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A B S T R A C T   

Background: Immunosuppressed individuals such as kidney transplant recipients (KTR) and hemodialysis patients 
(DP) show impaired immune responses to COVID-19 vaccination. Plasma Torque Teno Virus (TTV) DNA load is 
used as surrogate for the individual degree of immunosuppression. We now assessed the association of TTV load 
at time of COVID-19 vaccination with humoral and cellular immune response rates to vaccination in KTR, DP, 
and healthy medical personnel (MP). 
Methods: A total of 100 KTR, 115 DP and 54 MP were included. All were SARS-CoV-2 seronegative at the time of 
vaccination with either BNT162b2 or mRNA-1273. Plasma TTV loads were assessed at the time of first vacci
nation. After two-dose vaccination, seroconversion (de novo detection of SARS-CoV-2 S1-IgA and/or IgG) was 
determined. In addition, cellular responses as assessed by interferon γ release and neutralizing antibodies were 
assessed in a subset of participants. ROC analyses were performed to define TTV load cut-offs predicting specific 
immune responses to vaccination. 
Results: Plasma TTV loads at the time of first vaccination were negatively associated with seroconversion after 
two-dose vaccination in KTR (OR 0.87, 95% CI 0.76–0.99). TTV loads were significantly lower in KTR who 
developed humoral and cellular immune responses to vaccination compared to non-responders (p = 0.0411 and 
0.0030, respectively). Of patients with TTV loads above 106 copies/ml, none developed cellular immune re
sponses against SARS-CoV-2, and only 2 of 17 (12%) seroconverted in response to vaccination. 
Conclusion: Plasma TTV loads at the time of first vaccination in immunosuppressed individuals may be useful to 
predict individual vaccine-specific immune responses.   

1. Introduction 

One year after the onset of the SARS-CoV-2 pandemic, the first 
COVID-19 vaccines became available [1,2]. These elicited efficient hu
moral and cellular immune responses in immunocompetent persons and 

protected against severe coronavirus disease 2019 (COVID-19) [1–3]. 
However, this protective effect was limited in immunocompromised 
patients, such as solid organ transplant recipients (SOTR) [4,5]. After 
vaccination of kidney transplant recipients (KTR) with different 
COVID-19 mRNA vaccines, seroconversion as measured by binding and 
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neutralizing antibodies were clearly lower than in healthy individuals 
[6,7]. Cellular immune responses, which play a crucial role in the de
fense against SARS-CoV-2, were also reduced in SOTR in response to 
vaccination [5,7,8]. Also patients on renal replacement therapy with 
hemodialysis (DP) showed an overall reduced immune response to 
COVID-19 vaccination [6,7,9-11]. 

There is, however, considerable variation in the immune response to 
the same dosage of COVID-19 vaccines [4,8,10,12] elicited in immu
nocompromised individuals. This likely reflects an individually different 
level of immunosuppression, including post-transplant immunosup
pressive therapy and other factors including patient age, sex or comor
bidities [5,8,10,12]. A surrogate marker reflecting the degree of 
individual immunosuppression could help predict immune responses to 
vaccination. 

Within the last years, the level of Torque Teno virus (TTV) DNA in 
blood was increasingly considered as a marker for the extent of drug- 
induced immunosuppression after organ transplantation [13–15]. TTV 
is a single strand DNA virus of the Anelloviridae family. It is highly 
prevalent and detectable in about 70% of the overall population and in 
up to 100% of transplant patients [16–18], but is not associated with any 
human disease [16]. TTV replication is limited by host immune re
sponses [17,18] and the TTV DNA load increases with initiation of 
post-transplant immunosuppression [13,19-21]. Elevated TTV loads 
have also been detected in hemodialysis patients, which might reflect 
immunosuppression in end-stage renal disease. [22] 

It is assumed that the level of immunosuppression at time of COVID- 
19 vaccination may be associated with the extent of the humoral im
mune response elicited by the vaccines, and this is supported by recent 
studies in SOTR [23–25]. In the present study, we investigated whether 
a certain level of plasma TTV load at the time of vaccination may predict 
not only humoral but also cellular immune responses to COVID-19 
vaccination, including two different mRNA vaccines, in KTR and DP. 

