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Introduction: Graft survival is mainly determined by rejections and infectious complications in transplant re-
cipients. Torque Teno Virus (TTV), a nonpathogenic and ubiquitous single-stranded DNA virus, has been pro-
posed as a biomarker of the immune status in transplant patients. This study aimed to determine the correlation
between a Home-Brew TTV PCR and R-GENE®PCR; the TTV viral load kinetics in renal transplant recipients and
the association with graft rejection.

Materials and methods: Prospective cohort study on 107 adult renal transplant recipients. TTV viral load was
determined in 746 plasma samples collected before and after renal transplantation by a Home-Brew PCR and a
commercial PCR (R-GENE®PCR). Associations of TTV viral load with graft rejections were analyzed.

Results: Agreement of both PCR assays was 93.2% and Pearson correlation coefficient was r: 0.902 (95%CI:
0.8881-0.9149, p < 0.0001). TTV viral load kinetics showed an initial gradual increase reaching a peak at 3
months. This highest value was followed by a slight decrease, reaching a plateau significantly higher than the
initial baseline at 6 months (p < 0.0001). Between (181-270) days post-transplantation, TTV median viral load in
patients with graft rejection was significantly lower, 3.59 Log( copies/mL (by Home-Brew PCR) and 3.10 Logio
copies/mL (by R-GENE®PCR) compared to patients without graft rejection (6.14 and 5.96 Logio copies/mL,
respectively).

Conclusions: Significantly lower TTV viral load was observed in patients with renal rejection occurring at a
median of 243 days post-transplantation. Given the dynamic behavior of TTV viral load post-transplantation, cut-
off values for risk stratification to predict rejection might be determined in relation to the post-transplant period.

1. Introduction

Renal transplantation is the standard treatment for patients with
end-stage renal disease. Immunosuppressive drugs are crucial for graft
and patient survival. However, the optimal pharmacological range re-
quires a delicate balance between inadequate and excessive immuno-
suppression to avoid the rejection or infections risk [1-3].

Follow-up post-renal transplantation is largely based on calcineurin
inhibitor quantification through peripheral blood levels, which corre-
lates more with the risk of drug-related toxicity than with immuno-
suppression effectiveness. Tacrolimus, a calcineurin inhibitor, shows a
large inter and intra-patient pharmacokinetic variability. Additionally,

acute rejection can occur when the tacrolimus concentration is within
the pharmacological range [4].

Biomarkers could allow a more complete characterization of the
immune status of solid organ transplant (SOT) recipients. The ideal
biomarker must predict the consequences of inadequate immunosup-
pression, be comparable across different health facilities, and should be
supported by interventional studies based on biomarker-guided drug
dosing.

The Torque Teno Virus (TTV) viral load has been proposed as a
biomarker candidate [5]. TTV is a small, non-enveloped virus with a
single-stranded circular DNA genome (3.8 Kb), member to the Anello-
viridae family [6,7]. TTV was first described in 1997 and has not been
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associated with any human disease [8]. TTV is highly prevalent; in
healthy individuals reaches up to 90%[9,10] and can reach 100% in
patients after SOT [11-13].

Retrospective studies described an association between low TTV
viral load and graft rejection in SOT recipients [14-16]. Conversely,
high TTV levels were associated with an increased risk of infections [17,
18].

Recently, Gorzer et al.[19] reported the validation of TTV viral load
for risk stratification of rejection and infection using different PCR as-
says. Cut-off values were determined in a retrospective manner using
one sample per patient obtained at a single time (median days
post-transplantation: 166).

Establishing TTV viral kinetics throughout time is critical to deter-
mine the most appropriate time point for TTV screening as a biomarker
for rejection or infection. For our prospective study, seven sequential
plasma samples were collected during the first 3 months and one every 3
months thereafter.

The objectives of this study were to determine: a- the correlation
between two PCR assays: a Home-Brew PCR and a commercial PCR (R-
GENE®PCR), b- the TTV viral load kinetics in renal transplant re-
cipients, and c- the association between TTV viral load and graft
rejection.

