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Abstract 15 

Transplant recipients display poor responses to SARS-CoV-2 mRNA vaccines. In this retrospective 16 

study, we investigate Torque teno virus (TTV) viral load (VL), a ubiquitous virus reflecting global 17 

immune response levels, as a predictive factor of vaccine response in kidney transplant recipients 18 

(KTR). 19 

459 KTR having received two SARS-CoV-2 mRNA vaccine doses were enrolled, and 241 of them 20 

subsequently received a third vaccine dose. Anti–receptor-binding domain (RBD) IgG response was 21 

assessed after each vaccine dose and TTV VL was measured in pre-vaccine samples. 22 

Pre-vaccine TTV VL >6.2 log10 copies (cp)/mL was independently associated with non-response to 23 

two doses (Odds Ratio (OR)=6.17, 95% confidence interval (CI95)=2.42–15.78) as well as to three 24 

doses (OR=3.62, 95% CI95=1.55–8.49). In non-responders to the second dose, high TTV VL in pre-25 

vaccine samples or measured before the third dose were equally predictive of lower seroconversion 26 

rates and antibody titers. 27 

High TTV VL before and during SARS-CoV-2 vaccination schedules are predictive of poor vaccine 28 

response in KTR. This biomarker should be further evaluated regarding other vaccine responses. 29 

 30 

Keywords: biomarker, COVID-19 vaccine, humoral reponse, torque teno virus, 31 

immunocompromised  32 
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Introduction 33 

Transplant recipients, including kidney transplant recipients (KTR), respond poorly to SARS-CoV-2 34 

mRNA vaccines as a result of immunosuppressive treatments 1.  Under half of KTR respond to two 35 

doses of vaccine 2, and approximately 50% of patients who did not respond after a second dose 36 

seroconvert after a third dose 3. This population remains at high risk for severe forms of COVID-19 37 

and should be given early access to additional preventive and therapeutic strategies (antiviral drugs and 38 

monoclonal antibodies). However, predictive markers of vaccine response are lacking. 39 

Torque teno virus (TTV) is a non-pathogenic ubiquitous DNA virus that accounts for 97% of 40 

Anelloviridae fraction in the virome of transplant recipients 4. Previous studies have shown that plasma 41 

TTV viral loads (VL) correlate with the intensity of immunosuppression 5. It was therefore suggested 42 

as a potential marker to predict infectious events or graft rejection in transplant recipients 6–10. Low 43 

TTV VL, reflecting significant remaining immune activity, is predictive of graft rejection, whereas 44 

high TTV VL, reflecting poor immune levels, is associated with microbial infection 11. In KTR, 45 

previous data suggest a high risk of rejection when TTV VL in the peripheral blood, as measured by 46 

in-house PCR 7, is below 6 log10 cp/mL, and a high risk of infection above 8 log10 cp/mL, between 3 47 

to 12 months after transplantation. Re-analysis of this cohort by the authors, this time using TTV R-48 

GENE® PCR, which is the technique applied in our center, showed lower values and thus 49 

corresponding thresholds of <4.6 log10 TTV cp/mL and >6.2 log10 TTV cp/mL for increased risk of 50 

rejection and infection, respectively 12,13. Following these promising results, the randomized controlled 51 

phase II trial TTV GUIDE TX has been launched to ascertain the effectiveness of this TTV VL optimal 52 

range (4.6-6.2 log10 TTV cp/mL) using the TTV R-GENE® PCR technique 13,14. Since TTV has been 53 

used to predict immunity-related events, it may also help anticipating how KTR could respond to an 54 

immune stimulation such as vaccine administration. 55 

In this study, we investigated whether pre-vaccine TTV VL could predict SARS-CoV-2 mRNA 56 

vaccine response after two or three doses, using multivariable analyses, considering clinical criteria 57 

and immunosuppressive drugs. In non-responders to two doses of vaccine, we compared pre-vaccine 58 

and pre-third dose TTV VL to establish the consistency of its potential to predict vaccine response over 59 

time. 60 

 61 

Materials and Methods 62 

 63 

Study design   64 
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This study is a retrospective analysis of a prospectively sampled biobank, based on a monocentric 65 

longitudinal cohort study approved by the local Institutional Review Board (approval number: CE-66 

