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Abstract: Mortality from COVID-19 among kidney transplant recipients (KTR) is high, and their
response to three vaccinations against SARS-CoV-2 is strongly impaired. We retrospectively analyzed
the serological response of up to five doses of the SARS-CoV-2 vaccine in KTR from 27 December 2020
until 31 December 2021. Particularly, the influence of the different dose adjustment regimens for
mycophenolic acid (MPA) on serological response to fourth vaccination was analyzed. In total,
4277 vaccinations against SARS-CoV-2 in 1478 patients were analyzed. Serological response was
19.5% after 1203 basic immunizations, and increased to 29.4%, 55.6%, and 57.5% in response to
603 third, 250 fourth, and 40 fifth vaccinations, resulting in a cumulative response rate of 88.7%. In
patients with calcineurin inhibitor and MPA maintenance immunosuppression, pausing MPA and
adding 5 mg prednisolone equivalent before the fourth vaccination increased the serological response
rate to 75% in comparison to the no dose adjustment (52%) or dose reduction (46%). Belatacept-
treated patients had a response rate of 8.7% (4/46) after three vaccinations and 12.5% (3/25) after
four vaccinations. Except for belatacept-treated patients, repeated SARS-CoV-2 vaccination of up to
five times effectively induces serological response in kidney transplant recipients. It can be enhanced
by pausing MPA at the time of vaccination.

Keywords: kidney transplantation; COVID-19; vaccination; immunosuppression

1. Introduction

At the beginning of 2021, the successful vaccine campaign against severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2) started, offering protection against hospi-
talization and death from coronavirus disease 2019 (COVID-19) for most patient groups,
irrespective of emerging variants [1]. Despite this success in the general population, solid
organ transplant (SOT) recipients had a poor response to vaccination and a limited benefit
from the initially recommended two vaccinations [2]. At the same time, the mortality of
SOT recipients acquiring COVID-19 is unacceptably high, with rates up to 20% reported in
registries [3,4]. Recent data from the United Kingdom collected between September 2020
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and August 2021 show an unadjusted COVID-19 case fatality rate of 9.8% in SOT. The
vaccination with two doses did not prevent infections in SOT recipients and increased
28-day survival in COVID-19 infected SOTs only marginally from 88.8% to 91.8%. This is
equivalent to a 20% reduction in risk of death in vaccinated SOT recipients, as compared to
a 68-fold reduction of death in the general population [5].

Early in 2021, it was recognized that SOT, and especially kidney transplant recipients
(KTR), show a diminished serological response compared to healthy individuals and
hemodialysis patients [6–8]. Subsequent studies revealed that the level of antibodies
correlates with protection from disease [9,10], arguing for serological response controls in
SOT recipients.

After three vaccinations, which were early recommended for SOT recipients and later
for the general population, serological vaccine response was inadequately low in at least
40% [11]. T cell response over time only changes at a functional level, never reaching the
level of healthy individuals [12,13]. In summary, the poor T cell response in combination
with an impaired humoral response offered only a limited protection from infection and a
severe course of COVID-19 [14]. Consistent with the observation that mycophenolic acid
treatment impairs B-cell proliferation and plasmablast proliferation, experimental data
have suggested that a short-term MPA pause can improve serological response to the fourth
dose of the SARS-CoV-2 vaccination [13].

The question therefore arises about optimal management of non-responding patients,
and, in particular, whether repeated vaccinations increase cumulative serological response
rates. In the current study, we provide the first systematic investigation analyzing the sero-
logical response to up to five repeated vaccinations against SARS-CoV-2 in non-responding
COVID-19-naïve KTR. In particular, we report the response rates of KTR after basic immu-
nization, three, four, and five vaccinations, and the predictors of serological response after
three and four vaccinations as well as the effects of different immunosuppressive reduction
regimes on the serological response.

2. Methods
Study Population

At our institution, basic immunization against SARS-CoV-2 was performed with two
doses of one of the following vaccines in different combinations—BNT162b2 (Comirnaty,
BioNTech/Pfizer, Mainz, Germany), mRNA-1273 (Spikevax, Moderna Biotech, Madrid,
Spain), ChAdOx1-S (AZD1222, AstraZeneca, Södertälje, Sweden), or Ad26.COV2.S
(Johnson & Johnson, Janssen, Beerse, Belgium). Sustained non-responders received up
to five doses of SARS-CoV-2 vaccines. A detailed institutional protocol is provided in
Item S1 and Figure S1. All patients provided written and informed consent into off-label
use for vaccine doses four and five. For the current analysis, we included adult kidney
transplant recipients who received SARS-CoV-2 vaccinations from 27 December 2020, until
31 December 2021. Serological response to vaccination, demographic data, transplanta-
tion data, and medication, as well as routine laboratory data, were analyzed retrospec-
tively. The ethics committee of Charité—Universitätsmedizin Berlin approved this study
(EA1/030/22).

3. Outcome

The primary outcome was serological response to immunization, defined as the
maximum serological response after a minimum of 14 days after each immunization, i.e.,
after basic immunization, three, four, and five doses of SARS-CoV-2 vaccines.

We used an anti-SARS-CoV-2 enzyme-linked immunosorbent assays (ELISA) for
the detection of IgG antibodies against the S1 domain of the SARS-CoV-2 spike (S) pro-
tein in serum according to the instructions of the manufacturer (Anti-SARS-CoV-2-ELISA
(IgG), EUROIMMUN Medizinische Labordiagnostika AG, Lübeck, Germany) [15,16]. Pro-
cessing and measurement were done using the fully automated “Immunomat” (Institut
Virion\Serion GmbH, Würzburg, Germany). Results were determined by comparing the
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obtained signals of the patient samples with the previously obtained cut-off value of the
calibrator. As suggested by the manufacturer, samples with a cut-off index ≥ 1.1 were con-
sidered to be positive. Alternatively, the electrochemiluminescence immunoassay (ECLIA,
Elecsys, Anti-SARS-CoV-2, Roche Diagnostics GmbH, Mannheim, Germany) was used
either alone or in parallel detecting human immunoglobulins, including IgG, IgA, and
IgM against the spike receptor binding (RBD) domain protein. Results were determined
by comparing the obtained signals of the patient samples with the previously obtained
cut-off value of the calibrator. As suggested by the manufacturer, samples with a cut-off
index ≥ 264 U/mL were considered to be positive as recommended by Caillard et al. [17].

