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Abstract: Background: The effectiveness of the COVID-19 vaccine may differ in hemodialysis patients.
The aim of this prospective multicenter study was to determine the degree of serological response to
the SARS-CoV-2 vaccine in the population of dialysis patients and its association with later SARS-
CoV-2 infections. Methods: A blood sample was taken for the determination of COVID-19 serological
status (IgG antibodies) in 706 dialysis patients 16 weeks after vaccination with the second dose
(Pfizer-BioNTech). Results: Only 314 (44.5%) hemodialyzed patients had a satisfactory response to
the COVID-19 vaccine. Eighty-two patients (11.6%) had a borderline response, while 310 patients
(43.9%) had an unsatisfactory (negative) post-vaccinal antibody titer. A longer dialysis vintage had an
increased odds ratio (OR) of 1.01 for the occurrence of COVID-19 positivity after vaccination. In the
group of subsequently positive patients, 28 patients (13.6%) died from complications of COVID-19.
We have found differences in mean survival time between patients with and without appropriate
responses to vaccination in favor of patients with a satisfactory serological response. Conclusions:
The results showed that the dialysis population will not have the same serological response to the
vaccine as the general population. The majority of dialysis patients did not develop a severe clinical
picture or die at the time of positivity for COVID-19.
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1. Introduction

The prevalence of COVID-19 in patients with end-stage renal failure on dialysis is
3% [1]. Most of them are infected at an older age and have a history of cardiovascular
diseases and diabetes [2]. A meta-analysis by Nopsopon et al. shows that the case fatality
rate in dialysis patients with COVID-19 is 18% [1] while studies from different countries
reported various mortality rates [3]. Research conducted in the United States of America
showed that the mortality rates of COVID-19 patients on dialysis are between 28% and
32%, and those conducted in Spain are between 25% and 31%. A mortality rate of 20% has
been described in the United Kingdom, 26% in Italy, and 24% to 27% in France [3].

According to a European Renal Association COVID-19 Database (ERACODA) report,
patients on hemodialysis had an increased risk of death, with a 25% 28-day probability of
death and 33.5% for patients who required hospitalization [4].

Given the presence of various comorbidities, an impaired immune response, and
frailty in chronic patients, the effectiveness of the vaccine may differ from that of the
general population [5,6]. Chronic kidney patients on dialysis are at increased risk of a more
severe form of COVID-19 infection and a high mortality rate [7]. Research by Dulovic et al.
shows that vaccine protection Comirnaty declined rapidly in dialysis patients 4 months
after the second dose of the vaccine. As many as 19.7% of dialysis subjects were seroneg-
ative 16 weeks after the second dose of the vaccine, and 75% of them had a significant
drop in antibody levels [8]. Patients on dialysis have impaired cellular and humoral immu-
nity, which makes infections the second leading cause of death in dialysis patients after
cardiovascular diseases [9]. They cause death in 20% of patients with end-stage kidney
disease [10]. Failure of kidney function leads to the accumulation of toxic products, which
we call uremia. Uremia causes a loss of balance between pro- and anti-inflammatory factors
and pro- and anti-apoptotic factors, which causes immunosuppression. Due to the deficient
response of T-lymphocytes to the stimulus, the creation of immunity after vaccination is
inadequate [11].

A possible reason for the lower rate of a severe form of COVID-19 and the lower
mortality rate in dialysis patients is the hypoimmune response to the infection, which is
a consequence of the patient’s immunosuppression and the high vaccination coverage of
the dialysis population. The aim of this prospective multicenter research was to determine
the degree of serological response to the vaccine against SARS-CoV-2 in the population of
dialysis patients and its association with later SARS-CoV-2 infections.

2. Materials and Methods
2.1. Patients

A total of 706 dialysis patients from eight Croatian dialysis centers were included in
the study. After the participants were vaccinated with the second dose vaccination with
a 21-day interval of BNT162b2 (Pfizer-BioNTech, Mainz, Germany), a blood sample was
taken by using vascular access before the start of dialysis 16 weeks after vaccination for
the determination of COVID-19 serological status (IgG antibodies). The control group
consisted of 372 healthy individuals.

