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Abstract: To improve lung transplant recipient (LungTx) outcome, it would be of great
interest to measure the net state of immunosuppression to avoid both infection and rejection.
Measurement of Torquetenovirus load (TTV load) has been proposed as a biomarker to
monitor solid organ transplantation, but its relationship with immunosuppressive drugs,
particularly mycophenolic acid (MPA), is not well understood. We performed a prospective
study of 53 LungTx, measuring TTV load before transplantation, at week 3, and at month 3.
Tacrolimus and MPA doses and levels were recorded, and an area under the MPA curve
(AUC-MPA) was calculated at the third month. LungTx in the fourth quartile of TTV
load at the third week and the third month exhibited a low risk of acute rejection (OR
0.113, 95% CI 0.013–0.953, p = 0.045) and a high risk of opportunistic infection from month
3 to 6 (OR 15.200, 95% CI 1.525–151.511, p = 0.020), respectively. TTV load was weakly
related to tacrolimus trough level at month 3 (rho = 0.283, p = 0.040). Neither MPA
blood levels nor AUC-MPA were related to TTV load, although only patients with a
reduction in MPA dose from month 1 to 3 showed a smaller increase in TTV load (0.86, IQR
2.58 log10 copies/mL vs. 2.26, IQR 3.02 log10 copies/mL, p = 0.026). In conclusion, TTV
load in LungTx is only partially related to exposure to immunosuppressive drugs. Other
variables, such as inflammation, immunosenescence, and frailty, may influence the overall
level of immunosuppression and TTV load.

Keywords: acute rejection; immune response; immunosuppressive drugs; infection;
monitoring; mycophenolic acid; tacrolimus; Torquetenovirus; lung transplantation

1. Introduction
Lung transplantation (LungTx) is the optimal treatment for patients with end-stage

respiratory diseases. The number of LungTx procedures has increased worldwide, with
improved outcomes [1]. Nevertheless, patients undergoing LungTx have a high mortality and
morbidity rate, primarily due to the elevated risk of infection and rejection [2]. In the solid
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organ transplantation field, post-transplant infection, particularly with regard to opportunistic
infections, has been associated with overimmunosuppression, while the emergence of acute
rejection has been linked to underimmunosuppression. Routine monitoring of lung allograft
status is achieved through respiratory function tests and transbronchial biopsies, while im-
munological monitoring involves the measurement of trough levels of calcineurin inhibitors
(CNI). However, it has been established that the latter better reflects the CNI toxicity than the
risk of rejection [3,4]. Consequently, there is an imperative for novel instruments that facilitate
enhanced assessment of the comprehensive immune status in transplant patients.

A promising biomarker of immune status is the presence of Torquetenovirus (TTV)
in the blood. In LungTx recipients, an elevated TTV blood load (TTV load) measured
at different times has been associated with a higher risk of infection and a lower risk of
rejection [5–8]. Similarly, a recent meta-analysis has reported an elevated risk of infection
(OR: 1.16, 95% CI: 1.03–1.32; HR: 1.05, 95% CI: 0.97–1.14) and a diminished risk of rejection
(OR: 0.90, 95% CI: 0.87–0.94; HR: 0.74, 95% CI: 0.71–0.76) per 1 log TTV load increase
in all types of solid organ transplantations [9]. Some studies have indicated that TTV
load levels are elevated in patients undergoing more intensive immunosuppression ther-
apy [6,7,10–14] and with higher calcineurin inhibitor trough levels [5–7], but other studies
have not confirmed these findings [8,10,15–18]. The relationship with the trough levels of
immunosuppressants remains to be elucidated, and the cumulative effect of exposure to
immunosuppressive therapy has yet to be studied. Two studies in kidney transplant recipi-
ents have found an association between discontinuation of mycophenolic acid (MPA) and
a decrease in TTV load [19,20], and Strassl et al. reported that TTV load is higher in kidney
transplant recipients receiving MPA doses above 1.5 g [14]. However, no specific study
has analyzed the relationship between blood MPA levels and TTV load in any solid organ
transplantation. Our main objective was to analyze, for the first time in lung transplant
recipients, the relationship between TTV viral load and continuous and timely exposure to
immunosuppressive drugs, including not only CNI but also MPA. We hypothesized that a
higher TTV load is associated with a higher exposure to tacrolimus and MPA in LungTx.

