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INTRODUCTION

In the general population, seroconversion was observed in 
practically all participants of clinical severe acute respiratory 
syndrome coronavirus-2 (SARS-CoV-2) mRNA vaccination 
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Kidney Transplantation

Background. Kidney transplant recipients (KTRs) are still at risk of severe COVID-19 disease after SARS‑CoV‑2 vac-
cination, especially when they have limited antibody formation. Our aim was to understand the factors that may limit their 
humoral response. Methods. Our data are derived from KTRs who were enrolled in the Dutch Renal Patients COVID-19 
Vaccination consortium, using a discovery cohort and 2 external validation cohorts. Included in the discovery (N = 1804) 
and first validation (N = 288) cohorts were participants who received 2 doses of the mRNA-1273 vaccine. The second 
validation cohort consisted of KTRs who subsequently received a third dose of any SARS-CoV-2 vaccine (N = 1401). All 
participants had no history of SARS-CoV-2 infection. A multivariable logistic prediction model was built using stepwise 
backward regression analysis with nonseroconversion as the outcome. Results. The discovery cohort comprised 836 
(46.3%) KTRs, the first validation cohort 124 (43.1%) KTRs, and the second validation cohort 358 (25.6%) KTRs who did 
not seroconvert. In the final multivariable model‚ 12 factors remained predictive for nonseroconversion: use of mycophe-
nolate mofetil/mycophenolic acid (MMF/MPA); chronic lung disease, heart failure, and diabetes; increased age; shorter 
time after transplantation; lower body mass index; lower kidney function; no alcohol consumption; ≥2 transplantations; 
and no use of mammalian target of rapamycin inhibitors or calcineurin inhibitors. The area under the curve was 0.77 
(95% confidence interval [CI], 0.74-0.79) in the discovery cohort after adjustment for optimism, 0.81 (95% CI, 0.76-0.86)  
in the first validation cohort, and 0.67 (95% CI, 0.64-0.71) in the second validation cohort. The strongest predictor was the 
use of MMF/MPA, with a dose-dependent unfavorable effect, which remained after 3 vaccinations. Conclusions. In 
a large sample of KTRs, we identify a selection of KTRs at high risk of nonseroconversion after SARS-CoV-2 vaccination. 
Modulation of MMF/MPA treatment before vaccination may help to optimize vaccine response in these KTRs. This model 
contributes to future considerations on alternative vaccination strategies.

(Transplantation Direct 2022;8: e1397; doi: 10.1097/TXD.0000000000001397).
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trials.1,2 Higher anti-S1 IgG antibody concentrations, and 
especially higher concentrations of virus neutralizing anti-
bodies, are associated with a lower risk of infection and dis-
ease.3-7 However, kidney transplant recipients (KTRs) show 
a decreased seroconversion rate after 2 doses of mRNA 
vaccination ranging from 30% to 57%.8-14 Although this 
rate increases after 3 vaccine doses, a significant number of 
KTRs did not seroconvert and are still at risk of severe coro-
navirus disease 2019 (COVID-19) after vaccination.5,15-20

Antibody measurement can identify these patients, but not 
all countries advise the implementation of antibody assessment 
into clinical practice. We developed and validated a set of clinical 
predictors of nonseroconversion after basic immunization with 
2 SARS-CoV-2 mRNA vaccine doses in KTRs to analyze the fac-
tors that may disrupt the primary humoral response. We sub-
sequently validated the model in a cohort after 3 vaccine doses 
to make a selection of KTRs who remain at high risk of nonse-
roconversion. Our aim was to develop a model that can assist 
individualized patient counseling and guide immunosuppressive 
drug treatment strategy to optimize vaccine response in KTRs.

MATERIALS AND METHODS

Study Population
Our data are derived from KTRs who were enrolled in the 

Dutch Renal Patients COVID-19 Vaccination (RECOVAC) 
consortium. The discovery cohort is derived from the 
RECOVAC Long-term Efficacy and Safety of SARS-CoV-2 
Vaccination (LESS CoV-2) study arm, of which the design 
has previously been published in detail elsewhere.21 In this 
study‚ antibodies were measured in high-risk kidney patients 
(patients with chronic kidney disease [CKD] stages G4 to G5, 
dialysis patients, and KTRs) in a large nationwide prospec-
tive cohort. From April to June 2021, blood samples were 
obtained through self-obtained sample collection by use of a 
home-based finger prick set. Participants were included when 
the antibody measurement was performed ≥2 wk  to ≤8 wk 
after the second vaccination. A separate cohort was used as the 
first external validation cohort, derived from the RECOVAC 
Immune Response (IR) study arm. The design of this study has 
been published previously in detail.22 The study was performed 
between February 1 and May 31, 2021, at the outpatient clinics 
of 4 university medical centers in the Netherlands. This study 
included healthy controls, patients with CKD stages G4 to G5, 
dialysis patients‚ and KTRs. Antibody measurement was per-
formed at 28 ± 3 d after the second vaccination. Measurement 
of vital signs and additional laboratory values were included. 
The second external validation cohort was derived from the 
RECOVAC LESS CoV-2 follow-up study arm. Blood samples 
were obtained from November 2021 to January 2022 through 
self-obtained sample collection. Antibody measurement was 
performed ≥2 and ≤8 wk after the third vaccination.

