 SVETGESSYEQY KTRBV29-1 hTRB27 3 u
23 AWIVALTLGYGYT  hTRBV3) hKTRBL2 03 UL 2 ASSDGYYGYT HTRBV6.3 TRBJ1-2 03 u
24 SVDGVSTGNEQF hTRBV29-1 KTRB2-1 03 UI 2 SIAHTETQY HTRBV29-1 hTRB2S 03 ul
25 ACKGGYGYT hTRBVIO KTRBI2 03 UL 25 SVGRDRDEQY KTRBV29-1 hTRB27 3 u
26 ASRQGNQPQH WTRBVIS  NTRBLS 03 UL 26 AWKTVYNEQR hTRBV30 TRB2-1 3 u
27 ASSRNRGEQF NTRBV7.6  KTRB21 03 UI 27 AWSATSDSGWH hTRBV30 TRBJLS 3 U
28 ASSFVSGARDGYT  KTRBVS:6 hTRBL2 03 UL 28 ASGHLLQETQY HTRBV6-1 IRB2S 3 u
29 ASSARGAAQF hTRBVY  KTRB2L 03 UI 29 AWSRGGIGRST hTRBV30 hTREBJ1-2 3 u
30 ASSPDREETQY KTRBV7-9  WTRBJ2S 03 Tax- 208 30 ASSLGKDGYT HTRBVS-1 hTRBJ1-2 03 cosT w7
crL
HAM-S/ 1 ASSFLLLDEQY TRBVS4  TRB27 51  CDST 91 HAM-12/ 1 ASAGRYTYEQY TRBVA-2 TRBR7 51 CDST 13
csF csF
neopterin neopterin
18 7
2 ASSAGEGNSPLH TRBVS  TRBI6 44  CDST 13 2 ASSPGINYGYT TRBV25-1 TRBJ1-2 37 CDST 453
3 SGKQGEGGYT TRBV29-1  TRBJI-2 35  CDST 7 3 ASSGSGISTGELF TRBV7-8 TRBJ22 31 cost 251
4 SSRPSGDEQF TRBV29-1  TRB21 29 UI 4 ASSIGINYGYT TRBV25-1 TRBJ1-2 24 cpsT 2
5 ASSEMGGADYEQY ~ TRBV6l TRB27 24  CDST 363 5 SVQGGAVNTEAR TRBV29-1 TRB1-L 15 cosT 675
6 ASSVRGNEQF TRBVS  TRBZ1 23 Tax- 1 6 ASSPGTGDQETQY  TRBVIL2 TRBJ2-5 13 cost 2
crL
7 ASSRNPYDTYEQY TRBV6S  TRB27 19  CDST 738 7 ASSPPVDRVVEKLF TRBV7-9 TRBJI-4 12 cost 57
8 ASNTGIGNTGELF  TRBVZ9  TRB22 18 Tax- 3 8 ASSPWAEGNTIY TRBVY TRBJ1-3 0 cost 19
crL
9 ASSPRIGGNEQF TRBV64  TRBZ1 15 UI 9 ASTPASGGIYNEQF TRBVS-1 TRB2-1 0 cost 9
10 ASSRGTGYYEQY TRBVZ-S  TRB27 14 UI 10 ASSFTPEAQY TRBV6S TRBJ2:5 08 cosT 135
1 SVESVREAF TRBV2S-L  TRBJLL L4 UI 1 ASSLEFPDTQY TRBV7-6 TRB]2-3 07 cost 39
12 ASSPRTGDAR TRBVIS  TRBJL L4 UI 12 ASSEDREATIY TRBV2 TRBJI-3 0w u
13 ASMETNAYEQY TRBVI9  TRB27 14 UI 13 ASSLAGRGEQY TRBVIL-L TRBJ2-7 w6 u
14 ASSHQNTEAF TRBVS4  TRBJI-1 14 CDST 13 14 SVENTDTQY TRBV29-1 TRB)2-3 w6 u
15 ASSSTGDTQY TRBVS4  TRB23 13 UI 15 AWMTGLPPYEQY TRBV30 TRBJ2-7 w6 u
16 ASKVGQYPNYGYT  TRBVIS  TRBI2 11 Ul 16 ASRRDRSYEQY TRBV6-1 TRBJ2-7 06 T 3
=
17 SVDGGVGETQY TRBV29-1  TRBI2S LI CDST 102 17 ASSVDLADTQY TRBV2 TRBJ2-3 s u
18 ASSDRPEQNTIY TRBVS  TRBIL3 10 UI 18 ASSGAPGGEQF TRBVI0-2 TRBJ2-1 s u
19 SVDYWTSGGLTDTQY ~TRBV29-1 TRB23 09  CDST n 19 ASSEMTAYQETQY TRBV2 TRB)2-5 05 cosT 12
20 ASSYSSSGTENYGYT  TRBV66  TRBJI2 09 UL 20 SVVLTGGATEAF TRBV29-1 TRBL-L 05 CDST 1087
21 AISVGSNTEAF TRBVIO3  TRBJIL 09 UI 21 SVERDRDTQY TRBV29-1 TRBJ2-3 0w u
2 ASSVEGKPTDTQY TRBV2  TRB23 09 UI 22 ARSRGAEDTQY TRBV30 TRBJ2-3 0 u
23 SARGRETQY TRBV29-L  TRB2S 08 UI 23 ATSDRTRLFEDTQY TRBV24-1 TRBJ2-3 04 T 4
crL
2 ASTPGQIFQETQY TRBVGS  TRB2S 08 UI 24 ASSRDSGRIGQPQH  TRBVSS TRBJI-S 04 CDST 1aaa
25 ASSLSGEDEPQH TRBVIZ3  TRBIS 08 UI 25 ASSSSSANYGYT TRBV7-9 TRBJ1-2 04 cosT 3
26 SVPEGKRNGEQF TRBV2O-L  TRB21L 08 UI 26 SATYGINQPQH TRBV20-1 TRBJ1-S 0w u
27 ASRDRSGGLGTDTQY ~ TRBV2S  TRB23 08 UL 27 ASSLGQSSYNEQF TRBVS-1 TRB)2-1 0 u
28 SVGEGNQPQH TRBV29-L  TRBI-S 08 UI 28 ACYRVAGSSYEQY TRBV30 TRBJ2-7 0w u
29 ASSIGLGTHYGYT TRBVIS  TRBJI2 07 Ul 29 SVGMDGLEQY TRBV29-1 TRBJ27 0 u
30 ASSSAGVIGELF TRBV7-6  TRB22 07 CDST s 30 ASSFRALPRNEQF TRBVS TRBJ2-1 0 u