2. Materials and Methods
2.1. Study Design and Patients’ Information

A prospective study was conducted, incorporating all patients admitted to the LungTx
waiting list at our center from September 2019 to November 2022 who were willing to
participate. The study was conducted in accordance with the Declaration of Helsinki
and approved by the Regional Ethics Committee at the institution (reference number:
PI20/01710, approval date 22 December 2020). Our center is accredited by the National
Transplant Organization of the government of Spain as a reference center for carrying out
lung transplants within the national public health system. All organs were obtained from
deceased donors. No patient on the waiting list expired prior to LungTx, while two patients
died in the initial month post-transplant and were consequently excluded from the study.
All patients received a double lung transplant between February 2021 and April 2023. HLA
eplet mismatch load was calculated to establish donor and recipient compatibility. The
HLA Matchmaker 3.1 software (available at http://www.epitopes.net/downloads.html,
accessed on 1 April 2024) was utilized to assess eplet matching.

Recipient, donor, and transplant-relevant data and outcomes were prospectively
recorded from the electronic medical records (Table 1). Primary graft dysfunction (PGD)
was defined and graded according to ISHLT criteria [21]. A transbronchial biopsy is rou-
tinely performed in our center in the third week post-transplant. Acute cellular rejection
post-transplantation was defined and graded based on the ISHLT Working Formulation [22].
All patients received induction therapy with basiliximab a minimum of two hours prior to

http://www.epitopes.net/downloads.html
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un-clamping the first pulmonary artery and on the fourth day. The maintenance immuno-
suppressive therapy comprised mycophenolate mofetil (1000 mg/12 h), corticosteroids,
and tacrolimus, with target trough blood levels between 12 and 15 ng/mL during the initial
six months post-transplantation. The standard anti-infective prophylaxis regimen adminis-
tered was piperacillin-tazobactam for the initial 4 days and trimethoprim-sulfamethoxazole
400/80 mg/24 h for the prevention of Pneumocystis jirovecii infection. Nebulized ampho-
tericin B was administered for six months as prophylaxis against Aspergillus, and valgan-
ciclovir for six months for intermediate-risk CMV matches (pre-transplant IgG-positive
recipient) and 12 months for high-risk matches (IgG-positive donor and IgG-negative recip-
ient). In high-risk matches, specific anti-CMV immunoglobulins were also administered.

Table 1. Main patient characteristics.

Main Patient Characteristics

Number of patients 53

Recipient age (years) 59.5 ± 8.3

Recipient gender (male) 45.3%

BMI (kg/m2) 24.4 ± 2.9

Underlying disease
IPF 39.6%

COPD 50.9%

Previous smoking habit 75.5%

Pretransplant Diabetes 9.4%

Pretransplant Hypertension 32.1%

Serum creatinine (mg/dL) 0.71 ± 0.15

Donor age ≥ 60 years 34.0%

Lung Allocation Score 34.0 ± 3.4

HLA-ABCDRDQ mismatch 54 ± 17

Donor/Recipient CMV Serologic Mismatch 18.9%

Second lung ischemia time (min) 376 ± 78

Pulmonary Graft Dysfunction 2/3 9.4%

Third week: acute rejection 18 (34.0%)

Third week Prednisone dose (mg) 22.4 ± 4.2

TTR 12–15 ng/mL at the third week (%) 28 ± 19%

Mean tacrolimus level at third week (ng/mL) 19.1 ± 34.8

Coefficient of variability at third week 52.0 ± 9.3

Mean MPA level at third week (mg/L) 2.9 ± 1.6

Third month Prednisone dose (mg) 19.7 ± 1.2

TTR 12–15 ng/mL at third month (%) 38 ± 17%

Mean tacrolimus level at third month (ng/mL) 12.4 ± 2.4

Coefficient of variability at third month 42.8 ± 8.0

Tacrolimus cumulative exposure at third month (ng·day/mL) 1092 ± 105

Mean MPA level at third month (mg/L) 3.0 ± 1.7

AUC-MPA at third month (µg·h/mL) 58.2 ± 23.2
BMI = body mass index, IPF = idiopathic pulmonary fibrosis, COPD = chronic obstructive pulmonary disease,
HLA-ABCDRDQ mismatch = number of mismatches in HLA class I A, B and C and in class II DR and DQ,
CMV = cytomegalovirus, TTR = time in therapeutic range, MPA = mycophenolic acid, and AUC = area under
the curve.
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2.2. Immunosuppressive Drugs Monitoring

Whole blood concentrations (ng/mL) of tacrolimus were determined by chemilumines-
cent microparticle immunoassay using the Architect iSystem (CMIA; Abbott Laboratories,
Abbott Park, North Chicago, IL, USA). All tacrolimus levels were recorded up to day 90.
The variability of tacrolimus blood levels was estimated by the coefficient of variation (CV),
calculated according to the following equation:

CV = (σ/µ) × 100,

where σ is the standard deviation and µ is the mean tacrolimus concentration of all available
samples [23]. The percentage of time in the therapeutic range (TTR) (12 to 15 ng/mL) up
to months 1 and 3 was calculated using the Rosendaal method [24]. The calculation of
cumulative exposure to tacrolimus at month 3 was performed by determining the area
under the curve of all tacrolimus trough concentrations, extending from the transplant date
up to month 3 [25].