2. Materials and methods
2.1. Patients and study design

A prospective cohort study on renal transplant recipients (>18 years
old), who received a graft from living or deceased donor between
November 2018 and April 2021, is being conducted at CEMIC University
Hospital, Buenos Aires, Argentina.

Patients were followed over one year and 3 months post-
transplantation. Demographic and clinical data were collected.

The inclusion criteria comprised patients who received thymoglo-
bulin or basiliximab for induction therapy and an immunosuppression
maintenance scheme based on tacrolimus, mycophenolic acid and
steroids.

The exclusion criteria represented patients with primary graft fail-
ure, or those who changed the ambulatory care center before the third
month post-transplantation.

This study was approved by the CEMIC Ethics Committee (qualified
by the Department of Health and Human Services, HHS no. 1242).

2.2. Clinical outcomes

All patients were screened for rejection by renal biopsies (protocol)
at predefined times to detect subclinical events. Additional biopsies
(indication) were taken with renal dysfunction.

Graft rejection details are provided in Supplementary material.

2.3. Samples

Plasma samples were obtained before and after transplantation at
different times. Specifically, samples were obtained on day +3, +7, +14,
+21, months 1, 3, 6, 9 and 12. Samples were cryopreserved at —70 °C
until tested.

Total nucleic acids were extracted from 200 pL of plasma and eluted
in 50 pL using a MagNA Pure Compact System (Roche, Basel,
Switzerland), following the manufacturer’s recommendation.

2.4. TTV quantification

TTV detection was performed by real time PCR with Home-Brew PCR
and a commercial PCR (TTV R-GENE® Kit, bioMérieux, Marcy-1Etoile,
France).

The Home-Brew PCR uses specific primers and probe previously
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described [20], amplifying a highly conserved region of 63 nt from the
5UTR in all TTV species. R-GENE®PCR’s specific primers amplify a
fragment of 128 nt from the 5UTR. Details are described in Supple-
mentary material.

2.5. Statistical analysis

Mann-Whitney test was used to compare TTV viral load from patients
who had graft rejection and patients without adverse events (negative
renal biopsy, negative PCR results for CMV and BKPyV and same
immunosuppressive scheme).

Graft rejection events and their association with TTV viral load were
analyzed according to the time post-transplantation.Only the first event
was considered in each patient and TTV viral load was determined in the
sample from the closest previously available date from this event.

Correlation between PCR assays was calculated using the Pearson
correlation coefficient (r). Bland-Altman difference plot analysis was
used to evaluate the level and limits of agreement between both PCR.
Details are described in Supplementary materials.

3. Results

A total of 107 renal graft recipients were transplanted from
November 2018 to April 2021 at CEMIC University Hospital. All pa-
tients, regardless of their clinical outcome, remained with a functional
graft. Patient survival during the first year post-transplantation was
96.3%. Four patients died because of infections during this period.
Specifically, one developed measles encephalitis, one had bacterial
septicemia and two developed severe COVID-19.

Mean age among the 107 renal transplant patients was 49.6 + 13.4
years old and 60% (65/107) were male. A total of 82 (76.6%) patients
received a graft from deceased donors, 86.9% received thymoglobulin
and 13.1% received basiliximab as immunosuppression induction. Most

Table 1

Clinical and demographic characteristics in renal transplant patients (n = 107).
Characteristics
Age, years old [mean + SD] 49.6 + 13.4
Gender (male) [n (%)] 65 (60.7)
Number of kidney transplantation [n (%)]
First 96 (89.7)
Second 9(8.4)
Third 2(1.9
Cause of end-stage renal disease [n (%)]
Diabetes Mellitus 12 (11.2)
Glomerular disease 28 (26.2)
Hypertensive kidney disease 7 (6.5)
Polycystic kidney disease 14 (13.1)
Other specified disorders of kidney and ureter 46 (43.0)
CMV serostatus [n (%)]
D+/R+ 77 (72.0)
D-/R+ 16 (15.0)
D+/R- 8(7.5)
D-/R- 3(2.8)
Pre-transplant renal replacement therapy [n (%)]
Hemodialysis 93 (86.9)
Time on dialysis, months [median (IQR)] 30.0 (13.4 - 52.6)
Donor age, years old [mean =+ SD] 43.5+£17.7
Donor gender (male) [n (%)] 58 (54.2)
Type of donor [n (%)]
Deceased donor 82 (76.6)
Living donor 25 (23.4)
Number of HLA mismatches [median (IQR)] 4(3-5)
Induction therapy [n (%)]
Thymoglobulin 93 (86.9)
Basiliximab 14 (13.1)
Initial maintenance immunosuppression scheme [n (%)]
Tacrolimus, mycophenolic acid and steroids 107 (100)

