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Abstract
The review presents the data accumulated for more than 20 years of research of torque teno virus (TTV). Its molecular genetic structure, immunobiology, epidemiology, diagnostic methods, possible replication sites, and pathogenicity factors are described. TTV is a virus that is frequently detectable in patients with different viral hepatitides, in cases of hepatitis without an obvious viral agent, as well as in a healthy population. There is evidence suggesting that biochemical and histological changes occur in liver tissue and bile duct epithelium in TTV monoinfection. There are sufficient histological signs of liver damage, which confirm that the virus can undergo a replicative cycle in hepatocytes. Along with this, cytological hybridization in TTV-infected cells has shown no substantial cytopathic (cell-damaging) effects that are characteristic of pathogenic hepatotropic viruses. Studying TTV has led to the evolution of views on its role in the development of human pathology. The first ideas about the hepatotropism of the virus were gradually reformed as new data became available on the prevalence of the virus and its co-infection with other viruses, including the viruses of the known types of hepatitides. The high prevalence of TTV in the human population indicates its persistence in the body as a virome and a non-pathogenic virus. It has recently been proposed that the level of TTV DNA in the blood of patients undergoing organ transplantation should be used as an endogenous marker of the body’s immune status. The available data show the polytropism of the virus and deny the fact that TTV can be assigned exclusively to hepatitis viruses. Fortunately, the rare detection of the damaging effect of TTV on hepatic and bile duct epithelial cells may be indirect evidence of its conditionally pathogenic properties. The ubiquity of the virus and the variability of its existence in humans cannot put an end to its study.
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[bookmark: _Hlk28268548]Core tip: The review is dedicated to torque teno virus (TTV) discovered in the late 20th century. It presents data on the morphofunctional properties of the virus, its immunobiology, prevalence, transmission routes, possible replication sites, methods for diagnosis and co-infection in liver diseases. The authors tried to analyze the information accumulated in the literature on these issues and to show the evolution of views on the importance of the virus to humans: from its hepatotropism to virome and a marker for the human immune status. Along with this, the review gives data suggesting that there are biochemical and histological changes in the liver and bile duct epithelium during TTV monoinfection. On the one hand, this information points to the possible replication of the virus in the cells of the liver and the epithelium of the bile ducts. On the other hand, the high prevalence of TTV in the population indicates its persistence in the body as a virome and a non-pathogenic virus. Moreover, the fortunately rare identification of the damaging effect of the virus on the cells of the liver and the epithelium of the bile ducts may be indirect evidence of its conditionally pathogenic properties.
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INTRODUCTION
For two decades, the problem of studying torque teno virus (TTV) has occupied the minds of many scientists around the world: TTV is a virus that is frequently detectable in patients with different viral hepatitides, in cases of hepatitis without an obvious viral agent, as well as among a healthy population. TTV was first found in a patient with acute post-transfusion hepatitis of unknown etiology and described by Japanese researchers in 1997[1]. The 58-year-old patient was observed to have an elevated level of alanine aminotransferase (ALT) at postoperative week 9-11[1,2]. At the same time, significant amounts of blood were transfused during surgery. A previously unknown DNA-containing virus was found by PCR assay using the patient’s serum[1].
Initially, the virus got its name from the first letters of the patient’s initials (TT). In 2009, the International Committee on Taxonomy of Viruses (ICTV) gave the virus the name that combines the most common transmission route (transfusion transmitted) and explains the main features of the genetic organization (torque teno) of the virus (the name deriving from the Latin terms "torque" meaning “necklace” and "tenuis" meaning “thin”)[3-5]. TTV belongs to the Circoviridae, genus of the Anelloviridae family[2-6]. After the TTV was discovered, its other isolates were discovered: TTV, torque teno mini virus (TTMV) and torque teno midi virus (TTMDV) (Figure 1)[7], which have significant genome variability[2,7,8].
Studying TTV has led to a significant evolution of views on its role in the development of pathology in humans. The idea of the predominant hepatotropism of the virus has been replaced by the data indicating its asymptomatic persistence in the body as one of the representatives of the human virome. Moreover, it has recently been proposed to use the blood TTV DNA level in patients undergoing organ transplantation as an endogenous marker of the body’s immune status.
However, the currently collected data on the prevalence of the virus in the population, tropism and the pathogenetic aspects of persistence are significantly contradictory. There is evidence suggesting that there may be biochemical and histological changes in liver tissue and bile duct epithelium during TTV monoinfection. There are sufficient histological signs of liver damage, which confirm that the virus can undergo a replicative cycle in the hepatocytes.
At the same time, a number of works indicate that the virus replicates outside the liver tissue, including in the cells of the immune system and lungs. This variety of facts does not allow an unambiguous assessment of the impact of TTV persistence on the development of pathology in the human body. 

