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Using biomarkers to tailor immunosuppressive therapy after kidney transplantation was proposed to improve clinical care. Timely and individual adaptions of immunosuppression could reduce therapy-related side effects, such as infections, cardiovascular morbidity and malignancy, and further lower the risk of allograft rejection. Despite promising preliminary studies, evidence for implementing such a biomarker in clinical care is insufficient. Prominent candidates for immunologic monitoring after kidney transplantation include donor human leukocyte antigen-specific antibodies, donor-derived cell-free DNA, urinary chemokines and peripheral transcriptomics. In addition, the quantification of Torque Teno virus, a highly prevalent and non-pathogenic virus that was shown to associate with outcomes linked to immunocompetence, has been proposed for immunologic monitoring. This review summarises the prospects and limitations of Torque Teno virus for immunologic risk stratification after kidney transplantation in the context of current state-of-the-art. It will focus on cut-off values of plasma Torque Teno virus load that might be useful to guide immunosuppression in the clinical care of kidney transplant recipients, and highlights recently proposed indications of Torque Teno virus-guided immunosuppression.
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INTRODUCTION TO THE CLINICAL PROBLEM
Organ transplantation, which prolongs and improves the lives of patients with end-stage renal disease [1, 2], is complicated by the need to dampen the hosts’ immune response. Patients on life-long immunosuppressive drug regimens are at increased risk of infections, cancer and cardiovascular morbidity [3, 4]. In addition, even modern immunosuppressive regimens cannot entirely abrogate alloimmune processes [5, 6]. Therefore, biomarker-guided immunosuppression was proposed to reduce complications caused by extensive or insufficient immunosuppression. Many candidate markers have been studied in recent decades with some very promising results [7, 8]. However, their transition into clinical use is faltering, and scientific evidence for integrating immunologic monitoring markers into routine care remains insufficient. While there are many reasons, they nearly always come down to a lack of validation in interventional trials, potentially compounded by high costs and a lack of reimbursement. Currently, the most promising candidates for immunologic monitoring after kidney transplantation are donor-specific antibodies (DSAs), donor-derived cell-free DNA (dd-cfDNA), urinary chemokines and peripheral transcriptomics.
Unlike the abovementioned biomarkers, which mainly reflect organ damage or alloreactivity, the Torque Teno virus (TTV) – a highly prevalent and non-pathogenic virus of the family Anelloviridae – was shown to be associated with outcomes linked to both excessive and insufficient immunosuppression. Therefore, TTV may serve as a biomarker indicating the net state of the immune system and thus could complement existing injury and alloreactivity markers. A gradual deviation from an ‘optimal’ TTV load toward a high or low load was shown to correlate with an increased risk of infections and allograft rejection [9]. More recent data show associations with malignancy and the immune response after vaccination [10]. The introduction of a quantitative polymerase chain reaction (qPCR) assay has made TTV a readily measurable parameter. However, the framework for implementing it in routine clinical care requires further definition. One multicentre interventional trial assessing the clinical value of TTV-guided immunosuppression in kidney transplant recipients was successfully concluded in May 2025 (TTVguideIT, EUCT number: 2022-500024-30-00) [11], and another started recruiting in April 2025 (TAOIST, ClinicalTrails.gov ID: NCT06829719).
This article will reflect on the role of TTV as an immune marker in the clinical care of kidney transplant recipients, focusing on relevant data that have emerged over the last 3 years. Previous relevant studies will only be mentioned briefly, as they have been discussed in detail earlier [9]. The role of TTV from the clinical virologist’s perspective has been reviewed by others recently [12, 13]. Biomarkers other than TTV will only be discussed briefly, as current reviews cover peripheral blood gene expression, dd-cfDNA, urinary chemokines and other emerging candidates [8, 14, 15].
CURRENT STATUS OF IMMUNE MONITORING IN CLINICAL CARE OF KIDNEY TRANSPLANT RECIPIENTS
Despite a long history of immune monitoring research in kidney transplantation, no biomarker is supported by sufficient evidence to enter clinical practice. Standardised assays, rigorous validation and interventional trials demonstrating the clinical value of biomarkers when added to the standard of care are prerequisites for broad implementation. Lately, some studies yielded promising results and a recent consensus statement of the European Society of Organ Transplantation cautiously discussed recommendations in favour of biomarker monitoring in certain settings while urgently calling for interventional trials [16]. However, the study design in this context is complicated. Endpoints commonly used in interventional clinical trials, such as allograft rejection or loss, have low incidences, necessitating the inclusion of high-risk patients or large populations. Consequently, a randomised controlled trial (RCT) assessing de novo DSA-triggered optimisation of immunosuppression suffered from lower-than-expected rejection and biopsy rates and failed to show improved allograft survival [17]. Similarly, a multicentre RCT evaluating urinary monitoring of C-X-C motif chemokine ligand 10 (CXCL10) in addition to the standard of care could not demonstrate a reduction in rejection rates during the first year post-transplantation, at least partly due to low biopsy and rejection rates [18].
Besides sufficient power, outcome selection is crucial in biomarker trial design. For example, while dd-cfDNA was developed as an injury marker, several studies focused on dd-cfDNA as a tool to rule out rejection and avoid invasive diagnostics. This demands close and longitudinal monitoring in large patient cohorts, which, even with a high negative predictive value, may easily become very resource-demanding. A more effective approach might be ruling in rejection in high-risk patients. Consistent with this approach, the first positive results came from a single-centre RCT demonstrating an accelerated diagnosis of late antibody-mediated rejection (ABMR) in patients with de novo DSA if dd-cfDNA was added to the standard of care [19]. Following these first promising results, validation in large and diverse multicentre cohorts is now eagerly awaited.
The nature of the biomarker should also be considered carefully in the study design and outcome selection phase. For example, injury markers might not be useful for predicting potential future adverse events [20]. Biomarkers reflecting the state of immunosuppression could overcome this problem. TTV is a promising candidate due to its link to both extensive and insufficient immunosuppressive burden before adverse events manifest. Quantifying immunocompetence using TTV may serves as a complement to markers of graft injury (e.g. dd-cfDNA) and alloreactivity (e.g. DSA).
Alternative approaches to quantify the net state of the immune system rely on cellular assays. One proposed assay was the ImmuKnow, which did not enter clinical practice despite promising results within a single centre RCT [21]. Recently, another RCT including paediatric patients showed promising data for Tvis [22], an assay that relies on quantifying virus-specific T cells. Because of the complex logistical procedures, most of the patients (86%) where randomised only at one study site. Multicentre validation will be crucial as the complexity of the assay might pose an obstacle to standardisation and implementation.
TORQUE TENO VIRUS – FROM DISCOVERY TO IMMUNE MONITORING
TTV is a small, circular, non-enveloped, single-stranded DNA virus that was first described in 1997. It is characterised by high genetic diversity, and 26 species are currently classified among the genus Alphatorquevirus within the family Anelloviridae. To date, no causal association with any disease has been demonstrated. Its high prevalence in the general population [23, 24], replication in almost all studied body tissues and liquids [25], and high positivity rates among infants [26] have given rise to the hypothesis of TTV being a non-pathogenic, commensal virus. As such, it was attributed to the human virome [27].
Epidemiological analyses revealed higher TTV prevalences in patients with diseases causing reduced immunocompetence or chronic inflammation [10, 28]. As early as 2001, studies linked TTV prevalence to overall immunocompetence [29, 30]. In the same year, Maggi and Bendinelli speculated on the potential healthcare benefits of monitoring TTV in organ transplantation [31]. In 2003, Moen and colleagues observed steep increases in TTV load upon initiation of immunosuppression in kidney transplant recipients [32]. A decade later, associations between TTV and adverse outcomes in transplant patients became evident. In a systems biology approach, De Vlaminck and colleagues analysed the human plasma virome in patients after heart and lung transplantation, and observed not only a marked expansion of TTV after the initiation of immunosuppression but also an overall lower viral load in patients with allograft rejection [33]. Associations between TTV load and the occurrence of infections were demonstrated shortly after [34]. These findings were subsequently reproduced in a variety of different cohorts with broad consistency among studies and across different types of transplanted organs [9, 35].
