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ABSTRACT

Background: The objective of this study was to evaluate the immunogenicity of coronavirus 
disease 2019 (COVID-19) vaccination in patients with end-stage renal disease (ESRD) on 
hemodialysis.
Methods: ESRD patients at the hemodialysis center of a tertiary-care university-affiliated 
hospital and healthy employees at the clinical laboratory center were prospectively recruited 
between March and June 2021. For severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) antibody analysis, blood samples were collected serially on days 0, 14, 28, and 56 after 
the first vaccine dose, and on days 7 and 50 after the second dose. Antibodies against the 
SARS-CoV-2 spike protein were quantified, and SARS-CoV-2 neutralizing antibodies were 
measured in the serum and plasma.
Results: Thirty-one ESRD patients and 55 healthy employees were regularly monitored. 
Twenty-five (80.6%) ESRD patients on hemodialysis received a mix-and-match strategy with 
ChAdOx1-BNT162b2 (AZ–Pf group) and six (19.4%) received two doses of ChAdOx1 (AZ–AZ 
group). ESRD patients on hemodialysis showed lower binding antibody titers and neutralizing 
antibody activities compared to healthy participants following the first vaccination with 
ChAdOx1. After the second dose, AZ-Pf group had higher immunogenicity than healthy people 
on days 7 and 50. The binding antibody titer and neutralizing antibody activities on days 7 and 
50 were significantly higher in the AZ–Pf group than in the AZ–AZ group.
Conclusion: ESRD patients on hemodialysis receiving the mix-and-match strategy 
(ChAdOx1–BNT162b2) have COVID-19 vaccine immunogenicity comparable to healthy 
individuals receiving two doses of ChAdOx1.
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INTRODUCTION

Since the emergence of coronavirus disease 2019 (COVID-19) in China in late December 
2019, it has spread rapidly across the globe, resulting in a historical pandemic.1 To overcome 
such an unprecedented disastrous situation, some effective vaccines target the severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2) were developed at the end of 2020 and 
many countries have been operating the national immunization program for COVID-19 using 
newly developed vaccines.2,3

Although its high efficacy of COVID-19 vaccination in reducing the severity of COVID-19 
has been well established, its immunogenicity and effectiveness seem to be lower in 
immunocompromised patients than in healthy populations.4 Accordingly, in many countries, 
the additional dose of vaccination has been highly recommended for immunocompromised 
patients, including transplant recipients.5

End-stage renal disease (ESRD) is a well-known clinical condition that tends to show a 
reduced response to vaccination because of the impaired immune response associated with 
uremia; especially, patients on hemodialysis are at high risk of death from COVID-19.6,7 
Despite this, there is insufficient data regarding the immune response against the COVID-19 
vaccine among patients with ESRD. The objective of this study was to evaluate the 
immunogenicity of COVID-19 vaccination in patients with ESRD on hemodialysis.

METHODS

Study setting
A prospective observational cohort study was conducted at the hemodialysis center of 
a tertiary-care university-affiliated hospital (with 123 ESRD patients) and at a clinical 
laboratory center (with 872 employees) in Korea. Patients with ESRD at the hemodialysis 
center and employees at the clinical laboratory center were recruited for the study between 
March and June 2021. The inclusion criteria were: 1) those who had intended to get 
vaccinated with the COVID-19 vaccine according to the National Immunization Program and 
2) those who provided informed consent to the study protocol. The exclusion criteria were as 
follows: 1) age < 18 years, 2) pregnancy, 3) medical history of COVID-19 before vaccination, 
and 4) history of vaccination with any type of COVID-19 vaccine before participation in 
the study. The recruitment advertisement that included the inclusion/exclusion criteria 
was posted on the bulletin boards of each institution, and those wishing to participate 
were enrolled in the study. The study protocol was also registered on ClinicalTrials.gov 
(NCT04871945) and is completed status.

National Immunization Program against COVID-19 in Korea during the study 
period
As part of the National Immunization Program against COVID-19, employees at medical 
institutions in Korea were mainly vaccinated with ChAdOx1 nCoV-19 adenovirus-based vector 
vaccine (ChAdOx1; Vaxzevria, AstraZeneca, Oxford, UK). Accordingly, all participants from 
the clinical laboratory center were vaccinated with two doses of ChAdOx1 (at 0 and 12 weeks). 
In comparison, patients with ESRD could choose either two doses of ChAdOx1 or a mix-
and-match strategy, wherein they received ChAdOx1 as the first dose followed by the mRNA 
vaccine BNT162b2 (Comirnaty, BioNTech, Mainz, Germany) (second dose) after 11 weeks.
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Data and sample collection
Demographic and clinical data, including age, sex, height, weight, underlying comorbidities, 
and the use of medications were collected after the administration of the first dose. 
Furthermore, local, and systemic adverse events within a week after vaccination were 
recorded for both the first and second doses.

