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ABSTRACT
Adult T-cell leukaemia/lymphoma (ATLL) is an aggressive malignancy of CD4+ T lymphocytes caused by the human T lymphotropic virus type-1 (HTLV-1) infection. HTLV-1 was brought to the World Health Organization (WHO) and researchers to address its impact on global public health, oncogenicity, and deterioration of the host immune system toward autoimmunity. In a minority of the infected population (3-5%), it can induce inflammatory networks toward HTLV-1-associated myelopathy/tropical spastic paraparesis (HAM/TSP), or hijacking the infected CD4+ T lymphocytes into T regulatory subpopulation, stimulating anti-inflammatory signalling networks, and prompting ATLL development. This review has critically discussed the complex signalling networks in the ATLL pathogenesis during virus-host interactions for better interpretation of oncogenicity and introducing the main candidates in the pathogenesis of ATLL. At least two viral factors, HTLV-1 trans-activator protein (TAX) and HTLV-1 basic leucine zipper factor (HBZ), are implicated in ATLL manifestation, interacting with host responses, deregulating cell signalling in favour of infected cell survival and virus dissemination. Introducing such molecules can be used as potential novel biomarkers for ATLL prognosis or targets for therapy. Moreover, it the challenging aspects of HTLV-1 oncogenesis which introduced in this review could open new venues for further studies on ATLL acute leukaemia pathogenesis.  and These features can help discovering effective immunotherapies when the reversing gene expression profile toward appropriate immune responses gradually becomes attainable.	Comment by Shannon Steele: What are the authors referring to here?
 
This reads a the “molecules” open new venues for further studies, which reads incorrect. Please clarify/revise.
KEYWORDS: Adult T-cell leukaemia/lymphoma (ATLL); Deltaretrovirus; Human T lymphotropic virus type-1 (HTLV-1); Oncogenesis; Pathogenicity; Virulence; Virus-host molecular interactions	Comment by Shannon Steele: Please select maximum 5 key words


ABBREVIATIONS
ACs: asymptomatic careerscarriers; ATF/CREB: activating transcription factor/CRE binding protein; ATLL: adult T-cell leukemia/lymphoma; BRCA1: breast cancer type 1; CBP: CREB binding protein; CCR4: C-C chemokine receptor type 4; CHOP: cyclophosphamide/doxorubicin/vincristine/prednisone; CREB: cyclic AMP-responsive element-binding protein; DivE: diversity estimator; FOXP3: transcription factor forkhead box protein P3; GITR: glucocorticoid-induced TNF receptor; HAM/TSP: HTLV-1- associated myelopathy/tropical spastic paraparesis; HBZ: HTLV-1 basic leucine zipper factor; HTLV-1: human T lymphotropic virus type-1; hyper-CVAD: cyclophosphamide, vincristine, doxorubicin, dexamethasone; IFN-α: Interferon α; ZDV: zidovudine; /ARS: arsenic; IFN/ZDV: interferon-α, and zidovudine; IKK: IκBkinase; MAP: mitogen-activated protein; PARPi: poly(ADP-ribose) polymerase inhibitors; PCIP-seq: inverse PCR sequencing; PI3K: phosphoinositide 3-kinase; PP2A: protein phosphatase 2A; PVL: HTLV-1-proviral load; Rb: retinoblastoma protein; sHbz: spliced HBZ; Tax: HTLV-1 trans-activator protein; TxRE: Tax-responsive element; usHbz: unspliced HBZ; VEGFR2: vascular endothelial growth factor receptor 2. 
	Comment by Shannon Steele: Typo? Should this be asymptomatic “carriers”? Please revise and check throughout manuscript.	Comment by Shannon Steele: These are separate abbreviations even if used together in manuscript. Please separate and introduce alphabetically in list. 
Introduction
Human T lymphotropic virus type-1 (HTLV-1) is a human oncovirus that has infected nearly 10-20 million people worldwide [1]. HTLV-1 infection is asymptomatic in the majority of the subjects; however, a few infected subjects develop the HTLV-1 associated diseases, such as adult T-cell leukemia/lymphoma (ATLL) and HTLV-1-associated myelopathy/tropical spastic paraparesis (HAM/TSP) [2,3]. The authors are very challengeable whether the HTLV-1 factors are implicated in the cell transformation and immune response deterioration or whether the host's inappropriate responses should be blamed for manifesting life-threatening HTLV-1-associated diseases. The main virus agents that are involved in these processes are HTLV-1 trans-activator protein (TAX) and HTLV-1 basic leucine zipper factor (HBZ) [4-6].
Indeed, many factors have been proposed for susceptibility to the development of ATLL or HAM/TSP in minor HTLV-1 infected subjects (3-5%). However, despite quite intensive studies on the HTLV-1 leukemogenesis conducted from the time of discovery, the main factors implicated in inducing ATLL, HAM/TSP diseases, or remaining asymptomatic are yet to be clarified. For example, the routes of infection even have pivotal influences on the virus complications [7], which raised these questions. Why and how the route of the HTLV-1 transmission can affect its pathogenicity? In more cases of aggressive ATLL, the route of infection has been mother-to-child transmission [8]. 
ATLL is clinically categorized according to the considered severity, including acute leukaemia, lymphomatous, chronic, and smoldering types [9-11]. Oncogenic properties of the HTLV-1 infection have been observed in the most aggressive CD4+ T cell life-threatening types, acute leukemic ATLL or lymphomatous, with a survival time of around 7-11 months. These types are generally unresponsive to chemotherapy. While smoldering ATLL is somehow a benign form [12]. 	Comment by Shannon Steele: This sentence requires revision. 
 
Are the authors saying that while smoldering ATLL is benign in early stages, it can exacerbate the most aggressive type of acute ATLL? Please clarify/revise.
The controversial aspects and the vague activities of the HTLV-1 in the deterioration of immune responses toward HAM/TSP or ATLL development make it an urgent situation for a better understanding of their pathogenesis. In such a situation, pathogenesis depends on the simultaneous activities of the host-virus interactions by changing gene expression patterns and, consequently, the signalling networks. Considering the interaction approach in cancer development and progression allows simultaneously studying the host and virus' behaviours. Thus, it is possible to find hub molecules that prompt asymptomatic conditions or disease manifestations. Furthermore, identification of such hub genes can be used in disease prognosis, therapy, or even protection, mainly when immunotherapy gradually makes the reversing gene expression profile attainable. This review tries to explain the HTLV-1-host interactions in ATLL development and progression, show the dark sides of oncogenicity, and introduce controversial points for further research.
HTLV-1 prevalence and oncogenesis in the Iranian population
Previously, our studies have revealed that the general population's seroprevalence of HTLV-1 cosmopolitan subtype A (HTLV-1A) infection in Iran is around 1-5% [13,14]. Hedayati-Moghaddam et al. have published two comprehensive systematic reviews emphasising the HTLV-1 and HTLV-2 prevalence in blood donors and the general population in Iran. The virus is endemic in six provinces, particularly Razavi Khorasan (a pilgrimage region) and North Khorasan [15,16]. However, after 29 years of HTLV-1 identification in Razavi Khorasan [17], the exact incidence of HAM/TSP and ATLL was not evaluated as it needs a prospective cohort. Nevertheless, if the average incidence of HAM/TSP and ATLL in HTLV-1-infected subjects is taken into account, i.e. 2-5% [1]. The population of Razavi Khorasan is 6.3 million, and North Khorasan is 863,000 (National Population and Housing Census 2016, Iran), with a prevalence of 2.5% for HTLV-1 and the incidence of 3% toward HAM/TSP or ATLL the estimated incidence for HTLV-1-associated diseases in these provinces should be: 
864,000+6,300,000= 7,164,000 (total population)
7,164,000×2.5/100= 179,100 (HTLV-1 positive subjects)
179,100×3/100= 5,373 (the estimated HAM/TSP or ATLL patients)
Therefore, only in these two provinces in Iran the estimated incidence of life-threatening HTLV-1-associated diseases should be around 5,373 patients. Furthermore, these provinces are pilgrimage and touristic regions, with around 20 million pilgrims/year (National Population and Housing Census, 2016), which can be a source of HTLV-1 spreading in Iran and the Middle East [15]. 
