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Dynamics of torque teno virus
load in kidney transplant
recipients with indication biopsy
and therapeutic modifications of
Immunosuppression
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Following kidney transplantation, lifelong immunosuppressive therapy is
essential to prevent graft rejection. On the downside, immunosuppression
increases the risk of severe infections, a major cause of death among kidney
transplant recipients (KTRs). To improve post-transplant outcomes, adequate
immunosuppressive therapy is therefore a challenging but vital aspect of
clinical practice. Torque teno virus load (TTVL) was shown to reflect immune
competence in KTRs, with low TTVL linked to an elevated risk for rejections
and high TTVL associated with infections in the first year post-transplantation.
Yet, little is known about the dynamics of TTVL after the first year following
transplantation and how TTVL changes with respect to short-term modifications
in immunosuppressive therapy. Therefore, we quantified TTVL in 106 KTRs with
108 clinically indicated biopsies, including 65 biopsies performed >12 months
post-transplantation, and correlated TTVL to histopathology. In addition, TTVL
was quantified at 7, 30, and 90 days post-biopsy to evaluate how TTVL was
affected by changes in immunosuppression resulting from interventions based
on histopathological reporting. TTVL was highest in patients biopsied between 1
and 12 months post-transplantation (N = 23, median 2.98 x 10’ ¢/mL) compared
with those biopsied within 30 days (N = 20, median 7.35 x 10° ¢/mL) and > 1year
post-transplantation (N = 65, median 1.41 X 10* c/mL; p < 0.001 for both). Patients
with BK virus-associated nephropathy (BKVAN) had significantly higher TTVL
than patients with rejection (p<0.01) or other pathologies (p<0.001). When
converted from mycophenolic acid to a mTOR inhibitor following the diagnosis
of BKVAN, TTVL decreased significantly between biopsy and 30 and 90 days
post-biopsy (p<0.01 for both). In KTR with high-dose corticosteroid pulse
therapy for rejection, TTVL increased significantly between biopsy and 30 and
90 days post-biopsy (p<0.05 and p <0.01, respectively). Of note, no significant
changes were seen in TTVL within 7days of changes in immunosuppressive
therapy. Additionally, TTVL varied considerably with time since transplantation
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and among individuals, with a significant influence of age and BMI on TTVL
(p<0.05 for all). In conclusion, our findings indicate that TTVL reflects changes
in immunosuppressive therapy, even in the later stages of post-transplantation.
To guide immunosuppressive therapy based on TTVL, one should consider
inter- and intraindividual variations, as well as potential confounding factors.
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kidney transplantation, immune monitoring, immunosuppression, torque teno virus,
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1 Introduction

Lifelong immunosuppressive maintenance therapy is mandatory
following kidney transplantation to prevent graft rejection and
allograft failure (1, 2).
immunosuppression increases the risk for severe infectious

minimize risks for However,
complications, which represent the leading non-cardiovascular cause
of death among kidney transplant recipients (KTRs) (3-5). Therefore,
optimal dosing of immunosuppressive drugs and balancing the risks
of rejection and infection is important to improve outcomes after
kidney transplantation.

Currently, monitoring of immunosuppression is mainly based on
measuring calcineurin inhibitor trough levels, but acute rejection can
occur even if trough levels are within the target range (6). Previously,
Vasudev et al. introduced a semi-quantitative immunosuppression
(IS) scale to assess the immunosuppressive burden in KTRs (7), which
has been adopted and validated by various groups in different
immunocompromised cohorts (8-11). However, as the IS scale is
calculated using simply the dosages of immunosuppressive
medication, it fails to address the high inter- and intrapatient
variability in the dosage required to reach certain trough levels of
immunosuppressive agents such as tacrolimus (12, 13). Thus, new

that
burden  are

surrogate parameters measure a patient’s individual

immunosuppressive urgently needed to
monitor immunocompetence.

Recently, monitoring torque teno virus (TTV) load within the first
year post-transplantation has emerged as a promising approach to
identify KTRs at risk of rejection or infection (14-17). Previous
studies showed that TTV is profoundly influenced by the initiation of
immunosuppressive therapy but largely evades the impact of antiviral
drug therapy, such as cytomegalovirus prophylaxis administered after
transplantation (18, 19). Additionally, a correlation has been observed
between the intensity of immunosuppression and TTV load,
indicating a potential link between TTV load and the likelihood of
immunosuppression-related complications, including infections and
rejections (14, 20). Recent data suggest that TTV loads may even help
in monitoring short-term changes in immunosuppressive therapy,
although there is still no thorough understanding of viral load kinetics
due to changes in immunosuppression (21-23). To assess the
possibility of guiding immunosuppression based on TTV loads in
KTRs in the first year after transplantation, the multicentric,
randomized, and controlled phase IT TTVguideIT trial was initiated,
with results expected in 2024 (24).