SD: standard deviation; IQR: interquartile range.
D: donor R: recipient.



N.S. Reyes et al.

recipients (89.7%) were receiving their first renal transplant (Table 1).

3.1. Home-Brew PCR and R-GENE®PCR

Correlation of both PCR performed using 746 samples from 107 re-
cipients showed a 93.2% agreement. Pearson correlation coefficient was
r: 0.902 (95% Confidence Interval (CI): 0.8881-0.9149, p < 0.0001)
(Fig. 1A). Sensitivity and specificity of R-GENE®PCR compared to
Home-Brew PCR were 94.7% and 79.2%, respectively (Fig. 1B).

The Bland-Altman method indicated a mean difference between
both PCRs of 0.35 Logjo copies/mL with 95% limits of agreement of
—1.43 and 2.13 Logjo copies/mL. The Bland-Altman plot showed 689/
746 (92.4%) values falling inside the limits of agreement (Fig. 2).

TTV viral load was consistently higher using Home-Brew PCR
compared to R-GENE®PCR. Median viral load difference among 746
samples was 0.26 (range 0.06-0.71 Logio) (Table 2). Specifically, 567/
746 (76%) samples had less than 1 Logi difference between both PCR
assays. Only 7/746 (1%) samples had TTV viral load difference >3 Log¢
(Table S1). In particular, one sample gave 8.92 Logio copies/mL with R-
GENE®PCR and 3 Logjo copies/mL with Home-Brew PCR. Sequencing
analysis on this sample (kindly performed by Dr. F. Maggi and P. Spezia)
demonstrated the presence of Torque Teno Mini Virus (TTMV).

Among 746 samples, 51 (6.8%) gave discordant results and most of
them, 36/51 (70.6%) were only positive with Home-Brew. Specifically,
34/36 (94.4%) samples had a TTV viral load <3Log;¢ copies/mL and 2/
36 (5.6%) samples had a viral load >3Log;¢ copies/mL (Table S2).

In contrast, 15/51 (29.4%) were only detected by R-GENE®PCR.
Most of them, 14/15 (93.35) had a TTV viral load <3Log;o copies/mL
and only 1/15 (6.7%) had a viral load >3Log;o copies/mL (Fig. 2).

3.2. TTV prevalence and viral load kinetics

Pre-transplant TTV prevalence was determined in 102 recipients. Of
them, 83 (81.4%) and 80 (78.4%) were positive with Home-Brew PCR
and R-GENE®PCR, respectively. Median viral load pre-transplant were
2.98 (2.35-3.66) and 2.79 (2.04-3.40) Log( copies/mL, respectively.

Post-transplant TTV prevalence was determined in 107 recipients.
All patients became TTV positive at some point post-transplantation.
The highest TTV prevalence was on day 90 (98%).

TTV kinetics showed a gradual increase in viral load during the first
months, reaching a peak on day 90 (median 6.78 and 6.13 Log;( copies/
mL with Home-Brew PCR and R-GENE®PCR, respectively). Following
this peak, TTV viral load slightly decreased, reaching a plateau at day
180. One year post-transplantation, median viral load were 5.65 and
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5.46 Logjo copies/mL with Home-Brew PCR and R-GENE®PCR,
respectively (Fig. 3, Figure S1).

Median viral load observed at 6, 9 and 12 months post-
transplantation were significantly higher than at baseline (p < 0.0001
in each point).