HTLV-1 as an oncovirus
HTLV-1 structure and genome organization
Biologically, HTLV-1 is an enveloped tumorigenic retrovirus with a positive-sense RNA genome, which is soon converted to double-stranded DNA after the cell entry to integrate into the host genome as the HTLV-1 provirus. HTLV-1 encodes several structural and non-structural proteins. The 3' end of the virus genome encodes several essential regulatory proteins such as TAX, HBZ, and 27-kDa phosphoprotein (Rex) [18-21] (Figure 1).
The envelope is pirated from the host cell, which contains the main HTLV-1 glycoproteins for cell entry. Also, the virus envelope covers the enclosed viral capsid and includes two identical strands of RNA and non-structural proteins, such as reverse transcriptase (RT), integrase, and protease. Besides, the genome includes promoters, repressors, enhancer elements, and long terminal repeat (LTR) [7,11].
The structural proteins include Gag and envelope, encoded from the transcribed mRNA. The env gene encodes envelope glycoproteins (Env, gp46, and gp21) that are responsible for the specific binding of HTLV-1 to the cell receptor(s) and catalyze the virus-cell membrane fusion in a pH-non-dependent manner [22,23].
The HTLV-1 regulatory and accessory proteins, such as TAX, Rex, and HBZ, are mainly produced by mRNA splicing, coordinating the virus replication, and targeting many different cellular factors involved in cell survival and proliferation. Tax is the main transcription factor for virus replication, which has oncogenic properties in the early stages of leukemogenesis. Rex, p12/p8, and p30/p13 are accessory molecules involved in the pathogenesis of HTLV-1 [21,23,24].
Pathogenesis of HTLV-1
The virulence of any infectious agent is mainly dependent on various factors, including genetic properties, the dose of exposure, route of entry, growth efficiency, the time required to cause symptoms or death, the host physiological condition, and evading the host immune responses. Regarding HTLV-1 as an integrated virus in the host genome, different factors, such as the route of entry, acute infection, latency, polyclonal CD4+ T cell proliferation, and the host's inappropriate responses, are mainly implicated in the pathogenesis of ATLL. Briefly, TAX is the main transcription regulatory factor in the early stage of colonization. In a cell-to-cell contact manner, it orchestrates the virus's entry and spreading and potentiates the secretion of T cell growth factors, such as IL-1, and IL-2Ra, to promote the infected cells toward the activation phase. At this phase and even after the virus colonization, the polyclonal population of infected cells is not malignant. Unlike the healthy uninfected primary T cells, they have auto-proliferation property, not needing IL-2 to be supplemented in the cell culture. Since Tax is an immunodominant protein, its expression decreases or suppresses at the latency stage; this process makes the virus latent to escape from the host immune responses [5,25-27].
TAX and HBZ are crucial for maintaining HTLV-1 infection by targeting many intracellular signalling pathways favouring the virus and transforming cell survival [11,28,29]. However, the transition from latency to the replicative phase may induce ATLL in less than 5% of the infected subjects (see next section).
HTLV-1, as a complete virion, is not usually seen in the serum and can be found mainly inside the CD4+ T lymphocytes [30,31] and much less in the CD8+ T cells, dendritic cells (DCs), and monocytes [32]. Surprisingly, few researchers have found the rare complete virions in the plasma in recent decades. Although under in vitro conditions, HTLV-1 free virion can infect a wide range of cell lines, in vivo, it seems that only the infected CD4+ T cells are infectious. These critical challenges may bring new insights into the replication model, the route of viral transmission of HTLV-1, and the outcome of infection [33,34].
Hence, the transmission of HTLV-1 occurs through the body fluids containing HTLV-1-infected cells, such as breastmilk, blood, and semen [35]; many studies have focused on cell-to-cell contact for the effective transfer of HTLV-1 [36-39]. 
Generally, a higher risk of developing HTLV-1-associated diseases is related to early infection in childhood. To date, most cases of ATLL have been the outcomes of vertical transmission linked to mother-to-child transmission through breastfeeding [40]. On the other hand, late infection during adulthood mainly decreases the incidence of ATLL development even though HAM/TSP can be developed in HTLV-1 infected subjects of any transmission route, even horizontal [39,41,42].
Child breastfeeding is the most common route of HTLV-1 transmission; blood transfusion, sexual intercourse, and organ transplantation have been regarded as this transmission route [7,43,44]. Familial manifestation of ATLL is more frequently reported; thus, it has been suggested that ATLL preferentially manifests in HTLV-1 infected subjects during childhood and less in those infected in adulthood [45,46]. The hypothesis on mother-to-child transmission as the high-risk factor for developing HTLV-1-associated disease could explain why these diseases are more concentrated among certain family members [47,48]. 
Higher proviral load (PVL) (>400, ~417-2858 copies/104 PBMCs) and the host immune response should be the leading independent risk factor for the development of ATLL [49,50]. In general, ATLL is expected in HTLV-1 infected immune-compromised subjects such as organ transplantation [51], but the studies showed that HAM/TSP is more prevalent [52]. Of course, the role of HTLV-1 entry after horizontal transmission (sexual contact or transfusion) in the development and progressions of ATLL is yet to be understood.
Although, the risk factors of HTLV-1 transmission vary in different populations and geographic areas. In a cohort study in pregnant women with HTLV-1 infection who breastfed the neonates, several risk factors were suggested for HTLV-1 spreading. The most important independent risk factors were maternal HTLV-1-PVL (>100 copies/104 PBMC), duration of breastfeeding (≥12 months), and familial aggregation (>2 siblings with HTLV-1). Although maternal age (>26 years), divorced mothers, and ethnicity (Asian) were also important, they did not meet a significant value in the multivariate analysis [53]. In some other studies, placental transmission, educational level, and low income were also introduced as risk factors in mother-to-child transmission [7,54-56]. PVL and breastfeeding must be considered in HTLV-1 endemic areas to eliminate virus spreading.
Additionally, HAM/TSP development and progression are primarily dependent on the sexual and iatrogenic route of the infection; however, nearly 30% of HAM/TSP cases acquired infection in early life due to breastfeeding [8]. Therefore, the impact of routes of contamination and the virus-host interactions are the main reasons for different outcomes in the HTLV-1 infection toward asymptomatic condition, ATLL or HAM/TSP, but are yet to be clearly understood.
As previously stated, even though free virions in animal models and in vitro studies have been infectious, these questions raised whether or not free virions are also infectious in human natural transmission routes and, more significantly, can cause associated diseases. How can the transmission route affect the outcome of infection to very different outcomes such as ATLL, uveitis, polyarthritis, or HAM/TSP? Finally, why is the range of ATLL too diverse, from the asymptomatic smoldering to very aggressive types of acute leukaemia and lymphoma? Despite extensive studies on HTLV-1 infectivity and activities, the scientific answers to those questions are still uncertain.
Molecular point of view, for many years after the discovery of HTLV-1, TAX was introduced as the main transcription factor in virus entrance, replication, and a potent oncogene in the manifestation of ATLL. However, in recent years, researchers focused more on the role of HBZ in malignancy development and progression. Although, the critical roles of TAX and HBZ in cytoplasm or nucleus compartments of infected cells still are debatable. Recent studies on cytoplasmic and nuclear localization of HBZ revealed that it is localized only in the cytoplasm of infected cells in asymptomatic careers (ACs) and HAM/TSP patients [28,45]. On the other hand, in ATLL patients, HBZ is found in both the cytoplasm and nucleus of a malignant cell, regardless of clinical type [57,58]. Therefore, it is more likely that sub-cellular localization also strongly influences the outcome of HTLV-1 infection in different infected individuals (Figure 2). The translocation of HBZ protein to the nucleus may result in the development and progression of ATLL, which indicates that this displacement (cytoplasmic-to-nuclear) involved in oncogenesis.