With limited data on the dynamics of TTV loads in KTRs

transplanted >12 months ago, this study seeks to explore potential
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associations between TTV loads and various graft-associated
pathologies, especially in KTRs beyond the first year post-
transplantation. Additionally, this study aims to investigate changes in
TTV loads upon modifications in immunosuppression in a well-
characterized cohort of KTRs with indication biopsy at different time
points post-transplantation.

2 Materials and methods

2.1 Study design

A total of 108 KTRs with indication biopsy at the Department of
Nephrology, Heidelberg University Hospital, were enrolled in this
prospective single-center study to evaluate new biomarkers in post-
transplant care (DRKS00023604). Serum was obtained on the day of
biopsy (T,), as well as 7 (T,), 30 (T,), and 90days (T;) post-biopsy
(Figure 1A), and TTV loads were quantified as a post-hoc analysis.

As immunosuppressive medication is reduced following initial
transplantation and immunosuppressive burden consecutively
declines with time since transplantation, KTRs were classified into
four groups based on the timing of the biopsy in relation to initial
transplantation (<30days, N=20; 1-12months, N=23; 1-5years,
N=30; and>5years post-transplantation, N=35) to compare TTV
loads at the time of biopsy (T,,) between these four groups. Biopsies
were only performed in KTRs with no clinically apparent concomitant
infection. Histopathology was assessed by two board-examined
pathologists according to the BANFF 2018 reference guide (25), as
reported previously (26).

Clinical management following histopathological reporting
included corticosteroid pulse therapy in 31 patients with suspected
rejection. Among the 13 KTRs with biopsy-proven BK virus-
associated nephropathy (BKVAN), immunosuppression was
switched from a calcineurin inhibitor (CNI)-mycophenolic acid
(MPA) to a CNI-mTOR-based regimen including lower CNI target
ranges. In six of these patients, MPA had already been reduced by
50% before biopsy due to the prior detection of BK viremia.
Additionally, in six patients with suspected CNI toxicity (ah>1),
immunosuppression with CNI was switched to belatacept. One of
these patients further received corticosteroid pulse therapy for
concomitant borderline lesions.

The study was approved by the ethics committee of the University
of Heidelberg and conducted in accordance with the Declaration of
Helsinki. All transplant procedures were performed in accordance
with the Declaration of Istanbul. Written informed consent was
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FIGURE 1

Study design to assess the dynamics of torque teno virus load in kidney transplant recipients with indication biopsy and therapeutic modifications of
immunosuppression. (A) Torque teno virus load was quantified on the day of biopsy (To, N =107) and 7 days (T;, N = 93), 30 days (T,, N =79) and 90 days
(Ts, N = 84) post-biopsy. In total, 363 patient samples were analyzed. (B) Torque teno virus load at biopsy (T,) in relation to timing of the biopsy relative
to transplantation. Specifically, 20 KTRs received a biopsy within 30 days of transplantation, 23 KTRs received a biopsy between 1 and 12 months post-
transplantation, and 65 KTRs underwent a biopsy >1year post-transplantation. Different colors represent the different histopathological findings.
36/108 (33%) of indication biopsies were classified as rejection, including seven patients with ABMR (turquoise), six with TCMR (blue), and 23 with
borderline changes (brown). BKVAN (green) was diagnosed in 13 KTRs. A total of 29 biopsies were graded as IFTA (pink), while 9 KTR showed signs of
CNI toxicity (orange) and 8 presented ATI (purple). Other (red) diagnoses included eight patients with normal/unspecific histopathology, four KTR with
recurrent disease, and one KTR with infect-related graft deterioration. ABMR, antibody-mediated rejection; ATI, acute tubular injury; BKVAN, BK virus-

mediated rejection; TTVL, torque teno virus load; Tx, transplantation.

associated nephropathy; CNI, calcineurin inhibitor; IFTA, interstitial fibrosis and tubular atrophy; KTRs, kidney transplant recipients; TCMR, T cell-

obtained from all study participants. The main goals of this analysis
were to: (i) assess differences in TTV loads between different graft-
associated pathologies, particularly in KTRs transplanted >12 months
ago; and (ii) analyze the effects of modifications in immunosuppressive
therapy on TTV loads.

