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g Department of Medicine (DIMED), Università di Padova, Via Giustiniani, 2, 35128 Padua, Italy 
h Universities of Giessen and Marburg Lung Center (UGMLC), Member of the German Center for Lung Research (DZL), Klinikstraße 33, 35392 Giessen, Germany 
i Max Planck Institute for Heart and Lung Research, Department of Lung Development and Remodeling, Ludwigstraße 43, 61231 Bad Nauheim, Germany 
j Department of Transplant and Infection Immunology, Saarland University, Kirrberger Straße, 66421 Homburg, Germany   

A R T I C L E  I N F O   

Keywords: 
Cellular immune response 
Hemodialysis 
Immunoglobulins 
Peritoneal dialysis 
T cells 

A B S T R A C T   

Patients receiving maintenance dialysis (MD) are vulnerable to COVID-19-related morbidity and mortality. 
Currently, data on SARS-CoV-2-specific cellular and humoral immunity post-vaccination in this population are 
scarce. 

We conducted a prospective single-center study exploring the specific cellular (interferon-γ and interleukin-2 
ELISpot assays) and humoral immune responses (dot plot array and chemiluminescent microparticle immuno-
assay [CMIA]) at 4 weeks and 6 weeks following a single dose or a complete homologous dual dose SARS-CoV-2 
vaccine regimen in 60 MD patients (six with a history of COVID-19). 

Our results show that MD patients exhibit a high seroconversion rate (91.7%) but the anti-spike IgG antibodies 
(CMIA) tend to wane rapidly after full immunization. Only 51.7% of the patients developed T cell immune 
response. High anti-spike IgG antibodies may predict a better cellular immunity. While patients with prior 
COVID-19 showed the best response after one, SARS-CoV-2-naïve patients may benefit from a third vaccine 
injection.   

1. Introduction 

Compared with the general population, patients receiving mainte-
nance dialysis (MD) are at increased risk for morbidity and mortality 
associated with coronavirus disease 2019 (COVID-19) [1]. The poor 
outcomes have been attributed to their higher comorbidity burden as 

well as their increased age, immunologically deficient state from kidney 
failure, or immunosuppressive medications [2–4]. Compounding these 
factors, patients undergoing in-center dialysis cannot self-isolate, as they 
are required to attend their dialysis treatments thrice weekly at a dialysis 
center, to which they are often transported by a ride-sharing vehicle. 

Currently, the European Medicines Agency (EMA) has approved two 
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mRNA-based COVID-19 vaccines (mRNA-1273 [Moderna Biotech] and 
BNT162b2 [Pfizer–BioNTech]) and two vector-based vaccines (ChA-
dOx1 nCoV-19 [Oxford–AstraZeneca]; Ad26.COV2⋅S [Johnson & 
Johnson–Janssen]) [5]. These vaccines induce robust humoral and 
cellular immune responses against the severe acute respiratory syn-
drome coronavirus type 2 (SARS-CoV-2) spike protein in healthy in-
dividuals, which, protect from the risk of subsequent infection [6,7]. 
However, whether the results are generalizable to patients with kidney 
failure is unknown, as the effectiveness of the vaccines has not been 
explicitly tested in this population due to their common exclusion from 
SARS-CoV-2 vaccination trials [8,9]. So far, the limited data available 
suggest a diminished vaccine response in MD patients [10,11]. There-
fore, there is an urgent need for more data to allow adaptation of the 
vaccination protocols to achieve adequate antiviral protection for this 
vulnerable population, if needed. 

The main objective of the present study was to examine the humoral 
and cellular immunogenicity and reactogenicity of a homologous 
mRNA-based and vector-based SARS-CoV-2 vaccine regimen in patients 
receiving MD. 

2. Materials and methods 

2.1. Study design and participants 

This prospective, single-center cohort study included patients aged 
≥18 years receiving thrice-weekly in-center dialysis (hemodialysis or 
peritoneal dialysis) at the Patienten-Heimversorgung outpatient dialysis 
center at University Hospital Giessen and Marburg, Giessen, Germany. 
At the time of enrollment, the dialysis center served 84 hemodialysis 
patients and 5 peritoneal dialysis patients. Patients were enrolled if they 
had: i) received a homologous mRNA-based or a single-dose or homol-
ogous dual dose vector-based vaccine regimen (with or without history 
of COVID-19), and ii) no laboratory evidence of current SARS-CoV-2 
infection. The interval between the first and second injections was 
determined as per EMA guidelines [5]: 3–4 weeks for homologous 
mRNA-based vaccines and 4–12 weeks for the vector-based single dose 
(Ad26.COV2⋅S) or homologous vector-based ChAdOx1 nCoV-19 vac-
cine. All blood samples were obtained prior to dialysis treatment at 4 
weeks (T1) and 6 weeks (T2) after complete vaccination, with a toler-
ance range of ±2 days. Local and systemic adverse events after the first 
and second dose were self-reported using a standardized questionnaire. 

The study was approved by the local human research ethics com-
mittee (AZ 126/21) and complied with the tenets of the Declaration of 
Helsinki. Written informed consent was obtained from all participants 
prior to enrollment in the study. 