2. Methods 

2.1. Study cohort 

The study was performed on a subset of individuals included in the 
DIA-VACC study initiated in January 2021 [7], investigating immune 
responses to SARS-CoV-2 infection and/or COVID-19 vaccination in 
medical personnel (MP), hemodialysis patients (DP) and kidney trans
plant recipients (KTR). From the total of 3101 individuals, we now 
included 360 patients according to pre-defined criteria: vaccination with 
two doses of either BNT162b2 or mRNA-1273 according to recom
mended vaccination schemes between January and March 2021; avail
able plasma samples collected at the day of first vaccination (T0) and 
eight weeks later (T1; for BNT162b2 five weeks, for mRNA-1273 four 
weeks after second vaccination); exclusion of infection with SARS-CoV-2 
prior to and up to eight weeks post first vaccination, confirmed by un
detectable S1-specific IgA and IgG at T0 and undetectable 
nucleocapsid-specific IgG at T0 and T1. Exclusion criteria were mTor 
inhibitor and belatacept based immunosuppression in KTR, as these 
agents may directly affect TTV load [26], and immunosuppressive 
therapy in DP and MP. Five patients with discordant results in humoral 
immune responses (negative S1-IgA/-IgG versus positive neutralizing 
antibodies) were further excluded from the study cohort. 

The study flow is shown in Fig. 1. 
Patients and controls gave written informed consent prior to study 

initiation. This study was approved by the ethical institutional review 
boards at Technische Universität Dresden (BO-EK-45012021), the Uni
versity of Leipzig (046/21-lk) and the Saxon Medical Association 
(Sächsische Landesärztekammer) (EK-BR-10/21-1). 

2.2. Quantification of TTV loads 

TTV loads were measured in plasma by TaqMan real-time PCR as 

described previously [27]. TTV DNA level was quantified in the linear 
range from 102 to 1010 copies/ml. The limit of detection was 102 

copies/ml. 

2.3. Assessment of humoral immune response 

SARS-CoV-2 specific IgA and IgG antibodies against S1 of the spike 
protein were measured using commercial immunoassays (Anti-SARS- 
CoV-2-ELISA (IgA) and Anti-SARS-CoV-2-QuantiVac-ELISA (IgG), 
respectively; both Euroimmun, Lübeck, Germany). Neutralizing anti
bodies (nAb) against SARS-CoV-2 were determined by an RBD-based 
surrogate neutralization assay (NeutraLISA). For the identification of 
previously SARS-CoV-2 infected individuals, a nucleocapside-specific 
immunoassay (Anti-SARS-CoV-2-NCP-ELISA (IgG)) was performed 
(both Euroimmun, Lübeck, Germany). 

2.4. Assessment of cellular immune response 

For the determination of cellular immune responses after two-dose 
vaccination, an interferon gamma (IFNγ) release assay (IGRA) (Quan- 
T-Cell SARS-CoV-2 & Quan-T-Cell-ELISA, Euroimmun, Lübeck, Ger
many) was applied as previously described [7]. A cut-off of 100 mIE/ml 
was defined as a positive IFNγ release response. 

2.5. Statistical analysis 

Demographic data are shown in tabular form. Non-parametric data 
between cohorts were compared by Mann Whitney U, Fisher’s exact or 
χ2 test, and parametric data with unpaired t-test and ANOVA, where 
applicable. Generalized linear models were used to estimate the effect 
size of the association between plasma TTV load and seroconversion at 
T1. The effect size was displayed as odds ratio (OR) and 95% confidence 
interval (95% CI). Potential confounders of the effect size of the asso
ciation between TTV and seroconversion to COVID-19 vaccination were 
assessed using bivariate analysis. Potential effect modifiers were 
assessed using Mantel Haenszel strata. A change in the effect size of 
>10% was defined as significant confounding or effect modification. For 
multivariate analysis, co-variables were selected based on clinical rele
vance. For the multivariate model, a backward elimination was used, 
and the ‘rule of 10′ was applied to define the maximum number of the 
variables in the model. A p-value <0.05 was the defined limit of sig
nificance. Log-normally distributed variables were log-transformed. For 
the determination of a TTV load cut-off for the optimal prediction of 
seroconversion and IFNγ release at T1 in KTR, a receiver operating curve 
(ROC) analysis was performed, including determination of sensitivity, 
specificity, positive predictive value (PPV) and negative predictive value 
(NPV) for the respective cut-offs, and identification of the optimal 
classifier by determination of the Youden index. Statistical analyses 
were performed in IBM SPSS Statistics 24.0 (SPSS Inc., USA), STATA 15 
(StataCorp, USA) and GraphPad Prism Version 9.2.0. Graphs were 
created in GraphPad Prism Version 9.2.0. 

