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Abstract: Dialysis patients and kidney transplant (KTX) recipients suffer from an impaired immune
system and show a decreased response to the severe acute respiratory syndrome coronavirus type 2
(SARS-CoV-2) vaccination. We performed a retrospective analysis of 1505 serological SARS-CoV-2
measurements obtained from 887 dialysis patients and 86 KTX recipients. The results were
separated by patient subgroups (dialysis/KTX) as well as SARS-CoV-2 status. The latter criterion
included SARS-CoV-2-naive patients with or without COVID-19 vaccination and convalescent
patients receiving a booster shot. Serologies of 27 vaccinated healthy individuals served as the
reference group. Vaccine-induced cellular immune response was quantified by an interferon-y
release assay in 32 KTX recipients. We determined seroconversion rates of 92.6%, 93.4%, and 71.4%
in dialysis patients vaccinated with either BNT162b2, mRNA-1273, or AZD1222, respectively.
Vaccination-induced anti-SARS-CoV-2 antibody titers were lower in dialysis patients compared to
healthy individuals, and vaccination with mRNA-1273 induced higher titers than BNT162b2. The
initial seroconversion rate was 39.5% in KTX recipients vaccinated with BNT162b2. A linear
regression model identified medication with mycophenolate-mofetil/mycophenolic acid as an
independent risk factor for missing seroconversion. Within a cohort of 32 KTX recipients, cellular
and humoral immune reactivity to SARS-CoV-2 was detectable in three patients only. Conclusively,
vaccine-induced seroconversion rates were similar in dialysis patients compared to healthy
individuals but were strongly impaired in KTX recipients. Anti-SARS-CoV-2 IgG titers elicited by
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double active immunization were significantly lower in both cohorts compared to healthy
individuals, and immune responses to vaccination vanished quickly.

Keywords: COVID-19; immunosuppression; protection; titer; antibodies; kidney disease

1. Introduction

Hemodialysis (HD) patients and kidney transplant (KTX) recipients are at risk for
severe coronavirus disease-19 (COVID-19) [1,2]. Surprisingly, although limited in
number, observational studies have revealed no difference in immune response to the
severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2) following natural
infection in chronic immunosuppressed patients and immunocompetent individuals [3].
Apparently, age and frailty as well as the number and severity of pre-existing
comorbidities—more than pharmacological immunosuppression—are prognostic factors
for a severe COVID-19 disease course in both immunocompromised and
immunocompetent patients [4,5]. Notwithstanding, European public health data indicate
chronic kidney disease (CKD) and dialysis as critical prognostic comorbidities associated
with increased mortality upon SARS-CoV-2 infection [6]. In addition, impaired
seroconversion and longevity of SARS-CoV-2 immune responses after infection further
threatens HD and KTX patients [4,7,8].

Active immunization against SARS-CoV-2, in particular with messenger ribonucleic
acid (mRNA) vaccines, is considered the most effective preventive strategy to protect
vulnerable individuals from infection and severe COVID-19 courses [9]. However, both
the intensity and duration of the immune response after vaccination in specific patient
groups has not been fully characterized. Compared to the general population, HD patients
are considered to present diminished SARS-CoV-2 antibody titers and have a delayed
immune response [10-12]. After the second injection, seroconversion rate may be as high
as 90% and a cellular immune response can be detected in approximately 80% of
vaccinated individuals [13-15]. The increasing available data from different studies on the
efficacy of SARS-CoV-2 vaccination in solid organ transplant (SOT) recipients revealed a
strongly impaired humoral and cellular immune response compared to the general
population, with a reported seroconversion of below 45% and additionally an impaired
cellular response [16-19].

Thus far, the definition of an antibody titer conferring protection is still being
intensively investigated and the determination of antibody levels is not routinely
performed [20]. We systematically analyzed the seroconversion rate and antibody titer in
681 HD patients and 86 KTX recipients to characterize the humoral response to both PCR-
confirmed SARS-CoV-2 infection and vaccination (BNT162b2 (BioNTech/Pfizer, Mainz,
Germany/New York City, NY, USA), mRNA-1273 (Moderna, CA, USA) and AZD1222
(AstraZeneca/University of Oxford, Cambridge/Oxford, UK)) in a retrospective manner.
Serologies of 27 mRNA-vaccinated healthy individuals served as a reference group.
Furthermore, the cellular immune response was prospectively quantified in 32 KTX
recipients to fully characterize mRNA vaccine-induced protection.