MOLECULAR CHARACTERISTICS
Genetic organization of TTV
The TTV particles are spherical in shape, devoid of the outer shell, and measure 30-50 nm[9]. TTV is a small, non-enveloped, single stranded circular DNA virus with negative polarity[3,10,11] (Figure 2)[11]. The genome of TTV has a range of 3.8 kb in length and comprises 3739 bp[5,8,12]. The buoyant density in CsCl of TTV is 1.31–1.34 g/cm3[10].
The TTV genome has a wide range of nucleotide sequences and consists of an untranslated region (UTR) of 1.2 kb and a potential coding region of 2.6 kb[3,5]. Analysis of the DNA coding region revealed that there were at least four partially overlapping open reading frames (ORF1-4)[5], as well as a hypervariable region (HVR) and an N-terminal arginine fragment[7,10,11,13]. 
When the nucleotide sequences differ by more than 30% and by 11% to 15%, the isolate is considered as a genotype and its subtype, respectively[14]. Five genotypes (1-5) and more than 30 subtypes of TTV are identified based on the difference in their structure[2,3,11,15,16]. TTV genotype 1 was detected in both healthy carriers and patients with elevated liver enzymes and hepatitis of unknown etiology[2,8]. TTV genotype 4 is not found in healthy individuals, but it is seen in patients with rheumatoid arthritis and severe acute respiratory diseases[17].
Phylogenetic analysis of DNA establishes that genotype 1 is most common in Asian countries and genotype 3 in Africa. Hungary and the Middle East are dominated by genotype 3 (65.5%); and less by genotypes 5 (24%), 2 (5.8%), and 1 (4.7%)[7,16,18-25]. South America is characterized by genotypes 1, 2, and 3 in descending order[26]. TTV genotypes 2 and 1 are predominant in South Korea[27]. TTV isolates circulating in Russia and Kazakhstan belong to genotype 1b.

Protein synthesis
TTV produces three mRNA types, whereby the synthesis of at least 6 viral proteins takes place[13,28]. The UTR fragment is the most stable genomic element that preserves its nucleotide sequence in most TTV isolates. Focosi et al[5] point to its identity in 90% of virus isolates. This site is assumed to perform regulatory functions during viral replication[7]. 
On the contrary, the potential coding region is a more variable fragment than the UTR one and therefore has a specific organization in each genotype. Each element of the potentially coding fragment is responsible for the synthesis of certain proteins[8]. Thus, ORF1 encodes the synthesis of capsid proteins (ORF1 protein) that are necessary for viral persistence and avoidance of an immune response. The ORF2 protein is a suppressor of proinflammatory cytokines [interleukins (IL)-6, IL-8, and COX-2] and that of the transcription factor nuclear factor kappa-B. The ORF3 protein plays an important role in the cell cycle and in the synthesis of TTV-derived apoptosis-inducing protein, which impedes antiviral host defense[12,13,28].

DIAGNOSIS
Biological material to be tested
TTV can be found in most tissues, cells, and body biological fluids, with the exception of red blood cells and platelets[5,8]. TTV replicates in mononucleocytes, hepatic, bone marrow, and peripheral blood cells, especially in T lymphocytes[5,29]. Kosulin et al[30] suggest that granulocytes are the primary site for TTV replication in children after hematopoietic stem cell transplantation. There is evidence that the virus is present in saliva, sweat, bile, semen, urine, feces, nasal and vaginal secretions, and nasopharyngeal mucosa scrapes[2,7]. Biopsy specimens of the liver, lymph nodes, bone marrow, spleen, pancreas, lungs, and thyroid gland can be used for the diagnosis of TTV infection[7].

Polymerase chain reaction
TTV can be detected by quantitative or qualitative polymerase chain reaction (PCR) assays in various clinical samples[31-34]. For this purpose, standard PCR, nested or semi-nested PCR, and real-time PCR are used[11,35,36].
Initially, primers for the N22-ORF1 region were used to diagnose TTV infection[11]. However, the potentially coding fragment is a variable genomic element. Therefore, its use for amplification is associated with a possible decrease in the detection rate of TTV. Unlike the N22-ORF1 fragment, the UTR fragment in most virus genotypes is more stable in detecting TTV infection[37].