3. Results 

3.1. Description of the study cohort 

In this study, we included 360 individuals, selected from the DIA- 
VACC cohort (n = 3101) [7], according to pre-defined criteria (Fig. 1). 
No participant had prior infection with SARS-CoV-2 as confirmed 
serologically. In all patients, plasma TTV loads were determined at the 
day of first vaccination (T0). In 269 individuals, TTV DNA was detect
able at T0, and TTV DNA negative persons (n = 91) were excluded from 
further analyses. The final study cohort consisted of 54 MP, 115 DP and 
100 KTR, and is described in detail in Table 1. 

M. Graninger et al.                                                                                                                                                                                                                             



Journal of Clinical Virology 162 (2023) 105428

3

3.2. Immune response to vaccination 

In all study participants, de novo humoral immune responses (S1-IgA, 
-IgG) were determined after vaccination with two doses of a COVID-19 
mRNA vaccine at eight weeks after the first vaccination (T1). The results 
are presented in Supplementary Figure 1A-B. IgA and IgG seroconver
sion rates were lowest in KTR (χ2 test, both: p=<0.0001). Neutralizing 
antibodies and cellular immune responses against SARS-CoV-2 as 
assessed by specific IFNγ release were determined at T1 in 209 and 156 

participants, respectively. Both responses were also lowest in KTR (χ2 

test, both: p=<0.0001) as presented in Supplementary Table and Sup
plementary Figure 1C-D. 

Humoral and cellular immune responses were further analyzed in 
regard of the given vaccine. In the DP cohort vaccination with mRNA- 
1273 resulted in higher seroconversion rates than vaccination with 
BNT162b2 (Supplementary Figure 1A-B). In KTR this difference was 
observed only for S1-IgA seroconversion. IFNγ release rates in DP and 
KTR were not different between patients vaccinated with BNT162b2 or 

105

106

107

DIA-VACC cohort 
n= 3101

excluded:
- 2619 individuals lacking 
material for retrospec�ve TTV 
quan�fica�on

excluded due to test values:
- 91 plasma TTV nega�ve individuals

excluded due to pre-defined exclusion 
criteria:
- 8 with SARS-CoV-2 infec�on prior to 
vaccina�on
- 49 DP with immunosuppressive therapy
- 60 KTR with mTOR inhibitor or belatacept 
based immunosuppression
- 5 discordant humoral immune response 
values (nega�ve IgA/IgG vs. posi�ve nAb -
possibly IgM)

n=360

TTV study par�cipants
n=269

Medical Personal 
(MP)
n=54

Dialysis pa�ents 
(DP)

n=115

Kidney transplant 
recipients (KTR)

n=100

Analysis of immune 
response at T1

- IgG: n= 54
- IgA: n= 54
- nAb: n=49
- IGRA: n=20

Analysis of immune 
response at T1
- IgG: n= 115
- IgA: n= 115
- nAb: n=101
- IGRA: n=65

Analysis of immune 
response at T1
- IgG: n= 100
- IgA: n= 100
- nAb: n=59
- IGRA: n=71

Vaccine type
- BNT162b2: n=24

- mRNA-1273: n=30

Vaccine type
- BNT162b2: n=57

- mRNA-1273: n=58

Vaccine type
- BNT162b2: n=55

- mRNA-1273: n=45

Fig. 1. Selection of study cohort. TTV, torque teno virus; mTOR, mechanistic target of rapamycin; nAb, neutralizing antibodies; IGRA, interferon gamma 
release assay. 
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mRNA-1273, respectively (Supplementary Figure 1D). 