2021-9) and was registered at Clinicaltrials.gov (registration number: NCT04828460). In the cohort 67 

study, 561 KTR followed in the outpatient Kidney Transplantation Department of Strasbourg 68 

University Hospital who were vaccinated with two doses of COVID-19 mRNA-1273 (Moderna) 69 

vaccine between February 16th, 2021 and April, 22th, 2021 were included. Anti-RBD IgG titers were 70 

measured one month after the second dose (median: 30 days, IQR: 28-35 days). Patients with 71 

incomplete follow-up (SARS-CoV-2 serology missing after the second dose) or prior COVID-19 72 

infection (ascertained by history of positive COVID-19 testing by PCR or antigen test, or positive anti-73 

RBD antibodies before vaccination) were excluded. For this study, 102 patients with no serum sample 74 

available before the first vaccine dose due to random inadequate sampling or storage were excluded. 75 

Of note, these 102 patients did not present any significant difference regarding patients’ characteristics 76 

such as age, sex or response to the vaccine (data not shown). Patients displaying poor response to the 77 

two-dose regimen (as determined by an anti-receptor-binding domain (RBD) IgG titer under 143 78 

BAU/mL), and not having developed SARS-CoV-2 infection after the second dose, were eligible for 79 

a third dose; those who presented for the third dose and had their antibody response subsequently 80 

assessed were retained in the study population. The threshold of 143 BAU/mL was previously 81 

considered as an insufficient response, based on preliminary studies in preprint at that time 15. No 82 

monoclonal antibody prophylaxis was administered during the course of this study. All patients 83 

provided informed written consent for the analysis of their samples included in the registered biobank 84 

n°DC2014-2222 for research purposes.  85 

 86 

SARS-CoV-2 IgG antibody testing 87 

Anti-RBD IgG testing was performed using Abbott Architect SARS-CoV-2 IgG II Quant assay. To 88 

convert antibody titers into BAU/mL, adapted to the World Health Organization standard for SARS-89 

CoV-2 immunoglobulin, a multiplication factor of 0.142 was applied (quantification range: 1.0–90 

11,360.0 BAU/mL, positivity threshold: 7.1 BAU/mL). KTR who displayed positive IgG titers were 91 

classified as responders (versus seronegative patients who were categorized as non-responders).  92 

 93 

Torque teno virus viral load 94 

TTV VL was measured using the CE-IVD marked TTV R-GENE® kit (bioMérieux, Marcy l’Etoile, 95 

France) targeting the 5’UTR region and detecting all human TTV species. Extraction was performed 96 

on  the EMAG® platform (bioMérieux, Marcy l’Etoile, France) and amplification on the LightCycler® 97 
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480 System II (Roche Diagnostics) according to the manufacturers’ instructions. Inhibition controls 98 

were used to ensure adequate detection and quantification of TTV VL. The TTV R-GENE® kit 99 

provides standards to generate a standard curve, allowing to measure TTV VL values in copies/mL. 100 

The limit of detection is 250 copies/mL.  101 

 102 

Statistical analysis 103 

Continuous variables were compared using nonparametric Mann-Whitney U-test and categorical 104 

variables were compared using Fisher’s exact test. Statistical tests were 2-tailed and significance was 105 

set at p<0.05. Post-hoc Receiver Operating Characteristic (ROC) curve analyses were carried out for 106 

antibody response after two or three doses. All of the above analyses were performed using Prism 6.6. 107 

Multivariable logistic regression was performed using SPSS 28.0 (IBM Statistics) to identify 108 

independent predictors of antibody response. Parameters associated with non-response with a p-value 109 

<0.2 in the univariate analysis were included in the model and results were expressed as adjusted Odds 110 