2.2. Procedures and measurements 

2.2.1. Stimulation assays 
Vaccine-induced SARS-CoV-2-specific T cells were quantified from 

citrated whole blood using a multicolor FluoroSpot Immune assay kit 
(CoV-iSpot, FluoroSpot Assay, AID/GenID, Straßberg, Germany) that 
detects functional T cells and an interferon (IFN)-γ and interleukin (IL)-2 
reaction specifically against SARS-CoV-2. The results were evaluated by 
calculating the ratio of the antigen specific reaction and negative control 
(NC) (stimulation index, SI). Any antigen-specific FluoroSpot test with 
an SI of ≤2 (NC > 2) or ≤ 5 (NC < 2), depending on the background 
stimulation, was considered negative when assessed quantitatively. For 
NC <2 a stimulation index of >5 – < 7 was considered borderline and a 
SI ≥ 7 was considered positive, whereas for NC ≥2 a stimulation index of 
>2 – ≤ 3 was considered borderline and a SI > 3 was considered posi-
tive. A reactive response was considered when at least one timepoint 
showed a reactive pattern and the other timepoint was reactive or 
borderline or negative or invalid. A borderline response was considered 
when one timepoint was borderline and the other timepoint was 
borderline or negative or invalid. A negative response was considered 

when one timepoint was negative and the other timepoint was negative 
or invalid. Only when both timepoints were invalid the response was 
considered as invalid. GenID performed all FluoroSpot tests, blinded to 
the clinical data. The Supplementary Material provides a detailed 
description of the ELISpot method. 

2.2.2. Analysis of SARS-CoV-2-specific antibodies 
SARS-CoV-2-specific antibodies were quantified using plasma from 

citrated whole blood samples using an immunoglobulin G (IgG) assay 
coated with a recombinant receptor-binding domain of the SARS-CoV-2 
spike protein antigen using an in-house dot plot array by GenID, blinded 
to the clinical data. Antibody levels are expressed in % intensity of gray 
scale, ranging from 0 to 100% black, with an intensity of >16% 
considered positive and ≤ 16% considered negative, respectively. In 
addition, SARS-CoV-2-specific antibodies from serum samples against 
the spike protein and nucleocapsid protein were performed by the 
Institute of Medical Virology (Giessen, Germany) using antibody 
chemiluminescent microparticle immunoassay (CMIA; Anti-S AdviseDx 
SARS-CoV-2 IgG II and Anti-N Abbott Architect SARS-CoV-2 IgG, 
Abbott, Chicago, IL, USA). The anti-N array (measured in S/CO) was 
used to detect a previous infection. Anti-S levels after infection or 
vaccination were expressed as AU (arbitrary unit)/mL with levels >50 
AU/mL defined as positive and ≤ 50 AU/mL as negative. 

2.2.3. Other laboratory methods 
All other blood samples were analyzed at the local Institute of Lab-

oratory Medicine at University Hospital Giessen and Marburg, Giessen, 
where they were processed within 30 min of collection and centrifuged 
for 10 min at 3000 ×g. Serum creatinine was measured by a 
photometric-enzymatic method on an ADVIA Chemistry XPT analyzer 
(enzymatic creatinine; Siemens Healthineers, Erlangen, Germany), with 
calibration to reference measurements for isotope dilution mass spec-
trometry. Ferritin was measured by chemiluminescent immunoassay 
(CLIA) on a Centaur XPT analyzer (Siemens Healthineers). Soluble IL-2 
receptor and IL-6 were determined on a Siemens Immulite 1000 system 
with Siemens reagents. 

2.2.4. Other measures 
The other variables included kidney failure etiology, dialysis vintage 

and dose (Kt/V for thrice-weekly hemodialysis [12] and weekly Kt/V for 
peritoneal dialysis [13]), previous SARS-CoV-2 infection, and use of 
immunosuppressive therapy. 

2.3. Statistical analysis 

Descriptive statistics are expressed as the median [interquartile 
range] for numeric variables and as n (%) for categorical variables. 
Differences between two independent groups were tested with the 
Mann-Whitney test or independent t-test according to the variables’ 
distribution normality. Categorical variables were tested with the chi- 
square test or Fisher’s exact test. Paired ordinal data were compared 
using the Wilcoxon signed-rank test; paired nominal data were 
compared using the McNemar test. Univariate and multivariate logistic 
regression analyses with backwards elimination were conducted with IL- 
2 or IFN-γ ELISpot test reactivity at either T1 or T2 as a dependent 
variable. Independent variables with significant associations in the 
univariate analysis (p < 0.1) were further included in the multivariate 
regression analysis. The statistical analysis was performed with SPSS 
Statistics 26 (IBM, Ehningen, Germany). P-values <0.05 were consid-
ered significant. 

3. Results 

3.1. Participants 

A total of 60 patients were enrolled in this study. All patients had 
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either received a single dose or a dual-dose homologous vaccine 
regimen. Fifty-one patients had received mRNA-based vaccines 
(BNT162b2, n = 49; mRNA-1273, n = 2); nine patients had received 
vector-based vaccines (ChAdOx1 nCoV-19, n = 6; Ad26.COV2⋅S, n = 3). 
Six patients had received a booster vaccination 6 months after SARS- 
CoV-2 infection. Table 1 shows the characteristics of the study popula-
tion; the median age of the population was 65.4 years; 63.3% were male; 
35% had diabetes mellitus; 90% had hypertension, and 50% had coro-
nary heart disease. The main causes of kidney failure were glomerulo-
nephritis (21.7%), diabetes (20%), and nephrosclerosis (16.7%). No 
demographic differences in the demographic data were observed be-
tween patients receiving mRNA-based vaccines vs. vector-based vac-
cines. The median length of time on dialysis was 33 [15–49] months. 
Hemodialysis was the dialysis modality adopted by 88.3% of the study 
population. No difference was observed in key laboratory parameters 
between T1 and T2 (Supplementary Material Table S1). A total of 50 and 
58 patient samples were analyzed at T1 and T2, respectively. 