Furthermore, HBZ mRNA is also functional in the nucleus, can interact with RNAPII, and inhibits the transcription machinery. This mechanism reduces LTR chromatin, suppresses Tax expression, and shuts down virus production [59]. On the other hand, it has been reported that nuclear retention of HBZ RNA would prevent the expression of the HBZ protein from reducing the provirus production and escaping from host immune responses. Since, apart from specific CTLs to TAX, CD8+ T cells specific to HBZ also effectively control HTLV-1 dissemination [60].
Thus, this question arises in the absence of HTLV-1 regulatory factors and silencing of proviral expression, how is the survival of the infected cells achieved or maintained? Moreover, challengeable in acute and lymphomatous types of ATLL which HTLV-1 provirus is in an active condition. Furthermore, it is well-known that the manifestations of HTLV-1-associated diseases in the minority of infected subjects are related to the viral factors and the host genetics and epigenetics characterizations in response to the infection. Changing the epigenetic strategies in both players (HTLV-1 and humans) determines the virus activity toward associated diseases such as HAM/TSP, ATLL, or latency. It achieves the strength to escape from host immune responses. 
Cytotoxic T cells (CTLs) roles in ATLL 
TAX is a potent immunogenic molecule for CTLs, which puts pressure on HTLV-1 infection toward elimination. Thus, in the absence of TAX, which molecule supports the survival of ATLL cells and their progression? Due to the high expression of HBZ mRNA and HBZ proteins, it is more likely to introduce HBZ as an alternative for TAX activities in the ATLL cells to maintain malignancy. However, by a deep insight into the literature, this hypothesis still seems controversial. Because HBZ localizes in cytoplasm, it should be presented by DCs and HBZ-specific CTLs, at least putting pressure on HBZ-bearing infected cells. In recent years, studies showed that apart from specific CTLs to TAX, CD8+ T cells specific to HBZ also have a lytic effect on HTLV-1 infected cells and may effectively control HTLV-1 activities [60]. If nuclear retention of HBZ mRNA can prevent expression of the HBZ protein and reduce the virus production (see pathogenesis section). Thus this question arises in the absence of HTLV-1 regulatory factors and silencing of proviral expression, how the survival of the infected cells is achieved or maintained, or how acute and lymphomatous types of ATLL develops in the absence of virus in an active condition [61].
HBZ molecules bind to the CREB-2/CREB and eliminate the CREB-2/CREB coupling with the Tax-responsive element (TxRE) in the cyclic AMP-response element (CRE), and consequently, the Tax-mediated transcription was suppressed [62,63]. On the other hand, HTLV-1-HBZ interacted with CBP/p300 and repressed the transcription of the 5' LTR by TAX [64]. Therefore, HTLV-1 by HBZ expression and proper localization in ATLL cells can evade host immune defence by inhibiting the most immunogenic factors of HTLV-1 infected cells (Figure 2).
Latency in pathogenesis
In addition to direct cell-to-cell transmission, it is well-known that mitosis of HTLV-1 infected CD4+ T cells is another mechanism for virus dissemination within the human body. In HTLV-1, the virus replicates and transmits to the daughter cells in any event of infected cell activation, such as an Ag encounter [41,65-67]. T lymphocyte activation is a mitosis process, leading to the expansion of the host immune responder clones to overcome the danger signal, particularly infection. In the case of retroviruses such as HTLV-1, activation and clonal expansion of the CD4+ T cells (T helper) after Ag recognition can participate in proliferation and raise the number of virus-infected reservoirs.
It is well-known that TAX is the main trans-activator of the virus for entering, replicating, and the main immune-dominant protein of HTLV-1. In addition, HBZ is the leading player in HTLV-1 activities and the outcome of infection. However, host immune responses have robust TAX and HBZ-specific CTLs to eliminate virus-infected cells [60,68,69]. Therefore, this interaction of the virus with the host immune response drives the virus toward latency or elimination. The repression by the HTLV-1-HBZ and inducing the host growth factor production to coordinate the transformation of infected cells without immortalization secures the HTLV-1 persistence for years. Potentiation of HBZ expression for suppression of TAX production and consequently the virus immunogenic factor decrease to the lower threshold level necessary for recognition by TAX specific CTLs. 
However, the number of infected clones is sustained before the latency happens. Therefore, latency events depend on the CTLs pressure on the virus for elimination [60,68,69]. In this phase of the HTLV-1 life cycle, the number of HTLV-1-infected cells is nearly maintained under the host immune responses threshold. However, persisting infected CD4+ T cells auto-proliferation and clonal expansion continue by activating mitosis [57,70,71]. Auto-proliferation of infected cells in latency not only promoted HTLV-1 survival but also seemed to be a critical stage in the malfunction of the host immune system toward autoimmunity and malignancy [72,73]. Bangham et al. argued against complete latency of the virus in vivo because sustained active CTLs responses exist in HTLV-1 ACs, irrespective of the PVL count [69]. These events are the main interactions of virus and host immune responses to ensure survival, resulting in the initiation of signalling abnormalities and susceptibility to malignancy. In the absence/very low expression of Tax, but with HBZ molecules, many infected CD4+ T cells activate some cell signalling pathways to induce growth factors for T cell survival and maybe cell transformation. HBZ (details in the following sections), over-expression can promote viral replication to coordinate the survival of HTLV-1 and infected cell proliferation [74]. The changes in the TAX immunogenic epitopes or suppression by HBZ or the absence of defective HTLV-1 can reduce TAX-specific CTLs or the absence of a proper target to eliminate [75,76]. However, as was previously mentioned, HBZ also has immunodominant epitopes that can activate strong CTLs responses. Due to the presence of these cytolytic cells, nuclear retention of HBZ mRNA also suppresses the expression of the HBZ protein to reduce the provirus production and escape from host immune responses [60]. However, most authors argued that low immunogenicity of HBZ in latency and continuation of growth factor secretion from infected cells leads to the maintenance of oncovirus, causing ATLL in susceptible hosts [61].
HTLV-1 oncogenesis; molecular pathogenesis 
Clonal expansion of HTLV-1-infected CD4+ T cells 
After early transmission, the clonal activation of infected cells supports the HTLV-1 dissemination. HTLV-1 uses two types of replication and spreading in the body, (i) cell-to-cell contact by replication in an infectious cycle, virus budding, and entering the new target cells through the virological synapse, cellular conduit, or biofilm [7,58,59,77]. (ii) The infected Th activation induces auto-proliferation by mitotic division [7,67]. In the smear test for WBC differentiation, the presence of flower cells represents auto-proliferative CD4+CD8− T cells, which is the characteristic morphology of the ATLL phenotype of cancerous cells. The molecular phenotype of these cells has changed to specific markers that are representative of Treg cells, such as CD25, C-C chemokine receptor type 4 (CCR4), and glucocorticoid-induced TNF receptor (GITR), and the transcription factor of forkhead box protein P3 (FOXP3) [78,79]. In addition, monoclonal transformation is a significant characteristic of ATLL cells [12], while the oligoclonal auto-proliferation of the infected CD4+ T cells has been suggested for HAM/TSP patients [80]. The polyclonal population of the Th infected cells was observed in ACs [81-83] (Figure 2). Using the diversity estimator (DivE) method in the HTLV-1 ACs, Laydon et al. estimated a median of 28,000 infected clones in the blood and around an average of 62,000 in their whole body [84]. These positive clones could survive for many years [60]; however, it can hardly estimate the role of newly infected clones via cell-to-cell contact in increasing the clonality or mitotic division in the persistency of each clone.