2.2 Quantification of torque teno virus load

TTV quantification was performed using the TTV R-Gene® assay
(BioMérieux, Marcy-I’Etoile, France), a real-time polymerase chain
reaction (PCR) assay targeting the TTV 5’ untranslated region (27).
The assay has a dynamic range of 250 to 10° copies/mL, with a limit of
detection at 250 copies/mL. The assay was developed for quantifying
TTV in plasma and whole blood samples, for which it is validated and
widely used (28). We recently demonstrated that TTV load as
quantified by the TTV R-Gene® assay did not differ significantly
whether quantified in serum or plasma and observed a very strong
and highly statistically significant correlation between serum and
plasma TTV load, underscoring the interchangeability of serum and
plasma for TTV quantification (21).

Frontiers in Medicine

TTV DNA was extracted from serum samples using the
QIAsymphony SP platform (QIAGEN, Venlo, the Netherlands), and
PCR was conducted on a Light Cycler® 480 Instrument II (Roche
Diagnostics, Rotkreuz, Switzerland) according to the manufacturer’s
instructions. Viral load was determined using a standard curve, and
specimens with undetectable viral load were assigned a value of 0.01
copies/mL for analysis purposes, as previously done by Fernandez-
Ruiz et al. (20).

2.3 Immunosuppression scale

To assess the overall burden of immunosuppression and to correlate
results to TTV loads, an empiric, semi-quantitative score as previously
published by Vasudev et al. was used (7). One score unit was assigned
to each of the following doses of immunosuppressive drugs: tacrolimus
2mg, cyclosporine 100 mg, mycophenolate mofetil 500 mg, azathioprine
100 mg, sirolimus 2 mg, and prednisolone 5 mg. For methylprednisolone
and mycophenolate sodium, we assigned one unit to the equivalent
doses of 4mg and 360 mg, respectively. Additionally, we assigned one
unit for 1.5 mg of everolimus, as previously done by Baumann et al. (29).
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2.4 Statistical analysis

Quantitative data are presented as median with interquartile range
(IQR). Due to TTV loads not conforming to normality, only
non-parametric statistical analyses were performed. The Mann-
Whitney U test or the Kruskal-Wallis test was used to compare
continuous variables. To analyze repeated measures between pairs, the
Wilcoxon matched-pairs rank test was applied. To correlate TTV load
and IS score, medication, or BKV load, Spearman’s rho was calculated.
The area under the ROC curve (AUC) was calculated to evaluate the
performance of the TTV load to discriminate rejection from no
rejection or BKVAN from no BKVAN. To identify possible
confounders to TTV load, multiple linear regression was performed.
For this analysis, TTV loads were log,,-transformed beforehand.
Statistical analysis was performed using GraphPad Prism version 9.5.1
(GraphPad Software, San Diego, CA, United States), and statistical
significance was assumed at a p-value <0.05.

3 Results
3.1 Study cohort

Indication biopsy was performed at a median (IQR) of 2.6 (0.3—
7.8) years post-transplantation, with 43/108 (40%) KTRs receiving a
biopsy within the first year of transplantation. Specifically, 20 KTRs
received a biopsy within 30 days of transplantation, 23 KTRs received
a biopsy between 1 and 12 months post-transplantation, and 65 KTRs
underwent a biopsy >1 year post-transplantation.

Histopathology revealed biopsy-proven rejection in 36 KTRs,
including 7 KTRs with antibody-mediated rejection (ABMR), 6 KTRs

TABLE 1 Characteristics of the study cohort.

10.3389/fmed.2024.1337367

with T-cell-mediated rejection (TCMR), and 23 KTRs with borderline
changes. Patients with borderline changes were analyzed within the
rejection group as all biopsies were performed on clinical indication.
BKVAN (SV40+) was histopathologically proven in 13 KTRs. The
other 59 KTRs were grouped as “No Rejection/BKVAN”, including 29
KTRs with interstitial fibrosis and tubular atrophy (IFTA), eight with
acute tubular injury (ATI), nine with CNI toxicity, and 13 with
other changes.

Figure 1B illustrates TTV loads in KTRs at the time of biopsy,
considering the biopsy’s timing relative to time since transplantation,
and color-coding representing the different histopathological
diagnoses. Characteristics of the study cohort are presented in Table 1.
Mean (+SD) age at biopsy was 49 (+14) years, 35 (32%) of the
participants were female. Comorbidities and underlying renal
pathologies for 108 KTRs with indication biopsy are shown in
Supplementary Table S1.