Immunoassays
Replication of TTV and activation of cellular immunity that is the basis of antiviral defense are the trigger mechanisms for production of immunoglobulins[38-40]. Immunoprecipitation and immunoblotting are used for the qualitative and quantitative determination of anti-TTV antibodies in biological samples[3,4,38,40,41]. 
Anti-TTV IgM antibodies appear in blood 10-21 wk after TTV infection[42]. At 5-11 wk after their appearance, they usually decrease and gradually disappear. Anti-TTV IgG antibodies emerge at around 16 wk of infection and reach maximum concentrations at 5 mo of virus persistence[40]. IgG can be detectable in the body of those infected for four or more years[43]. The detection rate of anti-TTV antibodies in DNA seropositive blood donors was 17% while that in seronegative ones was 29%, as reported by Tsuda et al[42]. The authors believe that the emergence of anti-TTV antibodies in serum can serve as a marker of prior infection.
A number of authors claim that the detection of TTV by immunoassays is of limited use, since despite detectable antibody titers, anti-TTV antibodies are neither protective nor neutralizing[40,41].

EPIDEMIOLOGY
Prevalence of TTV
TTV is widespread in the population, reaching 95% in healthy people in some regions of the world[8,18,44-46]. TTV varies in different geographic regions and populations[44]. Gallian et al[18] report that the detection rate of TTV DNA in African descent populations is significantly higher than that in representatives of Europe’s indigenous people (42.8% vs 24.3%, P = 0.034). According to Jarkasi et al[11], the high prevalence of the virus is observed in Asian countries, such as China, Pakistan, Iran, and Qatar.
Studies by Russian and Belarusian scientists also confirm the high prevalence of the virus among both healthy individuals and patients with different diseases. Vasilyev et al[45] reported that the frequency of TTV DNA in the whole blood of Russian athletes was 94%. The maximum viral load was about 1010 copies/mL of blood; the median was 2.7 × 106. In this case, no correlation was found between age, sex, and TTV DNA level (r = 0.02, P > 0.054; t value = -1.943, P = 0.052)[45]. Morozov et al[47] also revealed the high prevalence of TTV among blood donors: TTV DNA was detected in 96.5% of cases among primary blood donors in the Moscow Region.
The Belarusian scientists investigated the detection rate of TTV, TTMDV, and TTMV in patients with chronic liver diseases (CLD) and in those without signs of liver disease with negative viral hepatitis findings[48]. The detection rate of mixed infection was 67% and 72% in the study and control groups, respectively[48].
The identification of TTV DNA depends greatly on used detection methods[33,49]. Factors, such as the type of a sample (e.g. plasma or whole blood) and different PCR assays or completeness of the primers used, can influence the detection of TTV DNA[37,50]. For example, in the work by Abraham et al[49], the prevalence of TTV-positive patients in kidney transplant recipients was about 33% as estimated by nested PCR with ORF1-specific primers, while that among the same patients was 92% when using primers derived from the untranslated region of the TTV genome.
The frequency of TTV in populations detected in the recent decade studies is higher than in the earlier studies, which probably can be explained by the application of more accurate TTV detection methods[45]. Vasilyev et al[45] suggests that the true frequency of TTV presence in the human population tends to be close to 100%. Due to its high prevalence in the population, TTV is called a ubiquitous virus, thereby emphasizing its polytropism.
An interesting fact is that infants and young children have low virus infection rates (5.1%–25%), which increase with age[43,51,52].
There are studies suggesting that viral DNA can be present in tap water[53,54].

Routes of transmission
TTV is transmitted from the infected organism by several routes. Jarkasi et al[11] identify horizontal and vertical TTV transmission routes. The horizontal route includes fecal-oral, parenteral, and sexual. Most cases of infection may occur non-parenterally, which explains the widespread prevalence of TTV among healthy people, predominantly in older age group[55,56].
Infection occurring through the gastrointestinal tract is shown by high viral DNA titers in the examinees’ bile, saliva, and feces, which exceed serum titers[57-59]. The virus is detectable in the feces of TT viremic individuals[9,60]. Experimental evidence that TTV is transmitted by the fecal-oral and parenteral routes has been obtained[61,62]. Fecal supernatant (1 mL) and serum (0.5 mL; DNA titer was 105 copies/mL; genotype 1a) obtained from TTV-infected people were inoculated into two chimpanzees, respectively. TTV DNA was detected in the blood of one chimpanzee (the fecal supernatant) at 7 wk after inoculation and in that of the other (the infected serum) at 5 wk. The chimpanzee inoculated with the fecal supernatant was observed to have TTV infection persisting for longer than 30 wk. There were moderate biochemical and morphological changes, as evidenced by puncture liver biopsy[62].

