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Patients with kidney failure have notoriously weak responses to common vaccines. Thus,
immunogenicity of novel SARS-CoV-2 vaccines might be impaired in this group. To
determine immunogenicity of SARS-CoV-2 vaccination in patients with chronic dialysis,
we analyzed the humoral and T-cell response after two doses of mRNA vaccine
Tozinameran (BNT162b2 BioNTech/Pﬁzer). This observational study included 43
patients on dialysis before vaccination with two doses of Tozinameran 21 days apart.
Overall, 36 patients completed the observation period until three weeks after the second
dose and 32 patients were further analyzed at week 10. Serum samples were analyzed by
SARS-CoV-2 speciﬁc IgG and IgA antibodies ~1, ~3–4 and ~10 weeks after the second
vaccination. In addition, SARS-CoV-2-speciﬁc T-cell responses were assessed at ~3–4
weeks by an interferon-gamma release assay (IGRA). Antibody and T cell outcomes at
this timepoint were compared to a group of 44 elderly patients not on dialysis, after
immunization with Tozinameran. Median age of patients on chronic dialysis was 74.0
years (IQR 66.0, 82.0). The proportion of males was higher (69.4%) than females. Only
20/36 patients (55.6%, 95%CI: 38.29–71.67) developed SARS-CoV-2-IgG antibodies
at the ﬁrst sampling, whereas 32/36 patients (88.9%, 95%CI: 73.00–96.38) demonstrated
IgG detection at the second sampling. In a longitudinal follow-up at ~10 weeks after
the second dose, the proportion of dialysis patients reactive for anti-SARS-CoV-2-IgG
decreased to 27/32 (84.37%, 95%CI: 66.46–94.10) The proportion of anti-SARS-CoV-2
S1 IgA decreased from 33/36 (91.67%; 95%CI: 76.41–97.82) at weeks 3–4 down to
19/32 (59.38; 95%CI: 40.79–75.78). Compared to a cohort of vaccinees with similar age
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but not on chronic dialysis seroconversion rates and antibody titers were signiﬁcantly
lower. SARS-CoV-2-speciﬁc T-cell responses 3 weeks after second vaccination were
detected in 21/31 vaccinated dialysis patients (67.7%, 95%CI: 48.53–82.68) compared to
42/44 (93.3%, 95%CI: 76.49–98.84) in controls of similar age. Patients on dialysis
demonstrate a delayed, but robust immune response three to four weeks after the
second dose, which indicates effective vaccination of this vulnerable group. However, the
lower immunogenicity of Tozinameran in these patients needs further attention to develop
potential countermeasures such as an additional booster vaccination.
Keywords: vaccination, COVID – 19, dialysis, antibody response, SARS – CoV – 2

vaccine Tozinameran (BioNTech/Pﬁzer), which was given 21 days
apart: 1st samples were taken on average 7.8 days (range 7–13,
week 1), 2nd samples were taken on average 21.2 days (range 20–
26, weeks 3–4), and 3rd samples (longitudinal observation) were
taken on average 64.7 days (range 64–70, week 10) after the second
dose. The study ﬂow diagram is shown in Figure 1. Of those two
dialysis patients, who were excluded from analysis due to a known
prior SARS-CoV-2 infection, we obtained serum samples and
marked these in red throughout the ﬁgures. In addition to serum
samples, full blood (Li-Heparin) for T-cell assays was taken at the
2nd time point. At this time point sero-reactivity was compared to
a group of 44 Tozinameran vaccinated persons of similar age but
not on dialysis from two ongoing observational cohort studies
on immunogenicity of SARS-CoV-2 vaccines (9) and to 18
unvaccinated control patients on hemodialysis.