3.2 Torque teno virus prevalence and virus
load kinetics according to timing of the
biopsy

TTV was detectable in 107 (99%) of the study patients. Virus
DNA was detectable in every sample in 104 patients, while three
patients had one sample with a viral load below the threshold of
detection. In total, 361 serum samples and 2 plasma samples were
analyzed, with a mean of 3 samples analyzed per patient. TTV was
quantifiable in 98.9% (359 of 363) of all samples with a median (IQR)
viral load of 5.28 x 10* ¢/mL (5.59 x 10°* ¢/mL-1.03x 10° ¢/mL). TTV
load varied markedly between patients, ranging from 10.3 ¢/mL to
7.44%10° ¢/mL.

Variable All Rejection BKVAN Other
Number of samples, N 108 36 13 59
Female, N (%) 35(32) 12 (33) 4(31) 19 (32)
Age at enrollment, mean + SD 49+14 46+15 51+11 51+15
Donor type

Deceased Donor, N (%) 70 (65) 16 (44) 10 (77) 44 (75)
Living Donor, N (%) 38(35) 20 (56) 3(23) 15 (25)
HLA class 1 mismatches, mean +SD 1.7+1.2 1.9+1.2 1.6+1.2 1.6+1.1
HLA class 2 mismatches, mean + SD 0.8+0.7 0.9+0.7 0.8+0.7 0.7+0.6
Months post-transplant at time of

biopsy, mean +SD 60£76 65+73 2227 65+84
DSA MFI>500, N (%) 30(29) " 14 (39) 2(15) 14 (24)
DSA MFI> 1,000, N (%) 21 (20)* 9 (25)* 2(15) 10 (17) ***
S-Creatinine [mg/dl], mean+SD 3.0+2.3 29+1.7 26+1.2 3.1+2.8
eGFR [ml/min/1.73 m*], mean + SD 30.5+16.3 30.0+14.5 33.0+19.5 304+17.0
Proteinuria [g/molCr], mean +SD 140.7+217.2 209.6+£291.9 74.9+115.4 114.6+168.2
TTVL [copies/mL], median (IQR) 1.9x10* (2.2x 10°-2.7 x 10°) 1.4x10* (1.9%x 10°~1.2 x 10°) 4.9x107 (7.3 x10*-2.5x 10%) 1.5x10* (2.2x10°-1.1x 10%)
BKV load [IU/mL], median (IQR) 2.4x10°(5.1x10*-6.9x10°)

BKYV, BK virus; BKVAN, BK virus-associated nephropathy; DSA, donor-specific antibodies; eGFR, estimated glomerular filtration rate; SD, standard deviation; TTVL, torque teno virus load.

*Not possible to determine DSA in five patients with missing data. *'not possible to determine DSA in two patients with missing data.

“**Not possible to determine DSA in three patients with missing data.
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In patients who underwent indication biopsy less than 30 days
post-transplantation, the median (IQR) TTV load was 7.35x 10° ¢/mL
(1.71x 10° ¢/mL-2.78 x 10* ¢/mL). TTV load was with a median (IQR)
of 2.98x10” ¢/mL (1.24x10° ¢/mL-2.58x10°* ¢/mL) significantly
higher in patients that received a biopsy in between 1 and 12 months
post-transplantation (p <0.001). Subsequently, with a reduction in
immunosuppression, TTV load was significantly lower in KTR with
indication biopsies within 1 and 5years (median 1.72x 10* ¢/mL, IQR
2.68x10° ¢/mL-2.66x10° c¢/mL, p=0.001) and>5years post-
transplantation (median 1.12x10* ¢/mL, IQR 1.75x10° ¢/
mL-6.77x10* ¢/mL; p<0.001) compared with those with biopsies
between 1 and 12 months post-transplantation (Figure 2A).

A multiple linear regression analysis revealed a significant
influence of age, BMI, and time since transplantation on TTV loads
(p<0.05 for all; Supplementary Table S2).

3.3 Torque teno virus loads in kidney
transplant recipients with different
graft-associated pathologies

Patients with BKVAN had, with a median (IQR) of 4.85x 107 ¢/
mL (7.34x 10° ¢/mL-2.54 x 10* ¢/mL), significantly higher TTV loads
at the time of biopsy than patients with histopathological signs of
rejection (median 1.44x 10* ¢/mL, IQR 1.87x10° ¢/mL-1.24x10° ¢/
mL) or other pathologies (median 1.51x10* ¢/mL, IQR 2.17x10° ¢/
mL-1.06 x 10° ¢/mL) (p<0.01 and p <0.001, respectively; Figure 2B).
A total of two KTRs with rejection had a TTV load higher than the
median TTV load for KTRs with BKVAN; these patients either had
concurrent histoplasmosis or BK viremia at the time of biopsy.
Additionally, three patients with no rejection or BKVAN showed
higher TTV loads than the median TTV load for BKVAN. Of these

10.3389/fmed.2024.1337367

three, two patients underwent indication biopsy within 3 to 4 months
post-transplantation, a period where TTV loads in KTRs typically
reach their peak levels, while the third patient was diagnosed with
Pneumocystis jirovecii pneumonia shortly after biopsy.