Parenteral route: Studying the virus at early stages suggested its high hepatotropism; therefore, the parenteral route of transmission seemed most likely[63-66]. It includes infection through transfusion of contaminated blood and its products, during hemodialysis procedures and injections. Therefore, the people who are at increased risk for TTV infection are: (1) Blood donors[23,67-69]; (2) Hemophilic patients[70-72]; (3) Patients having multiple blood transfusions[73-76]; (4) Patients treated with hemodialysis[22,76-81]; (5) Patients who have undergone organ transplantation[69,82-87]; and (6) Intravenous drug addicts[20,79]. 
The spread of infection is due to TTV contamination of blood and its products[23,67,68,73,78,88,89]. So the contamination of blood products and coagulation factors VIII and IX accounts for 44%-56%, as reported by Simmonds et al[88]. AbuOdeh et al[90] consider that the rate of TTV infection in healthy blood donors and in HBV- or HCV-infected patients is 81.4%, 90.8%, and 84.9%, respectively.
Charlton et al[91] revealed a relationship between the intravenous administration of blood products and the detection of TTV DNA in the serum of recipients. Konishi et al[92] identified serum TTV DNA in some of 447 patients examined at 6-10 wk after blood transfusions. 
Matsumoto et al[63] described the correlation of the detection rate of TTV with the volumes of transfused blood. On the other hand, Wolff et al[69] detected no correlation between the frequency of blood transfusions and the detection of TTV when examining 600 blood donors, 100 healthy individuals, and 495 patients after heart transplantation. In this case, the authors identified only two recipient-donor pairs with the same virus isolates.
There are a number of works devoted to the TTV detection in hemodialysis patients[22,76,78,81]. Summarizing the data presented in these works, it can be concluded that the detection rate of TTV DNA in the blood of patients on hemodialysis is statistically higher than that in blood donors.
A number of works confirm that the detection rate of TTV DNA in patients after organ transplantation is statistically higher than that before surgery, or than that in blood donors[81-83,87]. Kanda et al[93] reported that 60% of 25 bone marrow transplant recipients became infected with TTV at 6-12 wk post-transplantation.
In their paper, Burra et al[82] estimated the frequency and levels of viral DNA (copies/mL) in 25 patients before and after liver transplantation and in 80 donors. TTV DNA was detected in 75% of blood donors and in all the 25 patients before and after surgery (P <0.01). There was a significant rise in posttransplantation TTV DNA levels: 4.2 log copies/mL ± 0.6 log copies/mL prior to surgery vs 6.8 log copies/mL ± 0.4 log copies/mL at 3 postoperative mo (P <0.001). The authors suggest that this may be due to the use of immunosuppressive therapy[82]. 
According to other authors, either age, or gender, or time after transplantation, or the number of blood transfusions, or the cause of transplantation are not associated with TTV load in recipients after liver transplantation[86,94].

Sexual transmission route: Detection of TTV DNA in physiological media (semen, vaginal secretions, cervical mucus, and saliva), the contact with which is possible during sexual intercourse, and in both permanent sexual partners, confirms that TTV can be sexually transmitted[95]. In the group at risk for sexual transmission of TTV, the prevalence of the latter is 86% or more, and does not differ from that in the general population[19,96,97]. In this connection, the genital tract is believed to play an insignificant role in the spread of TTV infection[9,92,98,99].