Ratios (OR) with 95% confidence intervals (CI95). 111 

 112 

Results 113 

 114 

Pre-vaccine TTV viral load predicts response to two doses of vaccine 115 

Four hundred and fifty-nine patients who had serum samples available in the days before the first 116 

vaccine dose (median 0 days, interquartile range (IQR) 0–6), and did not experience SARS-CoV-2 117 

infection before vaccination nor before the second vaccine dose, were included. After two doses, 118 

208/459 (45.3%) KTR displayed positive anti-RBD IgG (responders) (Figure 1). Clinical criteria as 119 

well as immunosuppressive drug regimens of the 459 KTR having received two doses were compared 120 

between responders and non-responders in Table 1. Univariate analysis showed that diabetes, more 121 

recent transplantation, calcineurin inhibitor, mycophenolate mofetil/mycophenolic acid (MMF/MPA), 122 

belatacept, steroids, high creatinin levels and high TTV VL were associated with non-response. Indeed, 123 

higher pre-vaccine TTV VL was found in non-responders than in responders (4.23 vs 3.50 log10 cp/mL, 124 

p<0.0001) (Table 1, Figure 2A). Due to recent litterature mentioning the TTV VL value of 6.2 log10 125 

cp/mL as the upper limit of the optimal range for KTR 12,13, and after finding that the same value 126 

applied to lung transplant recipient to predict SARS-CoV-2 mRNA vaccine response 16, we decided to 127 

use this threshold to assess its performances for distinguishing responders from non-responders 128 

(Figures S1 and S2 show this value on the ROC curves for response to the second or the third dose, 129 

respectively). We found that KTR displaying TTV VL below 6.2 log10 cp/mL before vaccination 130 
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seroconverted in 50.8% of cases (202/397) after two doses versus 9.6% (6/62) of KTR with higher VL 131 

(p<0.0001), corresponding to a negative predictive value (NPV) for seroconversion of 90.3% (Figure 132 

2B).  133 

Adjusted multivariable logistic regression analysis confirmed that KTR displaying TTV VL ≥6.2 log10 134 

cp/mL before vaccination were less likely to seroconvert (OR=6.172, CI95=2.415–15.779, p<0.001) 135 

(Table S1, Figure 2C). This was also the case for patients over the age of 60 (OR=1.890, CI95=1.192-136 

2.997,  p=0.007), with diabetes (OR=1.620, CI95=1.029-2.551, p=0.037), treated with tacrolimus 137 

(OR=1.654, CI95=1.027-2.662, p=0.0038), MMF/MPA (OR=4.511, CI95=2.600-7.829, p<0.001) or 138 

belatacept (OR=6.412, CI95=1.285-32.004, p=0.023), or KTR with serum creatinin higher than 130 139 

µmol/L (OR=2.007, CI95=1.295-3.109, p=0.002). Patients transplanted more than 6 years ago were 140 

more likely to seroconvert (OR=0.507, CI95=0.320-0.803, p=0.004). In KTR treated with MMF/MPA, 141 

a seroconversion rate of 45.0% (139/309) was achieved for patients with TTV VL <6.2 log10 cp/mL, 142 

whereas only 1.9% (1/54) of patients with TTV VL >6.2 log10 cp/mL seroconverted (Figure 2D).  143 

 144 

Pre-vaccine and pre-third dose TTV DNA load predict response to three doses of vaccine 145 

In total, two hundred and forty-one patients received a third dose 1–3 months after the second one and 146 

had a blood sample available to assess their third-dose antibody response. After three doses, 139/241 147 

(57.7%) KTR responded to the vaccine (Figure 1). Responders and non-responders to the three-dose 148 

vaccine regimen were compared in terms of clinical criteria and immunosuppressive drug regimen 149 

(Table 1). Univariate analysis showed that age, sex, shorter time after transplantation, calcineurin 150 

inhibitor regimen, MMF/MPA, belatacept, steroids, high creatinin levels and high TTV VL were 151 

associated with non-response. Indeed, higher pre-vaccine TTV VL were also found in non-responders 152 

than in responders to the third dose (4.91 vs 3.58 log10 cp/mL, p<0.0001) (Figure 3A). KTR with TTV 153 