Considering all 108 KTRs with indication biopsy, the AUC to
differentiate BKVAN from no BKVAN was at 0.79 (95% CI 0.63-0.96),
and the AUC to discriminate rejection from no rejection was at 0.58
(95%CI 0.46-0.69; Figure 3A). When only including patients that
received a biopsy within 1 year after transplantation (N =43), the AUC
to discriminate BKVAN from no BKVAN and rejection from no
rejection increased to 0.88 (95% CI 0.78-0.99) and 0.62 (95% CI 0.44-
0.79), respectively (Figure 3B). Figure 3C displays the ROC curves for
KTRs that received a biopsy more than 1year post-transplantation
with an AUC of 0.50 (95% CI 0.15-0.86) to discriminate BKVAN from
no BKVAN and an AUC of 0.53 (95% CI 0.38-0.69) to discriminate
rejection from no rejection.

3.4 Influence of changes in
immunosuppressive therapy on torque
teno virus load

When converted from mycophenolic acid (MPA) to the mTOR
inhibitor following diagnosis for BKVAN (N=13), TTV loads
decreased significantly in these patients from a median (IQR) of
4.85x107 ¢/mL (7.34x 10° ¢/mL-2.54 x 10® ¢/mL) to a median (IQR)
of 3.52x10° ¢/mL (7.48x10° ¢/mL-2.53x10” ¢/mL) 30days post-
biopsy (T,; p<0.01) and a median (IQR) of 1.32x 10° ¢/mL (8.33 x 10°
¢/mL-2.73x10° ¢/mL) 90 days post-biopsy (T;; p<0.01; Figure 4A).

On the other side, in KTR who received high-dose corticosteroid
pulse therapy as anti-rejection therapy (N=31), a significant increase
in TTV loads was observed between biopsy (T,) (median 1.17x 10* ¢/

TTVL in KTR with indication biopsy

1010
2 105+
[}
ke
=
1004
Time since TX
10 T T T T
<30 1-12 1-5 >5
days months years years

FIGURE 2

load; TX, transplantation; ***p <0.001; **p <0.01.

Differences in torque teno virus load based on time since transplantation and histopathology. (A) To compare TTVL at the time of biopsy (T,) in relation
to time since transplantation, KTRs were categorized into four groups based on the timing of the biopsy relative to initial transplantation (<30 days,
1-12 months, 1-5years and > 5 years post-transplantation). The x-axis displays the respective group, and the virus loads are shown on the y-axis. The
scatter dot plots present the distribution of data with a horizontal line representing the median. The lower and upper edges display the minimum and
maximum range, respectively. Individual values are shown as dots. (B) TTVL at time of biopsy (To) in KTRs with rejection, BKVAN or other pathology.
KTRs with BKVAN have significantly higher loads. The x-axis displays the respective group, and the virus loads are shown on the y-axis. The scatter dot
plots present the distribution of data with a horizontal representing the median. The lower and upper edges display the minimum and maximum range,
respectively. Individual values are shown as dots. BKVAN, BK virus-associated nephropathy; KTRs, kidney transplant recipients; TTVL, torque teno virus
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ROC curves for torque teno virus load to discriminate rejection and polyomavirus nephropathy from other diagnoses. (A) ROC curve for TTVL to
discriminate rejection from no rejection and BKVAN from no BKVAN in all patients (N =108). AUC for BKVAN = 0.79 (95% Cl 0.63-0.96); AUC for

rejection = 0.58 (95% Cl 0.46-0.69). (B) ROC curve for TTVL to discriminate rejection from no rejection and BKVAN from no BKVAN in patients receiving a
biopsy within the first year of transplantation (N = 43). AUC for BKVAN = 0.88 (95% CI 0.78-0.99); AUC for rejection = 0.62 (95% Cl 0.44-0.79). (C) ROC
curve for TTVL to discriminate rejection from no rejection and BKVAN from no BKVAN in KTRs receiving a biopsy after the first year of transplantation

(N =65). AUC for BKVAN = 0.50 (95% CI 0.15-0.86); AUC for rejection = 0.53 (95% CI 0.38-0.69). 100%-specificity % is displayed on the x-axis and sensitivity
on the y-axis. The ROC curve to discriminate rejection is plotted in red whereas the ROC curve for BKVAN is plotted in blue. AUC, area under the curve;
BKVAN, BK virus-associated nephropathy; Cl, confidence interval; ROC, receiver operating characteristics; TTVL, torque teno virus load; TX, transplantation.