All participants included in the prediction model were aged 
18 y or older and were at least 6 wk after transplantation. 
All participants received 2 doses of the mRNA-1273 SARS-
CoV-2 vaccine (Moderna)‚ and participants of the second 
validation cohort subsequently received a third dose of any 
SARS-CoV-2 vaccine. Subjects with a history of SARS-CoV-2 
infection were excluded. Ethical approval was obtained for 
both of the nationwide RECOVAC IR and RECOVAC LESS 
CoV-2 studies, and informed consent has been given by all 
participants; therefore‚ this study was exempt from ethical 
approval from our institutional review board.

Antibody Measurement
Insufficient response to vaccination (nonseroconversion) 

was determined as anti-spike IgG in serum <50 binding anti-
body units (BAU)/mL when using the Sanquin anti-SARS-
CoV-2 RBD IgG ELISA assay in the LESS CoV-2 study or 
<10 BAU/mL when using a validated fluorescent bead-based 
multiplex immunoassay (RIVM) in the IR study.21,22 Cutoff 
points of both assays have been validated and published 
before. Antibodies were measured on average 30.8 d (SD 5.0) 
post second vaccination in the discovery cohort, 28.5 d (SD 
1.3) post second vaccination in the first validation cohort‚ and 
42.2 d (SD 7.3) post third vaccination in the second validation 
cohort. Antibody measurement included both the spike (S1) 
antigen and the nucleocapsid (N) antigen in both cohorts.23 
Combining these antibody measurements allows us to distin-
guish the response to a natural infection from an antibody 
response after S1-based vaccination for the exclusion of par-
ticipants with previous COVID-19, together with the self-
reported survey information collected.

Statistical Analysis
Variables are presented as mean ± SD if normally distrib-

uted or as median (interquartile range) in case of nonnormal 
distribution. P values were calculated using independent 
sample t test for normally distributed continuous variables, 
the Mann-Whitney U test in case of nonnormally distributed 
continuous variables‚ and the chi-square test in case of cat-
egorical variables.

In the discovery set, missing values were imputed by 
Multivariate Imputation by Chained Equations algorithm 
with a predictive mean matching modeling type.24 We created 
10 imputed datasets with 50 iterations each and randomly 
chose 1 imputed dataset for further analysis. A complete 
case analysis was performed as sensitivity analyses. There 
was negligible missing information in both external valida-
tion cohorts (see Table S1, SDC, http://links.lww.com/TXD/
A464). All available variables and their 2-way interactions 
were assessed in a multivariable logistic backward-selection 
regression with the  Akaike information criterion as a  stop-
ping rule to determine the independent factors associated 
with nonseroconversion. To assess the linearity of continu-
ous predictor variables‚ we used 3-knot restricted cubic spline 
analysis and evaluated the nonlinear terms with Wald tests 
univariately. All predictors met the assumption of linearity, 
and no significant interactions were determined between pre-
dictors. The selected predictors from the discovery set were 
subjected to internal validation using a bootstrap method  
(N = 500) with resampling. The performance of the optimism-
corrected model was assessed by discrimination using area 
under the ROC curve (AUC) and predictive accuracy by cali-
bration plot. These statistics were also reported for the 2 exter-
nal validation sets. Separate multivariable analysis of the final 
model was performed in the second external validation cohort 
to define the importance of these predictors after 3 vaccina-
tions. Laboratory variables that were only available in the first 
validation set were univariately added to the final prediction 
score to evaluate if these were of added discriminative value. 
Additional sensitivity analyses were performed: (1) 2 machine 
learning algorithms (glmnet and gradient boosting machines) 
were deployed to investigate increase in performance com-
pared to logistic regression  and (2) validation analysis in a 
subpopulation of the discovery cohort including patients with 
antibody measurements at 28 ± 3 d after the second vaccination 
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(N = 989) to compare the model performance with the ≥2 wk 
to ≤8 wk antibody measurement inclusion cohort.