INTRODUCTION
The coronavirus disease 2019 (COVID-19) pandemic has led to
an urgent need for effective strategies, in particular for patients
with kidney failure (KF), who have a high mortality (1). The
COVID-19 vaccine Tozinameran (BioNTech/Pﬁzer) showed
protection from 12 days after the ﬁrst dose (2) and was
demonstrated to be 95% effective in preventing COVID-19 (3).
Robust SARS-CoV-2 antibody responses ≥7 days after the
second dose were detected (4). However, patients with KF have
an impaired response to vaccination (5) and the earliest reports
on COVID-19 vaccination suggest that mRNA vaccines are
immunogenic but some patients on dialysis do not seroconvert
(6–8). Patients on kidney replacement therapy were excluded
from previous trials. We investigated immunogenicity to
COVID-19 vaccination with Tozinameran in 43 patients with
chronic kidney disease (CKD) stage 5 and provide a longitudinal
follow-up at 10 weeks after a second dose.

Antibody Assessment and Testing of IFN-g
Release of SARS-CoV-2-Speciﬁc T Cells
Serum samples of vaccinated dialysis patients were analyzed for
anti-SARS-CoV-2 IgG and IgA antibodies ~1, ~3–4, and ~10
weeks after the second dose by anti-SARS-CoV-2-S1 ELISA.
ELISA was performed according to the manufacturer’s
instructions (Euroimmun Medizinische Labordiagnostika AG,
Lübeck, Germany). Brieﬂy, serum samples were analyzed at a

METHODS
This study includes 43 patients on dialysis. Samples were taken at
three different time points after a second dose of COVID-19

FIGURE 1 | Inclusion diagram dialysis patients.

Frontiers in Immunology | www.frontiersin.org

2

June 2021 | Volume 12 | Article 690698

Schrezenmeier et al.

Tozinameran Vaccination in Patients on Chronic Dialysis

1:101 dilution. Processing and measurement were done using
the fully automated Euroimmun Analyzer I (Euroimmun
Medizinische Labordiagnostika AG). Optical density (OD) ratios
above 1.1 were considered reactive for IgG and IgA (6, 10). At
3–4 weeks after the second doses sero-response was compared to
the control cohorts. Two of the unvaccinated control patients on
hemodialysis were reported to have RT-PCR conﬁrmed COVID-19
in the past (2 and 3 months before sampling). Comparison was
based on a solid phase immunoassay (SeraSpot®Anti-SARS-CoV-2
IgG, Seramun Diagnostica, Heidesee, Germany) using four
antigens, full spike (fS), spike S1 domain, spike receptor binding
domain (RBD), as part of the vaccine, and the nucleocapsid antigen
(N), to discriminate between vaccine and SARS-CoV-2 infection
induced response. The four antigens and test speciﬁc controls are
printed in an array arrangement on the bottom of each of the well.
Bound antibodies from the patient sera are detected by use of
horseradish peroxidase-(HRP)-labeled antibodies against human
IgG. Color intensity (SpotSight®plate scanner) at the site of formed
immune complexes correlates to the antibody concentration.
Results were calculated and as normalized signal-to-cutoff
(S/CO) ratios by dividing the observed signal strength of a
speciﬁc spot by that of an internal cutoff control. Samples with
an S/CO ratio of ≥1.0 are deﬁned by the manufacturer as reactive.
Potential neutralizing capacity of antibodies was tested by a
surrogate virus neutralization test according to the manufacturer´s
instructions (cPass Assay, Medac, Wedel, Germany) (11, 12).
Brieﬂy, serum samples, positive and negative controls were
diluted 1:10 with sample dilution buffer, mixed 1:1 with HRPRBD solution and incubated at 37°C for 30 min. 100 µl of each
sample was added to the hACE2 coated plate and incubation at
37°C for 15 min. After a washing step, TMB solution was added,
and the plate was incubated in the dark at room temperature for
15 min. Then, 50 µl stop solution was added per well and the
optical density at 450 nm was measured. For calculation of the
relative inhibition, the following formula was applied: Inhibition
score (%) = (1 − (OD value sample/OD value negative control) ×
100%). Samples were considered negative at an inhibition of <30%
and positive at an inhibition of ≥30%.
Finally, we applied a commercially available interferon-gamma
release assay (IGRA) for assessment of IFN-g release of SARS-CoV2-speciﬁc T-cell. (Euroimmun Medizinische Labordiagnostika AG,
Lübeck, Germany). Here, in parallel 0.5 ml freshly collected lithiumheparin blood (~4 h after blood sampling) was stimulated with a
SARS-CoV-2 peptide pool from the spike domain, 0.5 ml of blood
was stimulated with mitogen as a positive control (Supplementary
Figure S4), and 0.5 ml of blood in a blank as a negative control.
After 24 h of incubation (at 37°C) IFN-g concentration in the
plasma fraction of all three stimulation tubes was measured by
ELISA. IFN-g response in the blank served as a measure of
patient-individual background IFN-g activity and was subtracted
from IFN-g response in the stimulation tubes. Only samples
showing an IFN-g activity of at least 100 mIU/ml in the mitogen
stimulated tube were further analyzed.