T T 1
60 80 100

mL, IQR 1.66x10° ¢/mL-1.03 x 10° ¢/mL) to 30days (T,) (median
7.53%10" ¢/mL, IQR 1.14 x 10" ¢/mL~1.34 x 10° ¢/mL) and 90 days (T5)
(median 1.83x 10° ¢/mL, IQR 1.89% 10* ¢/mL-3.72x 10’ ¢/mL) post-
biopsy (p<0.05 and p <0.01, respectively; Figure 4B).

Patients whose immunosuppressive therapy was converted from
calcineurin inhibitors (CNI) to belatacept (N=6) showed an increase in
TTV loads as well, albeit less significant, with TTV loads surging from
amedian (IQR) of 3.78 x 10* ¢/mL (7.36 x 10° ¢/mL-1.15x 10° ¢/mL) at
time of biopsy (T,) to a median (IQR) of 1.32x 107 ¢/mL (2.14x 10° ¢/
mL-2.25%107 ¢/mL) 90days post-biopsy (Ts; p <0.05; Figure 4C).

3.5 Correlation of torque teno virus load to
immunosuppressive medication,
histopathological lesion score, and BK
viremia

There was no significant correlation between TTV load and time
since transplantation or IS scale when considering all KTR,
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irrespective of the timing of the biopsy (r=—0.17 and r=0.03,
respectively; Table 2). When only including KTR with an indication
biopsy at least 30 days post-transplantation whose viral loads had
already increased to higher levels post-transplantation (N=84), TTV
load correlated significantly and strongly with time since
transplantation and moderately with IS scale (r=—0.53, p<0.001 and
r=0.28, p<0.01, respectively; Table 2). When examining the
correlation between single immunosuppressants to TTV load, only an
immunosuppressive regimen including everolimus showed a
significant, negative correlation to TTV load (r=-0.20, p<0.05;
Table 3).

When analyzing the correlation between TTV loads at the time
of biopsy and histopathological BANFF lesion scores, TTV load
correlated weakly to BANFF lesion score for inflammation (i; r=0.23,
p<0.05) and moderately to polyomavirus-associated interstitial
nephritis score (PVL, r=0.35, p <0.001), while there was no significant
correlation to other BANFF lesion scores (Supplementary Table S3).

In KTR with BKVAN, there was a moderate correlation
between BKV loads and TTV loads, with higher BK viremia being
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FIGURE 4

Dynamic changes in torque teno virus load following changes in immunosuppression. (A) KTRs with conversion from MPA to mTOR inhibitor following
diagnosis for BKVAN (N = 13) showed a significant decrease in viral load. The x-axis displays the different time points of TTV sampling while TTVL is
presented on the y-axis. The lines connect different samples of the same patient. (B) KTRs who received high-dose corticosteroid pulse therapy to
treat rejection (N = 31) showed a significant increase in viral load. The x-axis displays the different time points while TTVL is presented on the y-axis.
The lines connect different samples of the same patient. (C) KTRs who converted from CNI to belatacept (N = 6) showed a significant increase in TTVL.
The x-axis displays the different time points while TTVL is presented on the y-axis. The lines connect different samples of the same patient. BKVAN, BK
virus-associated nephropathy; Bx, biopsy; CNI, calcineurin inhibitor; KTRs, kidney transplant recipients; MPA, mycophenolic acid; mTOR, mammalian
target of rapamycin; TTV, torque teno virus; TTVL, torque teno virus load; **p <0.01; *p <0.05.

TABLE 2 Correlation between torque teno virus load, immunosuppression scale, and time since transplantation.

Variable

IS Scale: median (IQR)

Correlation

6.0 (4.0-9.5)
Spearman'’s rho (95% Cl)

TTVL/Time since Tx -0.17 (-0.36-0.03)

ALLKTR (N =103) *

KTR with biopsy>30days post-Tx (N=84) **

5.0 (4.0-7.0)

Spearman’s rho (95% Cl) P value

0.09 -0.53 (-0.67- -0.35)

p value
<0.001 (%)

IS Scale/TTVL 0.03 (-0.17-0.23)

0.76 0.28 (0.06-0.47) 0.01 (**)

1S Scale/Time since Tx -0.74 (-0.82- -0.64)

<0.001 (**%*) -0.55 (-0.68- -0.37) <0.001 (**%*)

CI, confidence interval; IS, immunosuppression; KTR, kidney transplant recipients; TTVL, torque teno virus load; Tx, transplantation.
*five patients whose immunosuppressive regimen at biopsy included belatacept were excluded from the analysis ** four patients whose immunosuppressive regimen at biopsy included

belatacept were excluded from the analysis.