The vertical transmission route: involves the possible transfer of infection from mother to fetus during pregnancy[99,100] and breast-feeding[101]. The data obtained by Gerner et al[102] suggest that there may be TTV infection during pregnancy. The viral genome was detected in serum in 57 (41.3%) of the 138 examined pregnant women and in the umbilical cord venous blood in 19 (13.8%) of the 138 infants. Schröter et al[101] hold that 99% of babies born to infected mothers are seropositive for TTV.
There are data on the dynamics of TTV persistence within the first year of a child’s life, which assumes that viral load increases during the first year of life, reaching a plateau after 6 mo[33]. The mean fecal contamination rate in infants of the first year of life who did not receive blood transfusions was 22.4%, as reported by Lin et al[103]. The data obtained by Uchaykin et al[104] suggest that the detection rate of anelloviruses is high in children aged 8 mo to 16 years. It has been shown that the identification rate of TTV amounts to as much as 94% in healthy children, 82.5% in patients with hepatitis of unknown etiology, and 100% in those with hepatitis A or chronic hepatitis B and C[104]. All the three TT viruses TTV, TTMDV, and TTMV circulate in the blood of almost all apparently healthy children. There is no direct relationship between the detection of TT viruses (TTV, TTMDV, and TTMV) and liver damage. It is noteworthy that 77% of cases are infants aged 8 mo to 1.5 years.
That there may be also a postpartum route of infection transmission because of the detection of virus DNA in the milk of breast-feeding mothers is not ruled out[101]. The rate of TTV DNA detection in breast-fed infants increased significantly with prolonged lactation[105,106].
Acquisition of anelloviruses just at an early age is indirect evidence that there are likely to be different routes of contamination with these agents[104]. Manzin et al[107] have summarized the data on viral replication in wild and domestic animals, which may suggest that there is interspecies transmission of the virus.

PATHOGENESIS
So far, the issue of viral pathogenicity has been controversial. Since the discovery of TTV, numerous studies have been underway to determine its target organs. Initial studies of TTV indicate its hepatotropism and most likely replication in liver cells. Since its discovery, hopes have thus arisen to put TTV on a par with previously known hepatitis viruses[59,64,108-110].
On the one hand, it is the problem of searching for viral tropism, which is most addressed to date. On the other hand, the available data are quite contradictory, which cannot fail to pose difficulties of gaining a deeper understanding of TTV persistence in the human body. 

Viral tropism 
The target organs for primary TTV replication have been unknown so far. Moreover, there is no doubt that the virus replicates in a number of organs and tissues, such as the liver, bone marrow, lung, lymphoid tissue, as well as in blood mononuclear cells and granulocytes[30,57,111-115].
A number of authors have described cases of TTV DNA detection in liver tissue by hybridization and attempted to establish the contribution of the virus to the identified changes in the liver[35,66,112,116]. Rodríguez-Iñigo et al[112] followed up 30 TTV seropositive patients with liver diseases. In these patients, TTV DNA titers in liver were 10 times higher than that in serum[112]. TTV DNA was found in both serum and liver tissue of some patients with the normal histological pattern of the latter. The data obtained by Kazemi et al[117] also indicate the higher rate of TTV DNA detection in liver tissue than that in plasma. TTV DNA was found in the plasma and liver tissue of 11.1% and 25.9% of patients with HBV and HCV cirrhosis, respectively, as well as in 23.5% and 26.9% of those with cryptogenic cirrhosis[117].
It has been suggested that some TTV genotypes, 3 and 4 in particular, take refuge in peripheral blood mononuclear cells that become a reservoir of the virus and contribute to its persistence[118]. Using cultivation and hybridization, Mariscal et al[114] have confirmed that TTV DNA is present in the cytoplasm of peripheral blood mononuclear cells. Moreover, Focosi et al[115] have shown that the most likely site of TTV replication is T lymphocytes: By inducing the immunosuppression specific for T lymphocytes (antithymocyte globulin, basiliximab), the investigators found a statistically significant decrease in viral load (P <0.001). This is confirmed by the data obtained by Tyschik et al[50] who have reported that because of the presence of lymphocytes, TTV viral load is 100 times higher in whole blood than that in plasma.
Tanaka et al[113] found the viral genome in the bone marrow cells, lymph nodes, and serum of patients with acute leukemia, malignant lymphoma, and aplastic anemia at the same frequencies. Kikuchi et al[111] revealed a high DNA titer only in bone marrow in a quantitative study of viral DNA in liver and bone marrow autopsy and biopsy specimens from patients with subacute hepatitis and aplastic anemia. This may suggest that the virus replicates in bone marrow, thus leading to aplastic anemia. In this case, only viral DNA is found in hepatocytes, but mRNA is absent.
Deng et al[119] have demonstrated the high rate of viral DNA detection in saliva (in 38% of cases). TTV DNA titers were higher in saliva than those in serum of the examinees (in 21% of cases). The authors presume that this fact may point to virus replication in the salivary gland too.
The data presented confirm viral polytropism and rule out the possibility of attributing TTV exclusively to hepatitis viruses.