VL <6.2 log10 cp/mL before vaccination seroconverted in 65.5% of cases (127/194) after three doses 154 

versus 25.5% (12/47) of KTR with higher VL (p<0.0001) (Figure 3B), corresponding to a negative 155 

predictive value (NPV) for seroconversion of 74.5%.  156 

Adjusted multivariable logistic regression analysis confirmed that KTR displaying TTV VL ≥6.2 log10 157 

cp/mL before vaccination was independently associated with a decreased probability of seroconversion 158 

after three doses (OR=3.624, CI95=1.547-8.489, p=0.003) (Table S2, Figure 3C). This was also the 159 

case for patients over the age of 60 (OR=2.524, CI95=1.302-4.892, p=0.006), patients treated with 160 

MMF/MPA (OR=3.064, CI95=1.153-8.143, p=0.025), receiving belatacept (OR=24.563, CI95=2.488-161 

242.473, p=0.006), steroids (OR=2.258, CI95=1.062-4.801, p=0.034), or KTR with serum creatinin 162 

higher than 130 µmol/L (OR=2.532, CI95=1.346-4.761, p=0.004). Male KTR (OR=0.361, 163 
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CI95=0.191-0.685, p=0.002) and patients transplanted over 6 years ago were more likely to seroconvert 164 

(OR=0.513, CI95=0.263-1.000, p=0.05). In KTR treated with MMF/MPA, a seroconversion rate of 165 

62.5% (100/160) was achieved for patients with TTV VL <6.2 log10 cp/mL, whereas only 20.5% (9/44) 166 

of patients with TTV VL over this threshold seroconverted (Figure 3D).  As previously stated, the 6.2 167 

log10 cp/mL TTV VL threshold value was chosen due to recent litterature suggesting better outcomes 168 

for KTR below this threshold12,13,16. However, the cutoffs with the higher Youden indexes of the ROC 169 

curves (Figures S1 and S2) were 5.185 log10 cp/mL (Youden index= 0.254) for response to the second 170 

dose and 5.620-5.765 log10 cp/mL (Youden indexes= 0.227) for response to the third dose. These 171 

cutoffs generate NPVs of 81.5% and, 74.5%, respectively. Of note, KTR above these (lower) thresholds 172 

represent roughly one fourth of the study cohort. We also found a lower threshold when analysing the 173 

levels of BAU titers instead of seropositivity only. Indeed, the ROC curve for antibody titer >264 174 

BAU/mL, a titer set by the French Vaccinal Strategy Orientation Board in November 2021 for 175 

eligibility to prophylactic monoclonal antibody treatment17 presented the highest Youden index for the 176 

5.0 log10 cp/mL TTV VL value (Figure S1). Despite “sufficient” vaccine response being currently 177 

problematic to establish in terms of BAU titers, due to more recent variants having appeared after the 178 

onset of vaccination campaigns, we analysed the performances of the 5.0 log10 cp/mL cutoff value for 179 

several former or arbitrary BAU targets (Table S3), generating high NPVs for these levels of response 180 

to the second or the third dose.  181 

Fourteen breakthough infections were reported up to July 2021 which was the beginning of the 182 

administration of the fourth dose (Table S4). Although differences were not significant, the 183 

seropositivity rate of these 14 patients tended to be lower than the rest of the cohort (35.7% vs 45.3%) 184 

as well as the median BAU titer reached by those who were seropositive (36.3 vs 105.2 BAU/mL); 185 

their median pre-vaccinal TTV VL also tended to be higher than the rest of the cohort (4.44 vs 3.73 186 

log10 cp/mL) with a higher proportion of patients with pre-vaccinal TTV VL higher than the thresholds 187 

of 6.2 log10 cp/mL (21,4% vs 13.3%) and 5.0 log10 cp/mL (35.7% vs 26.5%). 188 

TTV VL may vary and what is true at one timepoint may not be so at another. To establish the 189 

consistency of TTV VL as a biomarker of COVID-19 vaccine response over time, we investigated the 190 

evolution of TTV VL, as measured before vaccination and before the third dose, in KTR who  did not 191 

respond to two vaccine doses (n=172) (Figure 1). In these patients, TTV VL was remarkably constant 192 

between the two timepoints, with an absolute difference in median of 0.48 log10 cp/mL (Figure 3E). 193 