TABLE 3 Immunosuppressive medication and correlation to torque teno
virus loads.

Immunosuppressive All Spearman’s

regimen: N (%) rho (95% ClI)

Tacrolimus 82 (76) 0.17 (-0.02-0.36) 0.07
Cyclosporine 19 (18) -0.09 (-0.28-0.11) 0.35
Mycophenolic acid 91 (84) 0.03 (-0.17-0.22) 0.78
Azathioprine 3(3) -0.08 (-0.27-0.11) 0.40
Everolimus 8(7) -0.20 (-0.38-0.00) 0.04 (*)
Sirolimus 1(1) -0.09 (-0.28-0.11) 0.38
Belatacept 5(5) 0.00 (-0.20-0.19) 0.97
Corticosteroid 103 (95) 0.13 (-0.07-0.32) 0.18

CI, confidence interval; *P<0.05.

associated with higher TTV load (r=0.36, p<0.05). Following
conversion from MPA to mTOR inhibitor (N=13), a notable
reduction in BKV loads was observed when comparing levels at
30 and 90days post-biopsy to BKV loads 7days post-biopsy
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(p=0.01 for both, Supplementary Figure S1). Of thirteen, three
KTR (23%) demonstrated an increase in BK viremia, despite a
concurrent decrease in TTV loads. When comparing BKV and
TTV loads at time of biopsy to those documented 90 days post-
biopsy, there was no significant correlation between the delta viral
loads (p=0.57).

4 Discussion

Our results validate the potential of quantifying TTV loads to
monitor immunocompetence in KTR within the first year post-
transplantation. However, it appears to be challenging to correctly
identify patients with borderline lesions suspicious for TCMR even
within the first year post-transplantation, as well as differentiating
between KTR with BKVAN or rejection and those without beyond
12months post-transplantation, solely based on TTV loads. On
another note, we show that TTV loads mirror adjustments in
immunosuppressive therapy, albeit TTV loads do not seem to
be affected immediately (within 7 days) following corticosteroid pulse
therapy or switching immunosuppression to an mTOR-based regimen.
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Our data demonstrate that KTR with BKVAN had significantly
higher TTV loads compared with KTR with rejection or other
pathologies, which was also reflected by a moderate correlation
between TTV loads to histopathological SV40 positivity. In addition,
higher BKV loads were associated with higher TTV loads in KTR with
BK viremia, as previously shown by Solis et al. (30). Higher TTV loads
may reflect a higher immunosuppressive burden, possibly fueling the
replication of BK virus and the potential development of
BKVAN. While a general association between TTV loads and BK
viremia in the first 3 months post-transplantation may not be evident
(31), possibly due to other confounding factors such as induction
therapy, our findings suggest that higher TTV loads could help in
identifying patients with risk for BKVAN, especially in the first year
post-transplantation.

On the other hand, KTRs with active rejection had significantly
lower TTV loads compared with KTRs with BKVAN; however, no
KTRs with
histopathologically diagnosed rejection and those with histopathology
other than rejection or BKVAN. This could be attributed to the
substantial number of patients with borderline lesions (N=23) among

significant ~ differences were seen between

those with rejection (N=36). Despite the ongoing controversy
regarding the pathological relevance and the need for treatment of
borderline lesions, previous studies have associated these lesions with
adverse outcomes such as late rejection, functional impairment,
donor-specific antibody formation, and allograft failure (32), which
would advocate for the necessity to timely detect KTRs with
those lesions.

Jaksch et al. proposed an optimal TTV load range of 4.6 log,, ¢/
mL to 6.6 log,, ¢/mL for KTR within 3months and 1year post-
transplantation that strikes a balance between risks for rejection and
infection (33). In our study cohort, there were 17 KTRs within this
time frame: of the eight patients, seven (88%) with BKVAN were
above the proposed upper cut-off indicating an elevated risk for
infection (p <0.05). Applying the lower threshold to identify patients
at risk for rejection however only correctly diagnosed two patients
with active TCMR, while all four patients with borderline changes had
TTV loads above the threshold and would have been missed (p=0.51).
Admittedly, the small sample size (N=17) to whom the cut-offs were
applicable in our cohort limits a definitive conclusion; however, the
proposed cut-offs by Jaksch et al. appear to be promising indicators
for infection but seem to fail to early identify patients with borderline
changes suspicious for TCMR. Corresponding to that, the AUC of
0.62 to discriminate rejection from no rejection in KTRs that were
biopsied within 1year post-transplantation in our study cohort was
rather weak and not conclusive.