Evidence for TTV as an immune marker has also emerged from studies involving non-transplant patients [36]. In patients with antineutrophil cytoplasmic antibody vasculitis, a retrospective analysis of the RAVE RCT [37] showed that those who experienced relapses had lower peripheral blood TTV loads at month 4 after therapy start, potentially reflecting insufficient immunosuppression (unpublished data from the Medical University of Innsbruck). In patients with rheumatoid arthritis, TTV loads were lower in those with persistent rheumatoid arthritis activity despite initiation of disease-modifying anti-rheumatic drug therapy, indicating an insufficient immunosuppressive effect [38].
TTV has also been proposed for triage in visits at emergency medicine outpatient clinics. Patients with a SARS-CoV-2-infection were shown to be at particularly increased risk of admission to the intensive care unit or death if TTV loads in nasopharyngeal swabs were high [39]. Promising results of TTV quantification in patients with oncologic disease were reported and recently summarised [40]. In women with ovarian cancer, those with unfavourable outcomes were found to have higher TTV loads [41]. In patients receiving chimeric antigen receptor T-cell therapy for lymphoproliferative disease, TTV dynamics were associated with therapy response and immune effector cell-associated neurotoxicity syndrome [42].
Altogether, a high TTV load has been associated with host factors and clinical conditions linked to compromised immunocompetence across heterogeneous study populations. In patients receiving immunosuppressive therapy, TTV load may be used to identify those with insufficient immune system control and increased risk of adverse outcomes. Therefore, TTV is a promising biomarker to not only quantify the net state of the immune system but also guide clinical decision-making. Ongoing and future interventional RCTs will help define the value of TTV in the clinical care of kidney transplant recipients.
NOVEL DATA ON TORQUE TENO VIRUS QUANTIFICATION TECHNIQUES
In clinical applications, TTV load is most commonly quantified in plasma; however, it can also be quantified in various body fluids, including serum, whole blood, urine, nasopharyngeal swabs and bronchoalveolar lavage. Quantifying TTV in whole blood and serum yields higher loads than in plasma. Recently, Truffot and colleagues systematically quantified this difference, analysing 216 consecutive paired samples from 68 kidney transplant recipients. They observed a mean TTV load difference of 0.4 log10 copies/mL (c/mL) between whole blood and plasma, with a high correlation between paired samples [43]. Unpublished data from the University of Strasbourg shows a mean TTV load difference of 0.18 log10 c/mL between serum and plasma among 40 solid organ transplant recipients with 169 paired samples. It is well established that viral PCRs for viruses such as cytomegalovirus (CMV) or BK polyomavirus (BKV) can show differences of up to one log between whole blood and plasma or serum, with plasma and serum providing comparable results. Future studies should investigate these relationships for TTV. Until then, we recommend quantifying TTV in plasma, as most proposed cut-offs are based on this matrix.
The most extensively reported systems for quantifying TTV load are qPCR-based and use either published primers and probes developed by Maggi and colleagues [44] or a commercially available In Vitro Medical Devices Regulation (IVDR)-labelled assay (TTV R-GENE®, bioMérieux, France) [45]. Notably, TTV loads can differ significantly between applied assays. A recent study compared the in-house PCR developed by Maggi and colleagues and the commercially available PCR in 342 samples from 314 patients, revealing a mean difference of 1.38 log10 c/mL (95% confidence interval: 1.30–1.46) [46]. Notably, the assays showed a high and almost linear correlation, allowing one method to be extrapolated to the other. Besides primers and probes, differences in extractors, cyclers, consumables and local standards might also lead to significant differences in TTV load quantification. Indeed, a comparison of TTV loads quantified with the same PCR assay in Fabrizio Maggi’s laboratory in Italy and at the Center for Virology at the Medical University of Vienna showed a difference of 1.0 log10 c/mL (unpublished data). Given these findings, it is evident that locally obtained TTV PCR results need to be cross-validated and adapted to proposed TTV load cut-offs accordingly. Such a process can be facilitated by customised quality assessment programmes like those offered by Quality Control for Molecular Diagnostics (Glasgow, UK).
For the clinical implementation of any TTV qPCR assay, a low inter- and intra-centre variability is desirable. A recent analysis by the clinical virologists of the TTVguideTX consortium demonstrated that this can be achieved for the commercial PCR using standard testing platforms [47]. In preparation for the multicentre TTVguideIT trial, the PCR was set up locally in 13 recruiting centres across Europe. Applying an internal quality control demonstrated excellent accuracy, with an inter-laboratory standard deviation of 0.19 log10 c/mL and an intra-laboratory standard deviation of 0.07–0.18 log10 c/mL. External quality assessment and linearity panels similarly showed small variability. Implementation of qPCR assays might be further supported by using automated test systems. In this regard, a study by Spezia and colleagues might be of special interest. They compared the conventional in-house PCR with an automated approach in 112 samples and found a high concordance rate [48]. Automated qPCR systems could facilitate shorter turnaround times, reduced workload and higher throughput.
PROPOSED TORQUE TENO VIRUS CUT-OFF VALUES TO GUIDE IMMUNOSUPPRESSION
Most data on TTV in patients receiving immunosuppressive therapy was generated in kidney transplant recipients. Findings from initial retrospective studies have since been validated by non-interventional prospective studies [49, 50]. Today, independent and robust associations have been described between low TTV loads and all types of kidney graft rejection, including clinically overt T cell-mediated rejection (TCMR), ABMR, borderline TCMR and subclinical rejection. Higher TTV loads were found prior to a broad range of infectious events, including opportunistic infections by CMV and BKV, as well as bacterial urinary tract infections. Notably, linear associations showed step-wise increasing risk constellations for both infection and rejection with increasing or decreasing TTV load, respectively, as described in a 2022 review by our group [9] and a 2023 meta-analysis by van Rijn and colleagues [51].
Consequently, quantifying TTV loads was proposed for risk stratification of insufficient or excessive immunosuppression in kidney transplant recipients, and the research focus shifted towards defining clinically relevant TTV load cut-offs. TTV load cut-offs that have been proposed for the care of kidney transplant recipients are presented in Table 1; Figure 1. To facilitate the interpretation of these cut-offs, we converted TTV loads obtained by in-house qPCR assays to those of the commercially available qPCR assay. Using data from prospective cohort studies, a plasma TTV load between 4.6 and 6.6 log10 c/mL was proposed as an optimal trade-off between the risks of rejection and infection 4–12 months after kidney transplantation [49]. Few studies have investigated TTV loads in patients beyond the first year post-transplantation. Schiemann et al. described an increased risk of rejection in patients with TTV loads <3.6 log10 c/mL at a median of 6 years after transplantation in a cross-sectional study (Table 2) [54]. Chauvelot and colleagues proposed a range of 3.8–5.1 log10 c/mL for patients between one and 4 years after transplantation and validated their findings in a prospective cohort (Table 1) [53].
TABLE 1 | TTV load cut-offs proposed based on an IVDR-labelled qPCR assay to guide immunosuppression after kidney transplantation.	Clinical setting	Time of TTV quantification	TTV threshold
	Clinically overt graft rejectiona (single centre, cohort) [49]	Month 4–12 post-transplant	<4.6 log10 c/mLb,c
	Subclinical rejectiona (single centre, cohort) [52]	Month 4–12 post-transplant	<4.6 log10 c/mLb,c
	Underimmunosuppressiond (single centre, cross-sectional) [53]	Month 12–36 post-transplant	<3.8 log10 c/mLe
	Clinically overt graft rejectiona (single centre, cross-sectional) [54]	Median of 6 years post-transplant	<3.6 log10 c/mLb,c
	Vaccine responsef (retrospective analysis of a multicentre RCT) [10]	Median of 7 years post-transplant	<4.6 log10 c/mLb,c
	Infectiong (single centre, cohort) [49]	Month 4–12 post-transplant	>6.6 log10 c/mLb,c
	Malignant diseaseh (single centre cohort, unpublished)	Month 4–12 post-transplant	>6.6 log10 c/mLb,c
	Overimmunosuppressioni (single centre, cross-sectional) [53]	Month 12–36 post-transplant	>5.1 log10 c/mLe
	CMV-DNAemia >3.0 log10 c/mL (single centre, paediatric cohort) [55]	Year 2 (median) to year 5 (median) post-transplant	>6.3 log10 c/mLb,c
	BKV-DNAemia >3.0 log10 c/mL (single centre, paediatric cohort) [55]	Year 2 (median) to year 5 (median) post-transplant	>5.0 log10 c/mLb,c