Any non-negative titer below the cut-off in each test was defined as low-positive.
Accordingly, response to immunization was categorized as a sufficient serological response
(responders) in the case of a positive SARS-CoV-2 antibody titer or as an insufficient
serological response (non-responders) in case of a negative or low-positive SARS-CoV-2
antibody titer. The serological response rate was calculated as the rate of responders after
each basic immunization, three, four, and five doses.

In order to exclude patients with a history of COVID-19, we simultaneously mea-
sured antibodies against the nucleocapsid (N) protein with an electrochemiluminescence
immunoassay (ECLIA, Elecsys Anti-SARS-CoV-2, Roche Diagnostics GmbH). As before,
results were determined by comparing the obtained signals of the patient samples with
the previously obtained cut-off value of the calibrator. As suggested by the manufacturer,
samples with a cut-off index ≥ 1.0 were considered to be positive.

We included immunization from all adult KTR at our institution within the study
period. Immunizations were excluded from analysis when they occurred before transplan-
tation, when no medication data were available, or in case of ineligible serological data (see
Table 1). The latter occurred if patients received additional vaccination doses without the
assessment of the SARS-CoV-2 IgG titer before and after, mostly when performed outside
the transplant center.

Table 1. Inclusion and exclusion criteria. Since main data analysis was performed at the vaccina-
tion level, all SARS-CoV-2 vaccinations for patients meeting the inclusion criteria were included,
while vaccinations were excluded based on the exclusion criteria.

Inclusion Criteria per Patient

• Kidney transplantation

• Age of 18 years or older

• At least one SARS-CoV-2 vaccination after kidney transplantation

Exclusion Criteria per Vaccination

• SARS-CoV-2 vaccinations, which were performed before transplantation

• SARS-CoV-2 infection before vaccination or before measurement of the respective serological
response as defined by

◦ Positive SARS-CoV-2 RNA PCR
◦ Positive anti-SARS-CoV-2-N-protein antibodies

• Missing data about medication at the time of vaccination

• Sufficient serological response before respective SARS-CoV-2 vaccination

• Monoclonal anti-SARS-CoV-2-S-protein antibody therapy before measurement of the
respective serological response

• Missing data about serological response before respective SARS-CoV-2 vaccination (does not
apply for basic immunization)

• Missing data about serological response after respective SARS-CoV-2 vaccination
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The cumulative serological response was calculated using the Kaplan–Meier method
with the number of vaccinations as the time variable and the first positive serological
response as the event of interest. Patients, who remained sustained non-responders after
their last vaccination, were treated as censored at this point [18].

3.1. Multivariable Analysis of Predictors of Serological Response

The influence of 8 variables on the primary outcome after the third vaccination dose
and the influence of 5 variables on the primary outcome after the fourth vaccination dose
were examined in two separate multivariable analyses using logistic regression. Candidate
variables included basic patient demographics, transplantation data, vaccination charac-
teristics, the latest immunosuppressive medication, and routine laboratory parameters
(detailed variable definition provided in Table S1). Immunizations with missing candi-
date variable data were excluded from multivariable analysis. No imputation methods
were used. Adjusted p-values according to Holm’s correction for multiple comparisons
are reported.

Since not all patients received calcineurin inhibitors (CNI), the influence on CNI
through levels on serological response rate was studied in two separate multivariable
analyses, which included % deviance from the target CNI-through level (6 ng/mL for
tacrolimus, and 80 ng/mL for cyclosporine) as an additional predictor variable [19].

3.2. Comparison of Mycophenolic Acid (MPA) Dose Adjustment Regimens

Due to the important role of MPA with regard to the response to immunization,
different approaches for MPA dose adjustment before fourth SARS-CoV-2 immunization
were followed at our institution according to the patients’ individual risk factors, such
as previous rejection episodes, anti-HLA antibodies, previous response to SARS-CoV-2
immunization, and based on the physicians’ and patients’ shared-decision making. In
CNI-treated patients, MPA was reduced (reduction of 25–50% compared to the maintenance
dose) or paused from one week before immunization until four weeks after immunization.
Steroids were maintained at 5 mg prednisolone equivalent. In case of steroid-free treatment,
5 mg prednisolone equivalent was added for the time of MPA reduction, which was
discontinued after restart of MPA.

To examine MPA related effects, patients on CNI-based immunosuppression receiving
a fourth dose of a SARS-CoV-2 vaccine were assigned to three groups according to their
change in MPA dose in relation to the MPA dose before their third SARS-CoV-2 vacci-
nation: (1) steady MPA dose, (2) reduced MPA dose, and (3) paused MPA. Serological
response rates between the 3 groups were compared using the Kruskal–Wallis test, and
pairwise comparisons were performed using Mann–Whitey U test with Holm’s correction
for multiple comparisons.

3.3. Serological Response in Patients with CNI and Belatacept Maintenance Immunosuppression

The serological response rate in patients on CNI-based as well as belatacept-based
immunosuppression was calculated separately. Additionally, the cumulative serological
response rate was described as stated above. For patients with belatacept-based immuno-
suppression, no cumulative serological response rate is shown after 5 vaccinations, due
to the low patient count in this group. Serological responders receiving belatacept-based
immunosuppression were further analyzed on the patient-level.

Statistical analysis was performed using R studio v.1.2.5042 (Boston, MA, USA) and R
version 4.0.2 (Vienna, Austria) (22 June 2020).
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4. Results
4.1. Serological Response to Immunization against SARS-CoV-2

A total of 4277 vaccinations against SARS-CoV-2 in 1478 patients were evaluated. The
distribution of included and excluded immunizations, the reasons for exclusion and the
resulting serological response is shown in the patient flow diagram (Figure 1). Demo-
graphic, clinical, and vaccination data for patients receiving three, four, and five doses of
SARS-CoV-2 vaccines are summarized in Table 2.