Factors for virus aggression
Viral persistence in the body provokes an immune response to a foreign agent. TTV actively synthesizes the proteins that are required for long-term viral replication in various tissues and organs and that possess immunogenicity[13,29,38,40]. The TTV replication cycle in humans has been shown to be accompanied by the synthesis of microRNAs (miRNAs)[120,121]. The latter inhibits interferon signaling, promotes the evasion of TTV from an immune response, and facilitates its persistence in the host[12,120-124]. Despite the known effects of miRNAs, it is impossible to say unequivocally what contribution is made by TTV miRNAs synthesis to viral persistence in the body and whether this effect is clinically significant. The complex influence of pathological factors helps reduce the effectiveness of the immune system in eliminating the penetrated infectious agent.

Immunosurveillance
An update on the immunobiology of TTV confirms that the immune system cells recognize the antigenic determinants of the virus and respond to its penetration by producing the corresponding proinflammatory proteins and cytokines: interferon-gamma, tumor necrosis factor-alpha and by elevating the concentrations of IL, such as IL-6, IL-12, IL-28, and IL-29, the chemokine CCL7, and a number of antiviral proteins[12,29,125,126]. To date, the macroorganism’s immunocompetent cells are known to interact with the virus through Toll-like receptors 9[17].
Triggering the whole spectrum of antiviral defense mechanisms can keep the level of TTV DNA at a controllable one; i.e. viral persistence proceeds under persistent immune surveillance. In this case, TTV cannot be completely eliminated, as confirmed by its high prevalence rate in the human population, even among the people belonging to a healthy population.

COINFECTION OF TTV WITH HEPATITIS VIRUSES AND ITS DETECTION IN ACUTE AND CHRONIC DIFFUSE LIVER DISEASES 
The high prevalence of TTV among healthy people assumes that there is a high risk for its coinfection with other viral agents. The features of TTV persistence during coinfection with human immunodeficiency virus[32,127], cytomegalovirus[128], and BK polyomavirus[129] have been studied.
The discovery of TTV seemed important due to the lack of detection of known viral agents in 10%-20% of cases of acute hepatitis, in 5%-10% of those of chronic hepatitis and in up to 50% of those of fulminant hepatitis[9,104,130]. Therefore, after the discovery of TTV, studies by many scientists have been aimed at assessing the potential hepatotropism of the virus, at investigating its coinfection with known hepatitis viruses, and at detecting TTV in patients with cryptogenic liver diseases. Studies that have been underway in this area are very ambiguous.
TTV infection has been shown to be diagnosed in 15%-28% of patients with acute viral hepatitis (AVH) A, in 22%-24% of those with AVH B, in 40%-60% of those with AVH C, and in 20% of those with HIV[63,131,132]. There is a slight increase in the detection rate of TTV DNA in patients with hepatitides of known etiology compared to healthy donors: 94.3% vs 81.7%, respectively; P < 0.05)[133]; 11.0% vs 7.5% (P = 0.13)[63]; 65% and 69% vs 21%, (P < 0.0005)[134]. TTV DNA was most frequently detected in a group of patients with AVH (HBV, HCV, HGV, and cryptogenic hepatitis)[135,136]. The researchers have shown that the detection of TTV in patients with AVH and fulminant liver failure is much higher than that in blood donors (80.6% and 76% vs 52%, respectively; P < 0.05)[135]. Moreover, the detection rate of TTV in patients with AVH was higher than in those with fulminant liver failure, chronic hepatitis, or cirrhosis (P < 0.001)[136]. The authors note that the presence of TTV does not increase mortality rates in patients with fulminant liver failure.
There are debates about the role of TTV in the development of CLD. Gromova et al[137] state that the prevalence of TTV among patients with chronic viral hepatitis B and C is 61.0% and 45.1%, respectively. The detection rate of TTV ranges from 17% to 57% in chronic non-B non-G hepatitis cases[138,139], from 9% to 66% in non-B non-G liver cirrhosis patients[140], and from 9% to 51% in hepatocellular carcinoma cases[141]. A number of works dedicated to this topic have revealed no signs of the effect of TTV on the course of CLD[108, 138,140,142,143].
TTV DNA was detected in patients with enhanced hepatic aminotransferase activities in the absence of viral hepatitis markers[15,57,64,144,145]. According to de Oliveira et al[15], the detection rate of TTV DNA in peripheral blood cells was 31.48% in patients with increased aminotransferase activities and 5.26% in the control group. Piaggio et al[145] have published data confirming the relationship between the spontaneous postoperative increase in the level of hepatic aminotransferases and the detection of TTV in the serum of an examined patient. Mikhailov et al[57] have obtained data suggesting that TTV DNA is detected at the same frequencies in donors with enhanced or normal ALT activities (17.6% and 16.7%, respectively), which is indirect evidence that there is no effect of TTV on the development of hyperenzymemia.
Sharafanova et al[59] reports that TTV monoinfection occurs in 9.8% of patients with liver diseases[64]. A biochemical study of TTV-monoinfected patients revealed a significant increase in bilirubin levels and AST and gammaglutamyltranspeptidase activities compared to healthy individuals[59,64]. When comparing patients seronegative for TTV and those monoinfected with TTV, a number of authors note that the latter have enhanced ALT, lactate dehydrogenase, gammaglutamyltranspeptidase, and alkaline phosphatase activities[138,146,147]. Moreover, ALT activity does not depend on serum TTV DNA persistence length and titers[63].
The data presented in the first decade since the discovery of TTV show a wide scatter and the low detection rate of the virus in liver diseases, which is most likely to be due to the use of incomplete primers for its PCR diagnosis. The higher sensitivity and specificity of PCR for the diagnosis of TTV in the last decade could revealed the virus in 77.4% of patients with hepatitis A, in 87.6% of HBV-positive patients, in 77% of HCV-positive one, and in 92.8% of patients with non-A-E hepatitis[67]. Moreover, the authors have shown that there are no statistically significant differences in biochemical parameters between the groups of TTV-positive and TTV-negative patients with hepatitis A-E viral infection[67].
Thus, a great body of data on the coinfection of TTV with hepatitis viruses of known and unknown etiology goes back to the first decade after its discovery[1,63,67,112,142,148-152]. The coexistence of several infectious agents is always the most difficult link for understanding the role of each of them in the pathogenesis of the disease. In recent years, there has been a decline in the number of works devoted to the clinical significance of TTV infection. This is likely to be due to the fact that TTV is a common virus that is found in patients with different viral hepatitides, in cases of hepatitis with no obvious viral agent, as well as in a healthy population[67]. Moreover, many authors note that the virus has no aggravating effect on the progression and course of different liver diseases. Perhaps future investigations in this area will clarify conflicting data and unclear aspects of the effect of TTV on the development and course of liver diseases.