3.3. Association between TTV load and seroconversion after vaccination 

Plasma TTV loads on the day of first COVID-19 vaccination (T0) 
differed between the patient groups (Fig. 2A), with KTR showing the 
highest median TTV load (5.0 × 104 copies/ml) as compared to DP (3.1 

× 104 copies/ml) and MP (1.3 × 104 copies/ml) (ANOVA, p = 0.0001). 
TTV loads were further correlated to the participants’ seroconversion 
status after two-dose vaccination (T1) (Fig. 2B). Patients displaying 
seroconversion showed significantly lower TTV loads at T0 (median 2.4 
× 104 copies/ml) compared to vaccine non-responders (median 6.2 ×
104 copies/ml; unpaired t-test; p=<0.0001). Using a generalized linear 
regression model, a negative association between plasma TTV loads at 

Table 1 
Characteristics of study groups. Demographics and clinical data of the KTR group included in the current study were compared to the KTR cohort of the DIA-VACC 
study by Mann-Whitney U test or χ2 test, where applicable. MP, medical personnel; DP, dialysis patients; KTR, kidney transplant recipients; IQR, interquartile range; 
eGFR, estimated glomerular filtration rate; CNI, calcineurin inhibitors; MMF/MPA, mycophenolate mofetil/myocophenolic acid; n.a., not available; ns, not significant.  

Variable MP DP KTR KTR 
DIA-VACC1 

p-value2  

n /% n /% n /% n /%  
number 54 / 100 115 / 100 100 / 100 532 / 100 ns 
Age in years (median [IQR]) 46 [39–57] 70 [58–80] 59 [50–67] 59 [49–67] ns 
Female sex 42 / 78 36 / 31 33 / 33 188 / 35 ns 
BMI in kg/m2 (median [IQR]) 25.4 [22.6–28.5] 26.3 [23.5–31.1] 25.9 [23.3–29.2] 25.5 [23.0–29.0] ns 
Drug treated comorbidities 11 / 20 107 / 93 86 / 86 475 / 89 ns 
Diabetes mellitus 0 / 0 34 / 30 19 / 19 99 / 19 ns 
Cardiovascular disease 9 / 17 101 / 88 80 / 80 460 / 87 ns 
Lung disease 3 / 6 10 / 9 6 / 6 33 / 6 ns 
Liver cirrhosis 0 / 0 1 / 1 2 / 2 5 / 1 ns 
Cancer 0 / 0 9 / 8 3 / 3 17 / 3 ns 
None 43 / 80 8 / 7 14 / 14 57 / 11 ns 
eGFR (median [IQR]) n.a. n.a. 47.6 [34.5–69.7] 47.7 [34.6–61.8] ns 
Time on dialysis in years (median [IQR]) n.a. 5 [2–8] 6 [3–11]3 5 [2–9]3 ns 
Time after transplantation in years (median [IQR]) n.a. n.a. 7 [3–14] 8 [4–14] ns 
On immunosuppressive therapy 0 / 0 0 / 0 100 / 100 526 / 99 ns 
Corticosteroids 0 / 0 0 / 0 46 / 46 249 / 47 ns 
CNI 0 / 0 0 / 0 98 / 98 467 / 88 0.0011 
MMF/MPA 0 / 0 0 / 0 87 / 87 408 / 77 0.024 
Other 0 / 0 0 / 0.0 1 / 1 9 / 2 ns 
Type of vaccine     0.0001 
BNT162b2 24 / 45 57 / 50 55 / 55 182 / 34  
mRNA-1273 30 / 55 58 / 50 45 / 45 349 / 66   

1 all KTR included in the DIA-VACC study. 
2 p-value for comparison between KTR group of the current study and all KTR included in the DIA-VACC study. 
3 before kidney transplantation. 

Fig. 2. Plasma TTV load at the time of vaccination (T0). Plasma TTV load at the time of vaccination (T0) is stratified according to group (A; medical personnel 
[MP], dialysis patients [DP] and kidney transplant recipients [KTR]), and (B) humoral vaccine response. Humoral vaccine response was defined as de novo detection 
of SARS-CoV-2 S1-IgA and/or -IgG (seroconversion) eight weeks after first vaccination (T1). For statistical analysis, TTV loads were log-transformed and means 
compared by ANOVA or unpaired t-test. Bars indicate mean. Dotted line indicates limit of detection. 
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T0 and seroconversion after two-dose vaccination (de novo detection of 
S1-specific IgA and/or IgG at T1) was calculated for the total cohort (OR 
0.82, 95% CI 0.75–0.91; p<0.001). When the groups were analyzed 
separately, this association was still observed only in KTR (OR 0.87, 95% 
CI 0.76–0.99; p = 0.047). Thus, further analyses on TTV and vaccination 
response were performed in the KTR cohort only. 