Figure 1. Patient flow diagram showing the number of patients included into each analysis and the
number of excluded patients and the respective reasons for exclusion.
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Table 2. Baseline characteristics of patients who received three, four, and five doses of SARS-CoV-2
vaccines. Continuous variables are presented as mean (±standard deviation) unless stated otherwise.
IQR—interquartile range. BMI—body mass index. IS—immunosuppression. mTORi—mammalian
target of rapamycin inhibitor. eGFR—estimated glomerular filtration rate.

Vaccination Number 3 4 5

Total Patients 603 250 40
Demographics and Comorbidities

Female/male patients 38%/62% 33%/67% 45%/55%
Median age in years (IQR) 59 (48–68) 61 (51–70) 63 (56–72)

BMI in kg/m2 25.4 ± 4.7 25.0 ± 4.4 24.76 ± 4.77
Diabetes 21.7% 21.8% 18.0%

Transplantation
Median transplant age in years (IQR) 8.2 (3.1–13.5) 7.7 (3.0–12.7) 7.2 (2.2–11.5)

Tacrolimus-based IS 73.6% 73.6% 77.5%
Ciclosporin-based IS 16.8% 16.4% 12.5%
Belatacept-based IS 7.6% 10% 12.5%
Patients with MPA 93.7% 50.4% 42.5%

Patients with mTORi 1.0% - -
Patients with Azathioprine 0.8% - -
Patients with more than 2

immunosuppressive drugs 60.7% 39.6% 32.5%

Laboratory Values
Baseline eGFR in mL/min/1.73 m2 51.2 ± 20.0 47.5 ± 19.6 43.35 ± 18.68

Urine albumin creatinine ratio in g/g 0.14 ± 0.45 0.19 ± 0.62 0.44 ± 1.45
Hemoglobin in g/dL 12.68 ± 1.65 12.56 ± 1.52 12.73 ± 1.69

Leukocyte count in /nL 7.33 ± 2.38 7.41 ± 2.53 7.86 ± 2.44
Vaccination

Baseline SARS-CoV-2 IgG low positive 3.5% 11.6% 45%
mRNA Vaccination 72.8% 86.8% 100%

Median time since previous
vaccination in days (IQR) 71 (53–102) 64 (55–84) 62 (46–70)

The vaccination-specific rate of serological response to 1.203 basic immunizations that
met the inclusion/exclusion criteria was 19.5%. The rate increased to 29.4%, 55.6%, and
57.5% in response to 603 third, 250 fourth, and 40 fifth vaccinations against SARS-CoV-2,
respectively (Figure 2A). Correspondingly, the cumulative serological response increased
from 19.1% after two vaccinations to 42.0% after three, 74.2% after four, and 88.7% after
five vaccinations (Figure 2B). No serious adverse events were found in patients receiving
the fourth or fifth vaccination dose.

4.2. Predictors of Serological Response to Immunization against SARS-CoV-2

We performed multivariable analysis using logistic regression for 574 patients with
third vaccination and 226 patients with fourth vaccination separately to identify factors
that influence serological response. We found any previous low positive anti-SARS-CoV-
2-S-protein IgG titer, younger age, higher BMI, higher transplant age, higher estimated
glomerular filtration rate (eGFR), and higher hemoglobin levels to be associated with
improved serological response after three doses of SARS-CoV-2 vaccine. Any previous
low positive anti-SARS-CoV-2-S-protein IgG titer, younger age, higher transplant age and
mRNA-based vaccination were associated with improved serological response after four
doses of SARS-CoV-2 vaccine (Tables 3 and 4).
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Figure 2. (A) Serological response rate (±standard deviation) per vaccination after basic immuniza-
tion, three, four, and five doses of SARS-CoV-2 vaccines in kidney transplant recipients without
sufficient serological response before the latest vaccination. (B) Cumulative serological response rate
(±95% confidence interval) after up to five doses of SARS-CoV-2 vaccines in all kidney transplant
recipients with at least one vaccination meeting the inclusion and exclusion criteria.

Table 3. Predictors of serological response after three doses of SARS-CoV-2 vaccines identified in mul-
tivariable analysis. Adjusted (adj.) p-value according to Holm’s correction for multiple comparisons.

Variable Odds Ratio (95% CI) Adj. p-Value

Low positive anti-SARS-CoV-2-S-protein
IgG before vaccination 28.5 (7.18–201) <0.001

Age 0.98 (0.96–0.99) 0.016
BMI 1.06 (1.01–1.11) 0.012

Transplant age 1.06 (1.03–1.09) <0.001
Belatacept 0.15 (0.03–0.45) 0.008

MPA dose in MMF equivalent in g 0.29 (0.20–0.43) <0.001
eGFR in mL/min/1.73 m2 1.02 (1.01–1.04) <0.001

Hemoglobin 1.29 (1.13–1.49) 0.001

Table 4. Predictors of serological response after four doses of SARS-CoV-2 vaccines identified in mul-
tivariable analysis. Adjusted (adj.) p-value according to Holm’s correction for multiple comparisons.

Variable Odds Ratio (95% CI) Adj. p-Value

Low positive anti-SARS-CoV-2-S-protein
IgG before vaccination 18.7 (4.68–134) 0.001

Age 0.96 (0.94–0.99) 0.004
Transplant age 1.09 (1.04–1.16) 0.002

Belatacept 0.03 (0.004–0.13) <0.001
MPA dose in MMF equivalent in g 0.34 (0.18–0.59) 0.001
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Belatacept treatment and higher MPA dose were associated with reduced serological
response after three doses and four doses. Hence, both are the two major modifiable risk
factors found in our analysis apart from repeated vaccination.

For patients with CNI-based immunosuppression, deviance from a target CNI-through
level did not show significant influence on serological response rate (Tables S2 and S3).

4.3. Change in MPA Dose as Predictor of Serological Response after Four Doses of
SARS-CoV-2 Vaccine

Next, we analyzed how MPA dose adjustment affects the serological response to a
fourth vaccination in patients receiving CNI and MPA as maintenance immunosuppression.
Among the 200 patients receiving a fourth dose of a SARS-CoV-2 vaccine, 33 patients
maintained a steady MPA dose, 63 received a reduced MPA dose, and 104 patients had
paused MPA before immunization. Baseline characteristics are summarized in Table 5.