MORPHOLOGICAL PATTERN OF THE LIVER IN TTV-INFECTED PATIENTS 
Of the most interest are liver tissue changes in case of TTV monoinfection. The morphological pattern of liver tissue biopsy samples from TTV-monoinfected patients corresponds predominantly to moderate focal portal and lobular hepatitis[59]. According to histological findings in liver biopsy samples from TTV-infected individuals, most authors note lymphocytic infiltration of portal tracts, focal necroses, portal fibrosis, hydropic and granular hepatocyte dystrophy varying in severity, single necroses, and desquamated epithelial cells in the bile ducts[59,153-156]. Similar morphological changes in a liver tissue biopsy specimen from a TTMDV-infected individual who had no markers of hepatitis A-E virus infection were described by Morozov et al[47,157]. Sharafanova et al[59] hold that the changes in the bile duct epithelium can be attributed to the peculiarities of morphological alterations during TTV monoinfection.
Koltunov depicted the histological degree of hepatic inflammatory activity in patients with TTV monoinfection according to the Metavir scoring system: low (A1), moderate (A2), and high (A3) activities were detected in 70%, 20%, and 10% of patients, respectively. According to the Metavir scoring system, the stages of fibrosis (F) in the same patients corresponded as follows: F1 (30%), F2 (50%), F3 (10%), and F4 (10%)[156].
Tokita et al[158] investigated liver tissue from TTV-infected patients with nonalcoholic steatohepatitis who had no markers of other viral hepatitides. The most pronounced differences were found in patients infected with TTV genotype 1. Focal necrosis and pericellular, perivenular fibrosis occurred more frequently in the TTV-positive group than in the TTV-negative group. Arakawa et al[159] noted the appearance of irregular regeneration of hepatocytes in patients with chronic hepatitis in the presence of TTV.
Based on these data of the study of liver biopsy samples, it can be concluded that TTV has histological signs sufficient for a nonpathogenic virus with extensive polytropism, which confirm the possibility of undergoing its replicative cycle just in the liver cells.
Along with this, cytological hybridization in the TTV-infected cells revealed no substantial cytopathic (cell-damaging) effects that were characteristic of pathogenic hepatotropic viruses, such as hepatitis B and C viruses[22,32]. Many authors found no statistically significant clinical, biochemical, or histological differences between TTV-positive and TTV-negative patients[63,65,112,142,149-151]. Authors conclude that the presence of TTV does not complicate the course or worsen liver functional parameters in patients with known hepatitis A-E viruses, and it does not affect the efficiency of interferon therapy[59,150-152]. Long-term detection of TTV DNA in the serum of patients with the liver morphofunctional integrity indicates the existence of asymptomatic carriage of the virus[150,155,160]. Most likely, these data suggest that there may be an independent persistence of TTV and viral hepatitis of established etiology.
Some authors call the virus nonpathogenic and, moreover, identify it as part of the human virome[12,161,162]. This judgment is substantiated mainly by that the virus infection cannot be linked with the development of a specific disease. However, this statement cannot be called absolutely justified: it is not so long ago that there was a study linking the persistence of TTV DNA within the body with possibly increased mortality in elderly patients[163].
Rezahosseini et al[12] consider that TTV rarely causes disease in healthy individuals. Moreover, the viral load of TTV in immunosuppressed patients is higher than that in a healthy population[164]. In this connection, a number of authors propose to use TTV viral load as an endogenous marker of the human immune status[12,34,85,162,165,166]. In this case, TTV DNA levels in the serum of patients after organ transplantation are proposed to be used to control the development of a transplant rejection response. Thus, Görzer et al[85] found that TTV DNA concentrations below 7 log10 copies/mL were statistically associated with postoperative lung transplant dysfunction. Solis et al[162] established a similar correlation in patients undergoing kidney transplantation. They concluded that patients with TTV DNA levels lower than 4.2 log10 copies/mL one mo after surgery had a higher risk for a transplant rejection response over the next two years. The development of a method to determine the immune status on the basis of an assessment of TTV viremia can assist in predicting severe postoperative complications in patients undergoing organ transplantation and can implement necessary preventive measures. This certainly makes it possible to set entirely new goals of studying TTV.