The central implicated pathways in cell expansion/transformation and the pathogenesis-related to the HTLV-1 regulatory effects of TAX and HBZ on cell survival signalling networks such as NF-κB, MAP kinase (p38), phosphoinositide 3-kinase (PI3K)/AKT/mTOR pathways; cyclins (CYC), cyclin depends on kinases (CDK), mitogen-activated protein (MAP) factors, and Bcl2 family [4,68,78,85]. Another targets are cell DNA repair systems mainly BCRAs [5,86], RAD 51 [87], and cyclic AMP-responsive element-binding protein (CREB) [85,88]. Apart from manipulating the cell signalling networks in favour of cell division/auto-proliferation, T cell growth factors are also pivotal for the G1 to S phase entry for commitment to mitosis and cell division. Therefore, high and persistent production of such reagents is necessary for Th cell activation and transformation, such as IL-2, IL-2Rα, IL-15, IL-4 granulocyte-macrophage colony-stimulating factor (GM-CSF), as well as vascular endothelial growth factor receptor 2 (VEGFR2) and TGF-β [11,87,89-93]. For example, DNA repair pathways and Smad by HBZ have central roles in the development and progression of ATLL. At the same time, the growth factors, immune system deregulation, and proliferation factors by TAX are involved in the development and progression of HAM/TSP and the host inflammatory pathways [89,90]. The main players of HTLV-1 regulatory factors and the cell signalling networks in the development of ATLL will discuss in detail in the next sections.
HTLV-1 genome integration and clonality
Most infected cells in ACs have a single integrated provirus, and during mitosis, sister cells will have the same integration site [78,94]. On the other hand, any ACs own many distinctive infected T-cell clones [95]. Therefore, the exact number of infected T-cell clones circulates in ACs and, most importantly, how many cells exist in any clone is not clearly defined [78,94,95]. Identifying the HTLV-1 genome integration sites is pivotal for better understanding the outcome of infection and designing effective therapies. Multiple intensive studies on the retroviruses integration sites have shown that the transcribed DNA virus insertion is not random [21,92,96]. Recently, Artesi et al., by the inverse PCR sequencing (PCIP-seq) technique, determined the integration sites of HTLV-1 and then confirmed the method's precision by clone-specific PCR. They demonstrated that with the PCIP-seq method, three major proviruses integration sites are located on chr5, chr16, and chr1 in an ATLL patient [97]. The findings indicate that some host genome sites should be more prone to provirus integration, promoting HTLV-1 oncogenesis. Therefore, if the integration sites and clonality are not random, they concluded that clonality should be polyclonal in ACs, oligoclonal in HAM/TSPs, and monoclonal in ATLLs (Figure 2). The insertion site identification has been introduced as a potential tool for monitoring HTLV-1-associated disease development and progression [98]. Together with clonality assessments using high-throughput sequencing techniques, such attempts could provide precise tools for genetics and epigenetics characterization of the ATLL patient for targeted therapy as it has been performed in leukaemia [99]. Overall, the heterogenicity of the clonality and insertion sites in acute and lymphomatous types in ATLL patients, the highly precise tests, such as the high-throughput techniques, might help introduce optimal targeted therapy and standardized care for each subject (personalized medicine).
Surprisingly, many of those clones in ATLL (around 56%) have two different types of defective provirus, with a higher frequency of type 2 defective HTLV-1 (43%) [100]. Defective provirus type 2 cannot express Tax due to the deletion of the 5' LTR or the deletion of the second exon. However, the HBZ sequence remains intact and frequently expressed [101]. These types of provirus are integrated into the host genome and seem to comprise a higher number of infected clones than those with complete proviruses. A defective virus may exist via; (1) Tax silencing to evade the host immune responses, (2) gene nonsense mutation or insertion and deletion; (3) LTR loss in 5'-end; and (4) 5'-LTR DNA methylation, which is discussed in various studies [19,102-104]. These clones containing defective HTLV-1 are more proliferative than those intact [92]. Most authors suggested a single integrated HTLV-1 provirus in infected cells, while in vivo study could not exclude the possibility that some clones have more than one integrated provirus, particularly in the ATLL transformed clones [57,95]. Therefore, it is practically impossible to ignore the role of defective HTLV-1 proviruses in the pathogenesis of HTLV-1-associated diseases. Moreover, in acute and lymphomatous types of ATLL, the frequency of defective provirus was very high compared to the chronic types, demonstrating a close relationship between defective viruses and the progression of aggressive diseases.
Remarkably, a prominent recent study by the Capture-Seq method on 215, 306, and 207 ATLL, HAM/TSP, and ACs subjects showed that defective proviruses existed in all associated diseases, particularly in the ATLL patients [105]. However, in more than 43% of ATLL cases, Tax as the main transcript and oncogenic factor is absent in defective proviruses.
HTLV-1 Tax as an oncogenic factor 
Tax is encoded by the sense HTLV-1 genome, increasing the cell-to-cell transmission and clonal proliferation of the infected cells and, consequently, PVL. Moreover, TAX has a central role in these tactics by promoting T cell activation, clonal proliferation, and suppression of cell death [85,106]. The role of TAX in cell-to-cell transmission, T cell activation, and clonal proliferation has been reviewed in detail [7].
This viral regulatory molecule is a strong pleiotropic transcription factor in Deltaviruses, which can activate many cell cycle activators and cell survival networks in infected T cells [91]. For instance, it can potentiate the expression of various host genes associated with the clonal activation, proliferation, and repair of DNA damage, such as CREB, NF-κB, AP-1, and NFAT [91,107-110]. Expression of these factors in Tax transgenic mice displays tumorigenic and inflammatory activities. Findings in Tax transgenic mice demonstrated that HTLV-1 Tax alone has been adequate to induce oncogenesis and induce a high frequency of inflammatory diseases such as arthritis [111-115]. Moreover, using this model, it has been confirmed that some implicated biomolecules in the progression of HTLV-1-associated diseases, particularly ATLL [116], induce hypercholesterolemia in resistant animals [117].
TAX is a potent transcription factor that interacts with the CREB and conscripts the co-activator of the CREB binding protein (CBP). A viral CREB, located within the promoter of the provirus, serves as the recognition element for the members of the activating transcription factor/CRE binding protein (ATF/CREB) family [118]. The cellular CREB is pivotal in facilitating TAX transactivation and is implicated in cell cycle progression and viral transcription [119,120].
Overall, virological and immunological differences between the AC and ATLL patients have been elucidated that the virus-host interactions play a prominent role in the manifestation of ATLL, including HTLV-1-PVL, Tax, HBZ expressions, and also the activation of Tax-specific CD8+ T cells, deterioration of signalling pathway and production of inflammatory cytokines (Figure 3). Therefore, in vivo pleiotropic functions of Tax showed that it could change the epigenetics conditions in host and virus during establishing and latency and is critical in the manifestation of HTLV-1-associated diseases [85,121]. However, as mentioned in the previous section, the absence of Tax in the most aggressive type of ATLL showed that TAX and other viral proteins must involve in tumorigenic activities of HTLV-1 [103,122].
For example, HBZ was significantly overexpressed in ATLL infected cells, therefore, perhaps Tax is implicated in the development of malignancies, but HBZ promotes the required progression and maintenance. 
Tax as a viral oncogene does not have any recognized cellular homolog [90,107,123] but can induce many different cellular genes for the T cell growth and activation, such as IL-2, IL-2Rα, GM-CSF, TGF-β, IL- 4, and IL-3 as the well-known cytokines for supporting the cell cycle progression, and also the cellular oncogenes in the survival pathways such as Bcl-xL, c-Myc, c-Fos, c-sis, c-r, JunB, JunD, and also NF-kB, PI3K/AKT, CREB, and MAPK [124] (Figure 3). Whether the continued Tax expression is required for the transformation remains controversial, as in vivo studies in T cell proliferation assume that Tax is not necessary to maintain the cancerous phenotype [100].
Altogether, these findings demonstrated that Tax might initiate the T cell transformation, but at later phases of the ATLL may not be necessary for maintaining the transformed cells.
Notably, in many HTLV-1 infected subjects, TAX is the main immunodominant antigen for the host-specific CTL responses, which provide immune pressure on the virus [125]. In such a situation, the virus must down-regulate or turn off the Tax expression and enter the latency stage. In the absence of the TAX molecule, the question can be raised: which viral transcription factor induces the IL-2 and IL-2Ra growth factors to maintain ATLL cells? Along with evading the host immune responses by the silencing Tax, HTLV-1 still has the potency to induce clonal expansion and leukemogenesis progression; how?