3.3. TTV viral load and graft rejection

A total of 135 renal biopsies (protocol and indication) were per-
formed in 92 patients during the first year and 3 months post-
transplantation. Most patients, 51/92 (55.4%) had one biopsy, 33/92
(35.9%) patients had two biopsies and 6/92 (6.5%) patients had three
biopsies. Median time from transplantation to the first graft rejection
event was 98.5 days (51.0-223.5).

Biopsies from 15/107 (14%) patients were unavailable during the
first 15 months due to the lack of follow up because of the COVID
pandemic.

Graft rejection (cellular, humoral and borderline changes) occurred
in 28/92 (30.4%) patients during the study period. Of them, 10/28
(35.7%) had subclinical graft rejection. All 28 patients were treated
using antirejection therapy and none developed a graft loss. Most
rejection occurred between 30 and 90 days post-transplantation in 13/
28 (46.4%) patients. Same rejection rates (21.4%) were observed be-
tween (91-180) and (181-270) days. During (271-365) days no re-
jections were documented. Lower rejection rate (10.7%) was observed
between (366-450) days.

Most patients 21/28 (75%) had a T cell mediated rejection (TCMR),
5/28 (17.8%) patients showed borderline change (BL), 2/28 (7.1%)
patients had antibody mediated rejection (ABMR) (Table S3).

Median time between samples for TTV quantification and subsequent
biopsies proven graft rejection was 40 (12.5-59.3) days.

TTV viral load was significantly lower in 6 patients with graft
rejection occurring between (181-270) days post-transplantation. TTV
median viral load were 3.59 Logj( copies/mL (by Home-Brew PCR) and
3.10 Logio copies/mL (by R-GENE®PCR) compared to 6.14 (by Home-
Brew PCR) and 5.96 (by R-GENE®PCR) from 74 patients without graft
rejection (p = 0.047 and p = 0.012) (Table 3).

Between (30-90), (91-180) and (366-450) days, TTV viral load was
not significantly different between patients with or without graft
rejection (Table 3).

When analyzing only subclinical rejections, patients showed a lower
TTV viral load at all points (90, 180 and 365) compared to patients
without rejection. Specifically, at day 180, TTV viral load was 3.12 Log1o
copies/mL (by Home-Brew PCR) and 2.45 Logjo copies/mL (by R-

B-
Commercial PCR (R-GENE®PCR)
POS NEG Total
&
o
A POS 638(85.5%) 36 (4.8%) 674
Z
& . .
E NEG 15(2.0%) 57 (7.6%) 72
S
==
Total 653 93 746

Fig. 1. Comparison between Home-Brew PCR and commercial PCR (R-GENE®PCR)
A- Correlation between Home-Brew PCR and commercial PCR in 746 samples from 107 renal transplant patients analyzed in parallel with both PCR assays.

B- Sensitivity and specificity of the commercial PCR compared to Home-Brew PCR.
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Differrence in TTV viral load (Home-Brew PCR - R-GENE® PCR)
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Fig. 2. Differences in TTV viral load vs. average values using Bland-Altman analysis in 746 plasma samples.
Mean difference is indicated by a black solid line, the mean +/- 1 Log;o by black dashed lines, and the mean +/- 2 Logo by black dash-dotted lines. Red solid lines

describe the limits of agreement.

Table 2
TTV median viral load kinetics in renal transplant patients by Home-Brew PCR
and commercial PCR (R-GENE®PCR) before and after transplantation.

TTV median viral load
(Logjocopies/mL)

Days after transplantation Home-Brew PCR R-GENE®PCR A median
Pre-transplant (0) 2.98 2.79 0.19
+3 2.65 2.26 0.39
+7 2.95 2.75 0.20
+14 3.60 3.20 0.40
+21 3.97 3.68 0.29
+30 4.59 3.88 0.71
+90 6.78 6.13 0.65
+180 5.82 5.76 0.06
+270 4.89 4.67 0.22
+365 5.65 5.46 0.19
TTV median viral load difference 0.26

GENE®PCR) compared to 6.14 Log;¢ copies/mL (by Home-Brew PCR)
and 5.96 Logi copies/mL (by R-GENE®PCR) (p = 0.042 and p = 0.017,
respectively) (Table 4).