Table 5. Baseline characteristics of patients in the steady MPA group, the reduced MPA group, and
the paused MPA group receiving a fourth dose of a SARS-CoV-2 vaccine. Continuous variables are
presented as mean (±standard deviation) unless stated otherwise.

MPA Pause MPA Reduction MPA Continuation

Number of Patients 104 63 33
Median age in years (IQR) 60 (51–70) 63 (47–70) 64 (55–71)

Female 33.7% 25.4% 33.3%
BMI in kg/m2 25.5 ± 4.3 24.2 ± 4.3 24.6 ± 4.2

Median transplant Age in years (IQR) 7.6 (3.0–7.5) 6.8 (2.1–11.4) 4.9 (2.3–9.6)
eGFR in mL/min/1.73 m2 47.6 ± 19.0 55.1 ± 17.8 44.7 ± 8.1

Change in eGFR in mL/min/1.73 m2 −1.09 ± 6.73 −2.47 ± 9.30 0.53 ± 5.96
ACR in g/g 0.18 ± 0.77 0.11 ± 0.21 0.13 ± 0.23

Change in ACR in g/g 0.02 ± 0.21 0.03 ± 0.30 −0.05 ± 0.16
mRNA Vaccination 96.2% 76.2% 75.8%

IgG low positive before vaccination 12.5% 7.9% 24.3%
MPA dose in g MMF equivalent 0 0.87 ± 0.25 1.18 ± 0.43
Patients with steroid treatment 100% 76.2% 57.6%

Steroid dose in mg methylprednisolone equivalent 4.1 ± 0.8 2.8 ± 1.8 1.8 ± 1.9
Median time since last vaccination in days (IQR) 65 (56–83) 65 (58–94) 65 (48–87)

The serological response rate in the paused MPA group was 75%, which was signif-
icantly higher than in the reduced MPA group (46%, adjusted p < 0.001) and the steady
MPA group (52%, adjusted p = 0.02) (Figure 3), with no significant difference between the
latter two groups (adjusted p = 0.61).

In the paused MPA group, 1/104 patients (1%) developed de-novo DSA, and 1/104 pa-
tients (1%) developed an episode of acute T cell mediated rejection (TCMR) requiring
intermittent dialysis, which could be terminated after steroid pulse therapy and adaption
of immunosuppressive therapy. In the latter case, TCMR was further precipitated by two
factors: first, the MPA pause was extended, since the patient received abdominal wall
hernia repair in another hospital, which was complicated by a superinfected hematoma;
second, low tacrolimus levels of 2.59 ng/mL were found when the patient was transferred
to our clinic. In the reduced MPA group, 1/63 patients (1.6%) developed de-novo DSA and
1/63 patients (1.6%) developed an episode of chronic active antibody-mediated rejection.
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Figure 3. Serological response rates after four doses of SARS-CoV-2 vaccines in kidney transplant
recipients with steady MPA dose (n = 33), reduced MPA dose (n = 63), and paused MPA (n = 103).
* adjusted p < 0.05, *** adjusted p < 0.001.

4.4. Belatacept-Based Immunosuppression as Predictor of Serological Response

Multivariable analysis revealed that patients who received belatacept immunosup-
pression at the time of the third vaccination have strongly reduced serological response.
Still, we found 3 out of 63 patients (4.8%) responded after the second vaccination, 4 out
of 46 patients (8.7%) responded after the third vaccination, 3 out of 25 patients (12%) after
the fourth vaccination, and 2 out of 5 patients (40%) after the fifth vaccination. A detailed
analysis revealed special immunological circumstances or reduced immunosuppressive
medication in 8 out of these 9 patients with a serological response, which might explain
why these patients developed serological responses despite belatacept treatment (Table S4).
Conversely, patients treated with belatacept and full dose MPA are highly unlikely to show
serological response even with repeated vaccination.

In summary, patients with belatacept-based immunosuppression show impaired
cumulative serological response (4.4%, 12.4%, and 16.4%) in comparison to patients with
CNI-based immunosuppression (19.1%, 37.6%, and 70.1%) after basic immunization, three,
and four vaccinations (Figure 4).
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Figure 4. (A) Serological response rate per vaccination (±standard deviation) and (B) cumulative
serological response rate (± 95% confidence interval) after up to 5 vaccinations in patients with
CNI-based immunosuppression, as well as (C) serological response rate per vaccination (±standard
deviation) and (D) cumulative serological response rate (±95% confidence interval) after up to
4 vaccinations in patients with belatacept-based immunosuppression. Cumulative response rate after
fifth vaccination is not shown for patients with belatacept, due to low patient count of 5 patients
receiving fifth vaccination.
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5. Discussion

We provide the first systematic investigation analyzing the serological response to up
to five repeated vaccinations against SARS-CoV-2 in a closely monitored cohort of adult
KTR. This includes the largest reported cohort of KTR receiving four doses as well as the
first reported cohort of KTR receiving five doses of a SARS-CoV-2 vaccine.

Our data indicate that repeated vaccination of up to five times is safe and induces suf-
ficient serological response in patients who did not respond after two or three vaccinations
and achieves satisfactory antibody titers in most patients.

Contrary to other previously reported case series that supported the administration of
a fourth dose of vaccine [20,21], we were able to also compare different approaches to the
reduction of immunosuppression and their effects on serological response. In CNI-treated
non-responders after three vaccinations, serological response was improved by pausing
MPA and adding 5 mg prednisolone equivalent for 4 to 8 weeks at the time of fourth
vaccination. A mere partial reduction of MPA, however, did not lead to an improved
response rate.

In patients treated with belatacept, additional immunizations have only a limited
effect on a serological response, in particular, if treated with full-dose MPA—a result that
complements previous descriptions of poor serological response to three doses of vaccine in
KTR under belatacept immunosuppression [22,23]. It is obvious that these patients require
different approaches.