Abbreviations: ABMR, antibody-mediated rejection; BKV, BK polyomavirus; CMV, cytomegalovirus; c/mL, copies/mL; RCT, randomised controlled trial; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
a biopsy-proven borderline, cellular and ABMR, according to the respective Banff meeting report.
b to facilitate the interpretation, TTV cut-off values obtained using an in-house PCR assay have been recalculated to match the results obtained with the TTV R-GENE® qPCR assay according to the comparative study by Görzer et al. who described a mean difference of 1.38 log10 c/mL (95% confidence interval 1.30–1.46) between PCR methods [46].
c plasma was used for TTV load quantification.
d based on comparison with a healthy collective and antibody response to vaccination.
e serum was used for TTV load quantification.
f humoral and cellular.
g defined as need for hospitalisation, anti-microbial treatment or reduction of immunosuppression.
h excluding basalioma and carcinoma in situ.
i defined by the occurrence of serious infections or malignoma.
[image: A schematic designed for clinicians depicting how TTV levels could be used in clinical routine. An optimal TTV range is proposed between 4.6 and 6.6 log copies per millilitre with loads above this range associated with infection and malignancy and below this range with rejection, but also better vaccination response.]FIGURE 1 | A schematic of using the host’s plasma Torque Teno virus (TTV) load for immunologic risk stratification in kidney transplant recipients. A high TTV load indicates a risk of infection and malignancy, and a low TTV load indicates a risk of rejection but associates with a better vaccination response. An optimal TTV plasma load between 4.6 and 6.6 log10 c/mL obtained by TTV R-GENE® is proposed.TABLE 2 | A selection of studies that have recently expanded the indication of TTV-guided monitoring after kidney transplantation.	Study design	Cohort	TTV monitoring	Main outcome	Main finding
	Paediatric cohort
	Retrospective analysis of single centre cohort [55]	71 KTX included 2y after TX;
3y FUP	every 4 to 8w for 3y	10 BKV / 7 CMV infections	High TTV load associates with CMV and BKV DNAemia
	SARS-CoV-2 vaccination
	Retrospective analysis of multicentre RCT [10]	100 KTX with mRNA vaccination;
7y after TX	At first vaccination	31 seroconversions post 2 vaccinations	High TTV load associates with impaired vaccine response
	Retrospective analysis of single centre cohort [56]	459 KTX with 2 or 3 mRNA vaccination; 6y after TX	At first vaccination	208 seroconversions post 2/ 130 post 3 vaccinations	High TTV load associates with impaired vaccine response
	TTV load kinetic
	Retrospective analysis of single centre cohort [57]	48 KTX with isolated CNI dose adjustment; 1 year after TX	0, 30, and 60d after CNI dose adjustment	TTV load	TTV load changes detectable only 2m after CNI adaption
	Retrospective analysis of single centre cohort [58]	43 KTX with 5w MPA withdrawal/ 33 continued MPA; 5y after TX	0, 1m after withdrawal, 2m post reintroduction	TTV load	TTV load decreases 1m after MPA withdrawal/ increases 2m after restart
	Non-randomised, open label, controlled pilot [59]	18 KTX with 2w MPA withdrawal/ 22 continued MPA; 4y after TX	0, 2w after withdrawal, 1m post reintroduction	TTV load	TTV load decreases 2 w and 1 m after MPA withdrawal
	Belatacept-based IS
	Retrospective analysis of single centre cohort [60]	68 KTX converted from TAC to belatacept; 4y after TX	0, 3, 6, and 12m after conversion	TTV load	No significant changes of TTV load post TAC-conversion
	Retrospective analysis of 2 RCTs [61]	105 KTX converted from CNI to belatacept; 2y after TX	0, 6, and 12m after conversion	TTV load	No significant changes of TTV load post CNI-conversion
	mTORi-based IS
	Cross-sectional, single centre [54]	715 KTX, 30 mTORi-based IS;
6y after TX	at screening	TTV load	Trend towards lower TTV load in mTORi-based IS
	post-TX malignancy
	Retrospective analysis of a single centre cohort study [50]	221 KTX; 1 year FUP	0, 7d, 1, 3, 6, and 12m	54 opportunistic infections / 11 malignancies	High TTV load associates with opportunistic infection and malignancy
	Retrospective analysis of single centre cohorta	428 KTX; 5y FUP	Every 3m for 5y	53 malignancies 2-5y after TX	High TTV load associates with malignancy
	RCT
	1:1: TTV-guided TAC trough level vs. SOC [11]	13 EU centres; 260 low risk KTX randomised 4m after TX; 9m FUP	Every 6w for 9m	Death, graft loss, rejection, infection	TTVguideIT: last patient last visit May 2025; results expected 2026
	1:1: TTV-guided IS vs. SOCb	4 French centres; 300 low risk KTX randomised 1-4y after TX; 3y FUP	Every 3m for 3y	Rejection, infection, cancer, graft loss, DSA	TAOIST: first patient first visit April 2025; results expected 2030