2. Materials and Methods
2.1. Study Design, Patients, and Ethical Statement

To characterize the humoral response to both infection and vaccination, we
retrospectively analyzed SARS-CoV-2 serologies from dialysis and KTX patients
performed at the University Hospital Cologne, Germany, starting at the beginning of the
COVID-19 pandemic in April 2020 until June 2021. This cohort contained 206 SARS-CoV-
2-naive dialysis patients in which anti-SARS-CoV-2 antibodies were screened every three
months for one year from April 2020 to April 2021. Regarding vaccination, antibody
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measurements obtained between March 2021 and June 2021 from 627 SARS-CoV-2-naive
dialysis patients, of whom 475 received BNT162b2 (BNT162b2 (BioNTech/Pfizer, Mainz,
Germany/New York City, NY, USA), 138 mRNA-1273 (Moderna, CA, USA), and 14
AZD1222 (AstraZeneca/University of Oxford, Cambridge/Oxford, UK), respectively,
were available. In addition, serologies of 54 dialysis patients who had recovered from
SARS-CoV-2 were obtained, of whom 38 received a booster shot (all BNT162b2). Regard-
ing SARS-CoV-2-naive KTX recipients, sera was obtained from 86 patients to monitor
BNT162b2 vaccination. Serologies of 27 healthy individuals vaccinated with mRNA-1273
served as a control group. All vaccines were administered in clinical routine at the discre-
tion of the treating physician and as advised by the manufacturers. All of the measure-
ments were performed in clinical routine and analyzed retrospectively after approval
from the local institutional review board (Ethics Committee of the Medical Faculty of the
University of Cologne, Germany, EK 21-1398). Additionally, humoral and cellular im-
mune responses were examined prospectively in 32 SARS-CoV-2-naive KTX recipients
between June and September 2021. This study was also approved by the Ethics Committee
of the Medical Faculty of the University of Cologne, Germany (EK 21-1112) and was con-
ducted in line with the Declaration of Helsinki.

2.2. Serological Assays for the Detection of Anti-SARS-CoV-2 Antibodies

Anti-SARS-CoV-2 IgG targeting the spike (S) protein was detected by the semiquan-
titative Euroimmun anti-SARS-CoV-2 IgG ELISA using the Euroimmun Analyzer I (Eu-
roimmun Diagnostik, Liibeck, Germany), and by the quantitative IDK® anti-SARS-CoV-2
IgG ELISA (Immundiagnostik AG, Bensheim, Germany) using the DYNEX DSX® (Dynex
Technologies, Chantilly, VA, USA), both using the recombinant S1 antigen of the spike
protein, or the chemiluminescent microparticle immunoassay by Abbott for the quantita-
tive detection of anti-spike RBD (receptor binding domain) IgG (SARS-CoV-2 IgG II
Quant) using the automated system Alinity i (Abbott, Abbott Park, IL, USA). The results
of the quantitative IgG assays targeting S1 or RBD were expressed in BAU/mL (binding
antibody unit) using the conversion factor generated from a World Health Organization
(WHO) internal standard and provided by each manufacturer. Additionally, 29 patients
from the hemodialysis group were parallel examined using these two quantitative SARS-
CoV-2 IgG assays to determine if they delivered comparable IgG titers. Nucleocapsid
(NC) protein-targeting antibodies were detected by the pan-immunoglobulin immunoas-
say Elecsys® anti-SARS-CoV-2 electrochemiluminescence immunoassay (ECLIA) using
the Cobas 8000 (Roche Diagnostics, Mannheim, Germany). All assays were interpreted
according to the manufacturers’ recommendations.

2.3. Determination of T-Cell Response to SARS-CoV-2

The CD4+ and CD8+ T-cell-mediated response to SARS-CoV-2 was measured by the
commercial whole blood interferon-y (IFN-v) release assay (IGRA) QuantiFERON® SARS-
CoV-2 RUO (QIAGEN GmbH, Hilden, Germany). T-cells were stimulated with epitopes
of S1 and S2 subunits of SARS-CoV-2 spike protein (antigen 1 and 2). IFN-y concentration
was measured by a chemiluminescence immunoassay (CLIA), as previously described
[21]. An IFN-y level > 0.15 IU/mL was scored as reactive [22].