3.2. IL-2 and IFN-γ stimulation assays 

We first analyzed all patient samples irrespective of the vaccine type 
and history of COVID-19. The majority of patients showed no reactivity 
in the IL-2 and IFN-γ ELISpot assays at T1 (42.0% and 74.0%, respec-
tively) and T2 (36.2% and 58.6%, respectively), while there was a 
reactive pattern in the IL-2 and IFN-γ ELISpot assays at T1 in 36.0% and 
22.0% of the patients, respectively, and at T2 in 25.9% and 24.1% of the 
patients, respectively (Fig. 1A and B). An IL-2 and/or IFN-γ reactivity in 
at least one time point was observed in 51.7% of patients (Fig. 1C), 
whereas a non-response in all samples was observed in 33.3% of the 
patients. Borderline reactivities and invalid test results were observed in 
10.0% and 5.0% of patients, respectively (Fig. 1A). There was no dif-
ference in the median IL-2 and IFN-γ reactivities between both time 
points (p = 0.93 and p = 0.85, respectively; Table 2). 

3.3. Analysis of SARS-CoV-2-specific antibodies 

In the Abbott array, 89.8% of patients had SARS-CoV-2 anti-spike 
IgG antibodies above the detection limit (IgG >50 AU/mL at T1 and 
remained positive at T2, whereas 8.6% of patients were classified as 
negative (IgG ≤ 50 AU/mL) at both time points (Fig. 1E). However, the 
median SARS-CoV-2 anti-spike IgG antibody levels were significantly 
lower at T2 compared to T1 (2240 [756–7687] AU/mL vs. 3517 

Table 1 
Demographic and clinical characteristics of the cohort.   

Total (n =
60) 

mRNA-based 
vaccines 
(mRNA- 
1273/ 
BNT162b2) 
(n = 51) 

Vector-based 
vaccines 
(ChAdOx1 
nCoV- 
19Ad26. 
COV2-S) (n =
9) 

p- 
value 

Demographics     
Age, years 65.4 

[54–75] 
66 [51–75] 64 [58–73] 0.99 

Male sex, n (%) 38 [63.3%] 33 [64.7%] 5 [55.6%] 0.71 

Dry weight, kg 
76 
[64–89.5] 75 [64–89] 84 [54–92] 0.81 

Body mass index, kg/ 
m2 

26.1 
[22–29] 26.0 [22–28] 27.6 [20− 1] 0.88 

Comorbidities     
Hypertension, n (%) 54 (90%) 46 (90.2%) 8 (88.9%) 1.0 
Diabetes mellitus, n 
(%) 

21 (35%) 18 (35.3%) 3 (33.3%) 1.0 

Coronary artery 
disease, n (%) 30 (50%) 25 (49%) 5 (55.6%) 1.0 

History of stroke, n 
(%) 7 (11.7%) 5 (9.8%) 2 (22.2%) 0.28 

Immunosuppressive 
therapy, n (%) 

7 (12.5%) 5 (9.8%) 2 (22.2%) 0.28 

Cause of kidney failure, 
n (%)    

0.91 

Nephrosclerosis 10 (16.7%) 9 (17.6%) 1 (11.1%)  
Diabetic 
nephropathy/ 
nephrosclerosis 

12 (20%) 10 (19.6%) 2 (22.2%)  

Cardiorenal syndrome 10 (16.7%) 9 (17.6%) 1 (11.1%)  
Glomerulonephritis 13 (21.7%) 10 (19.6%) 3 (33.3%)  
Interstitial nephritis 3 (5%) 3 (5.9%) –  
ADPKD 4 (6.7%) 4 (7.8%) –  
Cancer 5 (8.3%) 4 (7.8%) 1 (11.1%)  
Unknown 3 (5%) 2 (3.9%) 1 (11.1%)  

Dialysis data     
Dialysis modality, n 
(%)     

Hemodialysis 53 (88.3%) 44 (86.3%) 9 (100%) 0.58 
Peritoneal dialysis 7 (11.7%) 7 (13.7%) – N/A 

Dialysis vintage, 
months 

32.5 
[15–49] 

35.0 
[15.0–50.0] 

26.0 
[6.5–34.0] 0.16 

Kt/V 
1.6 
[1.4–1.7] 1.6 [1.4–1.7] 1.4 [1.3–1.6] 0.11 

Hemodialysis 1.6 
[1.4–1.7] 

1.6 [1.4–1.7] 1.4 [1.3–1.6]  

Peritoneal dialysis 2.4 
[1.6–3.5] 

2.4 [1.7–2.9] –  

Baseline clinical data     

Leucocyte count, g/L 
6.8 
[4.8–8.3] 7.0 [5.2–8.4] 5.0 [4.4–7.3] 0.34 

Differential count, g/ 
L     

Total neutrophils 4.4 
[2.9–6.3] 

4.7 [2.8–6.5] 3.6 [2.9–5.2] 0.46 

Total lymphocytes 
1.2 
[0.8–1.5] 1.2 [0.9–1.5] 1.1 [0.7–1.4] 0.62 

Total basophils 
0.03 
[0.02–0.04] 

0.02 
[0.01–0.04] 

0.03 
[0.02–0.03] 0.87 

Total monocytes 0.6 
[0.5–0.8] 

0.6 [0.5–0.8] 0.6 [0.4–0.7] 0.70 

Total eosinophils 0.2 
[0.1–0.3] 

0.2 [0.1–0.3] 0.3 [0.1–0.4] 0.48 

Hemoglobin, g/dL 
10.8 
[10.3–11.4] 