Abbreviations: BKV, BK polyomavirus; CMV, cytomegalovirus; CNI, calcineurin inhibitor; d, days; DSA, donor-specific antibodies; DSMB, data safety monitoring board; FUP, follow-up; IS, immunosuppression; KTX, kidney transplant recipients; MPA, mycophenolic acid; m, month(s); mRNA, messenger RNA; mTORi, mammalian target of rapamycin inhibitor; TX, transplantation; RCT, randomised controlled trial; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; TAC, tacrolimus; SOC, standard of care; w, weeks y, years.
a unpublished data from a retrospective analysis of the prospective TTV-POET study (DRKS ID: DRKS00012335).
b study protocol published onClinicalTrials.gov(NCT06829719).
It is important to note, that validation of the proposed cut-off values guiding immunosuppressive therapy in an interventional setting is necessary prior to clinical implementation. One completed (TTVguideIT, EUCT number: 2022-500024-30-00) and one ongoing (TAOIST, ClinicalTrials.gov ID: NCT06829719) RCT will help to clarify the clinical value of TTV-guided immunosuppression in post-transplant care. In addition, these multicentre RCTs will allow for the validation of TTV load cut-offs derived from single-centre studies. TTVguideIT was a multicentre, interventional, patient- and assessor-blinded RCT conducted in 13 European centres recruiting stable adult kidney transplant recipients with low immunological risk (Table 2). The corresponding study protocol and the statistical analysis plan have been previously published [11, 62]. Between 2022 and 2024, 260 patients were randomised at month four after transplantation to either standard of care or TTV-guided tacrolimus dosing at a 1:1 ratio. TTV load was quantified in both arms every 6 weeks for 9 months. In the interventional arm, the investigators followed a protocol to set tacrolimus target trough levels according to the actual TTV load. In the control arm, TTV load was concealed. The primary endpoint was a composite of the occurrence of infections, biopsy-proven allograft rejection, graft loss and death scored by central assessors blinded to the allocation sequence. The last patient concluded the trial in May 2025.
The TAOIST trial is an interventional, open-label, parallel-group RCT being conducted in four French centres and recruiting adult kidney transplant recipients (Table 2). It aims to include 300 stable, low immunological-risk patients from months 12–48 after transplantation. The patients will be randomised to either standard of care or TTV-guided immunosuppression dosing for 36 months. TTV load will be quantified every 3 months. In the interventional arm, physicians will be free to change the dosing of immunosuppressive drugs to keep the TTV load within a predefined range. The primary outcome is a composite of de novo DSA, biopsy-proven rejection, infection, cancer or graft loss. The first patient was recruited in April 2025.
Notably, age, sex, and body mass index, which are associated with TTV load, do not confound or modify the association between TTV load and adverse effects related to over- and under-immunosuppression [23, 24, 63, 64]. Therefore, no adjustments to TTV cut-offs are necessary based on these characteristics. Conversely, it is plausible that patients at high risk for graft rejection - such as recipients with preformed DSA (and thus non-standard induction) or de novo DSA, re-transplantation, or a history of ABMR - as well as those at increased risk for infection - like older, frail recipients or individuals with comorbidities - may benefit from tailored immunosuppression. This could be reflected by higher or lower TTV cut-offs. Such a concept should be evaluated in phase three trials once the ongoing phase two studies, which recruit low-risk patients, demonstrate the safety of TTV-guided monitoring.
TIMING OF TORQUE TENO VIRUS-BASED IMMUNE MONITORING
TTV load cut-offs for the guidance of immunosuppression have been proposed to be useful from month 4 post-transplant. In the first 3–4 months after kidney transplantation, TTV load is not in a steady state, and thus the definition of clinically relevant cut-off values to guide immunosuppression is difficult [34, 49]. In contrast to the well-described dynamics of TTV load after initiation of immunosuppression, TTV kinetics following dose changes of immunosuppressive drugs were unknown until recently. Two cohort studies during the COVID-19 pandemic evaluating pausing antimetabolite treatment to enhance responses to SARS-CoV-2 mRNA vaccination produced the first insights (Table 2) [58, 59]. Both studies showed a reduction in TTV load between 4 and 6 weeks after pausing antimetabolite treatment, and TTV load reached baseline values within 2 months after reinitiation of antimetabolite therapy. This evidence was recently complemented by a single-centre study by Regele et al. [57], who examined 48 kidney allograft recipients with isolated calcineurin inhibitor (CNI) dosage changes from the TTV-POET study. No significant changes in TTV load were observed 1 month after the CNI dose changes. However, a median CNI dose reduction of 33% translated to a significant decrease in TTV load 2 months after the dosage change, and a 50% increase in CNI dosage caused a trend toward higher TTV loads 2 months later (Table 2). Notably, no TTV load measurements were available after 2 months, making it impossible to analyse further changes beyond that time. Integrating the findings of these studies with the consistently described peak of TTV loads at around 3–4 months after initiating immunosuppression following transplantation, the optimal time frame for quantifying the TTV load may be assumed to be every 2–4 months. It is important to note, that assessing the effect of an immunosuppressive dose change on TTV load shortly afterward is not appropriate. Due to the time lag in TTV load changes following dose adjustments in immunosuppressive therapy, measuring TTV load should only be done approximately 2 months later.
TORQUE TENO VIRUS LOAD IN BELATACEPT- AND MTOR INHIBITOR-BASED IMMUNOSUPPRESSION
One question that has come up repeatedly in recent years is how TTV load cut-off values defined in patients treated with CNI-based immunosuppression can be translated to other immunosuppressive regimens. In a single-centre cross-sectional study with a limited number of patients, a higher TTV load was initially observed in those on belatacept-based (n = 23) compared to CNI-based immunosuppression [54]. Therefore, it was hypothesised that co-stimulation blockade might have led to more potent immunosuppression or insufficient formation of TTV-specific T-cells and thus directly influenced viral control. However, two recent studies challenged this earlier finding and did not show significant increases in TTV loads after conversion from CNIs to belatacept (Table 2) [60, 61, 65]. In a retrospective study in Grenoble that included 68 patients converted from CNI to belatacept at a median of 4 years after transplantation, TTV loads did not change significantly from baseline [60]. A retrospective analysis of two RCTs examined TTV loads in 105 patients randomised to either CNI continuation or conversion to belatacept at 6 and 12 months after conversion [61]. Those who switched to a belatacept-based regimen showed stable TTV loads and no significant differences in TTV dynamics compared to those who maintained CNI-based therapy at both time points. In both studies, while infection and rejection rates were low, precluding any meaningful analysis, TTV loads tended to be higher in patients with subsequent infections and lower before rejection episodes. These data suggest the potential application of TTV cut-off values defined using CNI-based regimens for risk stratification also in patients on belatacept-based immunosuppression.
Unlike belatacept-based immunosuppression, insufficient data is available for mammalian target of rapamycin inhibitor (mTORi)-based immunosuppression to make recommendations concerning the clinical value of TTV-guided immunosuppression. In only one retrospective cross-sectional single-centre study, the 30 patients receiving mTORi-based immunosuppression showed absolute but not statistically significant lower TTV loads than those receiving CNI-based immunosuppression (Table 2) [54].
TORQUE TENO VIRUS MONITORING IN PAEDIATRIC KIDNEY TRANSPLANT RECIPIENTS
Until recently, cut-off values for TTV-guided immunosuppression were unavailable for paediatric kidney transplant recipients, and data were mainly derived from one cross-sectional study and one single-centre cohort study associating Anelloviridae trajectories with immunosuppression and graft rejection [66, 67]. Recently, a larger retrospective single-centre study by Eibensteiner and colleagues added to these data (Table 2). They retrospectively analysed all paediatric kidney transplant recipients followed between 2014 and 2020 at the Medical University of Vienna for TTV load at 4–8 weeks intervals in the context of CMV and BKV infections (n = 71) [55]. They described a higher TTV load in patients with subsequent CMV and BKV infections during a 3-year follow-up and defined cut-offs at 7.7 and 6.4 log10 c/mL, respectively, to predict subsequent clinically relevant viral DNAemia (Table 2). Recipients in the cohort showed a wide age range (IQR 3.5–13.2 years at transplantation), and it is well established that TTV load increases with age [24, 68]. Analyses from adult kidney transplant cohorts have demonstrated an association between TTV load and adverse effects related to both over- and under-immunosuppression across all age groups [49]. Future research should explore whether this relationship also applies to the full paediatric recipient population.
NOVEL ENDPOINTS FOR TORQUE TENO VIRUS-BASED MONITORING: MALIGNANCY AND VACCINATION RESPONSE
The consequences of intense immunosuppression go beyond an elevated incidence of infections, as such patients are also at an increased risk of oncologic disease. Until recently, only one single-centre cohort study that included 221 patients indicated higher TTV loads in kidney transplant recipients with subsequent oncologic disease. Notably, oncologic disease was analysed only within a combined endpoint that included mainly opportunistic infections (Table 2) [50]. An yet unpublished analysis of data from the prospective TTV-POET study (DRKS ID: DRKS00012335) showed that the cumulative TTV load in 428 patients from months 4–12 after transplantation was predictive for the development of malignoma (53 events) in the subsequent 4 years of follow-up. Using the Vienna in-house PCR, patients with a TTV load >8 log10 c/mL had a significantly higher risk of developing cancer than those with a TTV load <8 log10 c/mL. Notably, this TTV load cut-off is equivalent to the cut-off for defining patients at risk of infection (Table 1). Therefore, it can be speculated that targeting the optimal TTV load range proposed to reduce infection might also reduce malignancy rates.
Another clinically relevant side effect of immunosuppression in kidney transplant recipients is a reduced response to vaccination, and recent studies have analysed TTV loads in this context. Graninger and colleagues retrospectively analysed 100 kidney transplant recipients from samples prospectively stored by an interventional German multicentre RCT, demonstrating that TTV loads were lower in serological responders than in non-responders after two doses of the SARS-CoV-2 mRNA vaccine. Those with TTV loads >106 c/mL showed no cellular immune response, and only 12% showed a serological response (Table 2) [10]. These findings were confirmed by a retrospective single-centre study involving 459 kidney transplant recipients receiving their second dose of the SARS-CoV-2 mRNA vaccine, of which half then received a third dose (Table 2) [56]. Notably, during the COVID-19 pandemic, temporal antimetabolite withdrawal was shown to enhance responses to SARS-CoV-2 vaccination in some [58, 69] but not all [59] RCTs. Therefore, a TTV-based approach to individualise both the amount and timing of reducing immunosuppression before planned vaccination could be an interesting design to evaluate in an interventional trial.
SCENARIOS WHERE TORQUE TENO VIRUS LOAD MIGHT NOT REFLECT IMMUNE FUNCTION ACCURATELY
Besides insufficient data on patients receiving mTORi-based immunosuppression, as mentioned above, there are other scenarios where TTV-guided immunosuppression might be challenging. In a few patients, the TTV load does not reach the detection limit of the commonly used qPCRs. In these cases, differentiating between non-infection and DNAemia below the detection limit is difficult, and the TTV load cannot be used for risk stratification of immunosuppression. Quantification of other genera of the Anelloviridae family might help in this situation. Recently, a study involving 168 solid organ transplant recipients showed that quantifying Betatorquevirus (formerly the Torque Teno Mini virus) and Gammatorquevirus (formerly the Torque Teno Midi virus) improved the prediction of the SARS-CoV-2 vaccination response [70].
TTV was shown to become almost undetectable following myeloablative conditioning regimens in hematopoietic stem cell transplantation patients [71, 72]. Similarly, TTV load significantly decreases during anti-thymocyte globulin treatment in solid organ transplant recipients [73]. In both settings, the TTV load cannot be used to quantify immunosuppression. Notably, TTV loads returned to baseline 1–2 weeks after anti-thymocyte globulin treatment and might reflect immunosuppression accurately again after that time point [73]. In concordance with the above mentioned findings leukocytes were proposed as a replication pool for TTV and it may be speculated upon whether the validity of TTV loads is also reduced during episodes of significant leukopenia due to, for example, CMV infection or drug toxicity.
SUMMARY AND OUTLOOK
The association between TTV load and adverse outcomes linked to immune function in kidney transplant recipients is increasingly robust, and cut-offs for TTV-guided immunosuppression have been proposed. Recent studies involving paediatric cohorts, patients with belatacept-based immunosuppression and endpoints other than infection and rejection might broaden its potential clinical applications. Future studies must focus on knowledge gaps, including TTV loads in patients at later time points after transplantation and recipients on mTORi-based immunosuppression. Improved quantification methods of TTV load have been proposed to support implementation, which will depend on the results of ongoing interventional trials. Following results of ongoing interventional trials, TTV will have to position itself in the context of other emerging biomarkers for immunologic monitoring.
AUTHOR CONTRIBUTIONS
KD and GB wrote the manuscript, and SK and FH edited and critically revised the manuscript. All authors contributed to the article and approved the submitted version.
FUNDING
The author(s) declare that financial support was received for the research and/or publication of this article. This work was funded by the Austrian Science Fund (grant number KLI1152; grant holder: GB) and the European Union Framework Programme for Research and Innovation Horizon 2020 (grant agreement ID: 896932; project coordinator: GB).
CONFLICT OF INTEREST
GB received fees from bioMérieux for preparing communication material for TTV-R-GENE®, an assay to quantify Torque Teno virus load sold by bioMérieux, and for a talk at a scientific conference. GB is coordinater of the European Commission-funded TTVguideTX project assessing the clinical value of Torque Teno virus-guided immunosuppression (grant agreement ID: 896932; consortium lead: Medical University of Vienna).
The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
ABBREVIATIONS
ABMR, Antibody-mediated rejection; BKV, BK polyomavirus; c/mL, copies/mL; CMV, Cytomegalovirus; CNI, Calcineurin inhibitor; dd-cfDNA, Donor-derived cell-free DNA; DSA, Donor-specific antibodies; IVDR, In Vitro Medical Devices Regulation; MPA, Mycophenolic acid; mTORi, Mammalian target of rapamycin inhibitor; TAC, Tacrolimus; TCMR, T cell-mediated rejection; TTV, Torque Teno virus; qPCR, Quantitative polymerase chain reaction; RCT, Randomised controlled trial.
REFERENCES
	Wolfe, RA, Ashby, VB, Milford, EL, Ojo, AO, Ettenger, RE, Agodoa, LY, et al. Comparison of Mortality in All Patients on Dialysis, Patients on Dialysis Awaiting Transplantation, and Recipients of a First Cadaveric Transplant. N Engl J Med (1999) 341(23):1725–30. doi:10.1056/nejm199912023412303