‘CRA CDR3 amino acid (AA)-sequences of top 30 T-cell clones in the CSF of four each HAM patient (HAM-8, -9, -11 and -12) analyzed by NGS illumina Miseq. We identified a total of 1,428 T-cell clones (HAM-8), 906 (HAM-9), 6,207 (HAM-11), and
3,002 T-cell clones (HAM-12) in the CSF samples, respectively. The belonging of T-cell clones in the CSF was conducted by comparing the TCR repertoires of CD8" T-cells and Taxzors09-CTLs in PB, respectively. CSF neopterin is a HAM disease activity
biomarker (32, 33). Entries that are in bold and underlined indicate the conserved CDR3 AA sequences, which is "PDR’, or second-major AA-sequence motifs ("P-K', in TCRR CDRS of each Taxyor.09-CTL clone. (%) indicates the
frequencies of each clone in the CSE. UL, unidentified. Entries that are in bold and underlined indicate the conserved CDR3 AA sequences, which is "PDR', or second-major AA-sequence motifs ("P-R', "PD-", and "-DR’) in TCRR CDR3 of each Tax301-309-
CTL done.
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Primer sequences

5" GTG ATG CTG CCT CGA GTT G 3’

5 CAC GGA GGT TGG TGT TGA C 3’

5 GTG CCT TAT GTG GAT TTG GAA C 3’
5 GGC TGG TCA GTT GTT TGC TC 3’

5 GTT CTA CGT TCC ATC GTG TG 3’

5 CCA TTG GTA TGT TTC CCT CG 3’

5" GGA GTC TTG AAT CCT AAT GAG 3
5 GAA CGG TCA CAC TGG AAT C 3’