Trough blood concentrations of mycophenolic acid (MPA) in human plasma (mg/L)
were quantified by homogeneous enzyme-linked immunosorbent assay (Emit 2000 My-
cophenolic Acid Assay; Siemens, Munich, Germany) at months 1 and 3. The full mycophe-
nolic acid area under the curve (AUC-MPA) was calculated at month 3 using an abbreviated
procedure with blood samples taken at time 0, 30 min, and 2 h after drug intake, according
to the procedure previously reported by Pawinski et al. The regression equation for AUC
0–12 h estimation that gave the best performance for this model was [26]:

7.75 + 6.49.C0h + 0.76.C0.5h + 2.43.C2h

AUC-MPA was not performed in three patients who refused the procedure and one
patient with previous MPA withdrawal.

2.3. TTV Measurement

Samples for measurement of TTV load were taken at the following times: while the
patient was on the waiting list (baseline); at week 3, coinciding with the surveillance
transbronchial biopsy; and at day 90, where previous reports have identified the post-
transplant peak of TTV load that is stable up to month 6 [8,17]. Free viral DNA was
purified from 400 mL of plasma from all specimens using the QIAamp MinElute Virus
Spin Kit Cat. #57704 (Qiagen GmbH, Hilden, Germany) as specified by the manufac-
turer. The presence and viral load of TTV in the samples were determined in dupli-
cate using a previously described TaqMan (TM)-PCR assay for human TTV APP2XDMP
(ThermoFisher, Life Technologies, Paisley, UK) standardized and checked by Maffi et al.
and Pistello et al. in a StepOnePlus Real-Time PCR System (AB Applied Biosystems,
Singapore) [27–29]. This assay is based on the specific amplification of a highly con-
served viral segment in the untranslated region of TTV, which has the potential for
sensitive and specific detection of all TTV genotypes present in GenBank [27]. The
procedures employed for the quantification of copy number, in addition to the assess-
ment of specificity, sensitivity, intra- and inter-assay precision, and reproducibility, have
been previously delineated [28,29]. We used as a positive control a 143 bp PCR frag-
ment from the same untranslated region of the TTV genome (NC_015783.1) that was am-
plified using the primers TTVSen (5′GTGCCGTAGGTGAGTTTA3′) and TTVAntisenseL
(5ATGGACCGGCGGTCTCCACGG3′) and cloned into the pCR™2.1 cloning vector (TA
Cloning™ Kit, # K202040, ThermoFisher, Invitrogen, Carlsbad, CA, USA). The resulting
plasmid was then purified with a QIAprep Spin Miniprep Kit, #2710 (Qiagen GmbH,
Hilden, Germany), and quantified using a Nanodrop 2000C spectrophotometer, Thermo
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Fisher Scientific # ND-2000C (Thermo Fisher Scientific, Wilmington, DE, USA). The stan-
dard curve was established with the points A = 1.0 × 1012 copies, B = 1.0 × 1010 copies,
C = 1.0 × 108 copies, D = 1.0 × 106 copies, E = 1.0 × 104 copies, F = 1.0 × 102 copies,
G = 1.0 copies, and H = 0 copies [18]. The lower limit of sensitivity was established at
1.0 × 10³ viral genomes per ml of plasma sample. A recent comparison and validation
of this protocol was conducted using the commercial TTV R-GENE® kit (bioMérieux,
Craponne, France) [30]. ∆LogTTV was calculated as the difference between the logarithm
of TTV load at month 3 and at month 1.