We were able to show that several factors reported to affect the response to basic
immunization against SARS-CoV-2 are also predictors of serological response after three
and four doses of the vaccine [24,25]. Multivariable analysis revealed that MPA dose and
belatacept treatment are the most important modifiable risk factors of impaired serolog-
ical response, while non-modifiable factors include younger age, higher BMI, and years
after transplantation. These observations are consistent with the concept that increased
immunosenescence in elderly individuals leads to a diminished vaccine response in gen-
eral [26–28], and especially in KTR [24–29]. A longer time after transplantation goes along
with a general reduction of immunosuppression from waning steroids over a reduction in
CNI levels [30]. Conflicting data exist concerning the BMI of patients. On the one hand, it
has been shown that convalescent plasma donors with higher BMI had higher and more
stable antibody titers [31], while a direct impact of BMI on serological response has not
been constantly reported [32,33].

We believe that this analysis has several important implications. First, the observation
that patients with CNI and MPA based maintenance immunosuppression are likely to
develop a serological response after four or five SARS-CoV-2 vaccines suggests that repeated
vaccination is an alternative immunization strategy to the administration of monoclonal
antibodies in non-responders after 3 vaccinations, with the latter being performed by
several transplant centers. Second, serological response can be improved by pausing MPA
and adding 5 mg prednisolone equivalent 1 week before until 4 weeks after vaccination
without increased short-term risk of rejection.

Still, anti-HLA antibody development may occur with time delay in a low percentage
and has to be weighed against the benefit of protection from a potentially life-threatening
disease. As a consequence, we recommend close monitoring after temporary change of
immunosuppression.

Third, patients receiving belatacept are likely to be sustained non-responders even
after five vaccinations. For these patients, the optimal strategy to prevent severe COVID-19
has to be defined. We advocate for pre-exposure prophylaxis with monoclonal anti-S-
protein antibodies for non-responders after three vaccines who receive belatacept treatment.
Switching from belatacept to a CNI-based regimen is another option, but the effect of
belatacept lasts two to three months after cessation. Since some patients receive belatacept
as a rescue therapy in case of poor graft function (e.g., due to CNI toxicity or thrombotic
microangiopathy), the optimal strategy for belatacept-treated patients remains a challenge.
Other concepts might include a pill-in-the-pocket concept using nirmatrelvir/ritonavir
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for early treatment after exposure. This needs to be performed under dose adaption or
pause of CNI and close monitoring of CNI levels. Alternatively, early treatment with
remdesevir or post-exposure prophylaxis with monoclonal antibodies are more widely
available alternatives.

Limitations arise from the study’s retrospective design, which in combination with
the large cohort size, did not enable complete follow-up for every patient. Hence, patients
with incomplete medication data were excluded from all analyses, since these patients
are not regularly followed up at our transplant center, and their records are prone to
incomplete and erroneous data, including that about vaccination and serological outcome.
While serological measurements were routinely performed at our institution, there was a
considerable number of vaccinations that were not preceded or followed by serological
measurements (Figure 1). Consequently, a patient-based approach was discarded in favor of
a vaccination-based evaluation, introducing a risk of selection bias. However, our approach
allows us to account for the incompleteness of the data and to optimize the number of
examinable vaccinations. Intraindividual changes of titers between or after vaccinations
were not represented with this approach, whereas protection after vaccination will evolve
and might effectively decrease over time.

With regard to the effects of MPA dose adjustment around the fourth vaccination,
the retrospective assignment to treatment groups limits the validity of the results because
the groups were not fully matched and confounding factors could have influenced the
group assignment. Nevertheless, comparison of the major potential influencing factors was
provided to account for these risks.

Finally, while this study focuses on vaccine-induced humoral response as correlate of
protection from disease, there are other contributors to immunity, such as T cell response,
that may influence the degree of protection.

In conclusion, repeated vaccination against SARS-CoV-2 of up to five times effectively
induces humoral serological response in kidney transplant recipients. Serological response
can be enhanced by pausing MPA at the time of vaccination without increased short-term
risk of acute rejection. Patients with belatacept immunosuppression and full-dose MPA are
unlikely to achieve a sufficient serological response, thus requiring a different approach to
ensure protection for this population at-risk.
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multivariable analysis. (n = 218). CNI through levels were assessed as deviation from target through
level of 6 ng/mL for tacrolimus and 80 ng/mL for cyclosporine A. Table S4: Detailed analysis of all
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Author Contributions: Conceptualization, B.O., S.R. and E.S. (Eva Schrezenmeier); Data curation,
B.O., S.R., A.J., C.H., F.G., M.M. and E.S. (Eva Schrezenmeier); Formal analysis, B.O. and S.R.;
Investigation, B.O., K.B., A.J., C.H., N.K., E.S. (Evelyn Seelow); J.W., B.Z., F.B., M.C., U.W., B.E., J.H.,
F.H. and E.S. (Eva Schrezenmeier); Methodology, B.O., S.R., B.E., J.H. and E.S. (Eva Schrezenmeier) ;
Project administration, B.O. and S.R.; Resources, K.B., J.H., L.L., K.-U.E. and F.H.; Supervision, B.O.,
S.R., K.B., F.H. and E.S. (Eva Schrezenmeier); Visualization, B.O. and S.R.; Writing—original draft,
B.O., S.R., K.B. and E.S. (Eva Schrezenmeier); Writing—review & editing, B.O., S.R., K.B., A.J., C.H.,
N.K., E.S. (Evelyn Seelow), J.W., B.Z., F.B., M.C., U.W., B.E., J.H., F.G., M.M., L.L., K.-U.E. and F.H. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

https://www.mdpi.com/article/10.3390/jcm11092565/s1


J. Clin. Med. 2022, 11, 2565 13 of 15

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institutional Ethics Committee of Charité—Universitätsmedizin
Berlin (EA1/030/22, date of approval: 10 March 2022).

Informed Consent Statement: Patient consent was waived due to the retrospective design of
the study.

Data Availability Statement: All data produced in the present study are available upon reasonable
request to the authors.

Acknowledgments: E.S. (Eva Schrezenmeier) is participant in the BIH-Charité Clinician Scientist
Program funded by the Charité–Universitätsmedizin Berlin and the Berlin Institute of Health.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

CNI calcineurin inhibitor
COVID-19 coronavirus disease 2019
eGFR estimated glomerular filtration rate
ELISA enzyme-linked immunosorbent assays
KTR kidney transplant recipients
MPA mycophenolic acid
N nucleocapsid protein
RBD receptor binding domain
S spike protein
SARS-CoV-2 severe acute respiratory syndrome coronavirus 2
SOT solid organ transplantation
TCMR T cell mediated rejection

References
1. Andrews, N.; Tessier, E.; Stowe, J.; Gower, C.; Kirsebom, F.; Simmons, R.; Gallagher, E.; Thelwall, S.; Groves, N.; Dabrera, G.; et al.