According to these results, TAX protein has a duality act in which its expression induces proliferation. Its immunogenicity also arouses the host's specific cytotoxic T cells to eliminate the HTLV-1-infected cells.
Tax and infected cell survival 
Tax and NF-κB pathways
The HTLV-1 TAX oncoprotein is a potent activator of the NF-κB in canonical and non-canonical pathways [126] (Figure 4). When TAX activates IκB kinase γ (IKKγ) in a direct interaction manner with the 201-250 amino acid residues of IKKγ [127], the inhibitory effect of IκB from the NF-κB activation was removed [128]. The formation of a composition with TAX, protein phosphatase 2A (PP2A), and IKKγ form a stable ternary structure to degrade the IκB. Canonical and non-canonical NF-B pathways are the most crucial target for HTLV-1 Tax implicated in cell survival and transformation in cell lines and freshly isolated ATLL [109,129,130]. These events in the infected T cells are initiatives for cell transformation and inflammation [129,131-134]. Thus, inducing this pathway by the viral TAX oncoprotein plays a pivotal role in the infected cell's survival by inhibiting apoptosis, cellular proliferation, and transformation [126]. It has been recently demonstrated that the non-canonical NF-κB pathway also has crucial roles in the modulation of immune functions. Its deficiency results in a severely immunocompromised situation, implicating many different malignancies' pathogenesis and inflammatory and autoimmune diseases [135]. Furthermore, TAX can act as a potent activator of CD4+ T cells and, consequently, auto-proliferation independently through the NF-κB pathway by inducing IL-15 and IL-2 production [93,136-138]. Intriguingly, there is a positive loop between Tax and NF-κB pathway, as Tax can activate NF-κB, which is necessary for the expression of Tax [139].
Likewise, in recent years, it has been shown that HTLV-1-Tax can functionally activate the enhancer of zeste homolog 2 (EZH2), which can induce many signalling pathways in embryogenesis, particularly the NF-κB pathway (Figure 4). EZH2, as a histone-lysine N-methyltransferase enzyme, is a component of polycomb repressive complex 2 (PRC2). It can inhibit suppressor genes' function and potentiate cancer progression polycomb repressive complex two hyper-activation with genome-wide H3K27me3 accumulation, which is the unique transcriptome of ATLL cells. HTLV-1-Tax and NF-κB expression can increase the expression of the H3K27 methyltransferase enhancer of zeste 2 [140]. Tax or higher activation of NF-κB by Tax can hyper-activate these important molecules of epigenetics. It can be suggested that epigenetic abnormalities might be earlier measures in leukemogenesis. The authors estimated that these new findings in molecular mechanisms of leukemogenesis (progressive accumulation of epigenetics) could change our understanding of the immortalization and clonal progression in ATLL [141]. Of course, it has been reported that in ATLL patients, in the absence of Tax in infected CD4+ T cells, NF-κB is not necessary to participate in leukemogenesis. Horie et al. have suggested that CD30 may serve in a Tax-independent manner to activate NF-κB, as this molecule is oncogenic in Hodgkin's lymphoma [142]. The high TAX production seems harmful to infected cells [143], and HTLV-1, in some conditions, has active mechanisms to inhibit Tax expression [144]. Notably, ATLL cells in the absence of Tax, progressing in malignancy condition and its loosing, provide advantages for cancerous cells' survival as CTLs cannot recognize them [145]. Therefore, many authors have been suggested that in the absence of Tax, other HTLV-1 proteins can activate non-conical NF-κB via the PI3K/Akt pathway for cell transformation and cancerous progression (see HBZ section) (Figure 4).
Tax and PI3 kinase pathway 
Although, accumulation data suggested that Tax-dependent NF-κB activation orchestrated the main events of HTLV-1 oncogenesis by inducing many cellular pathways [146,147]. In conclusion, contradicting studies reported that not only Tax but also NF-κB is not indispensably necessary for cell transformation [85,119]. The HTLV-2-Tax, with 77% homology with HTLV-1-Tax, has very low transforming activity, while it can powerfully activate the NF-κB pathway. Therefore, it is unclear whether other HTLV-1 molecules or mechanisms other than NF-κB activation transform the infected cells [148-150]. Challenging findings have been reported on the role of hypermethylated cancer (HIC) complex on repressor activities of Tax in HTLV-1 infected cells. It is more likely that HIC negatively modulates two essential Tax functions, LTR transcription and NF-κB activation, by changing Tax subcellular distribution and stability. The studies showed that this complex is functional in HTLV-1 infected cells without mutation [151,152]. HIC agent acts as a tumour suppressor in many malignant cells [153] and seems active in HTLV-1 infected cells, like other tumour viruses [154,155].
Altogether, these questions are yet to be clearly explained, how does Tax orchestrate HTLV-1 infected CD4+ T cell activities? Which molecules are promoting infected cell proliferation, cancer development, and progression? Maybe in the early stage of transformation, Tax induces IL-2 and IL-2R production and indirectly activates the JAK/STAT and the JAK/PI3K/AKT/mTORC1 pathway in IL-2–responsive ATLL cells (Figure 5). It is well-known that IL-2, the primary T cell growth factor, participates in T cell malignancy [156-158]. PI3K/Akt pathway contains around eight members that regulate cell survival, proliferation, and transformation in many different malignancies [159]. In the case of HTLV-1 infection, PI3K/Akt pathway has been reported to act as Tax and an NF-κB activator (mainly non-canonical pathway) in ATLL cells. Remarkably, several reports have suggested the implication of the PI3K pathway in the ATLL as a common feature of Tax and HBZ-transformed cells. Treating IL-2-independent HTLV-1-transformed T-cells by PI3 kinase inhibitors results in p27KIP1-dependent cell cycle arrest and inhibiting cancerous conditions [160,161]. In our system biology work, the most differential pathway involved in the cell transformation is PI3K in the ATLL compared to the ACs and HAM/TSPs [89].
Moreover, our gene expression study in the ATLL patients demonstrated that Akt is potentiated strongly in the cancerous infected cells [90]. Of course, it should be noted that PI3K pathways have very crucial roles in the normal functions of B cells and several T cell subsets [162]. Furthermore, PI3K/AKT/mTOR is one of the main signalling pathways for the activation of NF-κB, which orchestrates cell survival and proliferation [163]. Apart from Tax, HTLV-1 HBZ is also essential in activating the PI3K/Akt pathway and, consequently, the malignancy persistence. Therefore, these studies indicate that the PI3K/Akt pathway and in some studies, PI3K-δ is a potential target in ATLL for therapeutic purposes (Figure 5).
HBZ and the maintenance of the malignancy
HBZ, a strong onco-molecule
It has been previously argued that without the Tax expression as a robust transcription and oncogenic factor in most ATLL cells, the oncogenic molecules maintain and progress the malignancy. Gaudray et al. showed an HTLV-1 viral protein, HBZ, that could bind to CREB2 [62]. The HTLV-1 HBZ is a very complicated regulatory factor produced in three different isoforms, unspliced (usHbz) and two spliced (sHbz) mRNAs and proteins, which can modulate the viral and cellular gene transcription [164-166]. 
The HBZ structures, biochemical properties, and functions are novel hotspots in oncogenicity research. It can hijack the cytokine signalling networks converting HTLV-1 infected CD4+ T cells toward Treg differentiation to produce anti-inflammatory cytokines, including IL-10 and TGF-β [122,167] (Figure 6). Therefore, different forms of HBZ, including sHBZ, usHBZ, and HBZ mRNA encoded from the antisense strand of the HTLV-1 genome, are functional in the HTLV-1 associated diseases [168].
Although the main activities of HBZ are still unclear, the advanced studies suggested regulatory and oncogenic potentials in the maintenance and progression of malignancy in ATLL [6,169].