2.4. Statistical Analysis

Continuous variables were expressed as mean standard deviation if normally dis-
tributed or as median and interquartile range (IQR) if non-normally distributed. Categorical
variables were described as relative frequencies. The relationship between dichotomous
variables was analyzed using the chi-square test. The relationship between TTV load and
∆LogTTV, as well as continuous variables, was explored using Spearman’s rank correla-
tion coefficient. The Wilcoxon rank test was used to compare TTV loads at different time
points, and the Mann–Whitney U test was used to compare TTV load differences among
dichotomous variables. The ability of TTV load to discriminate infection and rejection was
analyzed by constructing receiver operating characteristic (ROC) curves. Univariate logistic
regression analysis was used to analyze the relationship between TTV load and infection
and rejection. A p-value less than 0.05 was considered statistically significant. Statistical
analyses were performed with SPSS, version 22.0 (SPSS, Inc., Chicago, IL, USA).

3. Results
The demographic and clinical characteristics of the patient cohort are delineated

in Table 1. The study encompassed 53 lung transplant recipients, who were monitored
during the initial year post-transplantation. A notable increase in median TTV load was
observed, escalating from a baseline level of 2.00 log10 copies/mL (interquartile range
[IQR]: 1.59 log10 copies/mL) to a median value of 8.06 log10 copies/mL (IQR: 3.23 log10
copies/mL) by the third week post-transplantation. This increase was statistically signif-
icant (p < 0.001). A similar trend was observed when the data was examined from the
third week to the third month post-transplant (p < 0.001) (Figure 1). The baseline TTV
load demonstrated no correlation with recipient age (rho = 0.061, p = 0.666), body mass
index (BMI) (rho = −0.145, p = 0.300), serum creatinine (rho = 0.181, p = 0.194), and Lung
Allocation Score (LAS) (rho = 0.068, p = 0.628). Furthermore, baseline TTV load did not
differ according to recipient gender (p = 0.985), IPF as underlying disease (p = 0.162), pre-
vious smoking habit (p = 0.359), previous hypertension (p = 0.543), or diabetes diagnosis
(p = 0.564).

PGD developed in 10 patients (18.9%), with severe dysfunction occurring in 5 (9.4%).
Neither baseline (p = 0.584) nor third-week TTV loads (p = 0.544) were higher in patients
with severe PGD. In addition, no correlation was found between baseline (rho = −0.215,
p = 0.121) or third week (rho = 0.170, p = 0.223) TTV loads and PGD severity.

As indicated by the third-week surveillance biopsy, acute rejection was observed in
18 (34%) patients. The severity of acute cellular rejection in the vascular compartment
was categorized as follows: grade A1 in 3 patients, grade A2 in 12 patients, grade A3
in 2 patients, and grade A4 in 1 patient. Notably, only 3 patients experienced rejection
from month 1 to 3, and 1 patient from month 9 to 12. The third week TTV load (8.62, IQR
4.45 log10 copies/mL vs. 7.69, IQR 2.92 log10 copies/mL, p = 0.027) and the third month
TTV load (10.35, IQR 3.00 log10 copies/mL vs. 9.53, IQR 2.60 log10 copies/mL, p = 0.023)
were lower in LungTx with acute rejection at the third week (Figure 2). Conversely, baseline
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TTV load did not differ between patients with early rejection (p = 0.157). TTV load at the
third week was found to have the capacity to differentiate between patients with acute
rejection, with an area under the curve (AUC) of 0.687 (95% CI 0.546–0.829, p = 0.027)
(Figure 3), whereas the AUC-ROC curve for baseline TTV load was not significant (0.610,
95% CI 0.450–0.771, p = 0.192). Subsequent regression analysis revealed that TTV load
in the third week was associated with a reduced risk of acute rejection (OR 0.785, 95%
CI 0.622–0.991, p = 0.042). No other variable was found to be associated with the risk of
acute rejection. Patients in the fourth quartile of the TTV load in the third week exhibited
a reduced rate of acute rejection (43% vs. 8%, p = 0.021) and a very low risk of acute
rejection (OR 0.113, 95% CI 0.013–0.953, p = 0.045) according to logistic regression analysis.
Due to the limited number of acute rejection episodes beyond the first month, no further
analysis was conducted to ascertain the relationship between TTV load at month 3 and
acute rejection.
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In the initial three-week period, 18 (34%) of the 54 lung transplant recipients experi-
enced at least one infection episode, of which only 2 (3.8%) were classified as opportunistic
infections. Subsequent to this, through to the third month, 12 (22.6%) patients developed an
infection episode, with only one opportunistic infection. From months 3 to 6, the number
of patients with at least one infection episode increased to 15 (28.3%), with only 5 (9.4%) of
these being opportunistic infections. Baseline TTV load exhibited no statistically significant
differences between patients with and without infection up to the third week (2.00, IQR
2.86 log10 copies/mL vs. 2.73, IQR 1.36 log10 copies/mL, p = 0.984).TTV load at the third
week did not relate to a higher risk of infection (8.24, IQR 3.28 log10 copies/mL vs. 7.70,
IQR 3.24 log10 copies/mL, p = 0.318) from this point to the month 3, third week TTV load
(7.98, IQR 3.75 log10 copies/mL vs. 9.66, IQR 4.35 log10 copies/mL, p = 0.024), but not third