In a next step, we assessed possible confounders and effect modifiers 
of the association between plasma TTV loads and seroconversion rate in 
KTR using bivariate analysis and Mantel Haenszel strata. As shown in 
Table 2, neither patient sex, age, time since transplantation, type of 
vaccine, BMI, history of diabetes mellitus and estimated glomerular 
filtration rate (eGFR) nor intake of calcineurin inhibitors (CNI), myco
phenolate mofetil (MMF) and corticosteroids at the time of inclusion 
affected the association between plasma TTV loads and seroconversion 
after vaccination. In a multivariate model including sex, age and time 
since transplantation, no change in the effect size of the association 
between plasma TTV load and seroconversion after vaccination could be 
found (OR 0.88, 95% CI 0.76–1.00) (Table 2). 

Demographic and clinical data compared between vaccine re
sponders and non-responders are shown in Table 3. Only MMF intake 
differed between the groups and occurred at higher frequency in non- 

responders, but this effect did not influence the association between 
plasma TTV levels and seroconversion after vaccination (Table 2). 

3.4. TTV load cut-off predicting seroconversion to COVID-19 vaccination 
in KTR 

To examine whether a specific plasma TTV load at the time of 
vaccination could predict seroconversion to vaccination in KTR, we 
performed a ROC analysis and, based on specific TTV load cut-offs, 
calculated the respective sensitivity, specificity, PPV and NPV for the 
prediction of seroconversion (Table 4). Only two patients with TTV 
loads above a cut-off of 106 copies/ml prior to vaccination sero
converted within eight weeks after COVID-19 vaccination (2/17; 12%) 
(Fig. 3A). 

3.5. Association between TTV load and cellular immune response to 
vaccination in KTR 

We finally investigated the association between cellular immune 
responses to vaccination and TTV load at T0 in KTR. As shown in Fig. 3B, 
TTV loads were lower in KTR showing IFNγ release response at T1 after 

Table 2 
Unadjusted and adjusted effect size of the association between plasma TTV load at the time of first vaccination (T0) and seroconversion after two-dose 
COVID-19 mRNA vaccination (T1) in kidney transplant recipients (KTR). BMI, body-mass-index; DM, diabetes mellitus; CNI, calcineurin inhibitor; MMF, 
mycophenolate-mofetil; MPA, mycophenolic acid; eGFR, estimated glomerular filtration rate; KT, kidney transplantation.   

Co-variables Odds ratio 95% Confidence Interval 
Unadjusted (KTR)  0.87 0.76–0.99 
Adjusted Sex 0.87 0.76–1.00  

Age 0.87 0.76–0.99  
BMI 0.87 0.76–0.99  
DM 0.87 0.76–1.00  
CNI intake 0.88 0.76–1.02  
MMF/MPA intake 0.88 0.76–1.01  
Corticosteroide intake 0.89 0.77–1.02  
eGFR 0.85 0.73–0.99  
Time post KT 0.87 0.76–1.00  
Type of vaccine 0.87 0.77–1.02 

age group* <59 years 0.84 0.69–1.03  
>59 years 0.90 0.75–1.09 

sex female 0.92 0.74–1.14  
male 0.85 0.71–1.01 

Multivariate model Sex/age/time post KT 0.88 0.76–1.00  

* stratified according to median. 

Table 3 
Characteristics of kidney transplant recipients (KTR) stratified according to seroconversion after vaccination. Comparison between groups was performed via 
Fisher’s exact test for binomial variables and Mann Whitney U test or unpaired t-test for continuous variables. IQR, interquartile range; eGFR, estimated glomerular 
filtration rate; CNI, calcineurin inhibitors; MMF/MPA, mycophenolate mofetil/myocophenolic acid; ns, not significant.  

Variable KTR  
total de novo S1-IgA/IgG positive de novo S1-IgA/IgG negative p-value  
n /% n /% n /%  