Germany (approval number EA4/188/20) and by the local ethics
committee of Sachsen-Anhalt (EA7/21). The testing of nondialysis control subjects is part of ongoing studies on SARS-CoV-2
infection and immunogenicity of COVID-19 vaccines in elderly
people and healthcare workers under Charité ethical review
board ﬁle numbers EA1/068/20, EA4/244/20, and EA4/245/20
(9). Written informed consent was obtained from all patients and
healthy volunteers before inclusion in the studies. The studies
were carried out in line with the guidelines of Good Clinical
Practice (ICH 1996) and the Declaration of Helsinki.

Statistics
Statistical analyses were performed using GraphPad Prism
Version 9. Measurements were tested for normal/lognormal
distribution prior to analysis. Differences between groups that
deviated signiﬁcantly from Gaussian distribution were assessed by
Mann‐Whitney U test (two groups) or Kruskal–Wallis test (more
than two groups) and paired samples (repeat measurements) were
compared using the Wilcoxon matched-pairs signed rank test.
Correlations were calculated using Spearman’s rank coefﬁcient. P
values less than 0.05 were considered signiﬁcant. Qualitative
outcomes of different cohorts of vaccinees were assessed using
Chi square test with Yates’ correction. All 95% conﬁdence
intervals for proportions were calculated using the Wilson
procedure with a correction for continuity (13).

RESULTS
Patient and Clinical Characteristics
43 patients with chronic kidney disease (CKD) stage 5 were initially
vaccinated with Tozinameran (BNT162b2 BioNTech/Pﬁzer). Three
out of 43 patients developed SARS-CoV-2 infection at 11, 14 and 16
days after the ﬁrst vaccination, of whom one patient died from
COVID-19 infection 19 days after the ﬁrst vaccination. One patient
died from sepsis 37 days after ﬁrst vaccination (likely unrelated to
vaccination and COVID-19) and three patients missed at least one
follow-up measurement, thus the remaining 36 patients were
included in the study. Of these 34 patients 32 were on
hemodialysis and two on peritoneal dialysis. Patients had a
median age of 74.0 years (IQR 66.0, 82.0) with a female to male
ratio of 11:25. The vaccinated non-dialysis cohort had a median age
of 80.0 years (IQR 75.75, 82.25), with a female to male ratio of 30:14.
Patient characteristics are summarized in Table 1.

Dynamics of Antibody Levels in
Vaccinated Dialysis Patients
One week after the second dose of Tozinameran, 20/36 sera of
dialysis patients (55.56%; 95%CI: 38.29–71.67) were reactive for
anti-SARS-CoV-2-IgG (Figure 2A). Antibody response rate
increased to 32/36 patients (88.9%; 95%CI: 73.0–96.4) within
three weeks after the second dose and 33/36 sera (91.67%; 95%
CI: 76.41–97.82) were also reactive for anti-SARS-CoV-2-IgA
(Figure 2B). Neutralizing capacity of antibodies was detected in
28/36 (77.78% 95%CI: 60.42–89.28) sera using sNT (Figure 2C).
Sera were not reactive for anti-SARS-CoV-2-N IgG except for
four cases of PCR-conﬁrmed SARS-CoV-2 infection (Figure 2D,