For the analysis of antibodies for SARS-CoV-2, blood samples were collected serially from 
the participants at days 0, 14, 28, and 56 after administration of the first dose, and on days 7 
and 50 after administration of the second dose (Supplementary Fig. 1). A time difference of 
± 3 days was allowed for each point of sampling except day 0 where a time difference of only 
± 1 day was allowed. For patients with ESRD, blood samples were obtained from an arterial 
needle prior to connecting the arterial blood tubing or flushing the needle before starting 
hemodialysis. No saline and/or heparin were present in the arterial needle or tubing prior to 
drawing the blood sample.

Laboratory tests
From serum and plasma samples, antibodies against the SARS-CoV-2 spike protein were 
quantified using Roche Elecsys® Anti-SARS-CoV-2 S (Roche Diagnostics GmbH, Mannheim, 
Germany) and SARS-CoV-2 neutralizing antibodies were measured using both cPass™ SARS-
CoV-2 Neutralization Antibody Detection Kit (GenScript USA Inc., Piscataway, NJ, USA) and 
R-FIND SARS-CoV-2 Neutralizing Antibody ELISA (SG Medical Inc., Seoul, Korea). The cut-
off value for each test was set following the value provided by the manufacturer: > 0.8 U/mL 
for Elecsys® Anti-SARS-CoV-2 S and > 30% inhibition for both tests for neutralization.

In patients with hemodialysis, the results of biochemical tests, performed as a regular 
examination before and after the second hemodialysis session of the week immediately prior 
to enroll, were obtained as the baseline laboratory values.8 Serum calcium concentration 
was measured using a Hitachi 7600 series automatic biochemical analyzer (Hitachi High-
Technologies, Tokyo, Japan) and corrected serum calcium was calculated using the following 
formula9:

Corrected Serum Calcium (mg/dL) = �Measured Total Calcium (mg/dL)  
+ 0.8 × (4.0 − Serum Albumin [g/dL]).

Early responsiveness to ChAdOx1 vaccination among ESRD patients on 
hemodialysis
To find out the indicators that predict early responsiveness to ChAdOx1 vaccination among 
ESRD patients on hemodialysis, more detailed clinical and laboratory data were collected. 
We defined participant who obtained SARS-CoV-2 nAbs ≥ 30% inhibition at 28th days after 
priming vaccination as an early responder and the others as a delayed responder.

Statistical analyses
Categorical variables were analyzed using the χ2 test or Fisher’s exact test, as appropriate, and 
continuous variables were analyzed using the Mann–Whitney U test or the independent t-test, 
as appropriate.

Serial changes in binding and neutralizing antibody titers between study days were compared 
using the Wilcoxon signed-rank test, and the Cochrane–Armitage test for trend was used to 
compare the proportions of categorical variables between groups.
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Multiple Cox-proportional hazard model was performed to determine independent variables 
affecting early responsiveness to ChAdOx1 vaccination among ESRD patients, and Gray’s test 
was used for checking if cumulative incidence curves were the same at all-time points.

A two-tailed P value of < 0·05 was considered statistically significant. Statistical Analysis 
Software version 9.4 (SAS Institute Inc., Cary, NC, USA) was used for all analyses.

Ethics statement
The study protocol was approved by the Institutional Review Board (IRB) of Hanyang 
University Seoul Hospital (IRB number: 2021-02-033), and written informed consent was 
obtained from all participants.

RESULTS

Baseline characteristics of participants
A total of 33 patients with ESRD on hemodialysis and 55 healthy employees were enrolled in 
the study and regular monitoring was performed on the participants according to the study 
protocol. Two patients with ESRD on hemodialysis dropped out during the study period; 
one dropped out due to death (not associated with the study) and another was transferred to 
another hemodialysis center. Finally, regular monitoring was performed on 31 patients with 
ESRD on hemodialysis and 55 healthy employees according to the study protocol. Of the 
patients with ESRD on hemodialysis, 25 (80.6%) participants received the mix-and-match 
strategy (AZ–Pf group), and six (19.4%) received two doses of ChAdOx1 (AZ–AZ group). All 
healthy employees received two doses of ChAdOx1.