5 GGC CAG CCT TCA TGA CAA G 3’

5 CTG GGA TCT TTC CTC TCG ATT C 3’
5 GTT GCT ACG CGC ACC ATG 3

5 CTG GCT CCA TCT GCA GAG 3

5 CAA GAT AGT CTT GAA TTC ATC AAT C 3’
5 CTA TGC CAC TGT CTC TGT CCT C 3’
5" CAG GAC TCT ACT GGA ACT C 3’

5" CGG TAT GGA GAG GCC ATT C3’
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Gene

4-1BB

B-actin

FOXP3

gag

HIAP-1

sHBZ

tax

Type

4-1BB fwd rt
4-1BB rev rt
4-1BB probe
std

B-actin fwd rt
B-actin rev rt
B-actin probe
std

AoD

Std

gag fwd rt
gag rev rt
gag probe
std

AoD

std

sHBZ fwd rt
sHBZ rev rt
SHBZ probe
Std

tax fwd rt
tax rev rt

tax probe

Std

Sequence (5°-3°) or Assay ID

TGGCTGTAGCTGCCGATTTC
AAAGTCCCAACAGCCCTATTGA
FAM-CTTCCATTTCACAGTTCACATCCTCCTTCTTC T-TAMRA
pJET_4-1BB

CCTCGCCTTTGCCGA

TGGTGCCTGGGGCG
FAM-CCGCCGCCCGTCCACACCCGCC-TAMRA
pJET_ACTB

Hs00203958_ml1

Flag-FOXP3

AGCCCCCAGTTCATGCAGACC
GAGGGAGGAGCAAAGGTACTG
FAM-CTGCCAAAGACCTCCAAGACCTCC-TAMRA
PCMVHTIM

Hs00154109_m1

peDNA3.1-HIAP1
CTTCTAAGGATAGCAAACCGTCAAG
ATGGCGGCCTCAGGGCT
FAM-CCTGTGCCATGCCCGGAGGA-TAMRA
pcDNA3.1-HBZ-wt-MycHis
TGGCCCATTTCCCAGGGTTTG
GAGTCGAGGGATAAGGAAC
FAM-TACAAGGCGACTGGTGCC-TAMRA
pcTax

Reference

(32)

(32,33)

(34),
Addgene #153147

(35, 36)

(37)

(35, 38, 39)

New
(40)
(41)
(42)

fwd, forward primer; rt, real time; rev, reverse primer; FAM, 6-carboxyfluorescein; TAMRA, tetramethylrhodamine; std, plasmid used for the respective standard curve; AoD, TagMan Gene
Expression Assays (Thermo Fisher Scientific).
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Patient
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P2
P3
P4
P5

Disease

AC
AC
HAM
AC
AC

PVL

4.60
2.60
11.60
8.40
4.30

AC, asymptomatic carrier; HAM, HTLV-1-associated myelopathy/tropical spastic
paraparesis; PVL, proviral load is the number of HTLV-1 DNA copies per 100 PBMCs.
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Asymptomatic (n=40)

Female 27 (67%)
Age (years) 50 (25-69)
Viral load(copies/10° cells) 31085
(0-757662)
TNF (pg/ml) 99 (0-3956)

*Fisher test (4%).
“*Mann Whitney test.
*Differences between HAM/TSP and other groups.

OAB-HTLV (n=40)

28 (70%)
55 (25-71)

111275
(0-992164)

504 (0-3956)

HAM/TSP (n=40)

29 (72%)
55 (23-75)

150622
(0-1768442)

1043 (0-4880)

P value

0,74*
0,33
<0.05%**

<0.05*
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Target

Gag/pol

Env-4641
Tax
pl3
p12-6383
p30

Hbz-365major

hGAPDH

rGAPDH

Enhancer region

Plasmid Standard

ACHneo

ML627

SE356

ML628

pMT2-23

PMS9-11.1

JA662

hGAPDH

rGAPDH

N/A

Primers & Probes

5’ primer
3’ primer
Probe

5’ primer
3’ primer
5’ primer
3’ primer
5" primer
3’ primer
5" primer
3’ primer
5 primer
3" primer
5" primer
3’ primer
Probe

5’ primer
3’ primer
5’ primer
3’ primer
Probe

5" primer

3’ primer

Name & Sequence

#20] 5'-AGCCCCCAGTTCATGCAGACC-3'