Ethical Statement
This study was approved by the local institutional review board
of the ethics committee of Charité -Universitätsmedizin Berlin,
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TABLE 1 | Patient characteristics.
Age

Median years (IQR)
Under 50
Between 50 and 59
Between 60 and 69
≥70
Male
Female
Renal
replacement therapy
Hemodialysis
Peritoneal dialysis
Years since start of renal
replacement therapy
[Median (IQR)]
Co-Morbidities
Hypertension
Diabetes mellitus
Obesity (BMI >30)
Malignancy (recent or
history of)

Vaccinated Dialysis
Patients (DP, n = 36)

74.0 (66.0, 82.0)
1
5
10
20
25
11

Vaccinated Non-Dialysis
Controls (non-DC, n = 44)

80.0 (75.75, 82.25)
2
2
3
36
14
30

34
2
5 [2, 9]

29
16
13
4

22
9
5
8

Unvaccinated Dialysis
Patients (DP, n = 18)

Statistical group difference (p-value)
Vaccinated DP vs
vaccinated-non-DC

Vaccinated DP vs
unvaccinated DP

63 (45.25, 74.5)
6
2
4
6
12
6

0.226
1.000
0.234
0.015
0.014
0.001
0.001

0.007
0.04
1.000
0.751
0.148
1.000
1.000

17
1
2 (1, 6.25)

NA
NA
NA

1.000
1.000
0.034

15
7
4
3

0.005
0.029
0.14
0.532

1.000
0.776
0.364
0.674

NA, not applicable.

indicated in red) and one patient of the unvaccinated control group.
This patient did not show antibodies against the spike antigens and
did not test positive in IGRA. This could be explained by a test
artifact or by partial immune response after infection. SARS-CoV-2
speciﬁc T-cells, were present three weeks after the second
vaccination in 21/31 patients (67.74%; 95%CI: 48.53–82.68)
(Figure 2E). IGRA correlated positively and signiﬁcantly
(p <0.001) with anti-SARS-CoV-2-S1 IgG (Supplementary Data,
Figure S1), conﬁrming a speciﬁc response of both B and T cells to
Tozinameran. For a longitudinal follow-up of vaccinated patients on
dialysis we retrieved serum samples from 34 patients ten weeks after
the second dose of Tozinameran. The two participants with a
history of PCR-conﬁrmed SARS-CoV-2 infection were again
excluded from analysis but shown in red throughout the ﬁgures.
In the analysis, the proportion of dialysis patients reactive for antiSARS-CoV-2-IgG decreased to 27/32 (84.37; 95%CI: 66.46–94.10)
(Figure 2A). Along the same line, the frequency of anti-SARS-CoV2-IgA reactive patients decreased to 19/32 (59.38; 95%CI: 40.79–
75.78) (Figure 2B).

99.21) and 93.18% (95%CI: 80.29–98.22) for controls,
respectively (both p <0.05). For the S1 antigen and the sNT,
differences between cohorts were similar, although not
statistically signiﬁcant with 77.14% (95%CI: 59.44–88.95) and
77.78% (95%CI: 60.42–89.28) seropositivity for patients on
dialysis versus 90.91% (95%CI: 77.42–97.05) and 87.80% (95%
CI: 72.99–95.42) for controls, respectively (p = 0.09 for S1
antigen and p = 0.39 for sNT).

Comparison of Antibody Levels to
an Age-Similar Non-Dialysis Cohort

DISCUSSION

Antibody levels of vaccinated patients on dialysis ~3–4 weeks
after the second dose were signiﬁcantly (p <0.01) lower than in
the vaccinated control cohort sampled four weeks after the
second dose for all four test systems (Figure 2F and
Supplementary Data: Figure S2, S3). In line with this, the
percentage of patients with antibody levels above the threshold
was higher for the vaccinated control cohort than for patients on
dialysis. For fS and RBD antigens these rates differ signiﬁcantly,
with 77.14% (95%CI: 59.44–88.95) and 71.43% (95%CI: 53.48–
84.76) for patients on dialysis versus 95.45% (95%CI: 83.29–