	Yang, J, Endo, Y, Munir, MM, Woldesenbet, S, Altaf, A, Limkemann, A, et al. Waitlist Time, Age, and Social Vulnerability: Impact on the Survival Benefit of Deceased Donor Kidney Transplantation Versus Long-Term Dialysis Among Patients With End-stage Renal Disease. Transplantation (2025) 109(1):e64–e74. doi:10.1097/tp.0000000000005125

	Hariharan, S, Rogers, N, Naesens, M, Pestana, JM, Ferreira, GF, Requião-Moura, LR, et al. Long-Term Kidney Transplant Survival Across the Globe. Transplantation (2024) 108(9):e254–e263. doi:10.1097/tp.0000000000004977

	Mayrdorfer, M, Liefeldt, L, Osmanodja, B, Naik, MG, Schmidt, D, Duettmann, W, et al. A Single Centre in-Depth Analysis of Death With a Functioning Kidney Graft and Reasons for Overall Graft Failure. Nephrol Dial Transpl (2023) 38(8):1857–66. doi:10.1093/ndt/gfac327

	Coemans, M, Süsal, C, Döhler, B, Anglicheau, D, Giral, M, Bestard, O, et al. Analyses of the Short- and Long-Term Graft Survival After Kidney Transplantation in Europe Between 1986 and 2015. Kidney Int (2018) 94(5):964–73. doi:10.1016/j.kint.2018.05.018

	Budde, K. How to Treat T Cell Mediated Rejection? -A Call for Action. Transpl Int (2024) 37:12621. doi:10.3389/ti.2024.12621

	Gupta, G, Athreya, A, and Kataria, A. Biomarkers in Kidney Transplantation: A Rapidly Evolving Landscape. Transplantation (2025) 109(3):418–27. doi:10.1097/tp.0000000000005122

	Westphal, SG, and Mannon, RB. Biomarkers of Rejection in Kidney Transplantation. Am J Kidney Dis (2025) 85(3):364–74. doi:10.1053/j.ajkd.2024.07.018

	Jaksch, P, Görzer, I, Puchhammer-Stöckl, E, and Bond, G. Integrated Immunologic Monitoring in Solid Organ Transplantation: The Road Toward Torque Teno Virus-Guided Immunosuppression. Transplantation (2022) 106(10):1940–51. doi:10.1097/tp.0000000000004153

	Graninger, M, Stumpf, J, Bond, G, Görzer, I, Springer, DN, Kessel, F, et al. Prediction of Humoral and Cellular Immune Response to COVID-19 mRNA Vaccination by TTV Load in Kidney Transplant Recipients and Hemodialysis Patients. J Clin Virol (2023) 162:105428. doi:10.1016/j.jcv.2023.105428