The median age of patients with ESRD on hemodialysis was 60 years (interquartile range 
[IQR], 53–62), which was higher than that of healthy employees (median age, 36; IQR, 
28–44) (P < 0.001). The Charlson’s comorbidity index (CCI) score was higher in patients with 
ESRD on hemodialysis when compared with healthy employees (3.29 ± 1.16 vs. 0.04 ± 0.19, P 
< 0.001). However, there was no significant difference in the proportion of female sex (51.6% 
vs. 45.5%, P = 0.583) and body mass index (BMI, 22.8 ± 4.3 vs. 23.1 ± 32.7; P = 0.660) between 
patients with ESRD and healthy employees. Furthermore, there was no significant difference 
in age, sex, BMI, and CCI between the AZ–Pf and AZ–AZ groups.

Serial change in humoral immunogenicity of COVID-19 vaccination
The overall immunogenicity was summarized in Table 1. We found that patients with ESRD on 
hemodialysis had not only consistently lower binding antibody titers and neutralizing antibody 
activities, but also poor vaccination efficacy compared to healthy people during the observation 
period following the first vaccination with ChAdOx1 (Fig. 1). However, it was noted that, on day 
7 after vaccination with the second dose, the binding antibody titer and neutralizing antibody 
activities of patients with ESRD on hemodialysis increased to a similar degree as those of 
the healthy participants. On day 50 after the second vaccination, these increases were more 
prominent and patients with ESRD on hemodialysis had higher binding antibody titer and 
neutralizing antibody activities as compared with the control group. Finally, all participants in 
both groups obtained reactive (positive) binding and neutralizing antibody values.

We found that there was some difference in the immunogenicity of patients with ESRD on 
hemodialysis according to the type of second vaccination used. In the AZ–AZ group, patients 
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with ESRD on hemodialysis had lower binding antibody titers and neutralizing antibody 
activity at 7 days post-second vaccination. In the AZ–Pf group, patients with ESRD on 
hemodialysis had higher immunogenicity than healthy people (Fig. 2, Supplementary Fig. 2). 
After the second dose of vaccination, the binding antibody titer and neutralizing antibody 
activities on days 7 and 50 were significantly higher in the AZ–Pf group than in the AZ–AZ 
group (Fig. 2A-C). For further analysis, we compared the immunogenicity according to the 
type of second vaccination used, by measuring the change between day 56 after the first 
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Table 1. Summary of immunogenicity of COVID-19 vaccination between healthy people and patients with end-stage renal disease
Variables Healthy people, two 

doses of ChAdOx1
ESRD patients, 

ChAdOx1-BNT162b2
P valuea ESRD patients, two 

doses of ChAdOx1
P valueb

SARS-CoV-2 binding antibody titer measured by Elecsys® Anti-SARS-CoV-2 S, AU/mL
Day 0, from 1st dose 0.4 ± 0.0 0.4 ± 0.0 1.000 0.4 ± 0.0 1.000
Day 14, from 1st dose 6.4 ± 13.2 0.8 ± 1.5 < 0.001 0.5 ± 0.2 0.003
Day 28, from 1st dose 62.3 ± 60.3 15.0 ± 28.8 < 0.001 23.3 ± 46.9 0.020
Day 56, from 1st dose 69.0 ± 53.3 27.1 ± 39.0 < 0.001 39.7 ± 69.3 0.030
Day 7, from 2nd dose 1,192.0 ± 881.7 3,028.3 ± 2,687.2 0.004 523.9 ± 672.9 0.042
Day 50, from 2nd dose 1,149.9 ± 1,493.4 2,373.9 ± 1,075.9 < 0.001 891.9 ± 1,256.8 0.229

SARS-CoV-2 neutralizing antibody activity measured by cPass™ SARS-CoV-2 Neutralization Antibody Detection Kit, % inhibition
Day 0, from 1st dose 10.1 ± 10.4 4.5 ± 4.6 0.116 9.5 ± 5.1 0.697
Day 14, from 1st dose 24.7 ± 18.5 14.0 ± 9.1 0.016 6.5 ± 10.2 0.024
Day 28, from 1st dose 50.4 ± 21.2 20.4 ± 16.6 < 0.001 20.7 ± 19.4 0.010
Day 56, from 1st dose 42.5 ± 18.5 17.7 ± 18.4 < 0.001 27.7 ± 25.4 0.096
Day 7, from 2nd dose 74.8 ± 20.3 86.7 ± 18.2 < 0.001 61.4 ± 29.4 0.291
Day 50, from 2nd dose 77.0 ± 17.6 91.7 ± 14.4 < 0.001 74.8 ± 26.1 0.832