Within both groups, responders and non-responders to the third dose, TTV VL were not significantly 194 

different in pre-third dose samples versus pre-vaccinal samples (Figure 3F). At both timepoints, pre-195 

vaccinal and pre-third dose, TTV VL of  6.2 log10 cp/mL was shown to be a predictor of vaccine 196 
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response after three doses, with an NPV of 77.8% and 82.9% for pre-vaccinal and pre-third dose, 197 

respectively (Figure S3).  198 

 199 

Discussion 200 

 201 

In this study involving 459 KTR, we demonstrate that i) high pre-vaccination TTV VL, using the 202 

threshold of of >6.2 log10 cp/mL, is independently predictive of non-response to two or three doses of 203 

mRNA COVID-19 vaccine and ii) the predictive potential of TTV VL regarding vaccine response is 204 

reliable and stable over time, with similar performances whether TTV VL is measured prior to 205 

vaccination, or between vaccine doses.  206 

Factors such as age, sex, comorbidities or immunosuppressive drug type, combination and dosage have 207 

been described to impact vaccine response 1,18. In our study, response to the second dose, or to a third 208 

dose for a subset of patients, was not strictly associated with the same factors. Indeed, age and sex were 209 

associated with response to the third dose, but not to the second dose, whilst the opposite was true for 210 

diabetes. These discrepancies may be explained by selection bias resulting from the criteria for 211 

receiving a third dose (having poorly responded to two doses and not been infected by SARS-CoV-2 212 

subsequently). Immunosuppressive drugs such as MMF/MPA, tacrolimus, belatacept and steroids were 213 

associated with a lower rate of response, in agreement with previous studies 19, with MMF/MPA being 214 

the most significant and also the most frequently employed. Of note, TTV VL was able to discriminate 215 

between responders and non-responders in patients receiving MMF/MPA, with high TTV VL 216 

indicative of low rates of vaccine response. 217 

This study describes for the first time clinically useful TTV VL cutoff values for risk stratification of 218 

lack of vaccine response in KTR. Indeed, the predefined TTV VL threshold of 6.2 log10 cp/mL was 219 

independently predictive of non-response to both the second and the third vaccine dose. Regarding 220 

response to the second dose, the threshold generated by our cohort data was 5.185 log10 cp/mL, close 221 

to the  5.0 log10 cp/mL value we found for “sufficient” response based on BAU titers used at that time. 222 

Due to selection bias for the third dose (i.e. KTR who did not respond to the second dose and thus had 223 

higher TTV values), TTV VL threshold for the third dose generated by our cohort data was higher, 224 

around 5.7 log10 cp/mL, approaching the initially chosen cutoff value of 6.2 log10 cp/mL. To determine 225 

whether TTV VL is an effective predictor of vaccine response throughout the vaccine schedule, we 226 

compared its predictive potential in two-dose non-responders with samples taken at pre-vaccinal and 227 

pre-third dose timepoints. TTV VL remained stable across time for the majority of patients, and its 228 

negative predictive values for seroconversion were similar at both timepoints. These results suggest 229 
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that TTV VL may be measured at various times in the vaccination schedule to predict response to an 230 

additional dose. 231 

Studies in immunocompromised populations, especially transplant patients, have shown that TTV VL 232 

inversely reflects the strength of overall immune response. The use of TTV VL as a predictor of vaccine 233 

response has been investigated for COVID-19 vaccine schedules in lung transplant recipients (LTR) 234 

cohorts, with poor vaccine response to two doses observed in LTR with TTV VL >6.5 log10 cp/mL 20, 235 

or to three doses in LTR with TTV VL >6.2 log10 cp/mL 16. SARS-CoV-2 vaccine response in KTR 236 

has also been shown to decrease when TTV VL increases 21. These promising results on various cohorts 237 

with similar threshold values further reinforce our findings and the relevance of TTV VL as a 238 

biomarker for vaccine response. Indeed, lung transplant recipients and kidney transplant recipients are 239 

dissimilar in terms of comorbidities and immunosuppression (lung transplant recipients being more 240 

immunosuppressed, as reflected by higher TTV VL7,16) as well as in vaccine response, since in our 241 

cohorts only 13% of lung transplant recipients responded to two vaccine doses16 compared to 45% of 242 

kidney transplant recipients. Finding that the same TTV VL threshold can apply to vaccine response 243 