To investigate the impact of immunosuppressive treatment 
on nonseroconversion in more detail, explorative analyses were 
performed of the most commonly used immunosuppressive 
drug regimens in the Netherlands combining the data of discov-
ery and first validation cohort. Also, available data of the first 
validation cohort on the doses of immunosuppressive agents 
were analyzed. Of these 288 patients, 191 used mycopheno-
late mofetil/mycophenolic acid (MMF/MPA), of which 6% 
was MPA. In the analysis‚ MPA dose was converted to MMF 
dose. Statistical analysis was performed using RStudio‚ ver-
sion 4.0.3. A 2-sided P value of <0.05 was considered as sta-
tistically significant, except when stated otherwise. All results 
are presented according to the Transparent Reporting of a 
Multivariable Prediction Model for Individual Prognosis Or 
Diagnosis guidelines.25

RESULTS

In total, 1804, 288, and 1401 eligible KTRs were desig-
nated to the discovery, first external validation and second 
external validation‚ cohort, respectively (Figure 1, see Table 
S2, SDC, http://links.lww.com/TXD/A464, for characteristics 
of the exclusion cohort). Table 1 shows demographic, physi-
ological, and laboratory characteristics for the 3 cohorts. The 
median age and gender distribution were comparable. After 
the second mRNA-1273 vaccination, 836 (46.3%) KTRs 
in the discovery cohort and 124 (43.1%) KTRs in the first 
validation cohort did not seroconvert. In the second valida-
tion cohort, the nonseroconversion rate was 25.6% after the 

third vaccination, using mRNA-1273 (N = 96), BNT162b2  
(N = 1262), ChAdOx-nCov19 (N = 4), Ad26.CoV2.S (N = 1), 
or undefined (N = 38).

In the discovery set, a total of 12 independent variables were 
found to be important to separate seroconversion (N = 968) 
from nonseroconversion (N = 836) after stepwise regression 
with backward elimination. The selected predictors are MMF/
MPA use, chronic lung disease, heart failure, diabetes, age, time 
after transplantation, body mass index (BMI), estimated glo-
merular filtration rate (eGFR), alcohol consumption, number of 
transplantations, and the use of mammalian target of rapamy-
cin (mTOR) inhibitors or calcineurin inhibitors. Table 2 shows 
the final multivariable model of the discovery cohort (see Table 
S3, SDC, http://links.lww.com/TXD/A464, for unadjusted esti-
mates). The association with the outcome of every single predic-
tor is depicted in Figures S1A-D and S2, SDC, http://links.lww.
com/TXD/A464. The AUC was 0.77 (95% confidence inter-
val (CI), 0.74-0.79) in internal validation after adjustment for 
optimism and 0.81 (95% CI, 0.76-0.86) in the first validation 
cohort. In the second validation cohort, the AUC was 0.67 (95% 
CI, 0.64-0.71). The calibration accuracy of the discovery cohort 
and validation cohorts is shown in Figure 2. Calibration was 
optimal in the discovery and first validation cohorts, whereas 
predictions were slightly overestimated in the higher range in 
the second validation cohort. A complete case analysis (N = 
1362) showed comparable results to the imputed data analyses 
(Figure S3, SDC, http://links.lww.com/TXD/A464).

In previous nonseroconverted KTR after 2 vaccinations, we 
found an additional seroconversion rate of 44% (N = 244) 
after 3 vaccinations. A subsequent 56% (N = 316) remained 
without seroconversion. To define which factors remained 

FIGURE 1.  A conceptual framework of the study design and on the internal and external validation of the prediction model. Internal validation 
is the process of determining internal validity; we used the bootstrap method (N = 500). The external validation is the process of determining 
generalizability to the KTR in another cohort. The design of the LESS CoV-2 and RECOVAC IR studies has been published previously in detail.21,22 
COVID-19, coronavirus disease 2019; IR, Immune Response; KTR, kidney transplant recipients;  LESS-CoV-2, Long-term Efficacy and Safety 
of SARSCoV-2 vaccination; NA, not available; RECOVAC, REnal patients COvid-19 VACcination.
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TABLE 1.