10.9 
[10.4–11.4] 

10.5 
[9.8–11.8] 0.44 

Serum creatinine, 
mg/dLa 

7.0 
[5.2–8.7] 6.9 [5.5–8.9] 7.6 [4.4–8.6] 1.0 

Urea, mg/dLb 120 
[97–135] 

120 
[110–136] 

85 [79–134] 0.32 

Phosphate, mmol/L 1.7 
[1.4–1.9] 

1.8 [1.4–1.9] 1.4 [1.3–1.9] 0.44 

Parathyroid 
hormone, pg/mL 

299 
[207–400] 

315 
[214–413] 280 [80–314] 0.19  

Table 1 (continued )  

Total (n =
60) 

mRNA-based 
vaccines 
(mRNA- 
1273/ 
BNT162b2) 
(n = 51) 

Vector-based 
vaccines 
(ChAdOx1 
nCoV- 
19Ad26. 
COV2-S) (n =
9) 

p- 
value 

Albumin, g/dL 40.4 
[38.2–42.5] 

40.1 
[38.0–42.2] 

42.3 
[40.9–42.7] 

0.12 

C-reactive protein, 
mg/L 

9.8 
[2.2–20.2] 

10.2 
[2.3–20.0] 

2.7 [0.8–25.0] 0.74 

Total IgG, g/L 10.8 
[7.3–14.0] 

10.5 
[7.3–14.0] 

10.9 
[6.8–14.0] 

0.94 

IL-6, μg/L 10.0 
[10.0–11.5] 

10.0 
[10.0–11.5] 

10.0 
[10.0–13.6] 

1.0 

Soluble IL-2 
receptor, U/mL 

1284 
[873–1864] 

1284 
[873–1927] 

1571 
[1001–1844] 

0.71 

Ferritin, μg/L 228 
[82–542] 

214 
[76–479] 

523 
[108–916] 

0.17 

Values are the median [interquartile range], or n (%). 
ADPKD, autosomal dominant polycystic kidney disease; IgG, immunoglobulin G; 
IL-2, interleukin-2; IL-6, interleukin-6. 

a To convert the values for serum creatinine to μmol/L, multiply by 88.4. 
b To convert the values for urea to blood urea nitrogen, multiply by 0.467. 
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[1070–11,164] AU/mL; p < 0.001; Table 2). In contrast, when using the 
GenID assay, the median percentage of median SARS-CoV-2 anti-spike 
IgG antibodies were not significantly different between T2 and T1 
(84.5% [58%–92.7%] vs. 79.5% [68.5%–92.2%]; p = 0.371; Table 2). 
The GenID IgG assay showed that 55 of 60 patients (91.7%) were pos-
itive (IgG intensity >16%) in at least one timepoint, while five patients 
(8.3%) were negative at both T1 and T2 (IgG intensity ≤16%) (Fig. 1E). 

Except for one case, both the Abbott and GenID assays yielded the 
same results when classifying the humoral response as either positive or 
negative (Supplementary Material Fig. S1). A positive test result in at 
least one assay at either T1 or T2 was observed in 91.7% of patients, 
whereas 8.3% were consistently negative in both assays (Fig. 1D). 

Overall, five patients (8.3%) did not generate anti-spike IgG anti-
bodies. Four of these patients showed no cellular immune response and 

(caption on next page) 
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one patient showed a positive cellular immune response at time T1 but a 
negative one at time T2 (Table S2 in the Supplementary Material). Four 
patients were on immunosuppressive therapy (two patients received 
rituximab and prednisolone due to MPO-ANCA (myeloperoxidase–anti- 
neutrophil cytoplasmic antibody)-positive vasculitis, one patient was a 
pancreatic islet transplant recipient, one patient received anti-myeloma 
chemotherapy), while the fifth patient had a history of Hodgkin lym-
phoma. Notably, the remaining 2 patients who were on immunosup-
pressive therapy did develop anti-spike IgG antibodies (one patient 
received full vaccination approximately 1 month prior to the initiation 
of immunosuppressive therapy due to first diagnosis of MPO-ANCA 
positive vasculitis with renal involvement, one patient had tacrolimus 
monotherapy after kidney allograft failure). 

3.4. Association between humoral and cellular immune response 
following vaccination 

Patients showing IL-2 producing T cells had higher levels of SARS- 
CoV-2 anti-spike IgG at both timepoints in both the Abbott array (T1, 
p = 0.024; T2, p = 0.001) and the GenID assay (T1, p = 0.024; T2, p =
0.007) compared to those who did not show any IL-2 reactivity. We 
excluded patients with borderline results from the comparison. Like-
wise, we found higher levels of SARS-CoV-2 anti-spike IgG at both 
timepoints in both the Abbott array (T1, p = 0.002; T2, p > 0.001) and 
GenID assay (T1, p = 0.019; T2, p = 0.01) in patients with IFN-γ ELISpot 
positive reactivity compared to the non-reactive patients. 

Multivariate logistic regression analysis showed that among the 

variables included, the ELISpot assay reactivity regarding IL-2 (T1: odds 
ratio [OR] = 2.40 (95% confidence interval [CI]: 1.10–5.40), p = 0.028; 
T2: OR = 6.85 [95% CI: 1.49–31.50], p = 0.014) and IFN-γ (T1: OR =
4.18 [95% CI: 1.62–10.80], p = 0.003; T2: OR = 9.45 [95% CI: 
2.05–43.60], p = 0.004) was independently associated with SARS-CoV-2 
IgG levels as measured with the Abbott array at both timepoints. We did 
not find other confounders that had an effect on ELISpot reactivity 
(Table 3). 