The results to correctly identify rejection or BKVAN beyond
12 months post-transplantation were rather disappointing. This may
be attributed to the fact that we noted significant variations in TTV
loads depending on the timing of the indication biopsy relative to
transplantation, even beyond the first year post-transplantation, which
is consistent with previous research (34, 35). Furthermore, we revealed
a significant association between higher TTV loads and age, which has
been demonstrated before for healthy adults (36, 37) as well as for
KTRs (20, 34), and may be explained by immunosenescence and the
accompanying higher susceptibility to pathogens in the elderly
population (38). Moreover, a higher BMI was linked to elevated TTV
loads, suggesting impaired immune functionality in obese patients
compared with non-obese individuals (39).
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Of note, TTV loads reflected changes in immunosuppressive
therapy within our study. KTRs switching to mTOR inhibitors
following diagnosis for BKVAN displayed a notable decrease in
TTV loads, consistent with the negative correlation we found
between mTOR inhibitor intake and TTV loads. Our findings align
with results obtained by Schiemann et al., revealing significantly
reduced TTV levels in KTRs under mTOR inhibitor-based
maintenance therapy (34). This effect may reflect the antiviral
properties of mTOR inhibitors but possibly also the generally
reduced efficacy compared with CNIs (40). Contrarily, patients
receiving high-dose corticosteroid pulse therapy for rejection
subsequently developed significantly higher TTV loads. This aligns
with de Vlaminck et al. who reported that higher prednisone doses
early after transplantation result in an increased presence of TTV
(18). Our results add that TTV loads could additionally serve as an
indicator of the higher immunosuppressive burden in KTRs
receiving anti-rejection therapy beyond the first year following
transplantation. Furthermore, our data support the hypothesis that
changes in TTV load reflect modifications in immunosuppression,
as previously shown for short-time cessation of mycophenolate in
KTRs (21, 22). Interestingly, the decline in TTV loads observed in
our patients with BKVAN transitioning from MPA to an mTOR-
based regimen did not consistently align with a reduction in BK
viremia, preventing the utilization of TTV loads as a means to
monitor treatment response in individuals with BK viremia.
Additionally, further investigation is needed to determine the extent
and pace of changes in TTV loads as a response to modifications in
CNI dosages, as well as the potential utility of TTV in guiding CNI
dosage adjustments (24).

It seems evident that simple tools such as the immunosuppression
scale proposed by Vasudev et al. in 2005 to evaluate the degree of
immunosuppression in KTRs with BKVAN (7) seem insufficient to
monitor both, infections and rejections post-transplantation.
Within our cohort, TTV loads correlated more strongly to time
since transplantation than to the IS scale, emphasizing that a mere
scoring system for various immunosuppressants does not sufficiently
capture the true extent of immunosuppression in a patient. Our data
suggest that TTV loads are more accurate than the IS scale or drug
trough levels in reflecting the immunosuppressive burden in
immunocompromised patients and may prove particularly useful
for monitoring complications related to over- or under
immunosuppression in older and obese patients.

In general, our study has some limitations. First, the single-center
design compromises external generalization. Second, the small sample
size of some sub-analyses may limit their validity. All proposed
correlations should therefore merely be considered as hypothesis-
generating, emphasizing the need for further studies. Additionally, as
no re-biopsies were performed within this study cohort, it was not
possible to establish a correlation between TTV loads and potential
histopathological resolution of injury in patients experiencing
rejections or BKVAN.

In conclusion, we were able to reproduce previous findings that
TTV loads are highest in patients within the first year after
transplantation and gradually become lower in patients transplanted
long ago, corresponding to a reduction in immunosuppression
following transplantation. To guide immunosuppressive therapy based
on TTV loads, one should consider inter- and intraindividual
variations, as well as confounding factors such as age, BMI, and, most
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importantly, time since transplantation, even beyond the first year
post-transplantation. Another potential use case of monitoring TTV
loads could be to follow up on changes in immunosuppressive therapy,
although viral replication does not appear to be immediately impacted
following corticosteroid pulse therapy or the transition to an mTOR-
based immunosuppressive regimen.
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