Biomolecules 2025, 15, 494 7 of 16

month TTV load (9.75, IQR 2.13 log10 copies/mL vs. 10.89, IQR 2.60 log10 copies/mL,
p = 0.097) related to a higher infection rate from month 3 to 6 (Figure 4). third month
TTV loads (9.85, IQR 1.88 vs. 13.04, IQR 3.22 log10 copies/mL, p = 0.044) related to a
higher opportunistic infection rate from month 3 to 6, and the third week (7.98, IQR
3.02 log10 copies/mL vs. 11.93, IQR 5.32 log10 copies/mL, p = 0.060) was not significantly
related (Figure 5).
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Due to the significant overlap in TTV loads between patients with and without infec-
tion, as demonstrated in Figures 4 and 5, we proceeded to analyze the relationship between
the fourth quartiles of TTV load at week 3 and at month 3. Patients in the fourth quartile of
TTV load at the third week exhibited a higher infection rate (17.5% vs. 61.5%, p = 0.002) and
opportunistic infection from month 3 to 6 (2.5% vs. 30.8%, p = 0.002). Although patients in
the fourth quartile of TTV load at third month did not demonstrate a significantly higher
rate of infection (23.1% vs. 42.9%, p = 0.159), the rate of opportunistic infection was signifi-
cantly higher (2.6% vs. 28.6%, p = 0.004). The fourth quartile of TTV load at week 3 was
associated with an elevated risk of infection (OR 7.543, 95% CI 1.891–30.083, p = 0.004) and
opportunistic infection (OR 17.333, 95% CI 1.724–174.285, p = 0.015) from month 3 to 6. The
fourth quartile of TTV load at the third month did not relate to a higher risk of infection
(OR 2.500, 95% CI 0.685–9.121, p = 0.165). However, a higher risk of opportunistic infection
was observed from month 3 to 6 (OR 15.200, 95% CI 1.525–151.511, p = 0.020).

Neither the third week nor the third month TTV load correlated with age, BMI, serum
creatinine, LAS, and HLA mismatches (Tables 2 and 3). In the third week, TTV load was not
different according to gender (p = 0.231), IPF (p = 0.344), hypertension (p = 0.083), diabetes
(p = 0.918), previous smoking habit (p = 0.901), CMV serologic mismatch (p = 0.265), or PGD
(p = 0.117). The third month TTV load was not different according to gender (p = 0.761),
IPF (p = 0.524), hypertension (p = 0.555), diabetes (p = 1.000), previous smoking habit
(p = 0.321), CMV serologic mismatch (p = 0.146), or PGD (p = 0.256). TTV load at the third
week was not associated with any pharmacological variable (Table 2). TTV load at third
month is only related to the trough level of tacrolimus at month 3 (Table 3). In this study, no
patient received MPA doses above 1440 mg/day. The association between ∆LogTTVM13
and the reduction in MPA doses between months 1 and 3 was found to be statistically
significant (rho = −0.336, p = 0.014). However, no such association was observed between
∆LogTTVM13 and the changes in tacrolimus doses (rho = 0.011, p = 0.938), tacrolimus
trough levels (rho = −0.208, p = 0.135), MPA trough levels (rho = −0.058, p = 0.685), or
prednisone doses (rho = −0.112, p = 0.425) between months 1 and 3. A reduction in
MPA dose was observed in 39 patients from month 1 to 3, and these patients exhibited a
diminished ∆LogTTV (0.86, IQR 2.58 log10 copies/mL vs. 2.26, IQR 3.02 log10 copies/mL,
p = 0.026) (Figure 6).