3.5. Comparison of cellular and humoral responses between SARS-CoV-2- 
naïve patients and those with previous COVID-19 and between vaccine 
regimens 

The Abbott assay showed that patients with previous SARS-CoV-2 
infection who had received a booster vaccination exhibited higher 
SARS-CoV-2 anti-spike IgG concentrations at both timepoints when 
compared to SARS-CoV-2-naïve patients with full vaccination (T1 and 
T2, p < 0.001; Table 4 and Fig. 2). Also, patients with previous SARS- 
CoV-2 infection showed a higher SI in the IL-2 ELISpot at T1 (p =
0.004) but not at T2 (p = 0.07). Such patients also had a higher SI in the 
IFN-γ ELISpot at both timepoints (T1 and T2, p < 0.001). Patients with 
history of COVID had significantly higher levels of response in the GenID 
assay (91.5% vs. 76%, p = 0.04) at time T1, but not at time T2 (92% vs. 
83%, p = 0.15) (Table 4). The vaccination regimen in the infection-naïve 
patients did not affect the vaccination response compared to the group 
with history of COVID-19 (Table S3 and S4 in the Supplementary Ma-
terial). Also, the dialysis regime (hemodialysis vs. peritoneal dialysis) 
had no effect on the immunity response (data not shown). However, it 
should be noted that there was only a small number of patients receiving 
a vector-based vaccination regimen and peritoneal dialysis and, thus, 
the groups may be underpowered. 

3.6. Reactogenicity of SARS-CoV-2 vaccine regimen 

Adverse events were reported by 28 (46.7%) and 22 (43.1%) patients 
after the first and second dose, respectively (Supplementary Material 
Table S5). The onset of adverse events was mostly reported within 3 
days after vaccination (after the first dose, 89.3% of patients; after the 
second dose, 100% of patients). The main reported adverse events were 
pain and swelling or redness at the injection site (after the first dose, 
31.6%; after the second dose, 27.4%) and tiredness/fatigue (after the 
first dose, 16.7%; after the second dose, 23.5%). No association was 
observed between the reported reactogenicity and the immune response 
(data not shown). 

Fig. 1. Vaccine-induced SARS-CoV-2-specific IL-2 (A) and IFN-γ (B) and IL-2 and/or IFN-γ (C)-producing T cells and SARS-CoV-2 anti-spike IgG antibodies as 
determined using the Abbott assay (D), GenID assay (E), and both (F) at T1 and T2. 
A) T1 (n = 50): Not reactive, 21 (42.0%); borderline, 6 (12.0%); reactive, 18 (36.0%); invalid, 5 (10.0%). T2 (n = 58): Not reactive, 21 (36.2%); borderline, 6 
(10.3%); reactive, 15 (25.9%); invalid, 16 (27.6%). T1 vs. T2 (p = 0.73). 
B) T1 (n = 50): Not reactive, 37 (74.0%); borderline, 0 (0.0%); reactive, 11 (22.0%); invalid, 2 (4.0%). T2 (n = 58): Not reactive, 34 (58.6%); borderline, 4 (6.9%); 
reactive, 14 (24.1%); invalid, 6 (10.3%). T1 vs. T2 (p = 0.12). 
C) T1 and/or T2 (n = 60): Not reactive, 20 (33.3%); borderline, 6 (10.0%); reactive, 31 (51.7%); invalid, 3 (5.0%). 
D) T1 (n = 50): Positive, 44 (88.0%)a; negative, 6 (12.0%)b. T2 (n = 58): Positive, 52 (89.7%)a; negative, 6 (10.3%)b. T1 vs. T2 (p = 1.0)e. 
E) T1 (n = 49): Positive, 44 (89.8%)c; negative, 5 (10.2%)d. T2 (n = 58): Positive, 53 (91.4%)c; negative, 5 (8.6%)d. T1 vs. T2 (p = NS)e. 
F) T1 and/or T2 (n = 60): Positive, 55 (91.7%); negative, 5 (8.3%). 
The dashed horizontal lines indicate the cut-off for positivity (reactive); the area between the horizontal lines indicates the borderline zone used in each GenID assay. 
aPositive refers to antibody levels >16%. 
bNegative refers to antibody levels ≤16%. 
cPositive refers to antibody concentration > 50 AU/mL. 
dNegative refers to antibody concentration ≤ 50 AU/mL. 
eMcNemar’s test for paired nominal data was used. 
IFN-γ, interferon-γ; IL-2, interleukin-2; SARS-CoV-2, NS, not significant; severe acute respiratory syndrome-coronavirus type-2; T1, timepoint 1; T2, timepoint 2. 

Table 2 
Cellular and humoral immune responses following SARS-CoV-2 vaccination at 
T1 and T2.   