2.4. Statistics

Statistical analyses were performed using GraphPad Prism software version 5
(GraphPad Prism Software Inc. San Diego, CA, USA) and SPSS version 27.0 (SPSS Inc.,
Chicago, IL, USA). Non-normal distributions of antibody titers were expressed as median
+ interquartile range and compared using the Kruskal-Wallis/Mann-Whitney U tests and
Spearman Correlation. Regarding patient characteristics, categorical variables were sum-
marized by absolute numbers and frequencies, and numerical variables by median and
interquartile range, respectively. Categorical variables were analyzed using a chi-square
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test, and numerical variables using a Mann-Whitney U test in a descriptive manner. Cor-
relations—adjusted for used assay, age, and time between event and blood sample —were
calculated using a linear regression model with Spearman analysis. p < 0.05 was consid-
ered statistically significant. To examine the comparability of the two immunoassays, a
Passing—-Bablok regression was carried out using the software Analyze-it v5.50 (Analyse-
it Software, Ltd. Leeds, UK).

3. Results
3.1. Humoral Immune Response in SARS-CoV-2-naive Dialysis Patients after Infection

In order to monitor SARS-CoV-2 infections, a cohort of 206 SARS-CoV-2-naive dial-
ysis patients was screened for anti-SARS-CoV-2 NC antibodies one year after the begin-
ning of the pandemic, using a pan-Ig assay. In the surveillance period between April 2020
and April 2021, ten clinically apparent SARS-CoV-2 infections, including three fatal out-
comes, were detected (Figure 1A). Approximately 40 days after initial SARS-CoV-2 diag-
nosis by real-time PCR, antibodies were identified in 71.4% (5/7) of the dialysis patients
that recovered from COVID-19. Of interest, one hemodialysis patient tested as reactive for
anti-SARS-CoV-2 NC antibodies without clinically apparent COVID-19.

&

Figure 1. A systematic analysis of vaccine- and infection-induced humoral SARS-CoV-2 immune
responses in dialysis patients and kidney transplant recipients. (A) SARS-CoV-2 surveillance in
SARS-CoV-2-naive dialysis patients. (B) Vaccine-induced humoral response in SARS-CoV-2-naive
dialysis patients. (C) Booster shot-induced humoral response in SARS-CoV-2 convalescent dialysis
patients. (D) Vaccine-induced humoral response in SARS-CoV-2-naive kidney transplant recipients.
Vaccines used: BNT162b2 (BioNTech/Pfizer, Mainz, Germany/New York City, NY, USA), mRNA-
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1273 (Moderna, CA, USA), AZD1222 (AstraZeneca/University of Oxford, Cambridge/Oxford, UK).
SARS-CoV-2: severe acute respiratory syndrome coronavirus type 2.

3.2. Humoral Response in SARS-CoV-2-naive Dialysis Patients after Vaccination

A total of 627 SARS-CoV-2-naive dialysis patients were immunized by double vac-
cination, with 475 receiving BNT162b2, 138 mRNA-1273, and 14 AZD1222, respectively
(Figure 1B). The time between vaccination and blood sampling for serology was approxi-
mately 30 days and did not differ between the different groups. Seroconversion was de-
tected in 92.6% (440/475) of the vaccinated dialysis patients receiving BNT162b2 and in
93.4% (129/138) receiving mRNA-1273 (Table 1).

Table 1. Seroconversion and anti-SARS-CoV-2 IgG titer as determined by anti-SARS-CoV-2 serol-
ogy in dialysis patients vaccinated with BNT162b2 (BioNTech/Pfizer), mRNA-1273 (Moderna), or
AZD1222 (AstraZeneca/University of Oxford) and in COVID-19-recovered dialysis patients
with/without BNT162b2 booster shot immunization. COVID-19: coronavirus disease 2019; SARS-
CoV-2: severe acute respiratory syndrome coronavirus type 2.

Vaccine Used in SARS-CoV-2- Seroconversion, Anti-SARS-CoV-21gG
Naive Dialysis Patients n (%) (BAU/mL), Median (IQR)
BNT162b2 (BioNTech/Pfizer), n =475 440 (92.6) 283.5 (628.5)
mRNA-1273 (Moderna), n = 138 129 (93.4) 596.6 (1234.2)
AZD1222 (AstraZeneca/University of Ox-
ford), 1 = 14 10 (71.4) 345.1 (1128.2)
COVID-19 Recovered Dialysis Patients
No booster shot immunization, n = 16 14 (87.5) 370.3 (565.5)

Booster shot (all BNT162b2,

BioNTech/Pfizer), = 36 34 (89.5) 1103.0 (4570.0)

There was no significant difference between the two mRNA-based vaccines regard-
ing seroconversion. Genetic nephropathies, other than autosomal dominant polycystic
kidney disease (ADPKD), were linked with lack of seroconversion (p = 0.003) (Table 2).