4. Discussion

The potential application of TTV viral load as a functional biomarker
of immune status has increased in recent years, supported by its non-
pathogenic nature and high prevalence [21,22]. It has been suggested
that TTV kinetics could be a valuable tool to identify an increased risk of
graft rejection, when SOT recipients present lower TTV viral loads
[23-25]. In addition, a direct association between higher TTV viral load
and infections has also been reported [17,18].

In this prospective study, we followed a cohort of renal transplant
recipients for more than one year post-transplantation to evaluate TTV
kinetics and its correlation with renal rejection. Simultaneously, two
real time PCR assays were validated and compared.

A Home-Brew PCR amplifying a conserved 5UTR region showed
adequate amplification of all 22 TTV species [20]. In our study, same
primers were used to set up the Home-Brew PCR. An available com-
mercial kit was developed and CE-marked for clinical use (R-GEN-
E®PCR). It allows the quantification of TTV and occasionally of Torque
Teno Mini Virus (TTMV) and high viral loads of Torque Teno Midi Virus
(TTMdAV) -members of the human Anelloviridae family7- as described by
the manufacturers.

In our study, the comparison between both PCR assays showed a high
agreement (93.2%), demonstrating R-GENE®PCR can detect the circu-
lating TTV species in America. Viral load was consistently higher using
Home-Brew PCR compared to R-GENE®PCR and this may be mostly
related to the standard curve employed in each assay. The median dif-
ference between both PCR was 0.26 Log;o copies/mL. This value was
similar to that previously reported [26].

The number of discordant results between both PCR was 6.8% and
most of them showed differences below 2 Log;( or had a low viral load
(R-GENE®PCR reported limit of detection is 2.4 Log;o copies/mL).

The one sample that showed a higher viral load difference between
both PCR (5.9 Logio), showed the presence of TTMV by sequencing
analysis. This patient with concomitant presence of TTV and TTMV did
not show graft rejection or viral infection. The clinical significance of
TTMV in this population should be further investigated.

Data on TTV prevalence are very limited and no prospective studies
on TTV are available in the Americas. A qualitative PCR study on TTV
presence among healthy blood donors in Brazil, showed a 69% preva-
lence [27]. In our study, pre-transplant TTV prevalence was 80%.
Interestingly, all patients became TTV positive during the study period
suggesting that TTV can be broadly used as biomarker
post-transplantation.

Our study represents one of the first protocols prospectively evalu-
ating TTV viral load kinetics in renal transplant patients at 10 time
points during the first year. TTV viral load showed a dynamic pattern
post-transplantation, probably related to the immune status of the
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Fig. 3. TTV viral load kinetics in plasma samples from 107 renal transplant recipients detected by Home-Brew PCR.
A total of 746 plasma samples from 107 recipients were tested. At each timepoint, median viral load and IQR are presented.

D: days, M: month.

Table 3

Association between TTV viral load and graft rejection in renal transplant recipients (n = 107).

TTV MEDIAN VIRAL LOAD (IQR)