Basic demographic data on all patients, including data on their body height and
weight, smoking habits, dialysis, comorbidities, and medications they are taking, was
collected from the hospital information system. The use of angiotensin-converting enzyme
(ACE) inhibitors or immunosuppression therapy was also collected for all patients. Values
of blood urea nitrogen (BUN), creatinine, erythrocytes, platelets, hemoglobin, hematocrit,
lymphocytes, white blood count, serum calcium, phosphates, cholesterol, triglycerides, and
uric acid were also collected, as well as data on the COVID-19 positivity of hemodialyzed
patients after vaccination and the booster dose.

2.2. Serological Testing

The initial serological screening was performed using a commercial automated enzyme-
immunoassay based on recombinant spike glycoprotein (S) and nucleocapsid protein (N)
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antigens of SARS-CoV-2 (ELISA COVID-19 IgG; Vircell Microbiologists, Granada, Spain).
The test is based on the reaction of SARS-CoV-2 antibodies in the sample with the antigen
adsorbed on the microtiter plate. After washing off unbound immunoglobulins, an enzyme-
labeled antihuman IgG binds to the antigen-antibody complex. After a new washing step,
a substrate solution (tetramethylbenzidine) is added, and color will develop. After adding
a stop solution (0.5 M sulphuric acid), optical densities (OD) are read with a spectropho-
tometer at 450/620 nm within one hour of stopping. Results were calculated and expressed
as an antibody index; AI = (sample OD/cut- +off serum mean OD) × 10. Samples were
considered positive if AI values were >6, borderline if values were 4–6, and negative if
values were <4.

All reactive samples were further confirmed using an automated surrogate neutraliz-
ing fluorescence immunoassay (FIA; AFIAS COVID-19 nAb, Boditech Med Incorporated,
Gang-won-do, Korea). The test uses a competitive immunodetection method for quali-
tative determination of SARS-CoV-2 surrogate neutralizing (sNT) antibodies that block
the interaction between the receptor-binding domain (RBD) of the SARS-CoV-2 S glyco-
protein and the ACE-2 cell surface receptor. SARS-CoV-2 sNT antibodies in the serum
sample bind to the fluorescence-labeled SARS-CoV-2 RBD antigen and form a complex. The
complex migrates onto the nitrocellulose matrix with immobilized ACE-2 and interferes
with the binding of sNT antibodies and fluorescence-labeled RBD. If more sNT antibodies
are present in the sample, fewer detection antigens are accumulated, resulting in a lower
fluorescence signal. Results were calculated based on inhibition rate (%) and interpreted as
follows: cut-off index (COI; %) <30 negative; ≥30 positive.

2.3. Statistical Analysis

The normality of the data distribution was tested using the Kolmogorov-Smirnov
test. Preliminary analyses were performed to ensure no violation of the assumptions of
normality, linearity, and homoscedasticity. Categorical data were expressed as numbers
and frequencies. Correlations were obtained using Pearson’s test for normally distributed
variables and Spearman rank correlation for non-normally distributed variables. Normally
distributed variables were presented as means ± standard deviations, and the Student’s
t-test for independent samples was used for comparisons between the two groups. Non-
normally distributed data were presented as a median and interquartile range, and the
Mann-Whitney U-test was used for the comparison between the two groups. Baseline-
to-follow-up comparisons were done using the Student’s t-test for paired samples and
the Wilcoxon test. Categorical variables were compared using the χ2-test. Multiple linear
regression and multiple nominal regression were used to explore the influence of different
variables on antibody titer, while logistic regression was used for categorical dependent
variables. A p-value < 0.05 (two-sided tests) was considered significant. Survival probability
curves were generated by means of the Kaplan-Meier method and analyzed by the log-rank
(Mantel-Cox) test. Hazard ratios (HRs) and 95% CIs were estimated by the Cox proportional
hazards regression method (Cox regression). Statistical analyses were performed using
SPSS version 23.0 (IBM Corp., Armonk, NY, USA).