Table 2. Baseline characteristics of SARS-CoV-2-naive dialysis patients with determined anti-SARS-
CoV-2 serology after vaccination or infection. ADPKD: autosomal dominant polycystic kidney dis-
ease; CAPD: continuous ambulatory peritoneal dialysis; IQR: interquartile range; SARS-CoV-2: se-
vere acute respiratory syndrome coronavirus type 2; SD: standard deviation; yrs: years.

Seroconversion  No Seroconversion

Baseline Characteristics =579 =48 p-Value
Age, yrs (+ SD) 68 (£ 15) 69 (£ 16) 0.823
Sex, n (%)
Female 218 (37.7) 23 (47.9) 0.160
Pre-existing kidney disease, 1 (%)

Glomerulonephritis 109 (18.8) 8 (16.7) 0.712
Diabetic nephropathy 101 (17.4) 6 (6.3) 0.045
Hypertensive nephropathy 143 (24.7) 9(18.8) 0.355
ADPKD 41 (7.1) 3(6.3) 0.828
Other genetic nephropathy 62 (10.7) 12 (25.0) 0.003
Unknown/other 103 (17.8) 12 (25.0) 0.215

Haemodialysis, 1 (%) 559 (96.5) 47 (97.9)
Years of Haemodialysis (IQR) 4 (2-6) 3 (1-6) 0.343

CAPD, n (%) 20 (3.5) 1(2.1)

Years of CAPD (IQR) 2 (1-4) 2 0.219
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In contrast, neither age, sex, other pre-existing kidney diseases, nor mode of or time
on dialysis influenced vaccine-induced seroconversion in our dialysis cohort. Compared
to mRNA-1273-vaccinated healthy individuals, levels of anti-SARS-CoV-2 antibodies
upon vaccination with either BNT162b2, mRNA-1273, or AZD1222 were significantly
lower in dialysis patients (Figure 2A). Furthermore, there were significantly higher levels
of mRNA-1273-induced anti-SARS-CoV-2 IgG titer compared to BNT162b2 (p = 0.001). In
addition, a linear regression model revealed a highly significant correlation between
higher IgG titers and use of the mRNA-1273 vaccine, even after adjusting for the type of
immunoassay used and the time between sampling and vaccination (p = 0.001; Supple-
mental Table S1b). However, the mRNA-1273-vaccinated dialysis cohort was also
younger (p <0.001) and more patients suffered from dialysis-dependent diabetic nephrop-
athy (p = 0.002) (Supplemental Table S1a). In contrast, the group of BNT162b2-vaccinated
patients contained more patients on continuous ambulatory peritoneal dialysis (CAPD).
Only 2.2% of dialysis patients in our cohort were immunized with vector-based AZD1222,
and their seroconversion rate was 71.4% (10/14)—significantly lower compared to the
mRNA-based vaccines (Table 1). Although small in number, AZD-1222-induced anti-
SARS-CoV-2 IgG titers were not significantly different to mRNA-induced levels in dialy-
sis patients (Figure 2A).
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Figure 2. Vaccine- and infection-induced humoral response quantified by anti-SARS-CoV-2 IgG ti-
ters in dialysis patients compared to vaccinated healthy individuals. (A) Vaccine-induced anti-
SARS-CoV-2 IgG titers in dialysis patients differ significantly between dialysis patients immunized
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by BNT162b2, mRNA-1273, and AZD1222 compared to the reference cohort of mRNA-1273 vac-
cinated healthy individuals. (B) Infection induced anti-SARS-CoV-2 IgG titers in convalescent dial-
ysis patients with (w) and without (w/o) booster shot immunization using BNT162b2 mRNA are
reduced compared to vaccine-induced titer in healthy individuals. (C) Booster shot-induced anti-
SARS-CoV-2 IgG titers in SARS-CoV-2-recovered dialysis patients are elevated compared to mRNA
vaccine-induced titers in SARS-CoV-2-naive dialysis patients. Vaccines used: BNT162b2 (BioN-
Tech/Pfizer, Mainz, Germany/New York City, NY, USA), mRNA-1273 (Moderna, CA, Unites
States), and AZD1222 (AstraZeneca/University of Oxford, Cambridge/Oxford, UK) in dialysis pa-
tients; mRNA-1273 (Moderna, CA, Unites States) in healthy individuals. A Kruskal-Wallis test
across all groups was used to indicated differences to healthy individuals. Mann—-Whitney U test
was used to indicated differences between two groups (*** p < 0.001 and **** p < 0.0001). Data are
represented as median + interquartile range and each patient is depicted by a single dot. IgG: im-
munoglobulin G; BAU: binding antibody unit; SARS-CoV-2: severe acute respiratory syndrome
coronavirus type 2.