We demonstrate a high percentage of SARS-CoV-2 speciﬁc
seroreactivity after mRNA vaccination with Tozinameran in
patients on dialysis. However, the observed response was
signiﬁcantly lower compared to control patients of similar age not
on dialysis as well as otherwise reported patients older than 75 years
of age (3). Within the longitudinal follow-up time of ten weeks after
the second dose of vaccination with Tozinameran, SARS-CoV-2-S1
IgG antibody levels in every 7th dialysis patient remained or
decreased to below the threshold for positivity as depicted by
pairwise comparison of anti-SARS-CoV-2 IgG responses.

Frontiers in Immunology | www.frontiersin.org

T-Cell Response to S1 Stimulation in
Vaccinated Dialysis Patients
In line with differences in antibody levels, T-cell reactivity to S1
peptide stimulation showed signiﬁcantly lower levels of
interferon-g release in the dialysis cohort (67.74%; 95%CI:
48.53–82.68) compared to the vaccinated control cohort
(93.33%; 95%CI: 76.49–98.84) (p <0.05, Figure 2E). Patients
not reactive in serologic assays showed negative results for SARSCoV-2 speciﬁc T-cell responses.
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FIGURE 2 | SARS-CoV-2 speciﬁc humoral responses in vaccinated and unvaccinated dialysis patients and vaccinated non-dialysis controls. Anti-SARS-CoV-2 S1
IgG and IgA (A, B) were measured in serum of dialysis patients on days 7–13 (n = 37), days 20–26 (n = 36) and days 64–70 (n = 32) after a second dose of
Tozinameran (BNT162b2) with unvaccinated dialysis patients as controls (n = 18) using a EUROIMMUN ELISA. Participants with a history of PCR-conﬁrmed SARSCoV-2 infection were shown and marked in red but were excluded from analysis. A surrogate virus neutralization test (C) as well as anti-nucleocapsid IgG (D) were
measured 20–26 days after the second vaccination in dialysis patients, vaccinated individuals of similar age (n = 44), and unvaccinated dialysis patients (n = 18)
utilizing the SeraSpot Anti-SARS-CoV-2 IgG assay and Medac cPass. One vaccinated dialysis patient was excluded as the internal assay control failed. (E) Whole
blood from vaccinated and unvaccinated dialysis patients and non-dialysis individuals was stimulated ex vivo with a SARS-CoV-2 S1 peptide pool and IFN-g
concentration in the supernatant was measured by ELISA (borderline 45.92; reactive 91.83). SARS-CoV-2 RT-PCR conﬁrmed patients are shown in red. Anti-S1 IgG
(F) was analyzed along the same line as the cohorts in (D, E). Horizontal bars depict the median. IgG, Immunoglobulin G; NP, nucleocapsid protein; RBD, receptor
binding domain; OD, optical density; S/CO, signal-to-cut-off ratio; IU, international unit. < 0.0001 ****, 0.0001 to 0.001 **, 0.01 to 0.05 *, ≥ 0.05.

after mRNA vaccination of dialysis patients is an interesting
observation, as mucosal IgA plays a major role for the
protection against respiratory infections (22). If IgA detected in
serum after vaccination is part of mucosal immunity is unclear
and warrants further studies including longitudinal comparison to
non-dialysis cohorts. A rapid decay of SARS-CoV-2 speciﬁc IgA
antibodies after SARS-CoV-2 has been shown and may be even
more pronounced in vaccinated individuals (23).
Limitations of our studies include the small cohort size and the
use of only one mRNA vaccine. Therefore, further risk factors
contributing to a negative immune response remain to be deﬁned.
Gender disparity in our cohort may have contributed to differences
in antibody levels although we ﬁrmly believe that the advanced age
of our participants reduces sex related effects (24). Prospective
studies with other vaccines against COVID-19, e.g., viral vector–
based vaccines, will help to elucidate the efﬁcacy of different
vaccines in these patients. Moreover, antibody titer persistence in
patients on dialysis might differ from otherwise healthy persons,
which should be addressed in longitudinal observations (25).
Although our data contrast the robust response rate to
Tozinameran in the elderly (≥75 years) (3), the overall high
percentage of a response three weeks after the second dose,
should encourage rapid vaccination of this vulnerable group.
Patients on dialysis with and without detectable immune