Duration of Protection against Mild and Severe Disease by Covid-19 Vaccines. N. Engl. J. Med. 2022, 386, 340–350. [CrossRef]
2. Phadke, V.K.; Scanlon, N.; Jordan, S.C.; Rouphael, N.G. Immune Responses to SARS-CoV-2 in Solid Organ Transplant Recipients.

Curr. Transplant. Rep. 2021, 8, 127–139. [CrossRef] [PubMed]
3. Reischig, T.; Kacer, M.; Vlas, T.; Drenko, P.; Kielberger, L.; Machova, J.; Topolcan, O.; Kucera, R.; Kormunda, S. Insufficient

response to mRNA SARS-CoV-2 vaccine and high incidence of severe COVID-19 in kidney transplant recipients during pandemic.
Am. J. Transplant. 2021, 22, 801–812. [CrossRef] [PubMed]

4. Osmanodja, B.; Mayrdorfer, M.; Halleck, F.; Choi, M.; Budde, K. Undoubtedly, kidney transplant recipients have a higher mortality
due to COVID-19 disease compared to the general population. Transpl. Int. 2021, 34, 769–771. [CrossRef] [PubMed]

5. CDC. CDC COVID Data Tracker. Available online: https://covid.cdc.gov/covid-data-tracker/#rates-by-vaccine-status (accessed
on 28 January 2022).

6. Boyarsky, B.J.; Werbel, W.A.; Avery, R.K.; Tobian, A.A.R.; Massie, A.B.; Segev, D.L.; Garonzik-Wang, J.M. Antibody Response
to 2-Dose SARS-CoV-2 mRNA Vaccine Series in Solid Organ Transplant Recipients. JAMA 2021, 325, 2204–2206. [CrossRef]
[PubMed]

7. Sattler, A.; Schrezenmeier, E.; Weber, U.A.; Potekhin, A.; Bachmann, F.; Straub-Hohenbleicher, H.; Budde, K.; Storz, E.; Pross, V.;
Bergmann, Y.; et al. Impaired humoral and cellular immunity after SARS-CoV-2 BNT162b2 (tozinameran) prime-boost vaccination
in kidney transplant recipients. J. Clin. Investig. 2021, 131, 150175. [CrossRef] [PubMed]

8. Rincon-Arevalo, H.; Choi, M.; Stefanski, A.L.; Halleck, F.; Weber, U.; Szelinski, F.; Jahrsdorfer, B.; Schrezenmeier, H.; Ludwig, C.;
Sattler, A.; et al. Impaired humoral immunity to SARS-CoV-2 BNT162b2 vaccine in kidney transplant recipients and dialysis
patients. Sci. Immunol. 2021, 6, eabj1031. [CrossRef] [PubMed]

9. Feng, S.; Phillips, D.J.; White, T.; Sayal, H.; Aley, P.K.; Bibi, S.; Dold, C.; Fuskova, M.; Gilbert, S.C.; Hirsch, I.; et al. Correlates of
protection against symptomatic and asymptomatic SARS-CoV-2 infection. Nat. Med. 2021, 27, 2032–2040. [CrossRef] [PubMed]

10. Khoury, D.S.; Cromer, D.; Reynaldi, A.; Schlub, T.E.; Wheatley, A.K.; Juno, J.A.; Subbarao, K.; Kent, S.J.; Triccas, J.A.; Davenport,
M.P. Neutralizing antibody levels are highly predictive of immune protection from symptomatic SARS-CoV-2 infection. Nat. Med.
2021, 27, 1205–1211. [CrossRef]

11. Kamar, N.; Abravanel, F.; Marion, O.; Couat, C.; Izopet, J.; Del Bello, A. Three Doses of an mRNA Covid-19 Vaccine in Solid-Organ
Transplant Recipients. N. Engl. J. Med. 2021, 385, 661–662. [CrossRef]

12. Schrezenmeier, E.; Rincon-Arevalo, H.; Stefanski, A.L.; Potekhin, A.; Straub-Hohenbleicher, H.; Choi, M.; Bachmann, F.; Pross, V.;
Hammett, C.; Schrezenmeier, H.; et al. B and T Cell Responses after a Third Dose of SARS-CoV-2 Vaccine in Kidney Transplant
Recipients. J. Am. Soc. Nephrol. JASN 2021, 32, 3027–3033. [CrossRef]

http://doi.org/10.1056/NEJMoa2115481
http://doi.org/10.1007/s40472-021-00322-5
http://www.ncbi.nlm.nih.gov/pubmed/33688459
http://doi.org/10.1111/ajt.16902
http://www.ncbi.nlm.nih.gov/pubmed/34860470
http://doi.org/10.1111/tri.13881
http://www.ncbi.nlm.nih.gov/pubmed/34037292
https://covid.cdc.gov/covid-data-tracker/#rates-by-vaccine-status
http://doi.org/10.1001/jama.2021.7489
http://www.ncbi.nlm.nih.gov/pubmed/33950155
http://doi.org/10.1172/JCI150175
http://www.ncbi.nlm.nih.gov/pubmed/34101623
http://doi.org/10.1126/sciimmunol.abj1031
http://www.ncbi.nlm.nih.gov/pubmed/34131023
http://doi.org/10.1038/s41591-021-01540-1
http://www.ncbi.nlm.nih.gov/pubmed/34588689
http://doi.org/10.1038/s41591-021-01377-8
http://doi.org/10.1056/NEJMc2108861
http://doi.org/10.1681/ASN.2021070966


J. Clin. Med. 2022, 11, 2565 14 of 15

13. Schrezenmeier, E.; Rincon-Arevalo, H.; Jens, A.; Stefanski, A.L.; Hammett, C.; Osmanodja, B.; Koch, N.; Zukunft, B.; Beck, J.;
Oellerich, M.; et al. Temporary antimetabolite treatment hold boosts SARS-CoV-2 vaccination-specific humoral and cellular
immunity in kidney transplant recipients. JCI Insight 2022, in press. [CrossRef] [PubMed]