3.3. Booster Shot-Induced Humoral Response in Dialysis Patients after Recovery from
COVID-19

Anti-SARS-CoV-2 serology was established in a cohort of 681 dialysis patients, with
54 patients having recovered from COVID-19. Additional booster shots (all BNT162b2)
were administered in 70.4% (38/54) of convalescent dialysis patients (Figure 1C). Com-
pared to healthy individuals vaccinated with mRNA-1273, convalescent dialysis patients
with and without an additional booster shot revealed reduced anti-SARS-CoV-2 IgG val-
ues with no difference between the two groups (Figure 2B). It is of note that, compared to
the mRNA vaccine in immune-naive dialysis patients, booster-shot vaccination in recov-
ered dialysis patients elicited higher anti-SARS-CoV-2 IgG levels (p = 0.07), even after ad-
justment for the assay used and the timespan between blood sampling and vaccination (p
<0.01) (Figure 2C, Supplemental Table S2a and S2b).

3.4. Comparisons between Standardized Anti-RBD and Anti-S1 IgG Titers

To determine if SARS-CoV-2 IgG titers differed between immunoassays targeting
RBD or S1 regions, median IgG titers were compared in 29 dialysis patients 30 days after
their second vaccination with BNT162b2. For the RBD antigen-based assay, the median
IgG titer was 390 BAU/mL (IQR 793), and for the S1 antigen it was 493.48 BAU/mL (IQR
875.74), with a high correlation between both IgG titers (Spearman correlation coefficient
0.99, p <0.0001) (Supplemental Table S3a). In addition, mean IgG titers did not differ sig-
nificantly in these two groups (p = 0.658, Supplemental Table S3b). A Passing—Bablok Re-
gression was also performed to further investigate the comparability of the two quantita-
tive serological assays and revealed sufficient comparability (intercept: 2.6 (95%-confi-
dence interval (CI): —10.7 to 14.7); slope: 1.16 (95% CI: 1.0 to 1.3) (Supplemental Figure S1).

3.5. Humoral Response in SARS-CoV-2-Naive Kidney Transplant Recipients Quantified by
Anti-SARS-CoV-2 Serology after Vaccination

Humoral response was characterized by anti-SARS-CoV-2 serology in 86 SARS-CoV-
2-naive KTX recipients immunized using BNT162b2 with an approximate gap of median
30 days between their second vaccination and sampling (Figure 1D). The serology-based
seroconversion rate in KTX recipients was 39.5% (34/86). Compared to healthy individu-
als, vaccine-induced anti-SARS-CoV-2 titers were heavily impaired in KTX recipients (Fig-
ure 3A).
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Figure 3. Vaccine-induced humoral response quantified by anti-SARS-CoV-2 IgG titers in kidney
transplant recipients and healthy individuals. (A) Vaccine-induced anti-SARS-CoV-2 IgG titers in
kidney transplant recipients are impaired compared to healthy individuals. (B) Vaccine-induced
anti-SARS-CoV-2 IgG titers are significantly elevated in kidney transplant recipients with immuno-
suppression lacking mycophenolate mofetil/mycophenolic acid. Vaccines used: BNT162b2 (BioN-
Tech/Pfizer Mainz, Germany/New York City, NY, USA) in kidney transplant recipients, and
mRNA-1273 (Moderna, CA, United States) in healthy individuals. A Kruskal-Wallis test across all
groups was used to indicate differences with respect to healthy individuals. A Mann-Whitney U
test was used to indicate differences between two groups (*** p < 0.0001). Data are represented as
median + interquartile range and each patient is depicted by a single dot. IgG: immunoglobulin G;
BAU: binding antibody unit; KTX: kidney transplant recipient; MMF: mycophenolate mofetil; MPA:
mycophenolic acid; SARS-CoV-2: severe acute respiratory syndrome coronavirus type 2.

Neither age, sex, nor transplantation mode (deceased or living) was linked to im-
paired seroconversion (Table 3). However, anti-SARS-CoV-2 IgG titers showed a tendency
towards a positive correlation with the timespan between kidney transplantation and vac-
cination (Spearman correlation p = 0.05, Supplemental Table S4a, Supplemental Figure 52).
The seroconversion rate and anti-SARS-CoV-2 IgG levels were significantly lower in KTX
recipients on immunosuppressive regimens containing mycophenolate mofetil (MMF) or
mycophenolic acid (MPA) (Table 3, Figure 3B). In addition, a linear regression model re-
vealed a highly significant correlation between immunosuppressive regimens with
MMEF/MPA and lacking seroconversion (p <0.001, adjusted for vaccine used, age, and time
between sampling and vaccination; Supplemental Table S4b).