SARS-CoV-2 neutralizing antibody activity measured by R-FIND SARS-CoV-2 Neutralizing Antibody ELISA, % inhibition
Day 0, from 1st dose 0.3 ± 6.4 −7.2 ± 4.3 < 0.001 −6.2 ± 4.3 0.015
Day 14, from 1st dose 27.2 ± 20.8 −3.9 ± 9.2 < 0.001 −5.6 ± 7.4 0.001
Day 28, from 1st dose 45.4 ± 25.7 14.2 ± 20.7 < 0.001 23.7 ± 22.6 0.063
Day 56, from 1st dose 45.7 ± 22.0 14.4 ± 22.1 < 0.001 26.5 ± 22.1 0.055
Day 7, from 2nd dose 86.3 ± 13.5 87.8 ± 18.2 0.210 64.5 ± 27.4 0.030
Day 50, from 2nd dose 84.6 ± 14.2 93.4 ± 5.5 0.002 76.1 ± 28.6 0.485

Proportion of positive result of SARS-CoV-2 binding antibody measured by Elecsys® Anti-SARS-CoV-2 S
Day 0, from 1st dose 0 0 0
Day 14, from 1st dose 38 (69) 3 (12) < 0.001 1 (17) 0.020
Day 28, from 1st dose 54 (98) 18 (72) < 0.001 4 (67) 0.024
Day 56, from 1st dose 55 (100) 23 (92) 0.106 6 (100)
Day 7, from 2nd dose 55 (100) 25 (100) 6 (100)
Day 50, from 2nd dose 55 (100) 25 (100) 6 (100)

Proportion of positive result of SARS-CoV-2 neutralizing antibody activity measured by cPass™ SARS-CoV-2 Neutralization Antibody Detection Kit
Day 0, from 1st dose 1 (2) 0 1.000 0 1.000
Day 14, from 1st dose 21 (38) 1 (4) < 0.001 0 0.085
Day 28, from 1st dose 44 (80) 5 (20) < 0.001 1 (17) 0.004
Day 56, from 1st dose 41 (75) 5 (20) < 0.001 3 (50) 0.335
Day 7, from 2nd dose 54 (98) 25 (100) 1.000 5 (83) 0.189
Day 50, from 2nd dose 55 (100) 24 (96) 0.313 5 (83) 0.098

Proportion of positive result of SARS-CoV-2 neutralizing antibody activity measured by R-FIND SARS-CoV-2 Neutralizing Antibody ELISA
Day 0, from 1st dose 0 0 0
Day 14, from 1st dose 26 (47) 1 (4) < 0.001 0 0.033
Day 28, from 1st dose 42 (76) 5 (20) < 0.001 3 (50) 0.179
Day 56, from 1st dose 45 (82) 5 (20) < 0.001 2 (33) 0.021
Day 7, from 2nd dose 55 (100) 25 (100) 5 (83) 0.098
Day 50, from 2nd dose 55 (100) 25 (100) 5 (83) 0.098

Results are expressed as mean ± standard deviation or frequencies (and proportions).
COVID-19 = coronavirus disease 2019, ESRD = end-stage renal disease, SARS-CoV-2 = severe acute respiratory syndrome coronavirus 2, ELISA = enzyme-linked 
immunosorbent assay.
aComparison between Healthy people, two doses of ChAdOx1 and ESRD patients, ChAdOx1-BNT162b2.
bComparison between Healthy people, two doses of ChAdOx1and ESRD patients, two doses of ChAdOx1.
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vaccination and day 7 after the second vaccination. We found that the range of change in 
immunogenicity was larger in AZ-Pf group than AZ-AZ group (Fig. 2D-F).

Adverse effects of COVID-19 vaccination
Regarding adverse effects, the proportion of participants with injection site swelling, 
heating sensation at the injection site, headache, and fatigue were higher within 7 days of 
the first dose among healthy people when compared to patients with ESRD on hemodialysis. 
In comparison, there was no significant difference in the proportion of participants with 
adverse effects after the second vaccination dose between healthy people and patients with 
ESRD on hemodialysis (Fig. 3).
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Fig. 3. Adverse effects after COVID-19 vaccination. 
(A) Comparison between healthy people and patients with ESRD on hemodialysis. (B) Comparison between patients with ESRD on hemodialysis who received 
ChAdOx1–BNT162b2 and those who received two doses of ChAdOx1. 
COVID-19 = coronavirus disease 2019, ESRD = end-stage renal disease. 
aP value <0.05.



Clinical indicator(s) predicting the early responsiveness to ChAdOx1 
vaccination among ESRD patients on hemodialysis
Of ESRD patients on hemodialysis, there were no differences in age and sex between early 
and delayed responders. Five participants with glomerulonephritis as underlying cause of 
ESRD were prescribed with either steroid or mycophenolate mofetil to control extra-renal 
manifestation of underlying diseases. Participants with delayed immune system’s response 
were likely to be steroid users and have increased serum corrected calcium concentration, but 
they were statistically significant. Other baseline characteristics were shown in Table 2.