	Haupenthal, F, Rahn, J, Maggi, F, Gelas, F, Bourgeois, P, Hugo, C, et al. A Multicentre, Patient- and Assessor-Blinded, Non-inferiority, Randomised and Controlled Phase II Trial to Compare Standard and Torque Teno virus-guided Immunosuppression in Kidney Transplant Recipients in the First Year After Transplantation: TTVguideIT. Trials (2023) 24(1):213. doi:10.1186/s13063-023-07216-0

	Brani, P, Manzoor, HZ, Spezia, PG, Vigezzi, A, Ietto, G, Dalla Gasperina, D, et al. Torque Teno Virus: Lights and Shades. Viruses (2025) 17(3):334. doi:10.3390/v17030334

	Spezia, PG, Focosi, D, Baj, A, Novazzi, F, Ferrante, FD, Carletti, F, et al. TTV and Other Anelloviruses: The Astonishingly Wide Spread of a Viral Infection. Asp Mol Med (2023) 1:100006. doi:10.1016/j.amolm.2023.100006

	Masset, C, Danger, R, Degauque, N, Dantal, J, Giral, M, and Brouard, S. Blood Gene Signature as a Biomarker for Subclinical Kidney Allograft Rejection: Where Are We?Transplantation (2025) 109(2):249–58. doi:10.1097/tp.0000000000005105

	Budde, K, Osmanodja, B, Schrezenmeier, E, Halleck, F, Mayer, KA, Böhmig, GA, et al. Clinical Utility of Donor-Derived Cell-Free DNA Testing for Kidney Transplant Monitoring in Selected Patients. Kidney Int (2025) 107(5):792–6. doi:10.1016/j.kint.2024.09.023

	Park, S, Sellares, J, Tinel, C, Anglicheau, D, Bestard, O, and Friedewald, JJ. European Society of Organ Transplantation Consensus Statement on Testing for Non-Invasive Diagnosis of Kidney Allograft Rejection. Transpl Int (2023) 36:12115. doi:10.3389/ti.2023.12115

	Stringer, D, Gardner, L, Shaw, O, Clarke, B, Briggs, D, Worthington, J, et al. Optimized Immunosuppression to Prevent Graft Failure in Renal Transplant Recipients With HLA Antibodies (Outsmart): A Randomised Controlled Trial. EClinicalMedicine (2023) 56:101819. doi:10.1016/j.eclinm.2022.101819

	Hirt-Minkowski, P, Handschin, J, Stampf, S, Hopfer, H, Menter, T, Senn, L, et al. Randomized Trial to Assess the Clinical Utility of Renal Allograft Monitoring by Urine CXCL10 Chemokine. J Am Soc Nephrol (2023) 34(8):1456–69. doi:10.1681/asn.0000000000000160

	Akifova, A, Budde, K, Amann, K, Buettner-Herold, M, Choi, M, Oellerich, M, et al. Donor-Derived Cell-free DNA Monitoring for Early Diagnosis of Antibody-Mediated Rejection After Kidney Transplantation: A Randomized Trial. Nephrol Dial Transpl (2024) 40:1384–95. doi:10.1093/ndt/gfae282

	Naesens, M, and Anglicheau, D. Precision Transplant Medicine: Biomarkers to the Rescue. J Am Soc Nephrol (2018) 29(1):24–34. doi:10.1681/asn.2017010004

	Ravaioli, M, Neri, F, Lazzarotto, T, Bertuzzo, VR, Di Gioia, P, Stacchini, G, et al. Immunosuppression Modifications Based on an Immune Response Assay: Results of a Randomized, Controlled Trial. Transplantation (2015) 99(8):1625–32. doi:10.1097/tp.0000000000000650

	Ahlenstiel-Grunow, T, Liu, X, Schild, R, Oh, J, Taylan, C, Weber, LT, et al. Steering Transplant Immunosuppression by Measuring Virus-Specific T Cell Levels: The Randomized, Controlled IVIST Trial. J Am Soc Nephrol (2021) 32(2):502–16. doi:10.1681/asn.2020050645

	Haloschan, M, Bettesch, R, Görzer, I, Weseslindtner, L, Kundi, M, and Puchhammer-Stöckl, E. TTV DNA Plasma Load and Its Association with Age, Gender, and HCMV IgG Serostatus in Healthy Adults. Age (Dordr) (2014) 36(5):9716. doi:10.1007/s11357-014-9716-2

	Focosi, D, Spezia, PG, Macera, L, Salvadori, S, Navarro, D, Lanza, M, et al. Assessment of Prevalence and Load of Torquetenovirus Viraemia in a Large Cohort of Healthy Blood Donors. Clin Microbiol Infect (2020) 26(10):1406–10. doi:10.1016/j.cmi.2020.01.011

	Spandole, S, Cimponeriu, D, Berca, LM, and Mihăescu, G. Human Anelloviruses: An Update of Molecular, Epidemiological and Clinical Aspects. Arch Virol (2015) 160(4):893–908. doi:10.1007/s00705-015-2363-9

	Kaczorowska, J, Cicilionytė, A, Timmerman, AL, Deijs, M, Jebbink, MF, van Goudoever, JB, et al. Early-Life Colonization by Anelloviruses in Infants. Viruses (2022) 14(5):865. doi:10.3390/v14050865

	Focosi, D, Antonelli, G, Pistello, M, and Maggi, F. Torquetenovirus: The Human Virome From Bench to Bedside. Clin Microbiol Infect (2016) 22(7):589–93. doi:10.1016/j.cmi.2016.04.007

	Davis, JS, Chu, G, Pathinayake, P, Jones, D, Giffard, P, Macera, L, et al. Seroprevalence of Torque Teno Virus in Hemodialysis and Renal Transplant Patients in Australia: A Cross-Sectional Study. Transpl Infect Dis (2020) 22(5):e13400. doi:10.1111/tid.13400

	Touinssi, M, Gallian, P, Biagini, P, Attoui, H, Vialettes, B, Berland, Y, et al. TT Virus Infection: Prevalence of Elevated Viraemia and Arguments for the Immune Control of Viral Load. J Clin Virol (2001) 21(2):135–41. doi:10.1016/s1386-6532(01)00157-3

	Shibayama, T, Masuda, G, Ajisawa, A, Takahashi, M, Nishizawa, T, Tsuda, F, et al. Inverse Relationship Between the Titre of TT Virus DNA and the CD4 Cell Count in Patients Infected with HIV. Aids (2001) 15(5):563–70. doi:10.1097/00002030-200103300-00004

	Bendinelli, M, Pistello, M, Maggi, F, Fornai, C, Freer, G, and Vatteroni, ML. Molecular Properties, Biology, and Clinical Implications of TT Virus, a Recently Identified Widespread Infectious Agent of Humans. Clin Microbiol Rev (2001) 14(1):98–113. doi:10.1128/cmr.14.1.98-113.2001

	Moen, EM, Sagedal, S, Bjøro, K, Degré, M, Opstad, PK, and Grinde, B. Effect of Immune Modulation on TT Virus (TTV) and TTV-Like-Mini-Virus (TLMV) Viremia. J Med Virol (2003) 70(1):177–82. doi:10.1002/jmv.10356

	De, VI, Khush, KK, Strehl, C, Kohli, B, Luikart, H, Neff, NF, et al. Temporal Response of the Human Virome to Immunosuppression and Antiviral Therapy. Cell (2013) 155(5):1178–87. doi:10.1016/j.cell.2013.10.034

	Görzer, I, Haloschan, M, Jaksch, P, Klepetko, W, and Puchhammer-Stöckl, E. Plasma DNA Levels of Torque Teno Virus and Immunosuppression After Lung Transplantation. J Heart Lung Transpl (2014) 33(3):320–3. doi:10.1016/j.healun.2013.12.007