Table 3. Baseline characteristics of SARS-CoV-2-naive kidney transplant recipients with determined
anti-SARS-CoV-2 serology after vaccination with BNT162b2 (BioNTech/Pfizer). ABOi: ABO incom-
patible; ADPKD: autosomal dominant polycystic kidney disease; IQR: interquartile range; MME:
mycophenolate mofetil; MPA: mycophenolic acid; mTOR: mechanistic target Of rapamycin; SD:
standard deviation; yrs: years.

Seroconversion No Seroconversion

Baseline Characteristics n=34 =52 p-Value

Age, yrs (+ SD) 60.5 (= 15) 63 (£ 13) 0.090

Sex, n (%)
Female 16 (47.1) 23 (44.2) 0.504

Immunosuppression, 1 (%)

Tacrolimus 26 (76.5) 42 (80.8) 0.632
Cyclosporine A 5(14.7) 9 (17.3) 0.749
Belatacept 0 1(1.9) 0.416

mTOR 4(11.8) 3(5.8) 0.320
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Azathioprine 3(8.8) 3(5.8) 0.587
MMEF/MPA 15 (44.1) 48 (92.3) <0.001
Steroid 30 (88.2) 50 (96.2) 0.159
Pre-existing kidney disease, 1 (%)

Glomerulonephritis 9 (26.5) 19 (36.5) 0.330
Diabetic nephropathy 5(14.7) 3(5.8) 0.163
Hypertensive nephropathy 1(2.9) 1(1.9) 0.759
ADPKD 5(14.7) 4(7.8) 0.299
Other genetic nephropathy 6 (17.6) 14 (26.9) 0.319
Unknown/other 8 (23.5) 10 (19.2) 0.632

Kidney transplantation mode, 7 (%)
Deceased 16 (47.1) 25 (48.1) 0.926
Living donor 16 (47.1) 24 (46.2) 0.934
Living donor ABOi 2 (5.9) 3(5.8) 0.983

3.6. Cellular Response in SARS-CoV-2-Naive Kidney Transplant Recipients Quantified by
Interferon-y Release Assay after Vaccination

The vaccine-induced CD4+ and CD8+ T-cell-mediated cellular response in KTX re-
cipients was quantified using the QuantiFERON SARS-CoV-2, with IFN-y > 0.15 IU/mL
considered as positive. In the case of 32 KTX recipients, cellular and humoral reactivity
were measured prospectively in parallel (Supplemental Table S5). After a median of 61
days after vaccination, anti-SARS-CoV-2 IgG was detected in two patients (patient 1: 13.7
BAU/mL measured 9 days after second BNT162b2 vaccination; patient 2: 99.4 BAU/mL
measured 13 days after BNT162b2 vaccination). Only one patient showed a CD4+ T-cell
response to the SARS-CoV-2 spike protein (antigen 1 = 0.21 IU/mL), whereas anti-SARS-
CoV-2 IgG was not detectable after BNT162b2 vaccination in this patient. In addition, we
did not find any vaccine-induced CD8+ T-cell responses in KTX recipients.

4. Discussion

Dialysis patients and KTX recipients have an impaired immune system and are at
risk for SARS-CoV-2-related complications. In addition, infection risk in dialysis patients
may be increased as social distancing is challenging in dialysis centers, and during travel
to and from the centers [7,23-25]. Hemodialysis units themselves are therefore considered
high-risk venues for SARS-CoV-2 spread to a vulnerable cohort [24]. With increasing
knowledge during the pandemic and implemented precaution measures, transmission
rates in dialysis centers have been decreasing [23,26]. In line with this notion, we reported
ten SARS-CoV-2 infections—three with fatal outcome—in a German surveillance cohort
of 206 dialysis patients in a one-year observational period from April 2020 to April 2021.
Furthermore, we identified an asymptomatic seroconversion in only one dialysis patient,
in contrast to observational studies from China and Spain that reported clinically inap-
parent seroconversion ranging from 24% to 47% [26,27].