Vaccines (mRNA- and vector-based) p-value  

T1 T2 

IL-2, SI 2.4 [1.5–4.5] 
(n = 33) 

1.6 [1.0–4.7] 
(n = 33) 

0.93 

IFN-γ, SI 3 [1–5] 
(n = 43) 

3 [1–7] 
(n = 43) 

0.85 

SARS-CoV-2 anti-spike IgG, 
AU/mL (Abbott array) 

3517 
[1070–11,164] 
(n = 48) 

2240 
[756–7687] 
(n = 48) 

<0.001 

SARS-CoV-2 anti-spike IgG, % 
(GenID assay) 

79.5 [68.5–92.2] 
(n = 48) 

84.5 [58–92.7] 
(n = 48) 

0.37 

Values are the median [interquartile range]. Bolded p-values denote statistical 
significance at the p < 0.05 level. We conducted analyses of patients who had 
valid measurements at both time points. 
IFN-γ, interferon-γ; IgG, immunoglobulin G; IL-2, interleukin-2; SARS-CoV-2, 
severe acute respiratory syndrome coronavirus type 2; T1, timepoint 1; T2, 
timepoint 2. 
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4. Discussion 

4.1. Key findings 

We prospectively quantified the humoral and cellular immune 
response at both 4 weeks and 6 weeks after full vaccination in patients 
receiving MD. Most patients (91.7%) had detectable SARS-CoV-2 anti- 
spike IgG antibodies in at least one time point. However, the median 
SARS-CoV-2 anti-spike IgG antibody levels measured with the Abbott 
assay were significantly lower at 6 weeks post-vaccination compared to 
4 weeks, indicating that although a full vaccination regimen was suffi-
cient for inducing SARS-CoV-2-specific antibodies, the antibody levels 
tended to decrease rapidly. In addition, although only 51.7% of patients 
were reactive in the SARS-CoV-2-specific T cell activation ELISpot as-
says, there were no detectable differences in the IL-2 or IFN-γ reactivities 
between both time points, suggesting the short-term stability of cellular 
immunity compared to humoral immunity after full vaccination. Finally, 
patients receiving a booster vaccination after SARS-CoV-2 infection 
showed both better humoral and cellular immunity compared to SARS- 

CoV-2-naïve patients with full vaccination, whereas patients with 
immunosuppressive therapy developed almost no detectable humoral or 
cellular immunity. 

4.2. Comparison with previous studies 

The observed high humoral immune response to the SARS-CoV-2 
spike protein is similar to a recent vaccine trial involving healthy 
adults [14]. Some studies on the humoral response in hemodialysis pa-
tients have reported similar (>90%) seroconversion results [15–18], 
which are comparatively higher to that of other studies, where 77%– 
82% of dialysis patients had positive anti-spike IgG antibody levels 
[11,19–21]. The observed differences in the seroconversion rate among 
the selected studies may be in part due to the large variation in the 
number of dialysis patients on immunosuppressive therapy (0%–12.0%) 
or with a history of cancer (0%–35.2%), as both are recognized risk 
factors for a diminished immune response following vaccination 
[11,19,20]. 

Comparable longitudinal data analyzing the humoral response 

Table 3 
Association of demographic and clinical characteristics with positive SARS-CoV-2-specific IL-2 reactivity (A) and IFN-γ reactivity (B) at T1 and T2.  

(A) 

Variable T1a T2b 

Univariate association Multivariate association Univariate association Multivariate association 

OR 95% CI p-value OR 95% CI p-value OR 95% CI p-value OR 95% CI p-value 

Age 0.982 (0.944–1.02) 0.353    0.967 (0.927–1.008) 0.114    
Diabetes mellitus (yes)c 1.25 (0.320–4.8) 0.748    0.733 (0.192–2.806) 0.651    
Dialysis modality (PD)c 0.353 (0.033–3.7) 0.387    0 (0–0) 0.999    
Dialysis duration 1 (0.988–1.001) 0.880    1.001 (0.990–1.013) 0.853    
Previous COVID-19 infection (recovered)c 7.69 (0.805–73.5) 0.077d    5 (0.466–53.6) 0.184    
Type of vaccine (vector vaccine)c 0.353 (0.33–3.7) 0.387    0.429 (0.040–4.57) 0.483    
SARS-CoV-2 anti-spike antibodies (in 10,000) 2.44 (1.1–5.4) 0.028d 2.401 (1.102–5.402) 0.028 6.848 (1.487–31.5) 0.014d 6.848 (1.487–31.50) 0.014 
Immunosuppressive drugs (yes)c 0.750 (0.111–5.074) 0.768    0 (0–0) 0.999    
CRP 1.053 (0.983–1.128) 0.140    0.957 (0.890–1030) 0.241    
IL-6 0.931 (0.825–1.050) 0.243    0.905 (0.775–1057) 0.209    
Ferritin 1 (0.999–1.002) 0.807    1 (0.998–1001) 0.615      

(B) 

Variable T1a T2a 

Univariate association Multivariate association Univariate association Multivariate association 

OR 95% CI p-value OR 95% CI p-value OR 95% CI p-value OR 95% CI p-value 

Age 0.989 (0.949–1.032) 0.622    0.975 (0.939–1.013) 0.201    
Diabetes mellitus (yes)b 1.190 (0.291–4.867) 0.808    0.794 (0.219–2.880) 0.725    
Dialysis modality (PD)b 0.640 (0.067–6.142) 0.699    0.446 (0.047–4.210) 0.481    
Dialysis duration 1.004 (0.989–1.018) 0.618    1.004 (0.990–1.018) 0.599    
Previous COVID-19 infection (recovered)b 1.195e+10 (0–0) 0.999    5.493e+9 (0–0) 0.999    
Type of vaccine (vector vaccines)b 0.640 (0.067–6.142) 0.699    0.577 (0.059–5.674) 0.637    
SARS-CoV-2 anti-spike antibodies (in 10,000) 4.18 (1.6–10.8) 0.003c 4.18 (1.62–10.80) 0.003 9.447 (2.047–43.60) 0.004c 9.447 (2.047–43.60) 0.004 
Immunosuppressive drugs (yes)b 0.640 (0.067–6.14) 0.699    2.667 (0.337–21.11) 0.353    
CRP 0.997 (0.978–1.016) 0.730    0.973 (0.931–1.016) 0.216    
IL-6 0.952 (0.847–1.069) 0.402    0.948 (0.864–1.040) 0.261    
Ferritin 1 (0.999–1.001) 0.570    1.001 (1–1.003) 0.090c    