Descriptive statistics of discovery and 2 external validation cohorts

 
Discovery cohort, 
total (N = 1804) 

First validation cohort,  
total (N = 288) 

Second validation cohort, 
total (N = 1401) 

Male, n (%) 1061 (58.8) 160 (55.6) 788 (56.2)
Caucasian, n (%) 1641 (92.9) 263 (91.6) 1286 (93.5)
Age, y 57.2 (11.7) 56.1 (14.0) 57.8 (11.6)
BMI, kg/m2 26.0 (4.5) 26.9 (4.6) 25.8 (4.2)
Current smoking, n (%) 99 (5.5) 29 (10.1) 80 (5.7)
Current alcohol consumption, n (%) 809 (45.0) 117 (40.9) 622 (44.5)
SBP, mm Hg NA 146.6 (21.1) NA
DBP, mm Hg NA 84.7 (10.9) NA
Heart rate, bpm NA 74.2 (12.9) NA
Body temperature, °C NA 36.7 (0.5) NA
Primary renal diagnosis, n (%)    
  Congenital/familial/hereditary renal disease 44 (3.6) 76 (29.3) 39 (4.2)
  Diabetic kidney disease 88 (7.2) 10 (3.9) 68 (7.4)
  Glomerulonephritis 309 (25.5) 57 (22.0) 220 (23.9)
  Vascular disease 111 (9.1) 29 (11.2) 81 (8.8)
  Interstitial nephritis/pyelonephritis/drug-induced 

nefropathy/urolithiasis
108 (8.9) 14 (5.4) 78 (8.5)

  Secondary glomerular/other multisystemic disease 74 (6.1) 14 (5.4) 61 (6.6)
  Other 391 (32.2) 41 (15.8) 309 (33.6)
  Unknown 89 (7.3) 18 (6.9) 63 (6.9)
Comorbidities, n (%)    
  Cardiovascular disease 204 (11.3) NA 153 (10.9)
  Peripheral vascular disease 59 (3.3) NA 44 (3.1)
  Heart failure 104 (5.8) 13 (4.5) 72 (5.1)
  Diabetes 369 (20.5) 61 (21.2) 276 (19.7)
  Hypertension 1531 (84.9) 233 (80.9) 1185 (84.6)
  Past malignancy NA 44 (15.3) NA
  Stroke 87 (4.8) NA 70 (5.0)
  Dementia 0 (0) NA 0 (0)
  Chronic lung disease 118 (6.5) 15 (5.2) 90 (6.4)
  Liver cirrhosis 17 (0.9) NA 13 (0.9)
  Coronary artery disease NA 38 (13.2) NA
  Autoimmune disease NA 15 (5.2) NA
eGFR, mL/min/1.73m2 51.5 (18.8) 49.5 (18.6) 51.0 (18.9)
Transplant characteristics    
  First kidney transplant, n (%) 1226 (85.8) 227 (78.8) 941 (85.5)
  Time after transplantation, y 7.6 [4.0, 13.6] 6.9 [2.6, 13.3] 8.2 [4.3, 13.7]
  Last transplant    
    Living, n (%) 936 (65.5) 200 (69.4) 695 (63.2)
    Preemptive, n (%) NA 107 (37.2) NA
Graft failure, n (%) 127 (8.9) NA 103 (9.4)
Cause of graft failure, n (%)    
  Patient died with functioning transplant 1 (0.8) NA 0 (0.0)
  Recurrent primary renal disease 2 (1.6) NA 2 (1.9)
  Rejection while taking immunosuppressive drugs 

(acute/chronic)
10 (7.8) NA 9 (8.7)

  Technical problems 1 (0.8) NA 0 (0.0)
  Thrombosis/infarction 1 (0.8) NA 1 (1.0)
  Unknown 113 (88.3) NA 90 (87.4)
  Other 0 (0.0) NA 1 (1.0)
Laboratory values    
  Hb, mmol/L NA 7.8 (1.1) NA
  Platelet count, 109/L NA 242.1 (66.8) NA
  Lymphocytes, 109/L NA 1.5 (1.3) NA
  Total leukocyte count, 109/L NA 8.2 (2.5) NA
  Neutrophils, 109/L NA 6.0 (2.3) NA
  Glucose, mmol/L NA 6.7 (1.9) NA
  Urea, mmol/L NA 11.3 (6.6) NA

Continued next page
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important after 3 vaccine doses, Table 2 shows the significance 
of our predictors in the second validation cohort separately. 
Seven predictors remained significant after multiple vaccina-
tion: MMF/MPA use, chronic lung disease, diabetes, age, time 
after transplantation, eGFR, and the use of mTOR inhibitors.