In the first steps of infection, HTLV-1 orchestrates replication by expressing Tax and its activities, with a probable transient expression of HBZ. There is no particular marker for this intermediate transient step, and it is unclear if HBZ expression can determine the forms and cell compartments. Nonetheless, this molecule can be implicated after expression in the manifestation of HTLV-1-associated diseases and ATLL (see pathogenesis section). HBZ, i.e., HBZ protein and HBZ mRNA, could modulate p53 and suppress apoptosis to induce T cell proliferation [170]. 
In the early phase of the HTLV-1 infection, it is possible to trace each molecule's Tax and HBZ co-expression or selective expression in the infected cells with proper device assessment. However, going through the leukemic stage, HTLV-1-HBZ may be activated in the nucleus (Figure 2). More studies are needed to confirm the hypotheses on the role of co-expression of HBZ and Tax in the initiation of cell transformation and malignancy. Moreover, if HBZ implicates the maintenance of the cancerous stage, a specific form of HBZ may be involved in malignancy. Thus, it is possible to use the expression of the HBZ in the cytoplasm as a prognostic marker of HAM/TSP or asymptomatic stage; and localization in the nucleus as a prognostic marker of ATLL (Figure 2). Whether any particular interactions between a host factor and viral agent happen, it leads to retaining HBZ in different expression forms and cellular compartments. More importantly, are these mechanisms related to the manifestation, the severity, or even the progression of the HTLV-1-associated disease? 
The leading roles of HBZ in the infected cells are stimulation of the cell survival pathways and inducing growth factor production, which is necessary for tumour development and progression. Therefore, although it is well-known that Tax is a potent oncogene of the virus [171], HBZ has a powerful impact on HTLV-1 oncogenesis and cell survival of the malignant ATLL cells. This HTLV-1 regulatory factor down-regulates Tax/Rex-mediated viral replication and, simultaneously, the cell-mediated immune responses. In our recent RNA-seq study on ATLL, Tax expression, as a potent oncogene, showed no significant changes in the malignant cells compared to ACs, but HBZ was strongly increased [91]. In most ATLL studies, HTLV-1 HBZ was expressed only in the nucleus, without co-expression with Tax [172-174]. 
Despite extensive studies, many questions remain unanswered around HTLV-1-HBZ as a recently introduced molecule, particularly behind the mechanism of actions, expression stage, and localization during HTLV-1 infection. What are the mechanisms of production of mRNA and cytoplasmic type of HBZ? How do they work, and how do they implicate in a distinct form of the HTLV-1 infection outcome, for example, AC, HAM/TSP, or ATLL? Moreover, more questions arose in many studies on its immunogenicity, shutting down virus activities, and silencing role in defective virus production [9,59,60]. The documented answers for these dark sides of HBZ compartmentalization and activities are yet to be defined.
Molecular activities of HBZ 
The expression of the HBZ plays an essential role in the progression of ATLL and the maintenance of malignancy mainly by Tax suppression, non-canonical NFκB, and PI3K/AKT activation and IL-2 independent manner the proliferation of cancerous cells and progression of leukemogenesis [90,91,172]. HBZ in both HBZ protein and mRNA forms can interact with other cellular factors such as NFAT, ATF/CREB, RB, p300/CAB, E2F family, JunB c-Jun, JunD, Wnt family, Foxp3, and SMAD pathways. It leads to the suppression of cell-mediated immunity and converts infected CD4+ T cells into TGF-β producing Treg in favour of HTLV-1 dissemination and the development of ATLL [175] (Figs 6 and 7).
Furthermore, HBZ localization might affect the manifestation of the HTLV-1-associated diseases in the infected CD4+ T cells [9]. For example, HBZ expression was detected in ACs and HAM/TSP, which might be related to the development and severity of the disease [176]. The sHBZ could be influential in the proliferation of ATLL cells, while usHBZ could not, and it can potentiate the production of CCR4, FOXP3, and T-cells with ITIM domains [168]. Its mRNA form can inhibit programmed cell death and potentiate the clonal expansion of infected T cells. With challenging arguments around HBZ immunogenicity, more authors still believe HBZ has an intelligent strategy to escape from immune responses because HTLV-1 specific CTLs cannot recognize HBZ RNA to eliminate the infected cancerous cells [166]. 
On the other hand, the inhibitory effect of HBZ proteins on retinoblastoma protein (Rb) releases E2F from suppression to activate the transcription of critical genes for G1/S cell cycle progression and cell proliferation [177]. Moreover, HTLV-1-HBZ has immune-suppressive activities, particularly in ATLL patients; for example, it can suppress the NFAT and AP-1 in CD4+ T cells, causing some degree of susceptibility to infections such as Strongyloides stercoralis [178], and Staphylococcus aureus [179]. However, the exact reasons for immunodeficiency in HTLV-1 infected subjects have remained unknown. It is estimated that it should be due to IFN-γ suppression through the adverse effects of HBZ on NFAT and AP-1 in CD4+ T cells [168,177,180] (Figure 7). 
HBZ and PI3/AKT/mTor
As previously mentioned, HBZ can inhibit the canonical NF-κB pathway and induce non-canonical NFκB, PI3K/AKT, and MAPK p38 pathways, suppressing the pro-apoptotic factor BIM and inducing maintenance signals for the ATLL infected cells. The strong expression of AKT in our analysis and its association with HBZ revealed that HBZ was more critical than Tax in the ATLL development, maintenance, and progression [90]. It is a remarkable target for diagnosis, therapy, and possibly vaccine development. Our RNA studies also showed that TCR signalling was not involved in ATLL progression and cell proliferation because the downstream transcription factors, i.e., the Jun (the AP-1 subunit) and NFAT, were not significantly changed [89,91]. The gene expression study demonstrated that the LAT signalling pathway in TCR activation was implicated in ATLL maintenance [87]. It has been shown that Tax can induce the expression of c-fos (another AP-1 subunit) in the proliferation of ATLL cells, but HBZ represses the downstream of TCR signalling such as AP-1 and also NFAT [166]. 
The main question in this regard is; if TCR signalling is not involved in ATLL progression, how the growth factor for promoting the cell cycle is provided independently to the IL-2 when Tax is absent, and consequently, how HTLV-1 infected CD4+ T cells are transformed to proliferate and survive? As the HTLV-1 oncogene, Tax can activate many growth factors such as IL-2, IL-2Rα, IL-15, and GM-CSF. However, studies in endemic areas on ATLL patients have not reported tax expression in 60 to 100% of cases. So, how the HTLV-1 molecules can promote the growth, survival, and proliferation of malignant cells? Many studies were conducted to find out the main HTLV-1 factor, other than Tax, for early T cell transformation and clonal expansion of ATLL CD4+ T cells, but no adequate results have yet been achieved. This argument is a dilemma, and the question remains unanswered whether HBZ discovery and over-expression of this molecule are sufficient for the proliferation, survival, and maintenance of ATLL cells.
Satou et al. suggested that HBZ mRNA is expressed in all ATLL cells, which might be the case. However, it is unclear whether it is appropriate evidence to consider HBZ isoforms to interpret ATLL occurrence. The HBZ transgene mice potentiate CD4+ T-lymphocyte proliferation quite mildly, but no ATLL-like cells arise [172]. Furthermore, more importantly, there are no differences between HBZ-deficient and HBZ-bearing ATLL cells in vitro. On the one hand, in vivo studies revealed that HBZ is not replaceable in ATLL for virus replication and infectivity or transformed cell maintenance [181]. On the other hand, Vandermeulen et al. reported that Tax could reprogram the early steps of the T-cell transcriptome divergence by a takeover of the U2AF complex, a regulator of pre-mRNA splicing [182].
With such challenging results, is it possible to find one of particular Tax or HBZ isoforms as a reliable candidate for initiating cell transformation toward ATLL? For example, if HBZ protein restrains Tax activation of E2F1, at the same time, HBZ mRNA form can potentiate E2F1 expression and subsequently cell proliferation (Figure 6).