Bolded p-values denote statistical significance at the p < 0.05 level. 
aThirty-nine cases were included in the logistic regression analysis due to missing cases. 
bThirty-six cases were included in the logistic regression analysis due to missing cases. 
cRefers to indicator. 
dRefers to variables included in the multivariate logistic regression analysis with backward elimination. 
95% CI, 95% confidence interval; COVID-19, coronavirus disease 2019; CRP, C-reactive protein; IL-6, interleukin-6; OR, odds ratio; PD, peritoneal dialysis; SARS-CoV- 
2, severe acute respiratory syndrome coronavirus type 2; T1, timepoint 1; T2, timepoint 2. 
Bolded p-values denote statistical significance at the p < 0.05 level. 
aForty-eight cases were included in the logistic regression analysis due to missing cases. 
bRefers to indicator. 
cRefers to variables included in the multivariate logistic regression analysis with backward elimination. 
95% CI, 95% confidence interval; COVID-19, coronavirus disease 2019; CRP, C-reactive protein; IL-6, interleukin-6; OR, odds ratio; PD, peritoneal dialysis; SARS-CoV- 
2, severe acute respiratory syndrome coronavirus type 2; T1, timepoint 1; T2, timepoint 2. 
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dynamics at 4 weeks and 6 weeks post-vaccination in MD patients are 
not available. However, a study group recently indicated waning hu-
moral response 6 months after SARS-CoV-2 vaccination in patients 
receiving MD [22]. Whether the antibody loss is caused by the impaired 
immune system in dialysis patients or by the vaccine platforms, or both, 
remains unclear. Nevertheless, strategies for prolonging and/or boosting 
host immunity should be evaluated to protect vulnerable populations 
against SARS-CoV-2 and its variants. Therefore, a third booster dose 
after 6 months, which is common recommendation in many countries 
including Germany should be considered to sustain protective humoral 
immunity in patients with kidney failure [23]. 

Emerging evidence suggests the requirement of both antibody- 
mediated and T cell-mediated immunity for effective protection 
against SARS-CoV-2 [24]. However, our results indicate that a signifi-
cant proportion of patients may not develop cellular immunity, although 
almost all patients developed antibodies. Our results are in line with 
previous studies involving MD patients describing an impaired cellular 
immune response after SARS-CoV-2 vaccination, with T cell activation 
of 31%–78% [11,16,18], which is lower compared to that of the general 
population (88.2%) [25] but higher compared to that of kidney trans-
plant recipients (5.1%–35.0%) [26,27]. The inadequate cellular 
response after SARS-CoV-2 vaccination in MD patients is consistent with 
the impaired response reported after hepatitis B virus vaccination in 
hemodialysis patients [28]. Notably, however, the findings regarding 
cellular immune response from such studies must be interpreted care-
fully, given the different vaccine platforms used. 

MD patients receiving a booster vaccination after SARS-CoV-2 
infection showed better humoral and cellular immunity compared to 
SARS-CoV-2-naïve patients with full vaccination. Other studies also 
suggest that prior seropositivity seems to be protective against SARS- 
CoV-2 infection in MD patients [19,29]. Forbes et al. reported that he-
modialysis patients have a robust and sustained antibody response after 
confirmed COVID-19 infection, with 71% of the cohort having a positive 
response, indicating increasing antibody positivity during the 6-month 
follow-up period [30]. The reason for the stronger humoral and 
cellular immune response in MD patients after natural COVID-19 
infection is unknown, but similar findings were reported for 

immunocompetent individuals and transplant recipients [11,29,30]. It 
might be intuitive that the high inflammation level observed in MD 
patients during COVID-19 may contribute to a stronger antigenic chal-
lenge and lymphocyte recruitment, generating stronger cellular and 
humoral immune responses as compared to vaccine-mediated prime- 
boost immune response. 

Yet, it is unclear whether the higher antibody level correlates with 
better protection against SARS-CoV-2 infection [31,32]. However, our 
data show that the higher estimates of SARS-CoV-2 anti-spike IgG at 
both timepoints are associated with a higher rate of cellular immunity. 
Therefore, we speculate that these patients also have higher protection 
against SARS-COV-2 infection. 

Vaccination side effects did occur in (up to 46.7%) of cases, but were 
usually mild (local pain and swelling), and were mostly restricted to the 
first 3 days after vaccination (in 89.3%), in line with previous reports 
[16,33]. 

4.3. Study strengths and limitations 

A major strength of our study is that we compared humoral and 
cellular immunity, which have received little attention in the literature. 
We also measured cellular immunity including both IL-2 and IFN-γ, 
which allows assessment of both the early and late cellular immune 
response [34]. 

The important limitations of our study include the observational, 
non-randomized study character, small sample size, and limited number 
of patients receiving a vector-based vaccine regimen and peritoneal 
dialysis. Moreover, we did not include healthy controls; therefore, we 
were unable to compare the humoral and cellular immune response 
against SARS-CoV-2 vaccines between MD patients and healthy controls. 

5. Conclusions 

The majority of patients receiving MD develop SARS-CoV-2 anti- 
spike IgG antibodies after a single dose or homologous dual dose vaccine 
regimen, but these antibodies tend to wane rapidly by 6 weeks after full 
immunization. Only approximately 50% of patients develop T cell im-
munity. High anti-spike IgG antibodies may predict a better cellular 
immunity. The level of vaccine response was significantly higher in 
patients who have had a history of COVID-19. Therefore, while patients 
with prior COVID-19 showed the best response after one dose, SARS- 
CoV-2-naïve patients may benefit from a third vaccine injection to 
optimize immunogenicity and sustain protection. 
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Table 4 
Comparison of cellular and humoral responses between SARS-CoV-2-naïve and 
SARS-CoV-2-infected patients with full vaccination.   