number 100 / 100 31 / 31 69 / 69  
Age in years (median [IQR]) 59 [50–67] 58 [49–65] 59 [50–70] ns 
Female Sex 33 / 33 8 / 26 25 / 36 ns 
BMI in kg/m2 (median [IQR]) 25.9 [23.3–29.2] 25.4 [24.0–29.0] 26.0 [23.1–29.3] ns 
Drug treated comorbidities 86 / 86 27 / 87 59 / 86 ns 
Diabetes mellitus 19 / 19 8 / 26 10 / 15 ns 
Cardiovascular disease 80 / 80 26 / 84 54 / 78 ns 
Lung disease 6 / 6 2 / 7 4 / 6 ns 
Liver cirrhosis 2 / 2 0 / 0 2 / 3 ns 
Cancer 3 / 3 2 / 7 1 / 1 ns 
eGFR (median [IQR]) 47.6 [34.5–69.7] 52.0 [42.6–58.9] 44.7 [31.1–60.1] ns 
Time on dialysis in years (median [IQR]) 6 [3–11]1 7 [3–12]1 5 [2–11]1 ns 
Time on transplantation in years (median [IQR]) 7 [3–14] 7 [3–17] 7 [3–12] ns 
On immunosuppressive therapy 100 / 100 100 / 100 100 / 100 ns 
Corticosteroids 46 / 46 12 / 39 34 / 50 ns 
CNI 98 / 98 29 / 94 69 / 100 ns 
MMF/MPA 87 / 87 23 / 74 64 / 93 0.0207  

1 before kidney transplantation. 
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vaccination (unpaired t-test; p = 0.003). None of the patients showing 
plasma TTV loads higher than the cut-off of 106 copies/ml at time of first 
vaccination developed a cellular immune response to vaccination. Thus, 
this cut-off predicted especially cellular immune responses to COVID-19 
vaccination (Table 5). 

4. Discussion 

In the present study we show that there is a significant association 
between plasma TTV loads at time of first COVID-19 mRNA vaccination 
and humoral as well as cellular immune responses following two-dose 
vaccination in kidney transplant recipients. 

Our data reveal that the plasma TTV load at the time of vaccination is 

inversely correlated with seroconversion in response to mRNA vacci
nation in KTR. This is in agreement with earlier findings in SOTR, 
similarly showing an association between higher TTV loads and 
decreased humoral immune response rates to COVID-19 mRNA vacci
nation [23-25,28,29]. In our KTR cohort, we could demonstrate that 
with each log level increase in TTV load, the odds of seroconversion 
decreased by 13%. This association was independent of confounding 
variables or effect modifiers. 

In addition, we newly show that in KTR the plasma TTV load at the 
time of first vaccination is negatively associated with cellular responses 
elicited by COVID-19 mRNA vaccines. This is of special importance, as 
previous studies have indicated that the cellular immune response to 
COVID-19 mRNA vaccination is of high importance for the protection 

Fig. 3. Plasma TTV load in kidney transplant recipients (KTR) at the time of vaccination (T0). Plasma TTV load in KTR is stratified according to humoral (A) 
and cellular (B) immune response to vaccination. Humoral and cellular vaccine response were defined as de novo detection of SARS-CoV-2 S1-IgA and/or -IgG 
(seroconversion) and detection of IFNγ release eight weeks after first vaccination (T1). For statistical analysis, TTV loads were log-transformed and means compared 
by unpaired t-test. Bars indicate mean. Dotted line indicates limit of detection. Dashed line indicates clinically defined cut-off for reliable prediction of humoral and 
cellular immune response after vaccination. 

Table 4 
Plasma TTV cut-off values at the time of first vaccination (T0) for the prediction of seroconversion after two-dose vaccination (T1).  

Copies/ml TTV Sensitivity% (95% CI) Specificity% (95% CI) PPV% (95% CI) NPV% (95% CI) 
< 103 6.5 (1.2–20.7) 97.1 (90.0–99.5) 50.0 (8.9–91.1) 69.8 (60.0–78.1) 
< 104 25.8 (13.7–43.3) 75.4 (64.0–84.0) 32.0 (17.2–51.6) 69.3 (58.2–78.6) 
< 105 71.0 (53.4–83.9) 47.8 (36.5–59.4) 37.9 (26.6–50.8) 78.6 (64.1–88.3) 
< 4.0 £ 105* 90.3 (75.1–96.7) 33.3 (23.4–45.1) 37.8 (27.7–49.2) 88.5 (71.0–96.0) 
< 106 93.6 (79.3–98.9) 21.7 (13.6–32.8) 34.9 (25.6–45.7) 88.2 (65.7–97.9) 
< 107 96.7 (83.8–99.8) 15.9 (9.1–26.3) 34.1 (25.0–44.5) 91.7 (64.6–99.6)  

* optimal classifier as determined by Youden’s index. 

Table 5 
Plasma TTV cut-off values at the time of first vaccination (T0) for the prediction of cellular immune response after two-dose vaccination (T1).  