Type of third vaccine appeared not to be predictive of non-
seroconversion when added to the final model, taking mRNA-
1273 as reference (BNT162b2 P = 0.651, ChAdOx-nCov19 
P = 0.582, Ad26.CoV2.S P = 0.786). Performance of the final 

model in KTRs who received a third vaccination with mRNA-
1273 (N = 96) or BNT162b2 (N = 1262) is shown in Figure 
S4, SDC, http://links.lww.com/TXD/A464. Higher antibody 
levels after the second dose were associated with a lower risk 
of nonseroconversion when added to the model (OR, 0.05 per 
log BAU/mL; 95% CI, 0.03-0.07, P < 0.0001) and improved 
the AUC to 0.89 (95% CI, 0.86-0.91). We next evaluated addi-
tional laboratory variables, selected from items only avail-
able in the first validation set. Lymphocyte count appeared 

TABLE 2.

Multivariable analysis of discovery cohort and second validation cohort

Predictors Discovery cohort OR [95% CI] P Second validation cohort OR [95% CI] P 

MMF/MPA 5.45 (4.25-7.03) <0.001 1.57 (1.17-2.13) 0.003
Chronic lung disease 1.91 (1.23-2.99) 0.004 1.69 (1.04-2.71) 0.031
Heart failure 1.83 (1.14-2.95) 0.013 1.17 (0.67-1.99) 0.6
Diabetes 1.65 (1.26-2.15) <0.001 1.51 (1.11-2.06) 0.009
Age, y 1.02 (1.02-1.03) <0.001 1.02 (1.01-1.03) <0.001
Time after transplantation, y 0.95 (0.93-0.96) <0.001 0.95 (0.93-0.97) <0.001
BMI, kg/m2 per 5 0.86 (0.73-0.95) 0.004 0.86 (0.73-1.00) 0.054
eGFR, mL/min/1.73 m2 per 10 0.82 (0.82-0.90) <0.001 0.82 (0.74-0.82) <0.001
Current alcohol use 0.76 (0.61-0.94) 0.012 0.97 (0.75-1.26) 0.8
First kidney transplant 0.65 (0.47-0.88) 0.006 0.78 (0.55-1.11) 0.2
mTOR inhibitor 0.59 (0.37-0.93) 0.025 0.48 (0.28-0.80) 0.006
Calcineurin inhibitor 0.52 (0.38-0.72) <0.001 0.69 (0.46-1.03) 0.066

BMI, body mass index; CI, confidence interval; eGFR, estimated glomerular filtration rate; MMF/MPA, mycophenolate mofetil/mycophenolic acid; mTOR, mammalian target of rapamycin.

  Creatinine, μmol/L 136.7 (69.4) 140.2 (56.0) 137.7 (74.4)
  ALAT (U/L) NA 21.8 (11.1) NA
  Potassium, mmol/L NA 4.3 (0.5) NA
  Albumin, g/L NA 41.1 (4.3) NA
  CRP, mg/L NA 3.8 (6.5) NA
Immunosuppressive treatment, n (%)    
  Steroids 1074 (75.9) 219 (76.0) 841 (77.4)
  Azathioprine 147 (10.4) 34 (11.8) 102 (9.4)
  MMF/MPA 923 (65.2) 197 (68.4) 700 (64.5)
  Calcineurin inhibitor 1166 (82.4) 236 (81.9) 899 (82.8)
  mTOR inhibitor 104 (7.3) 17 (5.9) 96 (8.8)
  Thymoglobulin NA 0.0 (0.0) NA
  Alemtuzumab NA 0.0 (0.0) NA
  Cyclophosphamide NA 0.0 (0.0) NA
  Other biologicals NA 0.0 (0.1) NA
  Other chemotherapy NA 0.0 (0.0) NA
  Other 29 (2.0) NA 19 (1.7)
Vaccine type, n (%)    
  mRNA-1273 1804 (100) 288 (100) 96 (6.9)
  BNT162b2 0 (0.0) 0 (0.0) 1262 (90.1)
  ChAdOx-nCov19 0 (0.0) 0 (0.0) 4 (0.3)
  Ad26.CoV2.S 0 (0.0) 0 (0.0) 1 (0.1)
  Other 0 (0.0) 0 (0.0) 19 (1.4)
  Do not know 0 (0.0) 0 (0.0) 19 (1.4)
Nonseroconversion, n (%)a 836 (46.3) 124 (43.1) 358 (25.6)
Death, n (%) 3 (0.2) 1 (0.3) 0.0 (0.0)

aNonseroconversion was defined with a level of SARS-CoV-2 spike S1-specific IgG antibodies of <50 BAU/mL (anti–SARS-CoV-2 RBD IgG ELISA assay) after the second vaccination in the discovery 
cohort or third vaccination in the second validation cohort and <10 BAU/mL (fluorescent bead-based multiplex immunoassay) after the second vaccination in the first validation cohort.
ALAT, alanine aminotransferase; BAU, binding antibody units; BMI, body mass index; CRP, C-reactive protein; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; Hb, hemo-
globin; IgG, immunoglobulin G; MMF/MPA, mycophenolate mofetil/mycophenolic acid; mTOR, mammalian target of rapamycin; NA, not available; S1, subunit 1; SBP, systolic blood pressure;.