CONCLUSION
TT virus is at the interface of many clinical and fundamental disciplines, thereby being of interest to many specialists. Therefore, the main task of current investigations is to generalize and systematize the available data for further prospective studies.
Since the discovery of TTV and the Aneloviridae family as a whole, the virus has been the subject of a detailed study by many investigators around the world. The molecular genetic structure of the virus has been well studied; methods for its qualitative and quantitative determination have been developed[167]; the virus has shown an upward spread in different regions of the world; routes of its transmission have been established; and the feasibility of independent elimination of the virus has been indicated. Moreover, TTV DNA was found in many tissues and biological fluids of not only patients, but also in those of healthy individuals.
The identification of TTV DNA considerably depends on virus detection methods, used primers, and biological material. In this connection, the TTV data available in the literature are largely contradictory and cannot be cross-compared, which greatly complicates the process of studying the characteristics of the virus. Despite the fact that the virus does not replicate predominantly in hepatocytes, it is detectable in both acute and CLD. There are reports of liver disease cases with the detection of serum TTV as the only viral marker. The variants of TTV monoinfection with moderate deviations of biochemical liver tests, which are accompanied by morphological changes in liver tissue, by predominantly involving the bile canaliculi, suggest that the virus may have a damaging effect primarily on the bile duct epithelium.
Due to the significant prevalence of the virus in the population, it is suggested that TTV is part of the human virome. At the same time, the human immune system via immunosurveillance maintains a safe balance, by protecting the body from the pathogenic effects of the virus.
After contamination with TTV, it seems that there may be two variants of its presence in the body: (1) The non-pathogenic persistence of TTV in humans as its virome; and (2) in the event of adverse situations in the body, the participation of TTV in the infectious process, by causing damage to susceptible cells, including hepatocytes and the epithelium of biliary canaliculi. The first variant is supported by the observations made by Shibayama et al[138]. The investigators found that the virus persisted in all seventeen TTV-infected patients for 1-7 years. Matsumoto et al[63] identified TTV DNA in 33% of the examinees (using the serum bank) 22 years later. Lefrere et al[168] traced the persistence of TTV after blood transfusions in 27.7% of 173 cases over an average of 3.1 years. The second variant is supported by data on clinical, laboratory and morphological changes in the liver during TTV monoinfection. It can perhaps be said that the pathogenicity of TTV is conditional.
Finally, a number of recent studies have shown that TTV can serve as an endogenous marker of the human immune status[169-171]. Further investigations in this area can be extremely useful for practical public health.
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Figure Legends
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Figure 1 The basic stages of studying the Anelloviridae family. TTV: Torque teno virus.
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Figure 2 Scheme of the genetic organization of torque teno virus. TTV: Torque teno virus; HVR: Hypervariable region; UTR: Untranslated region.
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