	Redondo, N, Navarro, D, Aguado, JM, and Fernández-Ruiz, M. Viruses, Friends, and Foes: The Case of Torque Teno Virus and the Net State of Immunosuppression. Transpl Infect Dis (2022) 24(2):e13778. doi:10.1111/tid.13778

	Kapps, S, Haupenthal, F, and Bond, G. Torque Teno Virus-guided Monitoring of Immunosuppressive Therapy. Nephrol Dial Transpl (2024) 39(12):1942–4. doi:10.1093/ndt/gfae149

	Stone, JH, Merkel, PA, Spiera, R, Seo, P, Langford, CA, Hoffman, GS, et al. Rituximab Versus Cyclophosphamide for ANCA-Associated Vasculitis. N Engl J Med (2010) 363(3):221–32. doi:10.1056/NEJMoa0909905

	Studenic, P, Bond, G, Kerschbaumer, A, Bécède, M, Pavelka, K, Karateev, D, et al. Torque Teno Virus Quantification for Monitoring of Immunomodulation with Biologic Compounds in the Treatment of Rheumatoid Arthritis. Rheumatology (Oxford) (2022) 61(7):2815–25. doi:10.1093/rheumatology/keab839

	Feghoul, L, Caillault, A, Peyrony, O, Salmona, M, Nere, ML, Delaugerre, C, et al. Respiratory Torque Teno Virus Load at Emergency Department Visit Predicts Intensive Care Unit Admission of SARS-CoV-2 Infected Patients. J Med Virol (2023) 95(12):e29319. doi:10.1002/jmv.29319

	Tang, JY, Chen, TB, Kouznetsova, VL, and Tsigelny, IF. Anelloviruses and Cancer. J Infect Dis (2025) 231(2):298–306. doi:10.1093/infdis/jiae626

	Bartl, T, Onoprienko, A, Obermayr, E, Zeilinger, R, Concin, N, Strassl, R, et al. Pretherapeutic Torque Teno Virus (TTV) Counts Assessed by Liquid Biopsy as an Independent Prognostic Biomarker in Ovarian Cancer Patients. Int J Gynecol Cancer (2025) 35(2):101463. doi:10.1016/j.ijgc.2024.101463

	Benzaquén, A, Giménez, E, Iacoboni, G, Guerreiro, M, Hernani, R, Albert, E, et al. Torque Teno Virus Plasma DNA Load: A Novel Prognostic Biomarker in CAR-T Therapy. Bone Marrow Transpl (2024) 59(1):93–100. doi:10.1038/s41409-023-02114-0

	Truffot, A, Cabezas, L, Gnesotto, M, Lupo, J, Morand, P, Jouve, T, et al. Comparison of Torque Teno Virus DNA Load in Plasma and Whole Blood. Kidney Int Rep (2024) 10:2446–9. doi:10.1016/j.ekir.2025.04.033

	Maggi, F, Pifferi, M, Fornai, C, Andreoli, E, Tempestini, E, Vatteroni, M, et al. TT Virus in the Nasal Secretions of Children with Acute Respiratory Diseases: Relations to Viremia and Disease Severity. J Virol (2003) 77(4):2418–25. doi:10.1128/jvi.77.4.2418-2425.2003

	Macera, L, Spezia, PG, Medici, C, Rofi, E, Del Re, M, Focosi, D, et al. Comparative Evaluation of Molecular Methods for the Quantitative Measure of Torquetenovirus Viremia, the New Surrogate Marker of Immune Competence. J Med Virol (2022) 94(2):491–8. doi:10.1002/jmv.25488

	Görzer, I, Haupenthal, F, Maggi, F, Gelas, F, Kulifaj, D, Brossault, L, et al. Validation of Plasma Torque Teno Viral Load Applying a CE-certified PCR for Risk Stratification of Rejection and Infection Post Kidney Transplantation. J Clin Virol (2023) 158:105348. doi:10.1016/j.jcv.2022.105348

	Gore, EJ, Gard, L, Bourgeois, P, Kulifaj, D, McCulloch, E, Spezia, PG, et al. Validation, Implementation and Quality Control of a Torque Teno Virus qPCR in a Multinational Clinical Trial. J Clin Virol (2024) 175:105738. doi:10.1016/j.jcv.2024.105738

	Spezia, PG, Carletti, F, Novazzi, F, Specchiarello, E, Genoni, A, Drago Ferrante, F, et al. Torquetenovirus Viremia Quantification Using Real-Time PCR Developed on a Fully Automated, Random-Access Platform. Viruses (2024) 16(6):963. doi:10.3390/v16060963

	Doberer, K, Schiemann, M, Strassl, R, Haupenthal, F, Dermuth, F, Görzer, I, et al. Torque Teno Virus for Risk Stratification of Graft Rejection and Infection in Kidney Transplant recipients-A Prospective Observational Trial. Am J Transpl (2020) 20(8):2081–90. doi:10.1111/ajt.15810

	Fernández-Ruiz, M, Albert, E, Giménez, E, Ruiz-Merlo, T, Parra, P, López-Medrano, F, et al. Monitoring of Alphatorquevirus DNA Levels for the Prediction of Immunosuppression-Related Complications After Kidney Transplantation. Am J Transpl (2019) 19(4):1139–49. doi:10.1111/ajt.15145

	van Rijn, AL, Roos, R, Dekker, FW, Rotmans, JI, and Feltkamp, M. Torque Teno Virus Load as Marker of Rejection and Infection in Solid Organ Transplantation - A Systematic Review and meta-analysis. Rev Med Virol (2023) 33(1):e2393. doi:10.1002/rmv.2393

	Doberer, K, Haupenthal, F, Nackenhorst, M, Bauernfeind, F, Dermuth, F, Eigenschink, M, et al. Torque Teno Virus Load Is Associated With Subclinical Alloreactivity in Kidney Transplant Recipients: A Prospective Observational Trial. Transplantation (2021) 105(9):2112–8. doi:10.1097/tp.0000000000003619

	Chauvelot, L, Barba, T, Saison, C, Siska, E, Kulifaj, D, Bakker, SJL, et al. Longitudinal Monitoring of Torque Teno Virus Dnaemia in Kidney Transplant Recipients Correlates With Long-Term Complications of Inadequate Immunosuppression. J Med Virol (2024) 96(7):e29806. doi:10.1002/jmv.29806

	Schiemann, M, Puchhammer-Stöckl, E, Eskandary, F, Kohlbeck, P, Rasoul-Rockenschaub, S, Heilos, A, et al. Torque Teno Virus Load-Inverse Association with Antibody-Mediated Rejection After Kidney Transplantation. Transplantation (2017) 101(2):360–7. doi:10.1097/tp.0000000000001455

	Eibensteiner, F, Messner, I, Uhl, P, Bond, G, Puchhammer-Stoeckl, E, Mueller-Sacherer, T, et al. The Association of Torque Teno Viral Load with CMV and BKV Infection in Pediatric and Adolescent Kidney Transplant Patients. J Clin Virol (2024) 172:105673. doi:10.1016/j.jcv.2024.105673

	Solis, M, Benotmane, I, Gallais, F, Caillard, S, and Fafi-Kremer, S. Torque Teno Virus Viral Load Predicts SARS-CoV-2 Vaccine Response in Kidney Transplant Recipients. J Med Virol (2023) 95(7):e28936. doi:10.1002/jmv.28936

	Regele, F, Haupenthal, F, Doberer, K, Görzer, I, Kapps, S, Strassl, R, et al. The Kinetics of Torque Teno Virus Plasma Load Following Calcineurin Inhibitor Dose Change in Kidney Transplant Recipients. J Med Virol (2024) 96(3):e29554. doi:10.1002/jmv.29554