Cell death suppression
Many factors, such as viral and cellular factors, can act as cell transformation agents. For example, in the case of HTLV-1 BCL-xL, BAD expressions were up-regulated [183], but BIM gene expression was down-regulated in the ATLL cells to suppress apoptosis [184]. In our high-throughput studies also, BCL2A1 [89] and BCL2L11 (BIM) genes were up-regulated and down-regulated [185], respectively. In the early stage of the infected cell transformation, apoptosis is inhibited by constitutive production of Bcl-xL, induced by Tax, and leads to leukaemia promotion [186,187]. High throughput and gene expression studies in our laboratory had very controversial results in the up-regulation or down-regulation [87,91] of BIM in infected cancerous cells. However, Mühleisen et al. showed that Tax expressing cells became resistant to cell death by suppressing the expression of pro-apoptotic BH3-only proteins, BIM, and BID [188]. Overall, it can be suggested that the BIM expression, as an element of the intrinsic apoptosis pathway, does not have a pivotal role in the ATLL cell transformation. 
In contrast, HTLV-1-HBZ can suppress the transcription of BIM as a pro-apoptotic gene and decrease the activation-induced cellular apoptosis. Thus, BIM is an indirect target for HBZ since it suppresses apoptosis in the transformed infected cells [189]. Furthermore, as an anti-apoptotic molecule [90], BAD and TRIM 31 and TRIM 59 expressions, which synergistically affect cell survival and proliferation [190], had insignificant changes in the ATLL cells. However, in various other cancers, the expression of TRIM 59 over-activates the PI3K/AKT/mTOR pathway, which is necessary for the maintenance of cancerous conditions and strongly up-regulated in the ATLL cells [90]. Therefore, like other cancers, the TRIM family, particularly TRIM59 and TRIM31, might be good candidates as therapeutic targets that may prevent ATLL growth, progression in acute and lymphomatous aggressive chemo-resistant forms, and overcome the resistance to anticancer therapies [190-192]. 
Survivin (BIRC5) protein is another member of the anti-apoptotic family. Previous studies have shown that BIRC5 is over-expressed in the ATLL cells [91,193]. It is well-known that the PI3K/Akt/p70S6K1 pathway is essential for regulating and expressing survivin (BIRC5) in cancer cells [194,195]. Therefore, the PI3K/AKT/mTOR signalling pathway's vital role and association with HBZ revealed that HBZ is more effective than Tax in the ATLL development and progression through modulation of apoptosis pathways [89-91,160,161,172]. Furthermore, PI3K/AKT/mTOR is one of the main signalling pathways for activating non-canonical NF-κB, which, in turn, orchestrates cell survival and proliferation [163] (Figure 5).
Many studies have reported that activation of HTLV-1 factors (Tax or HBZ) alone is insufficient to provoke the malignancy and its progression because the outcome of this infection in the forms of associated diseases happens in a minority of infected subjects. Therefore, as this review also shows, the epigenetics mechanisms during interactions between virus and host determine the outcome as ACs, HAM/TSPs, or ATLLs. Many host factors, such as activation of the cell cycle oncogenes, cell survival pathways, and production of lymphocyte growth factors, are necessary for the transition to a neoplastic situation [61,91,196,197]. 
Overall, the expression of HTLV-1-HBZ in the form of mRNA or protein may support the maintenance of leukemic cells and cancerous conditions. The findings showed that HTLV-1-HBZ in the ATLL cells significantly expressed at a high level, without any prominent expression of Tax [91,198]. 
ATLL treatment regimens
The epigenetics studies on simultaneous interactions between HTLV-1 and the hosts have been scarce to define the exact mechanisms of the pathogenesis. However, during more than 40 years of attempts and despite improvements in both chemotherapy and supportive care, the prognosis and therapy for ATLL do not substantially differ from two decades ago [199-201]. 
Generally, chemical and cytokine-based therapies have been the most used regimen for ATLL treatments [202-204]. In a nationwide survey of 1,594 ATLL cases between 2000-2009 in Japan, although the median survival time for the most benign form of ATLL (smouldering) and chronic was more than five years, the lymphomatous and acute leukemic forms have bad survival times (5-11 months) [205]. The classical combination therapies such as cyclophosphamide, vincristine, doxorubicin, dexamethasone (hyper-CVAD), lenalidomide/zidovudine (ZDV), cyclophosphamide/doxorubicin/vincristine/prednisone (CHOP)/interferon-α (IFN-α), and ZDV for lymphomatous and acute leukemic types of ATLL were used in many endemic areas [206,207]; including our experiences for more than 20 years (Rezaei Borojerdi et al. under review; https://www.researchsquare.com/article/rs-6734/v1). For example, in the study of acute leukaemic and lymphomatous ATLLs, the efficacy of the IFN/ZDV, hyper-CVAD, lenalidomide/ZDV, CHOP, as well as IFN-α/ZDV/arsenic (ARS) were evaluated in different types of ATLL patients [207,208].	Comment by Shannon Steele: Define at first mention	Comment by Shannon Steele: To be defined above
Although some studies achieved better responses with the IFN/ZDV, our clinical experience showed that the old chemotherapy might be more effective, i.e., CHOP therapy. In the Japanese study, the median survival time of lymphomatous and acute forms of such patients was still less than one year (11 months) (Rezaei Borojerdi et al. under review; https://www.researchsquare.com/article/rs-6734/v1); [207,209]. Some other therapies were also suggested as novel therapies; however, there were no promising results when tested by other clinicians in other centres [156,206,208,210].
From many different studies, simultaneous studies of the virus and host interactions and deep insight into the epigenetic changes in gene expressions are the only way to understand the pathogenesis and find appropriate targets for the therapy. Our recent systems biology studies showed that besides HTLV-1-PVL and some suggested targets in host signalling pathways, HBZ, AKT/mTOR, breast cancer type 1 (BRCA1), and VEGFR might be better biomarkers in the prognosis, and ATLL therapy [89,91]. 
Many cancers, such as ovarian, breast, leukaemia, BRCA1, or BRCA2, had promising results. However, the monitoring of targeting BRCAs in the treatment of those cancers had some resistance, to which other DNA repair pathways such as RAD51 can overcome the impact of poly(ADP-ribose) polymerase inhibitors (PARPi) in cancer therapy [211,212], and the most importantly in ATLL. We have previously demonstrated that RAD51 was strongly over-expressed in ATLL patients [87]. Thus, although the inhibitors of BRCAs have encouraging results for most malignant cancers, it seems that PARPi therapy cannot be an appropriate treatment for ATLL. Therefore, ATLL patients still encounter an inadequate response with currently available therapies; thus, due to the slow spreading of HTLV-1, proper treatment for its associated diseases must be considered.

Concluding remarks and future directions
With extensive knowledge of HTLV-1 oncogenicity, the exact impact of HBZ inducing the HTLV-1 associated diseases is yet to be further studied. More likely, such studies should mainly benefit from the complexity theory to study the interactions of two intelligent organisms, host-microbe, in the manifestation of distinct outcomes.
Thankfully, since the discovery of HTLV-1, different studies on the leukemogenesis of ATLL have defined some viral proteins which induce virus replication and the host cellular transformation. Furthermore, the accumulated findings on the HTLV-1-associated diseases demonstrated that the manifestation of diseases is a complex game of host-virus interactions in an epigenetics manner. Moreover, when the disorders are manifested, e.g., ATLL in this review, the mechanisms are more complicated among diverse players, such as HTLV-1 evading and oncogenic factors, host immune responses, and the malignant strategies in cancerous cells for survival and progression. This review revealed that, although many studies were performed to justify the mechanism behind the pathogenesis of HTLV-1-associated diseases. More studies should be conducted to clarify the underlying mechanisms of the viral infection in malfunctioning the immune system in the manifestation of HAM/TSP and the oncogenic effects implicated in leukaemia/lymphoma disorders.