We performed Cox proportional-hazard model, using age and sex as covariates, to find 
possible clinical predictor of humoral immunogenicity after the first vaccination with 
ChAdOx1 (Table 3). We found that the vaccine-specific humoral responsiveness was deeply 
associated with steroid use (adjusted hazard ratio [HR], 0.719; 95% confidence interval [CI], 
0.590–0.876), serum corrected calcium concentration (adjusted HR, 0.776; 95% CI, 0.627–
0.961), and c-reactive protein level (adjusted HR, 0.933; 95% CI, 0.886–0.981).

Subsequent cumulative-incidence analyses with multiple Cox-proportional hazard 
regression analysis and Gray’s test were performed to compare cause-specific cumulative 
incidence functions between two groups (Fig. 4). Participants with serum corrected calcium 
concentration < 9.0 mg/dL, C-reactive protein (CRP) < 0.7 mg/dL or steroid non-user had better 
immunogenicity. However, our result showed that its difference was significant only between 
participants with corrected calcium concentration < 9.0 and ≥ 9.0 mg/dL (PGray’s test = 0.0247).

DISCUSSION

To the best of our knowledge, this is the first prospective study to evaluate the 
immunogenicity of a mix-and-match COVID-19 vaccination in patients with ESRD on 
hemodialysis. Given that the titers of S protein-targeting antibodies showed a good 
correlation with the neutralization capacity, the efficacy of vaccination among patients with 
ESRD on hemodialysis can be predicted from our study findings.10

There are some studies that have reported on the immunogenicity of BNT162b2 among 
patients with ESRD on hemodialysis and the seroconversion that occurs in the majority of 
patients, but the said immunogenicity seems to be lower than in healthy population.11,12 
According to a recent cohort study, antibody titers following two doses of BNT162b2 were 
similar between patients with ESRD on hemodialysis and healthy participants, whereas 
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Table 2. Baseline characteristics of patients with end-stage renal disease on hemodialysis according to responsiveness to the priming ChAdOx1 vaccination
Variables Delayed respondera (n = 25) Early responderb (n = 8) P value
Age, yr 58.3 ± 9.0 58.8 ± 4.0 0.900
Sex (male), % 14 (56) 4 (50) 1.000
Body mass index, kg/m2 22.6 ± 3.8 23.6 ± 5.8 0.851
SBP before initiation of HD, mmHg 139.8 ± 25.2 142.9 ± 8.3 0.533
DBP before initiation of HD, mmHg 68.4 ± 19.3 60.5 ± 12.0 0.407
Cause of end-stage renal disease

Diabetes mellitus 10 (40) 4 (50) 0.695
Hypertension 7 (28) 2 (25) 1.000
Chronic glomerulonephritis 5 (20) 0 0.302
Others 3 (12) 2 (25) 0.574

(continued to the next page)
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Variables Delayed respondera (n = 25) Early responderb (n = 8) P value
Medical history

Vintage, mon 104.7 ± 85.6 175.0 ± 148.4 0.265
Charlson comorbidity index 3.4 ± 1.7 3.2 ± 1.6 0.808
Cardiovascular disease 9 (36) 2 (25) 0.681
Cerebrovascular disease 2 (8) 1 (13) 1.000
Mycophenolate mofetil user 1 (4) 1 (13) 1.000
Breast cancer 0 1 (13) 0.250
ARB user 15 (60) 4 (50) 0.695
CCB user 10 (40) 6 (75) 0.220
β-blocker user 13 (52) 3 (38) 0.688
α-blocker user 1 (4) 1 (13) 0.432
Sulfonylurea user 3 (12) 1 (13) 1.000
DPP-4 inhibitor user 8 (32) 3 (38) 1.000
Statin user 12 (48) 6 (75) 0.242
Steroid user 4 (16) 0 (0) 0.550
Vitamin D user 17 (68) 3 (38) 0.338
Ca-based P binder user 1 0 1.000
Non-Ca-based P binder user 22 (88) 8 (100) 0.560
ESA user 23 (92) 7 (88) 0.456