Vaccinated with no 
history of COVID-19 

Vaccinated with history 
of COVID-19 

p-value 

Median [IQR] n Median [IQR] n 

SARS-CoV-2 anti- 
spike IgG 
antibodies at T1, 
AU/mL (Abbott) 

3180 
[1008–6029] 

43 40,000 
[17,230–40,000] 

6 <0.001 

SARS-CoV-2 anti- 
spike IgG 
antibodies at T2, 
AU/mL (Abbott) 

1894 
[583–5268] 

53 14,653 
[10,584–40,000] 

5 <0.001 

SARS-CoV-2 anti- 
spike IgG 
antibodies at T1, 
% (GenID) 

76 
[67.2–88.2] 

44 91.5 [82.7–95.2] 6 0.042 

SARS-CoV-2 anti- 
spike IgG 
antibodies at T2, 
% (GenID) 

83 [54–91] 53 92 [68.5–97] 5 0.15 

IL-2 at T1, SI 2 [1.5–3.5] 39 17.7 [3.1–21.4] 6 0.004 
IL-2 at T2, SI 1.67 [1–4.4] 37 35.3 [1.5–105] 5 0.07 
IFN-γ at T1, SI 3 [1–4] 42 35 [20–195] 6 <0.001 
IFN-γ at T2, SI 3 [1–6] 47 110 [22–186] 5 <0.001 

Bolded p-values denote statistical significance at the p < 0.05 level. 
COVID-19, coronavirus disease 2019; IFN-γ, interferon-γ; IL-2, interleukin-2; 
IQR, interquartile range; SARS-CoV-2, severe acute respiratory syndrome coro-
navirus type-2; T1, timepoint 1; T2, timepoint 2. 
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Fig. 2. Vaccine-induced SARS-CoV-2-specific IL-2- and IFN-γ-producing T cells and SARS-CoV-2 anti-spike IgG antibodies as determined using the GenID assay at T1 
and T2, stratified by mRNA vaccine regimen (A–C), vector-based vaccine regimen (D–F), for infection naïve patients, or booster vaccination in patients with a 
history of SARS-CoV-2 infection (G–I). 
A) IL-2: T1 (n = 37): Not reactive, 17 (45.9%); borderline, 6 (16.2%); reactive, 12 (32.4%); invalid, 2 (5.4%). T2 (n = 44): Not reactive, 17 (38.6%); borderline, 4 
(9.1%); reactive, 11 (25.0%); invalid, 12 (27.3%). 
B) IFN-γ: T1 (n = 37): Not reactive, 32 (86.5%); borderline, 0 (0%); reactive, 4 (10.8%); invalid, 1 (2.7%). T2 (n = 44): Not reactive, 30 (68.1%); borderline, 2 (4.5%); 
reactive, 9 (20.5%); invalid, 3 (6.8%). 
C) IgG: T1 (n = 37): Positive, 32 (86.5%)a; negative, 5 (13.5%)b. T2 (n = 44): Positive, 39 (88.6%)a; negative, 5 (11.4%)b. 
D) IL-2: T1 (n = 7): Not reactive, 3 (42.9%); borderline, 0 (0%); reactive, 1 (14.3%); invalid, 3 (42.9%). T2 (n = 9): Not reactive, 3 (33.3%); borderline, 1 (11.1%); 
reactive, 1 (11.1%); invalid, 4 (44.4%). 
E) IFN-γ: T1 (n = 7): Not reactive, 5 (71.4%); borderline, 0 (0%); reactive, 1 (14.3%); invalid, 1 (14.3%). T2 (n = 9): Not reactive, 4 (44.4%); borderline, 1 (11.1%); 
reactive, 1 (11.1%); invalid, 3 (44.4%). 
F) IgG: T1 (n = 7): Positive, 6 (85.7%)a; negative, 1 (14.3%)b. T2 (n = 9): Positive, 8 (88.9%)a; negative, 1 (11.1%)b. 
G) IL-2: T1 (n = 6): Not reactive, 1 (16.7%); borderline, 0 (0%); reactive, 5 (83.3%); invalid, 0 (0%). T2 (n = 5): Not reactive, 1 (20.0%); borderline, 1 (20.0%); 
reactive, 3 (60.0%); invalid, 0 (0%). 
H) IFN-γ: T1 (n = 6): Not reactive, 0 (0%); borderline, 0 (0%); reactive, 6 (100%); invalid, 0 (0%). T2 (n = 5): Not reactive, 0 (0%); borderline, 1 (20.0%); reactive, 4 
(80.0%); invalid, 0 (0%). 
I) IgG: T1 (n = 6): Positive, 6 (100%)a; negative, 0 (0%)b. T2 (n = 5): Positive, 5 (100%)a; negative 0 (0%)b. 
All individuals with a history of SARS-CoV-2 infection were vaccinated with one dose of mRNA- BNT162b2 (n = 6). 
The dashed horizontal lines indicate the cut-off for positivity (reactive); the area between the horizontal lines indicates the borderline zone used in each GenID assay. 
aPositive refers to antibody levels >16%. 
bNegative refers to antibody levels ≤16%. 
IgG, immunoglobulin G; IFN-γ, interferon-γ; IL-2, interleukin-2. 
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