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Figure legends
Figure 1. Schematic representation of HTLV-1 genomic map. HTLV-1 is an enveloped retrovirus with a double positive-sense RNA genome, which is soon converted to double-stranded DNA after the cell entry to integrate into the host genome as the HTLV-1 provirus. The structural proteins, including Gag, polymerase, and envelope, are encoded from the transcribed mRNA. The env gene encodes envelope glycoproteins (Env, gp46, and gp21) responsible for the specific binding of HTLV-1 to the cell receptor(s). The HTLV-1 regulatory and accessory proteins, such as TAX, Rex, and HBZ, are mainly produced by mRNA splicing, orchestrating the virus replication, and targeting many cellular factors involved in cell survival and proliferation and malignancy. The HTLV-1-HBZ is a complicated regulatory factor produced in three different isoforms by unspliced (usHbz) and two spliced (sHbz) mRNAs and proteins derived from the antisense strand of the proviral genome.


Figure 2. HTLV-1-host interactions and the onset of ATLL. Tax induces infected T cell auto-proliferation soon after HTLV-1 infects CD4+ T cells. However, Tax-specific cytolytic T cells (CTLs) can prevent proliferation by eliminating Tax-expressing target cells. Tax expression is suppressed by different mechanisms such as the pressure of Tax-specific CTLs, HBZ inhibitory activities, and emerging Tax abortive HTLV-1 viruses, suggesting that Tax is not necessary for inducing the last stage of ATLL manifestation. Thus, HTLV-1-HBZ may more effectively induce malignancy and maintain the HTLV-1-infected cancerous cells.
Furthermore, HTLV-1 clonality is not random in infected CD4+ T cells since most studies demonstrated that the infection should be monoclonal in ATLLs, polyclonal in ACs, and oligoclonal in HAM/TSPs. The last rows of the figure showed that in the early phase of the HTLV-1 infection, it is possible to trace the Tax and HBZ co-expression or selective localization of each molecule in infected cells. However, more studies are needed to confirm the hypotheses on the role of co-expression of HBZ and Tax in the initiation of cell transformation and malignancy as the critical roles of Tax and HBZ in the cytoplasm or nucleus compartments of infected cells are yet to be clarified. More likely, sub-cellular localization strongly influences the outcome of HTLV-1 infection in different infected individuals. The translocation of HBZ protein to the nucleus may result in the development and progression of ATLL. Besides, HBZ mRNA is also functional in the nucleus, can interact with RNAPII, and inhibits the transcription machinery. Recent studies on cytoplasmic and nuclear localization of HBZ revealed that it is localized only in the cytoplasm of infected cells in ACs and HAM/TSP patients. 

Figure 3. The role of HTLV-1-Tax on cell survival pathways. The balance between cell death and survival detriment the fate of cell function. Programmed cell death (apoptosis) is one of the major strategies of the host immune system for eliminating intracellular pathogens and malignant cells. Therefore, in terms of HTLV-1 infection, Tax as a multifunctional viral factor in the early stage of ATLL development can contribute to viral pathogenesis. Particularly ATLL, these factors induce cell survival signalling pathways such as NF-κB, CREB, PI3K, and growth factors expressions (IL-2, GM-CSF, and TGF-β). During cellular stress, such as HTLV-1 infection, DNA damage, and deprivation from growth-factor, the intrinsic apoptosis pathway (mainly by p53) is activated. The HTLV-1-Tax can actively suppress this pathway to support cell survival. HTLV-1-Tax by activation of CREB pathway promotes cell cycle progression. It also induces activation of the G1/S transition regulation cascade by activating CDK2 and CDK4, and suppression of the Rb family proteins increases free E2F. Also, Tax induced the reduction of p53 and CDK inhibitors such as p16INK4a, p19INK4d, and p27. The Tax also activates the other survival pathways in different manners, such as PI3K/Akt, NFAT, MAPK-ERK, and P38, inducing growth factors necessary for promoting cell proliferation (IL-2, TGF-β).


Figure 4. The role of HTLV-1 Tax on NF-κB signalling pathways and the consequences. HTLV-1 Tax is a potent activator of the NF-κB in canonical and non-canonical pathways. Such activities can act as a potent activator of CD4+ T cells and, consequently, auto-proliferation independently through the NF-κB pathway by inducing IL-15 and IL-2 production. When Tax activates IκB kinase γ (IKKγ) indirect interaction, the inhibitory effect of IκB from the NF-κB activation was removed. These events in the infected T cells are cell transformation and inflammation initiatives. The non-canonical NF-κB pathway also has a crucial role in modulating immune functions. Intriguingly, there is a positive loop between Tax and NF-κB pathway, as Tax can activate NF-κB, which is necessary for the expression of Tax. It has also been shown that HTLV-1-Tax can activate the enhancer of zeste homolog 2 (EZH2), which can induce many signalling pathways, particularly the NF-κB pathway. EZH2, as a histone-lysine N-methyltransferase enzyme, can inhibit the function of suppressor genes and potentiate cancer progression. In such cooperation, HTLV-1 Tax and NF-κB can increase or suppress the expression of many signalling pathways. Higher activation of NF-κB by Tax can hyper-activate these important molecules of epigenetics. Overall, it can be suggested that epigenetic abnormalities might be earlier measures in leukemogenesis. The authors estimated that these new findings in molecular mechanisms of leukemogenesis (progressive accumulation of epigenetics) could change our understanding of the immortalization and clonal progression in ATLL. 

Figure 5. Tax and PI3K/AKT/mTORC1 pathways. In the case of HTLV-1 infection, PI3K/Akt pathway has been reported to act as Tax and an NF-κB activator (mainly non-canonical pathway) in ATLL cells. Gene expression study in the ATLL patients also demonstrated that Akt is potentiated strongly in the cancerous infected cells. Apart from Tax, HTLV-1-HBZ is also crucial in activating the PI3K/Akt pathway and, consequently, the malignancy persistence. Furthermore, HBZ localization might affect the manifestation of the HTLV-1-associated diseases in the infected CD4+ T cells. CCR4, FOXP3, and T-cell with ITIM domains. Maybe in the early stage of transformation, Tax induces the IL-2 and IL-2R production and indirectly activates the JAK/STAT and the JAK/PI3K/AKT/mTORC1 pathway in IL-2 responsive ATLL cells. 


Figure 6. The role of HBZ in the ATLL manifestation. Antisense HTLV-1 DNA genome encodes HBZ, which has immune-suppressive activities on Tax, NFAT, and AP-1 in CD4+ T cells. It causes some degree of susceptibility to infections or even can interact with other cellular factors such JunD, and consequently activation of hTERT inducing epigenetics changes in favour of cell transformation. However, HBZ seems to induce RAD51 and BRCA2 to prevent cell death to decrease the high level of genome abnormality. Notably, HBZ is constitutively expressed in HTLV-1-infected cells of ATLL patients in both HBZ protein and mRNA forms. HBZ can also hijack the cytokine signalling networks converting HTLV-1 infected CD4+ T cells toward Treg cell (Foxp3+-TGF-β+) differentiation to produce anti-inflammatory cytokines, including IL-10 and TGF-β. On the other hand, the inhibitory effect of HBZ proteins on retinoblastoma protein (Rb) releases E2F from suppression to activate the transcription of critical genes for G1/S cell cycle progression and cell proliferation. Furthermore, its mRNA form can inhibit programmed cell death and host-specific CTLs pressure while potentiating clonal expansion of infected T cells. 


Figure 7. The inhibitory and stimulatory effects of HBZ in the ATLL manifestation. The antisense HTLV-1 provirus DNA encodes HBZ, suppressing Tax activities such as inhibiting canonical NF-κB, NFAT, AP-1, and CREB pathways. HBZ molecules bind to the CREB-2/CREB and eliminate the CREB-2/CREB coupling with the Tax-responsive element (TxRE) in the cyclic AMP-response element (CRE), and consequently, the Tax-mediated transcription was suppressed. On the other hand, HTLV-1 HBZ activates the TGF-β/Smad loop inducing the Treg phenotype of infected CD4+ T cells to potentiate the progressive proliferation of virus-infected malignant cells in ATLL patients. TGF-β in a positive loop can activate the SMAD signalling pathway to produce more cell growth factors (TGF-β) for the maintenance of HTLV-1 infected cancerous cells and the progression of ATLL. 