	Benning, L, Reineke, M, Bundschuh, C, Klein, JAF, Kühn, T, Zeier, M, et al. Quantification of Torque Teno Virus Load to Monitor Short-Term Changes in Immunosuppressive Therapy in Kidney Transplant Recipients. Transplantation (2023) 107(12):e363–e369. doi:10.1097/tp.0000000000004816

	Regele, F, Heinzel, A, Hu, K, Raab, L, Eskandary, F, Faé, I, et al. Stopping of Mycophenolic Acid in Kidney Transplant Recipients for 2 Weeks Peri-Vaccination Does Not Increase Response to SARS-CoV-2 Vaccination-A Non-Randomized, Controlled Pilot Study. Front Med (Lausanne) (2022) 9:914424. doi:10.3389/fmed.2022.914424

	Cabezas, L, Truffot, A, Germi, R, Bugnazet, M, Malvezzi, P, Gnesotto, M, et al. Evaluation of Torque Teno Virus DNA Load as a Predictive Biomarker in Kidney Transplant Recipients Converted from Calcineurin Inhibitors to Belatacept. Kidney Int Rep (2024) 9(6):1718–29. doi:10.1016/j.ekir.2024.03.006

	Bredewold, OW, Moest, WT, de Fijter, JW, Meijers, E, Bruchfeld, A, Skov, K, et al. Attenuation of Torque Teno Viral Load Over Time in Kidney Transplantation Recipients Treated With Calcineurin Inhibitors Is Mitigated After Conversion to Belatacept. J Med Virol (2024) 96(9):e29905. doi:10.1002/jmv.29905

	Herkner, F, Haupenthal, F, Kapps, S, Doberer, K, Herkner, H, König, F, et al. Statistical analysis plan for TTVguideIT-a multicentre, patient- and assessor-blinded, non-inferiority, randomised and controlled phase II trial to compare standard and Torque Teno virus-guided immunosuppression in kidney transplant recipients in the first year after transplantation. Trials. (2025) 26: 432. doi:10.1186/s13063-025-09119-8

	Herz, CT, Kulterer, OC, Kulifaj, D, Gelas, F, Franzke, B, Haupenthal, F, et al. Obesity Is Associated with a Higher Torque Teno Viral Load Compared to Leanness. Front Endocrinol (Lausanne) (2022) 13:962090. doi:10.3389/fendo.2022.962090

	Strassl, R, Schiemann, M, Doberer, K, Görzer, I, Puchhammer-Stöckl, E, Eskandary, F, et al. Quantification of Torque Teno Virus Viremia as a Prospective Biomarker for Infectious Disease in Kidney Allograft Recipients. J Infect Dis (2018) 218(8):1191–9. doi:10.1093/infdis/jiy306

	Eskandary, F, Bond, G, and Mohan, K. Torque Teno Virus-Guided Immunosuppression in Kidney Transplantation: Expanding the Application. Kidney Int Rep (2024) 9(6):1568–70. doi:10.1016/j.ekir.2024.04.057

	Eldar-Yedidia, Y, Ben-Shalom, E, Hillel, M, Belostotsky, R, Megged, O, Freier-Dror, Y, et al. Association of Post-Transplantation Anellovirus Viral Load With Kidney Transplant Rejection in Children. Pediatr Nephrol (2022) 37(8):1905–14. doi:10.1007/s00467-021-05336-w

	Uhl, P, Heilos, A, Bond, G, Meyer, E, Böhm, M, Puchhammer-Stöckl, E, et al. Torque Teno Viral Load Reflects Immunosuppression in Paediatric Kidney-Transplanted Patients-a Pilot Study. Pediatr Nephrol (2021) 36(1):153–62. doi:10.1007/s00467-020-04606-3

	Väisänen, E, Kuisma, I, Mäkinen, M, Ilonen, J, Veijola, R, Toppari, J, et al. Torque Teno Virus Primary Infection Kinetics in Early Childhood. Viruses (2022) 14(6):1277. doi:10.3390/v14061277

	Schrezenmeier, E, Rincon-Arevalo, H, Jens, A, Stefanski, AL, Hammett, C, Osmanodja, B, et al. Temporary Antimetabolite Treatment Hold Boosts SARS-CoV-2 Vaccination-Specific Humoral and Cellular Immunity in Kidney Transplant Recipients. JCI Insight (2022) 7(9):e157836. doi:10.1172/jci.insight.157836

	Cinti, L, Spezia, PG, Roberto, P, Russo, G, Lai, Q, Carillo, C, et al. Assessment of Torquetenominivirus (TTMV) and Torquetenomidivirus (TTMDV) as Complementary Biomarkers to Torquetenovirus (TTV). Int J Mol Sci (2025) 26(3):1022. doi:10.3390/ijms26031022

	Maggi, F, Focosi, D, Albani, M, Lanini, L, Vatteroni, ML, Petrini, M, et al. Role of Hematopoietic Cells in the Maintenance of Chronic Human Torquetenovirus Plasma Viremia. J Virol (2010) 84(13):6891–3. doi:10.1128/jvi.00273-10

	Albert, E, Solano, C, Pascual, T, Torres, I, Macera, L, Focosi, D, et al. Dynamics of Torque Teno Virus Plasma Dnaemia in Allogeneic Stem Cell Transplant Recipients. J Clin Virol (2017) 94:22–8. doi:10.1016/j.jcv.2017.07.001

	Focosi, D, Macera, L, Boggi, U, Nelli, LC, and Maggi, F. Short-Term Kinetics of Torque Teno Virus Viraemia After Induction Immunosuppression Confirm T Lymphocytes as the Main Replication-Competent Cells. J Gen Virol (2015) 96(Pt 1):115–7. doi:10.1099/vir.0.070094-0


Copyright © 2025 Doberer, Kapps, Haupenthal and Bond. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/xhtml/nav.xhtml
Table of Contents

		Cover

		Immune Monitoring Goes Viral – Torque Teno Virus for Immunologic Risk Stratification After Kidney Transplantation		INTRODUCTION TO THE CLINICAL PROBLEM

		CURRENT STATUS OF IMMUNE MONITORING IN CLINICAL CARE OF KIDNEY TRANSPLANT RECIPIENTS

		TORQUE TENO VIRUS – FROM DISCOVERY TO IMMUNE MONITORING

		NOVEL DATA ON TORQUE TENO VIRUS QUANTIFICATION TECHNIQUES

		PROPOSED TORQUE TENO VIRUS CUT-OFF VALUES TO GUIDE IMMUNOSUPPRESSION

		TIMING OF TORQUE TENO VIRUS-BASED IMMUNE MONITORING

		TORQUE TENO VIRUS LOAD IN BELATACEPT- AND MTOR INHIBITOR-BASED IMMUNOSUPPRESSION

		TORQUE TENO VIRUS MONITORING IN PAEDIATRIC KIDNEY TRANSPLANT RECIPIENTS

		NOVEL ENDPOINTS FOR TORQUE TENO VIRUS-BASED MONITORING: MALIGNANCY AND VACCINATION RESPONSE

		SCENARIOS WHERE TORQUE TENO VIRUS LOAD MIGHT NOT REFLECT IMMUNE FUNCTION ACCURATELY

		SUMMARY AND OUTLOOK

		AUTHOR CONTRIBUTIONS

		FUNDING

		CONFLICT OF INTEREST

		GENERATIVE AI STATEMENT

		ABBREVIATIONS

		REFERENCES









OPS/images/cover.jpg
(ESOT ( Transplant
International

Immune Monitoring Goes Viral —
Torque Teno Virus for
Immunologic Risk Stratification

After Kidney Transplantation





OPS/images/ti-38-15074-g001.jpg
TTV log+, copies/mL plasma

N
o

*®
o

o
o

»
)

INFECTION
\ MALIGNANCY |

OPTIMAL

VACCINATION\
/ RESPONSE

REJECTION









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
é ESOT

( Transplant
International