14. Qin, C.X.; Moore, L.W.; Anjan, S.; Rahamimov, R.; Sifri, C.D.; Ali, N.M.; Morales, M.K.; Tsapepas, D.S.; Basic-Jukic, N.;
Miller, R.A.; et al. Risk of Breakthrough SARS-CoV-2 Infections in Adult Transplant Recipients. Transplantation 2021, 105,
e265–e266. [CrossRef] [PubMed]

15. Schrezenmeier, E.; Bergfeld, L.; Hillus, D.; Lippert, J.D.; Weber, U.; Tober-Lau, P.; Landgraf, I.; Schwarz, T.; Kappert, K.; Stefanski,
A.L.; et al. Immunogenicity of COVID-19 Tozinameran Vaccination in Patients on Chronic Dialysis. Front. Immunol. 2021,
12, 690698. [CrossRef] [PubMed]

16. Jahrsdorfer, B.; Kroschel, J.; Ludwig, C.; Corman, V.M.; Schwarz, T.; Korper, S.; Rojewski, M.; Lotfi, R.; Weinstock, C.;
Drosten, C.; et al. Independent Side-by-Side Validation and Comparison of 4 Serological Platforms for SARS-CoV-2 Antibody
Testing. J. Infect. Dis. 2021, 223, 796–801. [CrossRef]

17. Caillard, S.; Thaunat, O. COVID-19 vaccination in kidney transplant recipients. Nat. Rev. Nephrol. 2021, 17, 785–787. [CrossRef]
18. Kaplan, E.L.; Meier, P. Nonparametric-Estimation from Incomplete Observations. J. Am. Stat. Assoc. 1958, 53, 457–481. [CrossRef]
19. Liefeldt, L.; Glander, P.; Klotsche, J.; Straub-Hohenbleicher, H.; Budde, K.; Eberspacher, B.; Friedersdorff, F.; Halleck, F.;

Hambach, P.; Hofmann, J.; et al. Predictors of Serological Response to SARS-CoV-2 Vaccination in Kidney Transplant Patients:
Baseline Characteristics, Immunosuppression, and the Role of IMPDH Monitoring. J. Clin. Med. 2022, 11, 1697. [CrossRef]

20. Caillard, S.; Thaunat, O.; Benotmane, I.; Masset, C.; Blancho, G. Antibody Response to a Fourth Messenger RNA COVID-19
Vaccine Dose in Kidney Transplant Recipients: A Case Series. Ann. Intern. Med. 2022, 175, 455–456. [CrossRef]

21. Alejo, J.L.; Mitchell, J.; Chiang, T.P.; Abedon, A.T.; Boyarsky, B.J.; Avery, R.K.; Tobian, A.A.R.; Levan, M.L.; Massie, A.B.; Garonzik-
Wang, J.M.; et al. Antibody Response to a Fourth Dose of a SARS-CoV-2 Vaccine in Solid Organ Transplant Recipients: A Case
Series. Transplantation 2021, 105, e280–e281. [CrossRef]

22. Chavarot, N.; Morel, A.; Leruez-Ville, M.; Vilain, E.; Divard, G.; Burger, C.; Serris, A.; Sberro-Soussan, R.; Martinez, F.;
Amrouche, L.; et al. Weak antibody response to three doses of mRNA vaccine in kidney transplant recipients treated with
belatacept. Am. J. Transplant. 2021, 21, 4043–4051. [CrossRef] [PubMed]

23. Noble, J.; Langello, A.; Bouchut, W.; Lupo, J.; Lombardo, D.; Rostaing, L. Immune Response Post-SARS-CoV-2 mRNA Vaccination
in Kidney Transplant Recipients Receiving Belatacept. Transplantation 2021, 105, e259–e260. [CrossRef] [PubMed]

24. Debska-Slizien, A.; Slizien, Z.; Muchlado, M.; Kubanek, A.; Piotrowska, M.; Dabrowska, M.; Tarasewicz, A.; Chamienia, A.;
Biedunkiewicz, B.; Renke, M.; et al. Predictors of Humoral Response to mRNA COVID19 Vaccines in Kidney Transplant
Recipients: A Longitudinal Study-The COViNEPH Project. Vaccines 2021, 9, 1165. [CrossRef] [PubMed]

25. Stumpf, J.; Siepmann, T.; Lindner, T.; Karger, C.; Schwobel, J.; Anders, L.; Faulhaber-Walter, R.; Schewe, J.; Martin, H.;
Schirutschke, H.; et al. Humoral and cellular immunity to SARS-CoV-2 vaccination in renal transplant versus dialysis patients:
A prospective, multicenter observational study using mRNA-1273 or BNT162b2 mRNA vaccine. Lancet Reg. Health Eur. 2021,
9, 100178. [CrossRef] [PubMed]

26. Tober-Lau, P.; Schwarz, T.; Vanshylla, K.; Hillus, D.; Gruell, H.; Group, E.C.S.; Suttorp, N.; Landgraf, I.; Kappert, K.; Seybold, J.;
et al. Long-term immunogenicity of BNT162b2 vaccination in older people and younger health-care workers. Lancet Respir. Med.
2021, 9, e104–e105. [CrossRef]

27. Jahrsdorfer, B.; Fabricius, D.; Scholz, J.; Ludwig, C.; Grempels, A.; Lotfi, R.; Korper, S.; Adler, G.; Schrezenmeier, H. BNT162b2
Vaccination Elicits Strong Serological Immune Responses Against SARS-CoV-2 Including Variants of Concern in Elderly Conva-
lescents. Front. Immunol. 2021, 12, 743422. [CrossRef]

28. Wang, J.; Tong, Y.; Li, D.; Li, J.; Li, Y. The Impact of Age Difference on the Efficacy and Safety of COVID-19 Vaccines: A Systematic
Review and Meta-Analysis. Front. Immunol. 2021, 12, 758294. [CrossRef] [PubMed]