Laboratory test
White blood cell, 109/L 5.6 ± 2.1 6.1 ± 2.3 0.677
Hemoglobin, g/dL 11.0 ± 1.0 10.4 ± 0.8 0.209
Platelet, 103/μL 154.0 ± 57.4 168.8 ± 47.1 0.467
Neutrophil, 109/L 3.7 ± 1.5 3.9 ± 1.7 0.753
Lymphocyte, 109/L 1.1 ± 0.5 1.3 ± 0.4 0.240
Sodium, mmol/L 136.3 ± 2.6 136.3 ± 1.8 0.967
Potassium, mmol/L 4.7 ± 0.4 4.6 ± 0.6 0.371
Chloride, mmol/L 99.0 ± 3.1 98.1 ± 2.6 0.544
Total CO2, mmol/L 23.5 ± 2.7 24.1 ± 1.8 0.467
Total protein, g/dL 7.3 ± 0.6 7.3 ± 0.4 0.876
Albumin, g/dL 4.0 ± 0.3 4.1 ± 0.1 0.539
Corrected calcium, mg/dL 9.2 ± 0.8 8.6 ± 0.5 0.062
Phosphorus, mg/dL 4.8 ± 1.5 4.9 ± 1.5 0.967
Fasting blood glucose, mg/dL 143.3 ± 53.0 125.4 ± 23.9 0.400
Hemoglobin A1c, % 6.2 ± 1.0 6.1 ± 0.4 1.000
Cr before initiation of HD, mg/dL 10.5 ± 2.5 9.6 ± 1.9 0.396
BUN before initiation of HD, mg/dL 63.2 ± 19.4 65.4 ± 14.3 0.647
Standard Kt/Vurea 1.6 ± 0.3 1.7 ± 0.3 0.384
Uric acid, mg/dL 5.9 ± 1.3 6.0 ± 1.6 0.900
Total bilirubin, mg/dL 0.7 ± 0.3 0.7 ± 0.4 0.677
Alkaline phosphatase, IU/L 129.0 ± 78.6 138.3 ± 51.1 0.257
AST, IU/L 21.4 ± 7.0 25.4 ± 23.3 0.418
ALT, IU/L 15.6 ± 11.2 24.6 ± 35.9 0.867
γ-Glutamyl transferase, IU/L 31.7 ± 55.7 31.1 ± 21.8 0.418
Lactate dehydrogenase, IU/L 189.1 ± 35.4 197.3 ± 26.2 0.791
Triglyceride, mg/dL 128.9 ± 91.0 125.3 ± 79.7 0.917
HDL-cholesterol, mg/dL 44.2 ± 14.3 43.3 ± 19.2 0.647
LDL-cholesterol, mg/dL 60.7 ± 18.6 52.0 ± 8.1 0.209
CRP, mg/dL 0.6 ± 1.4 0.2 ± 0.2 0.468
ESR, mm/h 31.3 ± 19.0 35.5 ± 19.9 0.934
Intact PTH, pg/mL 452.6 ± 390.4 323.9 ± 314.7 0.352
25-hydroxy vitamin D, ng/mL 19.5 ± 13.6 14.6 ± 4.8 0.395
β2-microglobulin, mg/L 35.1 ± 7.3 34.1 ± 8.2 0.851

Results are expressed as mean ± standard deviation or frequencies (and proportions).
ChAdOx1 = ChAdOx1 nCoV-19 adenovirus-based vector vaccine, SBP = systolic blood pressure, DBP = diastolic blood pressure, HD = hemodialysis, ARB = 
angiotensin II receptor blocker, CCB = calcium channel blocker, DPP4 = dipeptidyl peptidase-4, ESA = erythropoiesis-stimulating agent, Cr = creatinine, BUN = 
blood urea nitrogen, AST = aspartate aminotransferase, ALT = alanine aminotransferase, HDL = high-density lipoprotein, LDL = low-density lipoprotein, CRP = 
C-reactive protein, ESR = erythrocyte sedimentation rate, PTH = parathyroid hormone.
aDefined as a SARS-CoV-2 neutralizing antibody < 30% inhibition at 28th days after priming vaccination.
bDefined as a SARS-CoV-2 neutralizing antibody ≥ 30% inhibition at 28th days after priming vaccination.

Table 2. (Continued) Baseline characteristics of patients with end-stage renal disease on hemodialysis according to responsiveness to the priming ChAdOx1 vaccination



patients with ESRD on hemodialysis who received ChAdOx1 had a lower neutralizing 
antibody response compared to that of the healthy controls.13

In fact, there is insufficient data on the mix-and-match strategy in ESRD patients on 
hemodialysis. A recent study in the UK showed that persons who received a second dose 
of the Moderna vaccine (mRNA-1273) after an initial ChAdOx1 or BNT162b2 had higher 
binding and neutralizing antibody responses and no difference in the serious adverse effects 
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Table 3. Cox proportional hazard model for early responsiveness of the priming ChAdOx1 vaccination
Variables Adjustment for age and sex

HR 95% CI P value
Body mass index, kg/m2 1.022 0.970–1.076 0.413
SBP at initiation of HD, mmHg 0.998 0.993–1.003 0.528
DBP at initiation of HD, mmHg 0.999 0.990–1.009 0.901
Cause of end-stage renal disease