TABLE 1.  (Continued)

Descriptive statistics of discovery and 2 external validation cohorts

 
Discovery cohort, 
total (N = 1804) 

First validation cohort,  
total (N = 288) 

Second validation cohort,  
total (N = 1401) 
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important in the prediction of nonseroconversion (OR, 0.71; 
95% CI, 0.51-0.99; P = 0.047) and slightly improved the AUC 
to 0.82 (95% CI, 0.77-0.87) (Figure S1E, SDC, http://links.
lww.com/TXD/A464). Also, adding hemoglobin count had a 
significant effect (OR, 0.46; 95% CI, 0.31-0.68; P < 0.001) 
and improved the AUC to 0.84 (95% CI, 0.79-0.88) (Figure 
S1F, SDC, http://links.lww.com/TXD/A464).

As a sensitivity analysis, we first evaluated the external 
validation with 2 machine learning methods. Neither of these 
methods was able to increase discrimination compared with 
conventional logistic regression (Figure S5A and B, SDC, 
http://links.lww.com/TXD/A464). Second, we validated the 
model in a cohort including patients with antibody meas-
urements at 28 ± 3 d after the second vaccination (N = 989)‚ 

FIGURE 2.  Top: Performance and calibration of the optimism-corrected discovery cohort. Middle: Performance and calibration of the first 
validation cohort. Bottom: Performance and calibration of the second validation cohort. AUC, area under the curve; ROC, receiver operating 
characteristic.
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and it showed similar performance compared with the ≥2 wk 
to ≤8 wk inclusion cohort (AUC of 0.74; 95% CI, 0.71-0.78) 
(Figure S5C, SDC, http://links.lww.com/TXD/A464).

Lastly, we performed further exploratory analysis regarding 
the most commonly used immunosuppressive drug regimens 
in KTRs in the Netherlands. Including the data of both the 
discovery and first validation cohort, KTRs who were on triple 
immunosuppressive therapy (N = 766) had a higher percent-
age of nonseroconversion to the second mRNA-1273 vaccine 
than KTRs who were on dual immunosuppressive therapy (N 
= 879) (Figure 3). In particular, if the immunosuppressive regi-
men contained MMF/MPA in triple therapy (N = 639) or dual 

therapy (N = 472), the nonseroconversion rate was 2 to 4 times 
higher than when the immunosuppressive regimen did not 
contain MMF/MPA. In subanalysis in KTRs of the first valida-
tion cohort in whom doses of the immunosuppressive agents 
were registered (N = 288) (Figure  3), a significant negative 
association (P < 0.001) existed between every MMF daily dose 
(500 mg, 1000 mg, 1500 mg and 2000 mg) and the S1 IgG anti-
body titer (BAU/mL). The use of 500 mg/d was associated with 
higher antibody titer than 1000 mg/d (P < 0.001), 1500 mg/d 
(P = 0.057)‚ and 2000 mg/d (P < 0.05). Consequently, an MMF 
dose of ≥1g/d increased the probability of nonseroconversion. 
No associations with the S1 IgG antibody titer were found 

FIGURE 3.  Explorative analysis of immunosuppressive therapy. Top: The impact of combination immunosuppressive therapies on the 
probability of nonseroconversion combining discovery and external validation cohort. Bottom: Subanalysis on MMF dose in the external validation 
cohort (N = 288). Left: The negative association between the use of MMF and S1 IgG antibody titer (log scale) with reference line for cutoff of 
nonseroconversion. Right: The effect of MMF dose on the probability of nonseroconversion. BAU, binding antibody units; IgG, immunoglobulin 
G; MMF/MPA, mycophenolate mofetil/mycophenolic acid; S1, subunit 1.
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for any other immunosuppressive agents‚ which included aza-
thioprine (P = 0.096), cyclosporine (P = 0.348), tacrolimus  
(P = 0.462)‚ and prednisone (P = 0.728).