(corresponding to a comparable level of immunosuppression, even if less kidney transplant recipients 244 

reach these TTV VL due to generally lower immunosuppression), can mean that above a certain state 245 

of immunosuppression, seroconversion is unlikely regardless of how this level of immunosuppression 246 

is achieved, broadening the potential use of TTV VL. In other populations, TTV VL and T-cell 247 

responses have been linked, with high TTV loads associated with poor T-cell proliferative capacity in 248 

allogeneic hematopoietic stem cell transplantation recipients 22, diminished CD4+ T-cell recovery in 249 

HIV patients 23, and inversion of the CD4/CD8 ratio showing an immune risk phenotype in healthy 250 

individuals 24. Higher TTV VL have been shown to be a strong predictor of mortality in the elderly25,26, 251 

as well as a marker of worse survival and complications in hematopoietic stem cell transplantation27 252 

and clinical deterioration in critically ill patients28. In patients with rheumatoid arthritis receiving 253 

immunomodulation with biological compounds, TTV levels helped predict clinical response29. In 254 

addition, low TTV VL also predicts antibody-mediated or mixed rejection in LTR 30,31 and KTR 6, 255 

suggesting that TTV VL, by its nature as an endogenous viral biomarker, may thus reflect the net state 256 

of immunosuppression32. 257 

Our study has several limitations, the first of which being its monocentric design. Furthermore, TTV 258 

VL were not measured in healthy vaccinated adults for comparison. Besides, anti-SARS-CoV-2 259 

neutralizing antibody response was not assessed. Indeed, neutralizing activity is the more adequate 260 

humoral correlate of protection 33,34. However, neutralizing techniques are not routinely used in clinical 261 

pratice and lack standardisation 35, while most serology methods have been standardised to the 262 
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international BAU standard. Additionally, anti-RBD IgG titers have generally been found to correlate 263 

with neutralizing activity 34,36. Unfortunately, though they offer quantitative results with a large range, 264 

BAU results cannot now be analysed using a threshold other than seroposivity, since no correlate of 265 

protection is currently defined against Omicron subvariants. Anti-SARS-CoV-2 cellular responses 266 

were also not explored. Recent studies have shown poor vaccine response in other transplant 267 

populations above similar TTV VL thresholds 16,20; however, further investigations, especially in 268 

multicentric settings, would be needed to confirm TTV VL threshold values for use in routine practice 269 

for transplant recipients, as dichotomous analyses can be prone to bias. Such studies may also be 270 

expanded to study vaccine response against various microorganisms, as well as in other patient 271 

populations.  272 

The potential use of TTV VL as a predictive biomarker for vaccine response may help clinicians 273 

determine which patients may benefit the most from further vaccine doses, and for others head earlier 274 

towards supplementary strategies aiming to increase protection against SARS-CoV-2 in 275 

immunocompromised patients, such as monoclonal antibodies, immunosuppression modulation prior 276 

to the following dose or doubling of vaccine doses37. Additionally, COVID-19 vaccinations campaigns 277 

provided the opportunity for proof-of-concept regarding TTV viral load and vaccine response which 278 

could be confirmed for other vaccines, allowing to personalise vaccinal strategies in transplant 279 

recipients. 280 
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Figure legends 418 

 419 

Figure 1. Flow chart of kidney transplant recipients (KTR) recruitment and antibody response 420 

to SARS-CoV-2 mRNA-1273 (Moderna) vaccination.  421 

The study was conducted on 459 KTR without COVID-19 prior to SARS-CoV-2 vaccination. Sera 422 

sampled after each vaccine dose in COVID-19-naive patients were analyzed to assess the anti–receptor-423 

binding domain (RBD) IgG response, with seropositive patients (titer ≥ 7.1 BAU/mL) defined as 424 

responders (green boxes). The proportion of seronegative patients is shown in red boxes. Of the initial 425 