#19] 5'-GAGGGAGGAGCAAAGGTACTG-3'

TMP-3] 5'-/56-FAM/CTGCCAAAG/ZEN/ACCTCCAAGACCTCC/31ABKFQ/-3’
ENV4641-5] 5-CGTCCGCCGTCTAGCTTCC-3'

ENV-AS] 5'-ATTGTGAGAGTACAGCAGC-3'

X2TR1-2] 5'-ACCAACACCATGGCCCA-3’

TR1-AS] 5'-GAGTCGAGGGATAAGGAAC-3’

P13-§] 5'-GTCCGCCGTCTAGCAGGT-3'

TR-AS] 5'-CCGAACATAGTCCCCCAGAGA-3"

P12-6383-§] 5'-GTCCGCCGTCTAGCAAC-3'

P12-AS] 5-GGAGAAAGCAGGAAGAGC-3'

X2P30] 5'-ACCAACACCATGGCACTA-3’

HI1JA2] 5'-AGGAGCGCCGTGAGCGCAAGT-3'

HBZMAP1] 5'-CTTCTAAGGATAGCAAACCGTCAAG-3’

HBZMAP2] 5'-ATGGCGGCCTCAGGGCT-3'

TMP-13] 5'-/56-FAM/CCTGTGCCA/ZEN/TGCCCGGAGGA/3IABKFQ/-3’
hGAPDH-S] 5'-CATCAATGACCCCTTCATTGAC-3’

hGAPDH-AS] 5'-CGCCCCACTTGATTTTGGA-3"

rGAPDH-§] 5'-GATGCTGGTGCCGAGTACGTG-3'

rGAPDH-AS] 5'- GTGGTGCAGGATGCGTTGCTGA-3

BY-1Z] 5'-/56-FAM/ACCACCATG/ZEN/GAGAAGGCCGGG/3IABKFQ/-3
1F] 5-ACGCGTTATCGGCTCAGC-3’

7R] 5-CTGTATGAGGCCGTGTGA-3
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Human DNA Viruses

Human Papillomavirus (HPV-16, 18,
31, 45)

Epstein-Barr Virus
(EBV/HHV-4)

Kaposi’s Sarcoma Herpesvirus
(KSHV/HHV-8)

Hepatitis B Virus (HBV)

Merkel Cell Polyomavirus
(MCV/MCPyV)

Human RNA Viruses

Hepatitis C Virus
(HCV)

Human Retroviruses

Human T-cell Leukemia/Lymphoma
Virus Type 1 (HTLV-1)

Associated cancers

Cervical, anal, vulvar, vaginal, penile, head and
neck, skin cancer

B and T cell, Burkitt’s and Hodgkin’s
lymphomas; nasopharyngeal and gastric cancers
Kaposi’s sarcoma,
pleural effusion lymphoma

Hepatocellular carcinoma

Merkel Cell Carcinoma

Hepatocellular carcinoma

Adult T-cell Leukemia/Lymphoma

Oncogenes

E6, E7

LMP-1, BARF-1

LANA, vCyclin, vFLIP,
VIRF2-3, LAMP, vGPCR

HBx

T antigens (large/small)

Core protein, NS3, NS5A,
and NS5B

Tax,

HBZ

ASEs implicated

Alternative 3’ S$
Alternative Poly(A) Sites
(93-95)
Alternative Promoters
(91, 99, 100)
Alternative Promoters,
3’SS and Poly(A) sites
(91, 104-106)
/(Alternative translation
initiation)
Alternative 5" SS
Intron retention (110-
112)

N/D

Constitutive splicing (113,
114)
Alternative 5'S$
Intron retention (38)

Splicing
modulation?

Yes
(96-98)
Implied

(101-103)
Implied
(91, 107)

Yes (108, 109)

N/D

Implied
(108)

Yes (115, 116)

Suggested (116)

The seven human cancer-inducing viruses are listed and classified here with their respective oncogenes and related cancers. If the said oncogenes are regulated by alternative splicing, the
alternative splicing events (ASEs) in question are mentioned and references are found between brackets. Their role in splicing modulation is also precised. N/D = Not Documented.
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