Table 2. Spearman correlation analysis between continuous variables and TTV load at the third week.

rho p

Recipient age (years) 0.098 0.485

BMI (kg/m2) −0.090 0.524

Serum creatinine (mg/dL) 0.005 0.971

Lung Allocation Score 0.002 0.991

HLA-ABCDRDQ eplet mismatches −0.216 0.120

third week Prednisone dose (mg) −0.194 0.163

TTR 12–15 ng/mL at third week (%) 0.067 0.632

Mean tacrolimus levels up to month 1 0.090 0.520

Mean tacrolimus level at third week (ng/mL) 0.043 0.758

Coefficient of variability at the third week 0.043 0.761

Mean MPA level at third week (mg/L) 0.023 0.872
BMI = body mass index, HLA-ABCDRDQ mismatch = number of mismatches in HLA class I A, B and C and in
class II DR and DQ, TTR = time in therapeutic range, MPA = mycophenolic acid.
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Table 3. Spearman correlation analysis between continuous variables and TTV load at the
third month.

rho p

Recipient age (years) −0.014 0.919

BMI (kg/m2) −0.007 0.958

Serum creatinine (mg/dL) 0.111 0.429

Lung Allocation Score 0.020 0.887

HLA-ABCDRDQ eplet mismatches 0.051 0.718

third month Prednisone dose (mg) 0.000 1.000

TTR 12–15 ng/mL at third month (%) −0.151 0.281

Mean tacrolimus levels up to month 3 0.169 0.226

Mean tacrolimus level at third month (ng/mL) 0.283 0.040

Coefficient of variability at third month 0.059 0.676

Tacrolimus cumulative exposure at third month (ng·day/mL) 0.201 0.152

Mean MPA level at third month (mg/L) 0.060 0.668

AUC-MPA at third month (µg·h/mL) −0.082 0.578
BMI = body mass index, HLA-ABCDRDQ mismatch = number of mismatches in HLA class I A, B and C and
in class II DR and DQ, TTR = time in therapeutic range, MPA = mycophenolic acid, and AUC = area under
the curve.
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4. Discussion
In accordance with the findings of preceding researchers, a correlation was identified

between TTV load and acute rejection in the cohort of lung transplant recipients under
investigation [5,7,8]. This correlation has been documented in not only lung transplant
recipients but also in recipients of other solid organ transplants, including those of the liver,
kidney, and heart [9]. The area under the curve (AUC) of the ROC curve for TTV load in
discriminating acute rejection was 0.687, which is similar to the reported values of 0.73 and
0.67 for Doberer et al. and Strassl et al., respectively [13,31]. As the level of risk of rejection
increased by one log10 unit, the probability of rejection decreased by 21%, a finding that
is consistent with previous reports that ranged from 10 to 50% [9,13,30–32]. Of interest,
patients with a TTV load in the upper quartile were found to have a significantly reduced
risk of acute rejection (89%).

We also found that the low TTV loads that increased the risk of rejection at the third
week were maintained more than 2 months later despite the intense steroid therapy. Even
though patients with rejection had received high-dose steroid treatment in the third week,
as is the recommended standard practice, TTV load values remained significantly lower
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at the third month in patients who had suffered acute rejection. Previous studies have re-
ported that low-TTV loads preceded the development of acute rejection around 60–90 days
in LungTx and from 14 to 43 days in kidney transplantation, but none have reported the
TTV load evolution after rejection therapy [8,13,31]. Reineke et al. reported that 31 kidney
transplant recipients treated with high-dose corticosteroid pulses as anti-rejection therapy
exhibited a significant increase in TTV load from biopsy to 30 and 90 days. However, it is
important to note that these results cannot be extrapolated to lung transplant recipients due
to the lower TTV loads exhibited by kidney transplant recipients throughout all the follow-
ing [33]. Our finding suggests that steroid therapy solves the rejection (1-month follow-up
biopsies showed improvement of the infiltrates up to A0 or A1) through intragraft mech-
anisms but without increasing the net state of immunosuppression as measured by TTV
load. This finding would need to be confirmed and analyzed in depth in further studies.

The present study did not identify a clear relationship between TTV and the risk of
infection. Neither baseline nor third week TTV loads were found to be associated with the
rate of infection throughout the first month or from the third week to the third month. By
contrast, lung transplant recipients with high TTV loads at the third month were found
to suffer significantly more opportunistic infections beyond the third month. The risk
increased close to tenfold for every one-unit rise in the third-month TTV load, and this
impact was similar to that previously reported by Strassl et al. [14]. These discrepancies
regarding the usefulness of TTV viral load among the variables that have been most
commonly analyzed (acute rejection and infection) have also been written about by other
authors. As indicated by van Rijn et al., TTV load has been demonstrated to be a useful
tool in the establishment of the immunosuppressive state, which is associated with an
elevated risk of rejection, though not of infection, in kidney transplant recipients [32]. One
potential explanation for this observation is that acute rejection is a more clearly defined
endpoint, whereas the definition of infection is more variable and is partially influenced
by non-immune factors, such as the reactivation of latent pathogens or exposure to new
environmental or donor pathogens [9].