DISCUSSION

In a large sample of 2092 KTRs, we developed and exter-
nally validated a set of predictors based on routinely available 
clinical and laboratory information for nonseroconversion 
after SARS-CoV-2 vaccination. Characteristics of the inclusion 
and exclusion cohort were comparable, with the exception of 
a few patient characteristics and the nonseroconversion rate. 
The final model comprised 12 independent predictors for 
nonseroconversion: the use of MMF/MPA, 3 comorbidities 
(chronic lung disease, heart failure, and diabetes), increased 
age, shorter time after transplantation, lower BMI, lower 
eGFR, no alcohol consumption, ≥2 transplantations, and no 
use of mTOR inhibitors or calcineurin inhibitors. First valida-
tion of this model indicated excellent discrimination, and after 
analysis of the second validation cohort‚ MMF/MPA persisted 
to be an important factor in the prediction of nonseroconver-
sion after 3 vaccinations.

In this study, we identified the use of MMF/MPA as the 
strongest predictor of nonseroconversion after SARS-CoV-2 
mRNA vaccination in KTRs in our model, which remained 
highly important after 3 vaccine doses. This effect of MMF/
MPA is consistent with results from previous studies on SARS-
CoV-2 vaccines in KTRs with smaller sample sizes.4,8,11,26,27 
We show that MMF/MPA, as part of the immunosuppressive 
regimen, has an overall unfavorable effect on antibody forma-
tion. An MMF/MPA dose of ≥1g/d increases the probability 
of nonseroconversion drastically, suggesting a dose-dependent 
unfavorable effect. This is in concordance with the findings of 
Kantauskaite et al.28 The findings for MMF/MPA are also in 
concordance with literature describing the IR to vaccination 
against hepatitis B, influenza‚ and Streptococcus pneumonia.29 
MMF/MPA depletes guanosine nucleotides preferentially in 
T and B lymphocytes and inhibits their proliferation, thereby 
suppressing cell-mediated IRs and antibody formation.30 This 
fits with our finding that lower lymphocyte count is predictive 
for nonseroconversion in the first validation cohort.27 Anemia 
has a multifactorial etiology. Remarkably, no negative asso-
ciations were found for any other immunosuppressive agent 
and thus other mechanisms of action. Our findings that the 
use of calcineurin inhibitors and the use of mTOR inhibitors 
are positively associated with seroconversion in our model 
can possibly be explained by a concomitant decreased use of 
MMF/MPA. However, the aim of this study was to accurately 
predict the outcome using the combination of all predictors in 
the model and not to reveal a single association adjusted for 
confounders.

The association between diabetes has previously been 
made with cellular and/or humoral nonresponse after mRNA 
SARS-CoV-2 vaccination in KTRs.9,31 No previous reports are 
available describing a negative effect on seroconversion rates 
in patients with chronic lung disease or heart failure. Age is 
a well-established risk factor for nonseroconversion regard-
ing other vaccines,32 and it also has been reported for SARS-
CoV-2 vaccination.12,13,27 Our results are in concordance with 
these studies.

Graft function is also associated with a reduced response 
to SARS-CoV-2 vaccination, which is  in line with previous 

studies.12,27 A similar phenomenon has been reported for 
influenza vaccination in KTRs.33-35 Renal failure is associated 
with an impaired IR, mainly due to dysfunctional T cells.36 
Remarkably, we and others demonstrated that CKD G4/5 
patients only have a marginally reduced antibody and T cell 
response after SARS-CoV-2 vaccination, despite their aver-
age kidney function being much lower than that of KTRs,4,11 
suggestive of immunosuppressive drugs as stronger determi-
nants of antibody response to vaccination than impaired renal 
function.

Nutritional and behavioral factors might also influence 
how individuals respond to vaccines. Our observations that 
a lower BMI and abstinence from alcohol consumption are 
predictive for nonseroconversion to SARS-CoV-2 vaccination 
have not been reported before.37 Shorter time after transplan-
tation is associated with low seroconversion rates among 
KTRs who received the SARS-CoV-2 vaccine.8,13,27 An obvious 
explanation is the more stringent immunosuppressive state in 
the early phase after transplantation both by lagging effects 
of induction therapy and by higher doses of maintenance 
therapy.