3. Results

Out of the total number of included vaccinated patients on dialysis, only 314 patients
(44.5%) had a satisfactory response to the COVID-19 vaccine (positive SARS-CoV-2 IgG
antibodies). Eighty-two patients (11.6%) had a borderline response, and even 310 patients
(43.9%) had an unsatisfactory (negative) antibody titer to the vaccine. The total percentage
of borderline and negative patients was 55.5%. By comparing the dialysis patients with sat-
isfactory and non-satisfactory serological responses (borderline and no response patients),
we have found that patients with non-satisfactory serological responses were significantly
older, while other differences in dialysis-related parameters, medications, or laboratory
values between groups were not found (Table 1). We have not found any adverse effects of



Antibodies 2023, 12, 37 4 of 11

vaccination in hemodialysis patients after injection or aggravation of their primary disease
during the following weeks.

Table 1. Differences between patients with and without satisfactory serological response.

Parameter Satisfactory Serological
Response (N = 314)

Non-Satisfactory Serological
Response (N = 392) p

Age (years) 64 (34–82) 67 (39–86) <0.01

BMI (kg/m2) 25.7 ± 5.7 25.1 ± 4.9 0.13

Male sex N (%) 183 (58.2) 237 (60.4) 0.55 *

Dialysis vintage (months) 57.4 ± 14.2 61.2 ± 15.3 0.43

Duration of hypertension (months) 143 (34–214) 141 (32–209) 0.89

Diabetes (%) 107 (34.1) 122 (31.1) 0.51 *

RAAS inhibitors N (%) 143 (45.5) 175 (44.6) 0.81 *

Immunosuppressive drugs (CNI, MMF,
steroids) N (%) 87 (27.7) 90 (22.9) 0.15 *

Residual diuresis (mL) 722 ± 89.3 701 ± 88.4 0.75

BUN (mmol/L) 22.1 ± 5.7 21.15 ± 6.7 0.06

Serum creatinine (µmol/L) 788 (287–1122) 744 (265–1087) 0.21

Thrombocytes (×109/L) 208 (152–244) 193 (139–231) 0.81

Hemoglobin (g/L) 118.2 ± 28.2 112.3 ± 26.9 0.22

White blood count (×109/L) 5.9 ± 2.7 6.3 ± 2.9 0.37

Lymphocytes (%) 22.8 ± 5.1 21.5 ± 4.9 0.18

Serum calcium (mmol/L) 2.3 ± 0.8 2.2 ± 0.7 0.55

Phosphates (mmol/L) 2.8 ± 0.9 1.7 ± 0.4 0.25

Cholesterol (mmol/L) 3.6 ± 1.1 3.7 ± 1.2 0.35

Uric acid (µmol/L) 358 (302–412) 365 (313–422) 0.24

BMI = body mass index; RAAS = renin-angiotensin-aldosterone system; CNI = calcineurin inhibitors;
MMF = mycophenolate mofetil acid; EPO = erythropoietin; BUN = blood urea nitrogen; results are shown
as mean +/− SD or median (interquartile range); * χ2-test.

By comparing the serological response of dialysis patients with the control group
of healthy subjects, it is evident that the healthy had a better response (62% positive,
23% borderline response, and only 15% without an adequate serological response) (Figure 1).
The total percentage of borderline and negative healthy subjects was 38%. Although the
control group was sex-matched with the group of dialyzed patients, the subjects in the
control group were significantly younger (p < 0.05).

Univariate analysis found a significant negative association of antibody titer with
higher age (p < 0.01), higher serum creatinine levels (p < 0.01), and the duration of dialysis
(p = 0.04). No association of antibody levels with other dialysis parameters, chronic drug
therapy, or patient comorbidities was found.

In the linear regression analysis, we have not found a statistically significant asso-
ciation of age, dialysis-related parameters, medications, or laboratory values with anti-
body levels.

The results of the logistic regression analysis showed a risk ratio for a lower antibody
level after vaccination of 1.1 for a higher age.
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Figure 1. Percentage of patients with different serologic responses between hemodialyzed patients
and the control group of subjects.

By comparing the dialysis patients with and without COVID-19 positivity after vac-
cination, we have found that patients with COVID-19 positivity had significantly higher
serum creatinine levels and lower antibody titers.