In line with our study on a COVID-19 vaccine, impaired
vaccine immunogenicity in patients on chronic dialysis has been
reported for those with viruses such as inﬂuenza and hepatitis B
(14, 15). The decreased number of B and T cells in patients with
kidney failure undergoing chronic dialysis might contribute to
the differences between patients with KF and without dialysis
(16–18). Moreover, impaired clearance of uremic toxins,
systemic inﬂammation, and malnutrition might contribute to
lower immunogenicity [reviewed in (19)]. These factors need to
be addressed in further studies. However, since patients with KF
were excluded from previous COVID-19 vaccine trials, our data
present an important report of immunogenicity of COVID-19
vaccines in patients on dialysis.
A recent study from Israel, where 1.2M people have been
vaccinated, demonstrated that infection risks vary with patientspeciﬁc characteristics (20). These included age and comorbidities,
e.g. immunosuppression and type 2 diabetes (20), as risk for a
lower immune response. Consistent with that, less robust immune
responses were observed in solid organ transplant recipients after
one dose of mRNA vaccines (21). Of note, in our dialysis cohort,
three patients developed COVID-19 after ﬁrst vaccination, of
whom one died of COVID-19, underlining the need for ongoing
non-pharmaceutical intervention after vaccinations, especially in
these patients. The occurrence of SARS-CoV-2-S1 IgA in serum

Frontiers in Immunology | www.frontiersin.org

5

June 2021 | Volume 12 | Article 690698

Schrezenmeier et al.

Tozinameran Vaccination in Patients on Chronic Dialysis

the manuscript for important intellectual content. All authors
contributed to the article and approved the submitted version.

responses need close monitoring and potentially booster
vaccinations. Our data demonstrate the urgent need for more
detailed studies of the immune response to SARS-CoV-2
vaccines in populations with underlying clinical conditions.
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approved by the Charité ethical review board EA1/068/20, EA4/
244/20, and EA4/245/20. The patients/participants provided
their written informed consent to participate in this study.

ACKNOWLEDGMENTS
We are grateful to the patients who participated in this trial.

AUTHOR CONTRIBUTIONS
ES, LB, KB, FH, VC, and MC planned and designed the study.
ES, LB, DH, UW, TS, IL, J-DL, TD, KKa, PT-L, FK, KB, FH, VC,
and MC designed the study’s analytic strategy and analyzed the
data. MC, AS, KKo, VC, and LS supervised the ﬁeld activities and
data acquisition. ES, VC and MC wrote the ﬁrst draft of the
article. KB, LS, VC, and MC contributed to the critical revision of

SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/ﬁmmu.2021.
690698/full#supplementary-material

REFERENCES
10.