Whilst earlier research has indicated a correlation between gender and age and TTV
load [10,14], this relationship has not been substantiated by our research or that of other
authors [7,34]. In contrast to the findings of Doorenbos et al., no such correlation was ob-
served between viral load and previous smoking habits, although it should be noted that no
patient was admitted to the LungTx waiting list as an active smoker [35]. Furthermore, the
previously reported association between CMV serostatus and TTV load was not identified
in the present study [10,14,36].

In order to understand the exact relationship between immunosuppressive treatment
and TTV viral load, we studied in depth the overall exposure to different immunosup-
pressive drugs. With regard to induction treatment, previous studies had demonstrated
that induction treatment initially led to a decrease in TTV load during the initial weeks,
followed by an increase in viral load. This initial decrease was attributed to the specific
effect of induction on T lymphocytes, where TTV replicates, with a subsequent increase in
relation to a more intense immunosuppression that persists for the first few months after
transplantation in patients with lymphocyte-depleting induction [12,36,37]. All our lung
transplant recipients received basiliximab; consequently, it was not possible to analyze the
impact of induction on TTV load. Furthermore, no relationship was identified between
prednisone dose and TTV viral load.

In relation to the administration of tacrolimus doses, earlier research has yielded
contradictory results. In congruence with the present study, Jaksch et al. and Görzer
et al. identified a correlation between individual tacrolimus trough blood levels and TTV
load [6,7]. Conversely, other researchers did not observe this association [8,10,12,14–17,37].
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The reported correlation between TTV loads and tacrolimus levels has always been weak,
which may explain the discrepancies observed among different studies [6,7]. In view
of the weak or non-existent correlation between isolated levels of tacrolimus and TTV
load, the hypothesis was tested of whether continuous exposure would prove to be more
strongly related. To this end, the cumulative exposure to tacrolimus was analyzed by
means of different methods. First, the mean CNI trough levels from transplantation up
to months 1 and 3 were measured. Secondly, the cumulative exposure to tacrolimus
was calculated according to the method proposed by Rodriguez-Peralvarez, which had
previously demonstrated that liver transplant recipients exposed to higher cumulative
tacrolimus doses throughout the first three months showed a higher risk of cancer and
therefore a greater overimmunosuppressive status [25]. Thirdly, we analyzed the variability
in exposure to tacrolimus (time in therapeutic range or coefficient of variability) that had
been related to a higher risk of toxicity and poor outcome in patients with lung transplants
and which can be used as a surrogate marker of lack of adherence to CNI therapy [24,38].
Neither cumulative exposure to tacrolimus nor variability influenced the TTV viral load
values in our study. These findings suggest that continuous exposure to tacrolimus does not
influence TTV levels, whereas isolated point levels may have an influence. This conclusion
is supported by the study recently reported by Regele et al. The authors reported that
the TTV load decreased significantly 60 days after decreasing the tacrolimus doses and
trough levels. Unfortunately, the same study revealed that elevating tacrolimus doses and
levels resulted in a non-significant trend of increasing TTV load two months later [39]. The
results available to date preclude the establishment of a precise conclusion on the manner
and timing of the optimization of the overall immunosuppression status of a patient, as
measured by the TTV viral load, through the modification of CNI levels. The results of three
ongoing randomized controlled trials are expected to provide a more accurate knowledge
of the relationship between tacrolimus exposure and TTV load [40–42]. The VIGILung is
a two-center, ongoing, controlled trial that includes 144 LungTx subjects. In this trial, the
tacrolimus target range will be adjusted based on TTV load in the active group, as opposed
to the conventional tacrolimus blood level monitoring employed in the control group [40].

In addition, a prospective exploration was conducted into the relationship between
TTV load and MPA exposure. This investigation entailed the analysis of MPA levels in
blood samples collected at the third week and third month. Furthermore, the area under the
curve (AUC) of MPA was also analyzed, as this is the gold standard for determining MPA
exposure. To this end, a 3-point curve with a demonstrated good performance was selected
to estimate MPA-AUC [26]. Because the most important immunosuppressive activity of
tacrolimus is exerted at the lymphocyte level, lower MPA levels would be expected to be
associated with lower viral loads and a diminished risk of infection. Recently, Benning
et al. and Regele et al. have reported a 50% reduction in TTV load following MPA
withdrawal [19,20]. The present study has failed to establish a correlation between MPA-
AUC, MPA trough levels or doses, and TTV load. Conversely, any decrease in MPA dose
between months 1 and 3 was reflected in a reduced increase in viral load between months 1
and 3. Consequently, variations in TTV load are contingent on alterations in the MPA dose,
rather than on its blood levels.