Vaccination is a central tool to protect from SARS-CoV-2 infection. However, a di-
minished response to vaccination has been reported for dialysis patients, with neutraliz-
ing antibodies detected in approximately 80% of immunized dialysis patients [1,12,14].
We found a seroconversion rate after vaccination ranging from 71.4% in AZD1222 to
92.6% in BNT162b2 and 93.4% in mRNA-1273 vaccinated patients. Anti-SARS-CoV-2 se-
rology was investigated in a cohort of 627 dialysis patients with additional 54 patients
who had recovered from COVID-19. Of note, vaccine-induced seroconversion in our Ger-
man dialysis cohort was similar to the seroconversion rate after vaccination in healthy
individuals as identified in the pivotal studies [28-30]. In line with this notion, we ob-
served higher seroconversion rates after mRNA-based immunization compared to vector-
based vaccines. Data regarding viral vector-based vaccination in dialysis patients are
scarce. Single-dose Ad26.COV2.S (Janssen-Cilag/Johnson & Johnson, Beerse, Belgium)
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vaccination resulted in a seroconversion rate of 37% among dialysis patients [31]. Sero-
conversion rates after two doses of AZD1222 in dialysis patients have not been reported
yet; however, we established a seroconversion rate of 71.4%. Notwithstanding, the limited
patient numbers receiving AZD1222 have to be acknowledged as a weakness in our study.

Interestingly, genetic nephropathies —other than ADPKD —were associated with di-
minished seroconversion in our cohort. In contrast, neither age, sex, other pre-existing
kidney diseases, nor mode of and years on dialysis were linked to an impaired humoral
response upon vaccination in our dialysis cohort. It is of note that, compared to healthy
individuals, vaccine-induced anti-SARS-CoV-2 titers were strongly reduced in dialysis
patients. Interestingly, mRNA-1273 induced higher anti-SARS-CoV-2 antibody titers com-
pared to BNT162b2. However, the mRNA-1273-vaccinated dialysis cohort was younger
than the BNT162b2 cohort and dialysis was more often due to diabetic nephropathy,
which may additionally influence the observed antibody titers. Notwithstanding, our ob-
servational data point towards a stronger mRNA-1273-induced humoral immune re-
sponse compared to BNT162b2 in SARS-CoV-2-naive dialysis patients [16]. Interestingly,
booster-shot vaccination in dialysis patients after recovery from infection resulted in
higher anti-SARS-CoV-2 IgG titers compared to mRNA vaccine-induced titers in immune-
naive dialysis patients. Anti-S1 and anti-RBD IgG titers were highly correlated in a group
of 29 hemodialysis patients one month after their second BNT162b2 vaccination, in line
with previous findings [32]. In addition, a Passing-Bablok regression showed sufficient
comparability between the two quantitative IgG assays used in the present analysis. How-
ever, the deviation between the two assays seems to increase with increasing levels of IgG
titers. Especially for antibody titers >10,000 BAU/mL, potentially higher S1-IgG than RBD-
IgG titers could be measured. In our largest cohort of SARS-CoV-2-naive dialysis patients,
the assay selection had no influence on the IgG titers normalized in BAU/mL (linear re-
gression model p = 0.281). However, in the significantly smaller group of SARS-CoV-2-
naive patients after KTX, a low significant correlation between the selected assays and the
SARS-CoV-2 IgG titers normalized to BAU/mL was identified (p = 0.04). Nevertheless, all
significant subgroup differences in SARS-CoV-2 IgG titers were still significant after ad-
justing for the selected assays. Due to the large number of different assays available, the
question of the comparability of IgG titers normalized to BAU/mL has been repeatedly
discussed [32]. Our investigations showed that the two assays used are in principle com-
parable and small measurement differences did not affect the conclusions, especially in
the case of large group sizes.