1. Hilbrands LB, Duivenvoorden R, Vart P, Franssen CFM, Hemmelder MH,
Jager KJ, et al. COVID-19-Related Mortality in Kidney Transplant and
Dialysis Patients: Results of the ERACODA Collaboration. Nephrol Dial
Transplant (2020) 35(11):1973–83. doi: 10.1093/ndt/gfaa261
2. Bradley T, Grundberg E, Selvarangan R, LeMaster C, Fraley E, Banerjee D,
et al. Antibody Responses After a Single Dose of SARS-CoV-2 mRNA
Vaccine. N Engl J Med (2021) 384(20):1959–61. doi: 10.1056/NEJMc2102051
3. Polack FP, Thomas SJ, Kitchin N, Absalon J, Gurtman A, Lockhart S, et al.
Safety and Efﬁcacy of the BNT162b2 mRNA Covid-19 Vaccine. N Engl J Med
(2020) 383(27):2603–15. doi: 10.1056/NEJMoa2034577
4. Walsh EE, Frenck RW Jr, Falsey AR, Kitchin N, Absalon J, Gurtman A, et al.
Safety and Immunogenicity of Two RNA-Based Covid-19 Vaccine
Candidates. N Engl J Med (2020) 383(25):2439–50. doi: 10.1056/NEJM
oa2027906
5. Crespo M, Collado S, Mir M, Cao H, Barbosa F, Serra C, et al. Efﬁcacy of
Inﬂuenza A H1N1/2009 Vaccine in Hemodialysis and Kidney Transplant
Patients. Clin J Am Soc Nephrol (2011) 6(9):2208–14. doi: 10.2215/
CJN.02160311
6. Okba NMA, Muller MA, Li W, Wang C, GeurtsvanKessel CH, Corman VM,
et al. Severe Acute Respiratory Syndrome Coronavirus 2-Speciﬁc Antibody
Responses in Coronavirus Disease Patients. Emerg Infect Dis (2020) 26
(7):1478–88. doi: 10.3201/eid2607.200841
7. Simon B, Rubey H, Treipl A, Gromann M, Hemedi B, Zehetmayer S, et al.
Haemodialysis Patients Show a Highly Diminished Antibody Response After
COVID-19 mRNA Vaccination Compared to Healthy Controls. Nephrol Dial
Transplant (2021). doi: 10.1093/ndt/gfab179
8. Speer C, Goth D, Benning L, Buylaert M, Schaier M, Grenz J, et al. Early
Humoral Responses of Hemodialysis Patients After COVID-19 Vaccination
With BNT162b2. Clin J Am Soc Nephrol (2021). doi: 10.2215/CJN.03700321
9. Schwartz T, Tober-Lau P, Hillus D, Helbig ET, Lippert LJ, Thibeault C, et al.
Delayed Antibody and T Cell Response to BNT162b2 in Elderly Compared to

Frontiers in Immunology | www.frontiersin.org

11.

12.

13.

14.

15.

16.

17.

18.

6

Healthcare Workers. Emerg Infect Dis (2021) 27(8). doi: 10.3201/
eid2708.211145
Jahrsdorfer B, Kroschel J, Ludwig C, Corman VM, Schwarz T, Korper S, et al.
Independent Side-By-Side Validation and Comparison of 4 Serological
Platforms for SARS-CoV-2 Antibody Testing. J Infect Dis (2021) 223
(5):796–801. doi: 10.1093/infdis/jiaa656
von Rhein C, Scholz T, Henss L, Kronstein-Wiedemann R, Schwarz T,
Rodionov RN, et al. Comparison of Potency Assays to Assess SARS-CoV-2
Neutralizing Antibody Capacity in COVID-19 Convalescent Plasma. J Virol
Methods (2021) 288:114031. doi: 10.1016/j.jviromet.2020.114031
Tan CW, Chia WN, Qin X, Liu P, Chen MI, Tiu C, et al. A SARS-CoV-2
Surrogate Virus Neutralization Test Based on Antibody-Mediated Blockage of
ACE2-Spike Protein-Protein Interaction. Nat Biotechnol (2020) 38(9):1073–8.
doi: 10.1038/s41587-020-0631-z
Newcombe RG. Two-Sided Conﬁdence Intervals for the Single Proportion:
Comparison of Seven Methods. Stat Med (1998) 17(8):857–72. doi: 10.1002/
(sici)1097-0258(19980430)17:8<857::aid-sim777>3.0.co;2-e
Mastalerz-Migas A, Steciwko A, Brydak LB. Immune Response to Inﬂuenza
Vaccine in Hemodialysis Patients With Chronic Renal Failure. Adv Exp Med
Biol (2013) 756:285–90. doi: 10.1007/978-94-007-4549-0_35
Fabrizi F, Dixit V, Messa P, Martin P. Hepatitis B Virus Vaccine in Chronic
Kidney Disease: Improved Immunogenicity by Adjuvants? A Meta-Analysis
Randomized Trials. Vaccine (2012) 30(13):2295–300. doi: 10.1016/
j.vaccine.2012.01.064
Girndt M, Sester M, Sester U, Kaul H, Kohler H. Molecular Aspects of T- and
B-Cell Function in Uremia. Kidney Int Suppl (2001) 78:S206–11. doi: 10.1046/
j.1523-1755.2001.59780206.x
Schaier M, Leick A, Uhlmann L, Kalble F, Morath C, Eckstein V, et al. EndStage Renal Disease, Dialysis, Kidney Transplantation and Their Impact on
CD4(+) T-Cell Differentiation. Immunology (2018) 155(2):211–24.
doi: 10.1111/imm.12947
Deenitchina SS, Ando T, Okuda S, Kinukawa N, Hirakata H, Nagashima A,
et al. Cellular Immunity in Hemodialysis Patients: A Quantitative Analysis of