Diabetes mellitus 0.908 0.600–1.375 0.649
Hypertension 1.052 0.682–1.621 0.819
Chronic glomerulonephritis 0.723 0.574–0.911 0.006
Others 1.579 0.824–3.028 0.169
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Fig. 4. Cumulative incidence function curves of COVID-19 vaccination humoral immunogenicity stratified by (A) patient with GN as underlying cause of 
hemodialysis, (B) steroid treatment, (C) Corr Ca, and (D) CRP. 
COVID-19 = coronavirus disease 2019, GN = glomerulonephritis, Adj HR = adjuster hazard ratio, CI = confidential interval, Corr Ca = corrected serum calcium, CRP 
= C-reactive protein. 
aAdjusted for age and sex; bEvaluate hypotheses of equality of cause-specific cumulative incidence functions between two groups; cDefined as a SARS-CoV-2 
nAbs ≥ 30% inhibition at each specific time points.
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Variables Adjustment for age and sex
HR 95% CI P value

Medical history
Vintage, mon 1.001 0.999–1.003 0.312
Charlson comorbidity index 0.936 0.810–1.082 0.370
Cardiovascular disease 0.943 0.620–1.435 0.784
Cerebrovascular disease 1.082 0.442–2.651 0.863
Mycophenolate mofetil user 0.696 0.528–0.917 0.010
Breast cancer 3.693 1.992–6.846 < 0.001
Diabetic (vs. non-diabetic) 0.979 0.609–1.572 0.929
Hypertensive (vs. non-hypertensive) 1.047 0.702–1.561 0.821
ARB use (vs. non-use) 0.869 0.593–1.274 0.473
CCB use (vs. non-use) 1.150 0.801–1.652 0.448
β-blocker use (vs. non-use) 0.907 0.649–1.267 0.567
α-blocker use (vs. non-use) 1.268 0.475–3.382 0.636
Sulfonylurea use (vs. non-use) 0.793 0.363–1.732 0.561
DPP-4 inhibitor Use (vs. non-use) 0.869 0.526–1.437 0.585
Statin use (vs. non-use) 1.212 0.854–1.722 0.282
Steroid use (vs. non-use) 0.719 0.590–0.876 0.001
Vitamin D use (vs. non-use) 0.688 0.261–1.811 0.449
ESA use (vs. non-use) 0.999 0.526–1.865 0.976

Laboratory test
White blood cell, 109/L 1.022 0.970–1.076 0.365
Hemoglobin, g/dL 0.866 0.600–1.249 0.441
Platelet, 103/μL 1.002 0.998–1.005 0.329
Neutrophil, 109/L 1.105 0.954–1.280 0.605
Lymphocyte, 109/L 1.113 0.723–1.714 0.261
Sodium, mmol/L 1.044 0.968–1.127 0.262
Potassium, mmol/L 0.763 0.453–1.287 0.311
Chloride, mmol/L 1.012 0.949–1.080 0.717
Total CO2, mmol/L 1.034 0.969–1.104 0.306
Total protein, g/dL 0.984 0.774–1.251 0.894
Albumin, g/dL 1.207 0.579–1.824 0.927
Corrected calcium, mg/dL 0.776 0.627–0.961 0.020
Phosphorus, mg/dL 0.972 0.859–1.100 0.652
Fasting blood glucose, mg/dL 0.999 0.996–1.001 0.260
Hemoglobin A1c, % 0.009 0.001–999.9 0.846
Cr before initiation of HD, mg/dL 0.964 0.894–1.041 0.350
BUN before initiation of HD, mg/dL 1.001 0.993–1.009 0.795
Standard Kt/Vurea 0.924 0.409–2.088 0.850
Uric acid, mg/dL 0.972 0.822–1.148 0.735
Total bilirubin, mg/dL 0.935 0.373–2.343 0.886
Alkaline phosphatase, IU/L 1.000 0.998–1.002 0.981
AST, IU/L 1.009 0.986–1.033 0.458
ALT, IU/L 1.006 0.992–1.021 0.414
γ-Glutamyl transferase, IU/L 1.000 0.997–1.002 0.707
Lactate dehydrogenase, IU/L 1.005 0.998–1.011 0.170
Triglyceride, mg/dL 0.999 0.998–1.001 0.456
HDL-cholesterol, mg/dL 1.003 0.986–1.020 0.708
LDL-cholesterol, mg/dL 0.994 0.986–1.002 0.133
C-reactive protein, mg/dL 0.933 0.886–0.981 0.007
ESR, mm/h 1.001 0.977–1.026 0.925
Intact PTH, pg/mL 1.000 0.999–1.001 0.347
25-hydroxy vitamin D, ng/mL 0.997 0.988–1.006 0.522
β2-microglobulin, mg/L 0.997 0.971–1.021 0.718