Although we hypothesized that a higher TTV burden, and thus a higher level of
overall immunosuppression, was associated with higher tacrolimus and MPA exposure in
LungTx, our study showed that this relationship was weak, suggesting that there should
be other factors influencing immunocompetence/immunosuppression status. For example,
cytomegalovirus infection is known to promote rejection by disrupting transplant toler-
ance [43] but also increases the risk of subsequent infections as CMV downregulates the
innate and adaptive arms of the immune system [44]. Therefore, viral infections might not
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only increase the degree of immunosuppression but also the relationship between immuno-
suppression and related events, such as rejection and infections. In the non-transplant
population, other non-pharmacological factors have been identified as influencing the im-
munosuppression status determined by TTV viral load. In a cross-sectional study involving
900 healthy controls and 86 patients with ischemic heart disease, a high TTV load was
associated with higher plasma levels of proinflammatory cytokines and shorter telomeres
compared to those with low TTV viremia [45]. In the MARK-AGE study, high TTV viremia
was also associated with physical frailty [46]. Therefore, inflammation, immunosenescence,
and frailty may be some of these nonpharmacological factors that influence the immuno-
suppression status and should be taken into account to properly assess variations in TTV
viral load after solid organ transplantation.

The most significant limitation of our study was its single-center design and the fact
that it included a relatively small number of patients, which limits the generalizability
of its conclusions. Conducting multicenter studies with larger numbers of patients and
undertaking in-depth analyses of the relationship between TTV load and exposure to the
various immunosuppressive drugs would be necessary to obtain stronger conclusions.
However, it was a prospective study in which cumulative exposure to tacrolimus and
MPA blood levels were studied for the first time. Another potential limitation is that the
study utilized a non-standardized in-house PCR technique. Nevertheless, Kulifaj et al.
demonstrated the agreement between in-house and standardized techniques and that both
methods were useful for measuring TTV [47]. Finally, budgetary constraints meant that TTV
viral load was only measured at three time points (pre-transplant, third week, and third
month). Evidently, a greater number of determinations would have enabled more frequent
monitoring and a more in-depth analysis of the relationship between TTV viral load and
the different post-transplant events. However, it should be noted that other authors have
also followed similar monitoring schedules [37] that cover the early post-transplant period,
in which a higher number of immunosuppression-related events occur.

5. Conclusions
This study has demonstrated that lung transplant recipients with low early TTV loads

are at an elevated risk of allograft rejection in the initial weeks following transplantation.
However, the correlation between high TTV loads and an augmented infection risk was
only substantiated at the third month. While TTV load can be used as a surrogate marker of
the net immunosuppressive status, no clear relationship was found between TTV load and
the cumulative exposure to tacrolimus. Furthermore, the correlation between tacrolimus
drug levels and TTV load was weak. Of interest, changes in MPA doses, but not MPA blood
levels, were associated with changes in TTV viral load. Consequently, we can speculate
that a comprehensive evaluation of the immunosuppression status post-transplantation,
as determined by TTV viral load, should encompass additional non-pharmacological fac-
tors, such as inflammation, immunosenescence, and frailty. The information obtained
from the three ongoing randomized trials will be of great interest in facilitating a com-
prehensive understanding of two key elements: firstly, the usefulness of the TTV load
measurement as a marker of immunosuppression level; and secondly, its modification by
immunosuppressive drugs.
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The following abbreviations are used in this manuscript:

AUC Area under the curve
BMI Body mass index
CI Confidence interval
CMV Cytomegalovirus
CNI Calcineurin inhibitors
COPD Chronic obstructive pulmonary disease
CV coefficient of variation
HLA Human leukocyte antigens
IPF Idiopathic pulmonary fibrosis
IQR Interquartile range
ISHLT International Society for Heart and Lung Transplantation
LAS Lung Allocation Score
LungTx Lung transplant recipients
MPA Mycophenolic acid
OR Odds ratio
PGD Primary graft dysfunction
ROC Receiver operating characteristic
TTR Time in the therapeutic range
TTV Load Torquetenovirus load
∆LogTTV Difference between the logarithm of TTV load at month 3 and at month 1
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