June 2021 | Volume 12 | Article 690698

Schrezenmeier et al.

19.

20.

21.

22.
23.

24.

Tozinameran Vaccination in Patients on Chronic Dialysis

25. Lesny P, Anderson M, Cloherty G, Stec M, Haase-Fielitz A, Haarhaus M, et al.
Immunogenicity of a First Dose of mRNA- or Vector-Based SARS-CoV-2
Vaccination in Dialysis Patients: A Multicenter Prospective Observational
Pilot Study. J Nephrol (2021). doi: 10.1007/s40620-021-01076-0

Immune Cell Subsets by Flow Cytometry. Am J Nephrol (1995) 15(1):57–65.
doi: 10.1159/000168802
Zimmermann P, Curtis N. Factors That Inﬂuence the Immune Response to
Vaccination. Clin Microbiol Rev (2019) 32(2):e00084–18. doi: 10.1128/
CMR.00084-18
Yelin I, Katz R, Herzel E, Berman-Zilberstein T, Ben-Tov A, Kuint J, et al.
Associations of the BNT162b2 COVID-19 Vaccine Effectiveness With Patient
Age and Comorbidities. medRxiv (2021). doi: 10.1101/2021.03.16.21253686.
2021.03.16.21253686.
Boyarsky BJ, Werbel WA, Avery RK, Tobian AAR, Massie AB, Segev DL, et al.
Immunogenicity of a Single Dose of SARS-CoV-2 Messenger RNA Vaccine in
Solid Organ Transplant Recipients. JAMA (2021) 325(17):1784. doi: 10.1001/
jama.2021.4385
Strugnell RA, Wijburg OL. The Role of Secretory Antibodies in Infection
Immunity. Nat Rev Microbiol (2010) 8(9):656–67. doi: 10.1038/nrmicro2384
Marot S, Malet I, Leducq V, Zaﬁlaza K, Sterlin D, Planas D, et al. Rapid Decline
of Neutralizing Antibodies Against SARS-CoV-2 Among Infected Healthcare
Workers. Nat Commun (2021) 12(1):844. doi: 10.1038/s41467-021-21111-9
Potluri T, Fink AL, Sylvia KE, Dhakal S, Vermillion MS, Vom Steeg L, et al.
Age-Associated Changes in the Impact of Sex Steroids on Inﬂuenza Vaccine
Responses in Males and Females. NPJ Vaccines (2019) 4:29. doi: 10.1038/
s41541-019-0124-6

Frontiers in Immunology | www.frontiersin.org

Conﬂict of Interest: KK is partly contractually provided to Labor Berlin-Charite ́
Vivantes GmbH. VC is named together with Euroimmun GmbH on a patent
application ﬁled recently regarding the diagnostic of SARS-CoV-2 by
antibody testing.
The remaining authors declare that the research was conducted in the absence of
any commercial or ﬁnancial relationships that could be construed as a potential
conﬂict of interest.
Copyright © 2021 Schrezenmeier, Bergfeld, Hillus, Lippert, Weber, Tober-Lau,
Landgraf, Schwarz, Kappert, Stefanski, Sattler, Kotsch, Dörner, Sander, Budde,
Halleck, Kurth, Corman and Choi. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

7

June 2021 | Volume 12 | Article 690698