Copies/ml TTV Sensitivity% (95% CI) Specificity% (95% CI) PPV% (95% CI) NPV% (95% CI) 
< 103 7.9 (13.7–24.1) 95.6 (85.2–99.2) 50.0 (8.9–91.1) 64.2 (52.2–74.6) 
< 104 42.3 (25.5–61.1) 77.8 (63.7–87.5) 52.4 (32.4–71.7) 70.0 (56.3–80.9) 
< 105 76.9 (58.0–89.0) 49.0 (35.0–63.0) 46.5 (32.5–61.1) 78.6 (60.5–89.8) 
< 2.6 £ 105* 92.3 (75.9–98.6) 46.7 (32.9–63.6) 50.0 (36.4–63.6) 91.3 (73.2–98.5) 
< 106 100.0 (87.1–100.0) 24.4 (14.2–38.7) 43.3 (31.6–55.9) 100.0 (74.1–100.0) 
< 107 100.0 (87.1–100.0) 20.0 (10.9–33.8) 41.9 (30.5–54.3) 100.0 (70.1–100.0)  

* optimal classifier as determined by Youden’s index. 
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against SARS-CoV-2 [30], but is in overall impaired in SOTR [7,31,32]. 
Our present investigations reveal that seroconversion after 2-dose 

vaccination in KTR was highly unlikely when TTV loads exceeded 106 

copies/ml at T0, while it occurred in 35% of KTR with TTV levels below 
this threshold. Median TTV loads and the cut-off predicting serocon
version in our KTR cohort were higher than those found by others [28]. 
This discrepancy is possibly due to the use of different TTV DNA 
quantification assays, as recently described [33]. Remarkably, the 
development of cellular immune responses to vaccination in KTR was 
even more reliably predicted by TTV load. In none of the patients 
exceeding a TTV cut-off of 106 copies/ml plasma at the time of first 
vaccination there was evidence of vaccine-specific IFNγ release. Taken 
together, our data implicate that the plasma TTV load is not only a 
valuable surrogate marker predicting the individual risk of infection or 
allograft dysfunction after SOT [13,14], but when above 106 copies/ml 
may also be useful to predict humoral and cellular immune responses to 
COVID-19 mRNA vaccination. Assessing TTV loads can thus contribute 
to optimizing vaccination schemes and vaccine-induced immune re
sponses in the individual host. Our data highlight that further studies 
will be important to assess whether the observed association between 
plasma TTV loads and vaccine-induced immune responses also applies 
to other antiviral vaccinations. Besides, further studies are required on 
patients after hematopoietic stem cell transplantation [34], in whom the 
significance of TTV loads is less clear [35]. 

In DP, no association between TTV loads and seroconversion after 
vaccination was observed. This may be due to their lower immunosup
pressive status, and confirms that the TTV load serves as a surrogate 
marker especially in patients receiving highly potent immunosuppres
sive therapy. 

Our patients were vaccinated with either BNT162b2 or mRNA-1273. 
So far, higher seroconversion rates were observed mostly after mRNA- 
1273 vaccination in immunocompetent and immunocompromised in
dividuals, including dialysis patients [7,24,36-38]. Similarly, we found 
in overall higher seroconversion rates after vaccination with 
mRNA-1273, which, however, reached statistical significance only in 
DP. Cellular immune response rates did not differ between BNT162b2 
and mRNA-1273 vaccinees. Notably, the type of vaccine did not influ
ence the association between TTV load and probability of seroconver
sion in KTR. 

Among all co-factors considered in our KTR cohort, only MMF/MPA 
intake was more common in vaccine non-responders, which is in line 
with previous data [4,7,24,28,31,39]. MMF intake did, however, not 
affect the association between plasma TTV load and probability of 
seroconversion. 

The presented data are limited for patients receiving standard 
immunosuppressive schemes, and further investigations on SOTR un
dergoing alternative treatments are needed. 

In summary, the plasma TTV load at the time of vaccination, when 
elevated above 106 copies/ml, could be a useful predictive marker for 
seroconversion and cellular immune response to COVID-19 mRNA 
vaccination in KTR. Further studies will be important to assess the as
sociation between TTV levels and the efficacy of other vaccines against 
SARS-CoV-2 in immunocompromised patients, as well as to predict the 
patients’ immune responses towards vaccinations against other viruses. 
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