ChAdOx1 = ChAdOx1 nCoV-19 adenovirus-based vector vaccine, HR = hazard ratio, CI = confidence interval, SBP = systolic blood pressure, DBP = diastolic blood 
pressure, HD = hemodialysis, ARB = angiotensin II receptor blocker, CCB = calcium channel blocker, DPP4 = dipeptidyl peptidase-4, ESA = erythropoiesis-
stimulating agent, Cr = creatinine, BUN = blood urea nitrogen, AST = aspartate aminotransferase, ALT = alanine aminotransferase, HDL = high-density 
lipoprotein, LDL = low-density lipoprotein, CRP = C-reactive protein, ESR = erythrocyte sedimentation rate, PTH = parathyroid hormone.

Table 3. (Continued) Cox proportional hazard model for early responsiveness of the priming ChAdOx1 vaccination



compared with persons who received two doses of either ChAdOx1 or BNT162b2.14 A similar 
result was found in a Swedish study; those who vaccinated mRNA-1273 after initial ChAdOx1 
had a higher level of neutralizing antibody compared with those who were vaccinated with 
two doses of ChAdOx1.15 Based on the results of the previous studies and the result of 
this study, we suggest that the mRNA vaccine seems to stimulate the SARS-CoV-2-specific 
memory B-cell that has been generated by initial vaccination with ChAdOx1 more efficiently 
than ChAdOx1. Also, as shown in our study, the use of the mRNA vaccine as a second dose 
for ESRD patients on hemodialysis who were vaccinated with initial ChAdOx1 seems to be 
acceptable. Given that the world is still suffering from the COVID-19 pandemic and that there 
are still many places where the supply of vaccines is not stable, the introduction of the mix-
and-match strategy is worth considering in patients with ESRD on hemodialysis as well as in 
healthy populations.

Our adjusted Cox proportional hazards models revealed that not only steroid usage, but also 
CRP level at baseline was deeply associated with early humoral immunogenicity of ChAdOx1 
vaccination among ESRD patients on hemodialysis. There is evidence that shows the altered 
immune function and long-term low-grade systemic inflammation are common features in 
patients suffering from comorbidities related to metabolic syndrome, and those patients 
had reduced vaccine efficacy.16 Furthermore, an animal study showed that increased CRP 
level was deeply related with poor humoral immune system’s response of vaccine.17 Such 
findings suggested that baseline CRP may predict subclinical inflammation and reduced 
immunogenicity after vaccination in ESRD patients on hemodialysis.

Our cumulative incidence curve analysis revealed that participants with serum corrected 
calcium < 9 mg/dL had a better vaccination response at each time point. It is not yet known 
how serum calcium levels are related to post-vaccination immune responses. However, such 
finding is consistent with previous observational studies showing that serum corrected calcium 
concentration was lower in patients with non-severe COVID-19 infection as compared with 
matched healthy controls and hypocalcemia was a clinical discriminator of severe/critical 
clinical outcomes from COVID-19 patients.18-21 Because it is not exactly known how serum 
calcium levels are related with immune-inflammatory responses following COVID-19 infection 
or active immunization, there is need of more extensive study on this issue.

There are several potential limitations of the present study. First, an age difference exists 
between patients with ESRD on hemodialysis and healthy employees. Therefore, the 
difference in immunogenicity after administration of the first dose of vaccination might 
be attributable to the age difference between the two groups.22 Second, the subjects were 
not randomized and a small number of participants were enrolled. In particular, only a 
small number of patients with ESRD on hemodialysis who were vaccinated with two doses 
of ChAdOx1 were included. The findings need to be verified on a larger scale and with a 
randomized design. Third, a direct comparison of responses after the second dose was 
impossible between healthy people and ESRD patients on hemodialysis. To overcome it, 
subgroup analysis was analyzed between healthy people and AZ–Pf group or AZ–AZ group. 
Finally, the durability and persistence of immunity could not be evaluated using the results of 
the present study.

In conclusion, the immunogenicity of the COVID-19 vaccination in patients with ESRD on 
hemodialysis using the mix-and-match strategy (ChAdOx1–BNT162b2) is comparable to that 
in healthy participants using two-doses of ChAdOx1.
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SUPPLEMENTARY MATERIALS

Supplementary Fig. 1
The schedule of sample collection.

Click here to view

Supplementary Fig. 2
Comparison of immunogenicity of COVID-19 vaccination between healthy people and 
patients with ESRD on hemodialysis.

Click here to view
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