In the past 2 y, the SARS-CoV-2 virus has shown a high 
mutation rate‚ and the variants differ in infectivity and viru-
lence and also develop the ability to escape vaccine-induced 
immunity in KTRs.38 The current SARS-CoV-2 variant 
B.1.1.529 (Omicron) is highly transmissible and has reduced 
sensitivity to neutralization by antibodies induced by the 
currently used mRNA vaccines,39 making the interpretation 
of antibody levels more difficult than before. Understanding 
the mechanisms of nonseroconversion might help to develop 
more successful vaccination strategies for KTRs to gener-
ate antibody levels able to combat future strains. Repeated 
vaccination against SARS-CoV-2 increases the seroconver-
sion rate in KTRs with high interindividual variability. We 
and others see improved rates following a third mRNA 
dose in KTRs,40 but still a significant number of patients 
remained seronegative and, thus, very likely inadequately 
protected against COVID-19. A fourth mRNA vaccine dose 
in strictly nonresponder KTRs induced a humoral response 
in almost half of participants; however, this response 
remained globally weak and was probably not protective 
enough.41,42 Preventive preexposure SARS-CoV-2–specific 
monoclonal antibody therapy could provide protection for 
these patients.43,44 Our results and others suggest that dose 
reduction or temporary withdrawal of MMF/MPA before 
vaccination may help to improve vaccine response in these 
KTRs.40,45,46 The risk of rejection should be taken into con-
sideration individually, although no acute rejection episodes 
have yet been reported.47 We investigate the third dose of 
the mRNA-1273 vaccine in KTRs with discontinuation of 
MMF/MPA. The study is registered in www.ClinicalTrials.
gov (NCT05030974).

Strengths of our study are the use of a large national cohort 
with a prospective design, including independent external 
validation in 2 cohorts. Participants were well characterized, 
which made it possible to analyze a relatively large number 
of factors associated with nonseroconversion in detail. Based 
on these cohorts, we provide valuable insight into the predic-
tive value of clinical and laboratory variables for nonsero-
conversion in KTRs. Although our model is based on data 
from mid-2021, the highly discriminative predictors selected 
in the second vaccination model are stable in the third 
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vaccination model, for which data were collected until the 
beginning of 2022. In this time period, the B.1.1.7 (Alpha) 
variant was followed by the B.1.617.2 (Delta) variant as the 
dominant strain in the Netherlands.48 Thus, we speculate 
that the predictors can play a role after multiple vaccinations 
and the emergence of new strains to select a group of KTRs 
at high risk of nonseroconversion, in which modulation of 
MMF/MPA could generate a protective response to repeated 
vaccination. A subject of debate is the recent knowledge that 
KTR can mount delayed IgG antibody responses compared 
with immunocompetent individuals.49 This raises the ques-
tion of whether obtaining blood samples at 28 d after the 
second vaccination was too early to detect antibodies in all 
patients; however, we show similar discrimination in the dis-
covery cohort comparing a smaller time window. The data 
in the discovery cohort and second validation cohort were 
subject to a higher proportion of missingness, as comes with 
national registry databases. However, the missingness did 
not likely influence outcomes because the imputation analy-
ses yielded similar results as compared with the complete 
case analyses. The collection of data in the first validation 
cohort was of high accuracy with hardly any missing data, 
which may explain the higher AUC (discrimination) in this 
cohort than in the discovery cohort. Regarding our study 
population, some specificities exist that can lead to limited 
generalization to other populations. Nonseroconversion 
rates after 2 vaccinations were relatively low compared with 
other studies using mRNA-based SARS-CoV-2 vaccines, 
which could be due to the cohorts consisting of long-term 
KTRs (median time after transplantation is 7.6 and 6.9 y) 
with 60% to 70% of them using MMF/MPA. Also, all fully 
vaccinated KTRs received the mRNA-1273 vaccine, which 
has higher seroconversion rates and clinical effectiveness 
than BNT162b2 in KTRs with breakthrough infections,50,51 
which aids in the discussion of whether mRNA-1273 should 
be the preferred vaccine in these patients. Although the type 
of third vaccine did not influence the prediction of nonsero-
conversion, we see an improved discrimination in the much 
smaller mRNA-1273 cohort, the type of vaccine on which 
the model was originally built. The less optimal predictive 
accuracy in the second validation cohort could be explained 
by an extra vaccine intervention associated with new sero-
conversion rates. The level of antibody response after basic 
immunization plays a major role, as expected.27,45 Lastly, 
antibody measurement was not performed at baseline, and 
the absence of anti-N antibody is not sufficient to exclude 
for previous infection and thus, the inclusion of patients 
with asymptomatic SARS-CoV-2 infection, in this study 
could not be ruled out.

In conclusion, KTRs at high risk of nonseroconversion after 
SARS-CoV-2 vaccination can readily be identified using an 
easy-to-approach clinical model. Modulation of MMF/MPA 
treatment before vaccination may help to improve vaccine 
response in these KTRs. Future research should investigate 
the effect of MMF/MPA modulation in repeated SARS-CoV-2 
vaccination and how nutritional and/or behavioral factors 
could be of influence. This model can contribute to the devel-
opment of alternative strategies to optimize vaccine response 
in this complex patient group.
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