29. Semenzato, L.; Botton, J.; Drouin, J.; Cuenot, F.; Dray-Spira, R.; Weill, A.; Zureik, M. Chronic diseases, health conditions and risk
of COVID-19-related hospitalization and in-hospital mortality during the first wave of the epidemic in France: A cohort study of
66 million people. Lancet Reg. Health Eur. 2021, 8, 100158. [CrossRef]

30. Espi, M.; Charmetant, X.; Barba, T.; Mathieu, C.; Pelletier, C.; Koppe, L.; Chalencon, E.; Kalbacher, E.; Mathias, V.; Ovize, A.; et al.
A prospective observational study for justification, safety, and efficacy of a third dose of mRNA vaccine in patients receiving
maintenance hemodialysis. Kidney Int. 2022, 101, 390–402. [CrossRef]

31. Wendel, S.; Fontao-Wendel, R.; Fachini, R.; Candelaria, G.; Scuracchio, P.; Achkar, R.; Brito, M.; Reis, L.F.; Camargo, A.;
Amano, M.; et al. A longitudinal study of convalescent plasma (CCP) donors and correlation of ABO group, initial neutralizing
antibodies (nAb), and body mass index (BMI) with nAb and anti-nucleocapsid (NP) SARS-CoV-2 antibody kinetics: Proposals for
better quality of CCP collections. Transfusion 2021, 61, 1447–1460. [CrossRef]

32. Lee, S.W.; Moon, J.Y.; Lee, S.K.; Lee, H.; Moon, S.; Chung, S.J.; Yeo, Y.; Park, T.S.; Park, D.W.; Kim, T.H.; et al. Anti-SARS-CoV-2
Spike Protein RBD Antibody Levels After Receiving a Second Dose of ChAdOx1 nCov-19 (AZD1222) Vaccine in Healthcare
Workers: Lack of Association with Age, Sex, Obesity, and Adverse Reactions. Front. Immunol. 2021, 12, 779212. [CrossRef]
[PubMed]

33. Pellini, R.; Venuti, A.; Pimpinelli, F.; Abril, E.; Blandino, G.; Campo, F.; Conti, L.; De Virgilio, A.; De Marco, F.;
Di Domenico, E.G.; et al. Initial observations on age, gender, BMI and hypertension in antibody responses to SARS-CoV-
2 BNT162b2 vaccine. EClinicalMedicine 2021, 36, 100928. [CrossRef] [PubMed]

http://doi.org/10.1172/jci.insight.157836
http://www.ncbi.nlm.nih.gov/pubmed/35349490
http://doi.org/10.1097/TP.0000000000003907
http://www.ncbi.nlm.nih.gov/pubmed/34310531
http://doi.org/10.3389/fimmu.2021.690698
http://www.ncbi.nlm.nih.gov/pubmed/34276681
http://doi.org/10.1093/infdis/jiaa656
http://doi.org/10.1038/s41581-021-00491-7
http://doi.org/10.1080/01621459.1958.10501452
http://doi.org/10.3390/jcm11061697
http://doi.org/10.7326/L21-0598
http://doi.org/10.1097/TP.0000000000003934
http://doi.org/10.1111/ajt.16814
http://www.ncbi.nlm.nih.gov/pubmed/34431207
http://doi.org/10.1097/TP.0000000000003923
http://www.ncbi.nlm.nih.gov/pubmed/34387243
http://doi.org/10.3390/vaccines9101165
http://www.ncbi.nlm.nih.gov/pubmed/34696273
http://doi.org/10.1016/j.lanepe.2021.100178
http://www.ncbi.nlm.nih.gov/pubmed/34318288
http://doi.org/10.1016/S2213-2600(21)00456-2
http://doi.org/10.3389/fimmu.2021.743422
http://doi.org/10.3389/fimmu.2021.758294
http://www.ncbi.nlm.nih.gov/pubmed/34938287
http://doi.org/10.1016/j.lanepe.2021.100158
http://doi.org/10.1016/j.kint.2021.10.040
http://doi.org/10.1111/trf.16323
http://doi.org/10.3389/fimmu.2021.779212
http://www.ncbi.nlm.nih.gov/pubmed/34899739
http://doi.org/10.1016/j.eclinm.2021.100928
http://www.ncbi.nlm.nih.gov/pubmed/34109307


J. Clin. Med. 2022, 11, 2565 15 of 15

34. Dürr, M.; Lachmann, N.; Zukunft, B.; Schmidt, D.; Budde, K.; Brakemeier, S. Late Conversion to Belatacept After Kidney
Transplantation: Outcome and Prognostic Factors. Transpl. Proc. 2017, 49, 1747–1756. [CrossRef] [PubMed]

35. Brakemeier, S.; Kannenkeril, D.; Dürr, M.; Braun, T.; Bachmann, F.; Schmidt, D.; Wiesener, M.; Budde, K. Experience with
belatacept rescue therapy in kidney transplant recipients. Transpl. Int. 2016, 29, 1184–1195. [CrossRef]

36. Darres, A.; Ulloa, C.; Brakemeier, S.; Garrouste, C.; Bestard, O.; del Bello, A.; Soussan, R.S.; Dürr, M.; Budde, K.; Legendre,
C.; et al. Conversion to Belatacept in Maintenance Kidney Transplant Patients: A Retrospective Multicenter European Study.
Transplantation 2018, 102, 1545–1552. [CrossRef]

http://doi.org/10.1016/j.transproceed.2017.05.013
http://www.ncbi.nlm.nih.gov/pubmed/28923620
http://doi.org/10.1111/tri.12822
http://doi.org/10.1097/TP.0000000000002192

	Introduction 
	Methods 
	Outcome 
	Multivariable Analysis of Predictors of Serological Response 
	Comparison of Mycophenolic Acid (MPA) Dose Adjustment Regimens 
	Serological Response in Patients with CNI and Belatacept Maintenance Immunosuppression 

	Results 
	Serological Response to Immunization against SARS-CoV-2 
	Predictors of Serological Response to Immunization against SARS-CoV-2 
	Change in MPA Dose as Predictor of Serological Response after Four Doses of SARS-CoV-2 Vaccine 
	Belatacept-Based Immunosuppression as Predictor of Serological Response 

	Discussion 
	References