n patients Home-Brew PCR R-GENE®PCR
Days after Graft No graft rejection and Graft No graft rejection and no  p Graft No graft rejection andno  p
transplantation rejection no viral infection rejection viral infection value Rejection viral infection value
30-90 13 74 5.08 4.54 (3.29-5.06) 0.418 3.96 3.87 (2.95-4.88) 0.882
(3.25-5.49) (2.26-4.77)
91-180 6 70 6.74 6.74 (5.51-7.48) 0.736 6.09 6.12 (4.96-6.97) 0.900
(5.07-8.31) (4.21-7.33)
181-270 6 44 3.59 6.14 (4.46-7.27) 0.047 3.10 5.96 (4.14-7.02) 0.012
(2.81-6.06) (1.60-5.40)
366-450 3 23 5.21 5.10 (4.27-6.30) 0.999 4.63 5.11 (3.95-6.16) 0.630
(2.66-6.86) (2.56-6.03)
TTV viral load is expressed in Log10 copies/mL.
Table 4
Association between TTV viral load and subclinical graft rejection in renal transplant recipients (n = 107).
TTV MEDIAN VIRAL LOAD (IQR)
n patients Home-Brew PCR R-GENE®PCR
Days after Graft No graft rejection and Graft No graft rejectionand no  p Graft No graft rejection andno  p
transplantation rejection no viral infection rejection viral infection value Rejection viral infection value
91-180 4 70 5.78 6.74 (5.51-7.48) 0.550 4.84 6.12 (4.96-6.97) 0.370
(4.24-7.71) (3.68-6.75)
181-270 4 44 3.12 6.14 (4.46-7.27) 0.042 2.45 5.96 (4.14-7.02) 0.017
(2.30-5.16) (0.53-4.84)
366-450 2 23 3.94 5.10 (4.27-6.30) na 3.59 5.11 (3.95-6.16) na
(2.66-5.21) (2.56-4-63)

TTV viral load is expressed in Log10 copies/mL.; na: Not applicable.

patient (directly associated with host response to immunosuppression).
In our population, TTV viral load presented a steady baseline level at
pre-transplant time, with a median of 2.98 Log;( copies/mL. Later, viral
load showed a gradual increase during the first months, reaching a peak
on day 90. This characteristic peak was followed by a decrease that
achieved a plateau after day 180. Interestingly, median viral load
observed at this point was significantly higher (p<0.0001) than at
baseline. Similar viral load kinetics were previously reported [23,25].
Given the dynamic nature of TTV viral load and its fluctuation
throughout time, the use of TTV viral load cut-off values for risk strat-
ification to predict rejection might be determined in relation to the post-

transplantation period.

Graft rejection is one of the most serious complications. During the
first year post-transplantation the rate of TCMR is consistently reported
around 10% [28,29]. For the same period, the incidence of ABMR can
reach up to 40% in recipients donor specifics antibody (DSA) positive,
but is low in pre-transplant DSA-negative patients [30].

Most of these studies are based on renal biopsies obtained when a
renal dysfunction occurs. In our study, protocol renal biopsies were
obtained at predefined times to detect subclinical events. Therefore, our
rejection rate (30.4%) was higher than that reported by others [23,24].

Rejection rate analyzed in periods showed that most of them
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occurred before 3 months post-transplantation.

A significant association between low TTV viral load and rejection
was observed between (181-270) days post-transplantation.

Doberer et al. [19,23], proposed a TTV viral load cut-off value
(below 6 Logip) by Home-Brew PCR as a predictor of graft rejection
based on the analysis at a single period time (a median of 154 days
post-transplantation). Considering this cut-off value, we demonstrated
that 75% of our patients with graft rejection and 80% of those with
subclinical rejection had TTV viral load below 6 Log;o by Home-Brew
PCR.

For R-GENE®PCR assay, Solis[25] determined that renal transplant
patients with TTV viral load ranging from 4.6 to 6.2 Logjo had a lower
risk for graft rejection or viral infection. In our study, 57.1% of patients
with graft rejection and 70% of those with subclinical rejection had a
viral load below 4.6 Log;o by R-GENE®PCR.

The limitations of this study were the low number of patients and the
single center design.

However, the large number of plasma samples analyzed not only
contributed to the validation of R-GENE®PCR, but also was relevant to
determine TTV kinetics throughout time.

This is the first study evaluating TTV viral load as a biomarker of the
immunosuppression state of renal transplant patients in Argentina. A
significant association between low TTV viral load and graft rejection
was demonstrated at 180 days post-transplantation.

Time stratification analysis highlights the importance of evaluating
TTV viral load at several points post-transplantation to determine time-
specific cut-off values that may vary with the PCR assay.

Prospective multicenter studies will be needed to establish and
validate optimal TTV viral load ranges to predict clinical and subclinical
graft rejections.
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