While SARS-CoV-2-naive dialysis patients showed a high vaccine-induced serocon-
version rate, this rate was significantly impaired in KTX recipients. In our German cohort
of 86 KTX recipients, BNT162b2 vaccine-induced seroconversion measured one month af-
ter vaccination was lacking in 60.5% (52/86) of patients. It is of note that recent results
obtained in the RECOVAC Immune Response study point towards a higher seroconver-
sion rate of 56.9% in KTX recipients vaccinated with two doses of mRNA-1273 compared
to BNT162b2 [33,34]. Vaccine-induced anti-SARS-CoV-2 titers were markedly reduced in
KTX recipients compared to healthy individuals. Our data are in line with recently re-
ported data on the antibody response elicited by BNT162b2 in KTX recipients [17-19,35].
A linear regression model identified medication with mycophenolate mofetil (MMF)/my-
cophenolic acid (MPA) as a strong independent risk factor linked to missing seroconver-
sion in our KTX cohort receiving BNT162b2. According to previous evidence, this finding
may point towards pausing this medication in long-term stable KTX recipients around
vaccination as a potential tool to increase seroconversion rates [16,34]. Overall, anti-SARS-
CoV-2 IgG titers were significantly lower in KTX recipients on MMF/MPA in the case of
BNT162b2 vaccination. There are hints that mRNA-1273 elicits stronger immune re-
sponses in KTX recipients [16,34-36]. In addition, we observed that vaccine-induced anti
SARS-CoV-2 antibodies vanished rapidly in KTX recipients, as only 6.1% (2/32) of the pro-
spectively monitored KTX recipients had detectable antibodies at a median of two months
after BNT162b2 vaccination. Considering the impaired humoral response to vaccination
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in KTX recipients, cellular immunity could still provide significant protection, raising
doubts that serological exams help when judging protection from SARS-CoV-2 infection
in at-risk cohorts [36]. Cellular immunity has also been hypothesized to maintain longer-
term protection, even when antibody levels have subsided [37]. Therefore, we determined
the long-term cellular immune response using an IFN-y release assay in addition to hu-
moral reactivity in vaccinated KTX recipients. However, longer-term vaccine-induced
anti-SARS-CoV-2 cellular immune response was low and only detectable in one vac-
cinated KTX recipient. This finding is in line with a recent Belgian study reporting a de-
tectable anti-SARS-CoV-2 T-cell response in approximately 30% of KTX recipients upon
BNT162b2 vaccination [38]. Consequently, our data show that both cellular and humoral
immune response to SARS-CoV-2 vaccination appear to be diminished in KTX recipients,
highlighting the need for additional measures to protect this vulnerable group. The first
data following a third dose of mRNA vaccines in KTX recipients showed a serological
response in about half of the non-responders to the two-dose schedule [39]. Besides
booster immunization, our data support considerations that pausing MMF/MPA prior to
anti-SARS-CoV-2 vaccination may further benefit a protective immune response [36,39].
Notwithstanding, KTX recipients should maintain general hygiene measures and alterna-
tive vaccination strategies should be considered [34].

Taken together, our results indicate that dialysis patients have a seroconversion rate
similar to healthy control groups. A double vaccination with mRNA-1273 generated
higher SARS-COV2 IgG titers in this population than the other examined vaccines.
Whether this finding is associated with a lower infection rate or a milder course in the case
of COVID-19 needs to be further investigated.

The seroconversion in KTX patients was significantly impaired compared to healthy
control groups, and cellular or humoral immune responses after two vaccinations van-
ished rapidly within 2-3 months. Therapy with MME/MPA proved to be an independent
risk factor for missing seroconversion.

Opverall, our data underline the urgent need for a third vaccination and provide first
indications for the possible positive effect of the modification of immunosuppressive ther-

apy.

Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/microorganisms10010004/s1. Table Sla: Baseline characteristics of SARS-CoV-2-naive
dialysis patients vaccinated with BNT162b2 or mRNA-1273; Table S1b: Differences in SARS-CoV-2
IgG in SARS-CoV-2-naive dialysis patients vaccinated with BNT162b2 or mRNA-1273 adjusted for
immunoassay used (RBD vs. S1) and time between sampling and vaccination by a linear multiple
regression model; Table S2a: Baseline characteristics of SARS-CoV-2-naive dialysis patients vac-
cinated with BNT162b2 or mRNA-1273 compared to COVID-19 convalescent dialysis patients re-
ceiving a BNT162b2 booster shot; Table S2b: Differences in SARS-CoV-2 IgG in SARS-CoV-2-naive
dialysis patients vaccinated with BNT162b2 or mRNA-1273 compared to COVID-19 convalescent
dialysis patients receiving a BNT162b2 booster shot after adjusting for assay used (RBD vs. S1) and
time between sampling and vaccination in days by a linear multiple regression model; Table S3a:
Correlation between SARS-CoV-2 IgG measured by Sl-antigen and RBD immunoassay in 29 dialy-
sis patients 30 days after vaccination with BNT162b2 (BioNTech/Pfizer); Table S3b: Comparisons of
mean SARS-CoV-2 IgG measured by Sl-antigen and RBD immunoassay in 29 dialysis patients 30
days after vaccination with BNT162b2 (BioNTech/Pfizer); Table S4a: Correlation of timespan be-
tween transplantation and vaccination in years and SARS-CoV-2 IgG; Table S4b: Linear regression
model of lacking seroconversion and immunosuppressive regimens with mycophenolate mo-
fetil/mycophenolic acid adjusted for assay used, age, and time between sampling and vaccination;
Table S5: Baseline characteristics of SARS-CoV-2-naive kidney transplant recipients with prospec-
tively monitored vaccine-induced humoral and cellular immunity; Figure S1: Passing—Bablok re-
gression for SARS-CoV-2 IgG assays targeting S1 or RBD; Figure S2 SARS-CoV-2 BAU/mL IgG cor-
related with time between transplantation and vaccination
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