459 KTR, 241 KTR received a third dose, and had a blood sample available after this third dose (upper 426 

right). Of these 241 KTR, 172 were seronegative after the second vaccine dose (presented separately, 427 

bottom right). 428 

 429 

Figure 2. Pre-vaccine TTV DNA load and vaccine response after two doses.  430 

(A) TTV VL of non-responders (black) and responders after two vaccine doses (gray). Individual viral 431 

loads are represented by circles, whilst the median, upper and lower quartiles are represented by 432 

horizontal lines. The dotted line indicates the predictive threshold of 6.2 log10 cp/mL. **** = p<0.0001 433 

(B) Chart representation of the proportion of non-responders and responders after two vaccine doses 434 

for patients with a TTV VL <6.2 log10 cp/mL (left) and >6.2 log10 cp/mL (right). (C) Forest plot 435 

showing adjusted Odds Ratios (OR) estimates (indicated by black dots) and 95% confidence intervals 436 

(indicated by whiskers) of association between patient characteristics and non-response to two doses 437 

of COVID-19 vaccine. Factors independently associated with poor vaccine response with a p-value < 438 

0.001 are in bold. (D) Histogram representation of the percentage of responders to two vaccine doses 439 

according to TTV VL (> or < 6.2 log10 cp/mL) and whether the patient is under MMF/MPA treatment 440 

(+) or not (-) at the time of the first vaccination. The fraction of responders out of the total number of 441 

KTR in each category is mentioned above bars.  442 

MMF/MPA: mycophenolate mofetil/mycophenolic acid; OR: Odds ratio; TTV: Torque teno virus; VL: 443 

viral load.  444 

 445 

Figure 3. Pre-vaccine TTV DNA load and vaccine response after three doses.  446 

(A) TTV VL of non-responders (black) and responders (gray) after three vaccine doses (n=241). 447 

Individual viral loads are represented by circles, whilst the median, upper, and lower quartiles are 448 

represented by horizontal lines. The dotted line indicates the predictive threshold of 6.2 log10 cp/mL. 449 

**** = p<0.0001 (B) Chart representation of the proportion of non-responders and responders after 450 

three vaccine doses for patients with a TTV VL <6.2 log10 cp/mL (left) and >6.2 log10 cp/mL (right) 451 

(n=241). (C) Forest plot showing adjusted Odds Ratios (OR) estimates (indicated by black dots) and 452 

95% confidence intervals (indicated by whiskers) of association between patient characteristics and 453 

non-response to three doses of COVID-19 vaccine. Factors independently associated with poor vaccine 454 

response with a p-value < 0.005 are in bold. (D) Histogram representation of the percentage of 455 

responders to three vaccine doses according to TTV VL (> or < 6.2 log10 cp/mL) and whether the 456 

patient is under MMF/MPA treatment (+) or not (-). at the time of the first vaccination. The fraction of 457 

responders out of the total number of KTR in each category is mentioned above bars. (E) Pre-vaccinal 458 

and pre-third dose TTV VL of patients who were seronegative after two doses and had their response 459 
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to the third dose assessed (n=172). The TTV VL for each patient is represented by a black dot at each 460 

timepoint, linked by a solid gray line. Dotted lines indicate the predictive thresholds of 5.0 log10 cp/mL 461 

and 6.2 log10 cp/mL. (F) TTV VL at pre-vaccinal and pre-third dose timepoints of patients who were 462 

seronegative after two doses and had their response to the third dose assessed (n=172), shown as non-463 

responders (black) and responders (gray) after three vaccine doses . Individual viral loads are 464 

represented by circles, whilst the median, upper and lower quartiles of each group are represented by 465 

horizontal lines.  466 

*p value <0.05, ***p value <0.001, ns: not significant. 467 

MMF/MPA: mycophenolate mofetil/mycophenolic acid; OR: Odds ratio; TTV: Torque teno virus; VL: 468 

viral load.  469 