On logistic regression, longer dialysis vintages had an increased OR of 1.013
(95% CI = 1.002–1.025) for the occurrence of COVID-19 positivity after vaccination
(Table 2).

Table 2. Factors associated with COVID-19 positivity after vaccination.

Parameter B S.E. Wald p Exp (B) 95% CI for Exp (B)

Age (years) 0.130 0.088 2.169 0.14 1.138 0.958–1.353

Antibody level (AU/mL) −0.038 0.081 0.224 0.64 0.962 0.821–1.128

Male sex −0.085 0.053 2.575 0.11 0.919 0.828–1.019

Duration of hypertension (months) 0.006 0.005 1.298 0.25 1.006 0.996–1.015

Dialysis vintage (months) 0.013 0.006 5.430 0.02 1.013 1.002–1.025

Diabetes 2.653 1.934 1.882 0.17 1.196 0.321–1.982

Serum creatinine (µmol/L) −0.006 0.003 3.821 0.51 0.994 0.987–1.000

As many as 71% of patients did not develop COVID-19 seropositivity after vaccination
with two doses and a booster dose of the vaccine, with no significant difference between
patients with satisfactory and non-satisfactory responses to vaccination. Of the 29% of
subsequently positive patients, 28 patients (13.6%) died from complications of COVID-19.
The rest of the patients had a medium-severe or mild clinical picture of COVID-19 infection.
By analyzing patients who developed a mild or moderate clinical picture of COVID-19, no
difference was found in the number of patients depending on the serological response to the
vaccine. A total of 28 vaccinated patients died from COVID-19 infection; twenty-one did
not have an appropriate serological response to the vaccine, and seven had an appropriate
response to the vaccine (p = 0.02). A longer dialysis vintage was associated with higher
mortality in the whole group (HR 1.01 [1.00, 1.02], respectively) (Table 3).
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Table 3. Factors associated with mortality.

Parameter
Cox Regression Analysis

Adjusted HR p

Age (years) 1.27 0.24
Antibody index (AI) 0.97 0.74

Male sex 0.92 0.73
Duration of hypertension (months) 1.00 0.25

Dialysis vintage (months) 1.01 0.02
Diabetes 14.19 0.17

Serum creatinine (µmol/L) 0.99 0.18
HR = hazard ratio.

We have found differences in mean survival time between patients with and without
appropriate responses to vaccination in favor of patients with a satisfactory serological
response (Figure 2).
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Figure 2. Differences in survival between patients with and without satisfactory serologic re-
sponse (118.8 days; 95% CI = 117.9–119.7 vs. 116.6 days; 95% CI = 115.0–118.2 days; p = 0.03):
SSR = satisfactory serologic response; UNSR = unsatisfactory serologic response.

4. Discussion

The results of this study showed that the serological response to the COVID-19 vaccine
in patients in a chronic dialysis program was absent or unsatisfactory in more than half of
those vaccinated and significantly different when compared to healthy controls. Antibody
levels were significantly negatively associated with older age and dialysis vintage.

There are several possible reasons why dialysis patients had a poor response to the
COVID-19 vaccine. When the effectiveness of the vaccine was examined for the general
population, it was described that the antibody titer decreased over time [12]. Similar data
are available for patients with chronic diseases [13]. The results of previous studies on
patients with chronic diseases showed that the protection against the vaccine decreased
rapidly a few weeks after vaccination. For oncology patients, the effectiveness of the vaccine
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largely depended on the time of completion of systemic therapy (chemotherapy, hormone
therapy) and ranged from 58% to 85% [5,6]. If the therapy was completed 6 months before
receiving the first dose of the vaccine, the effectiveness was higher and amounts to 85%,
while in patients whose therapy was completed less than 6 months before the first dose
of the vaccine, the effectiveness was lower and amounts to only 58% [5]. Research by
Monin et al. also showed the effectiveness of the vaccine in the population of oncological
and hemato-oncological patients, and it was evident that in this population, the immune
response after the first dose of the vaccine was extremely weak. Seroconversion was
38% in patients with solid tumors and 18% in hemato-oncological patients compared to
healthy controls, where seroconversion was present in 98% of cases. After the second dose,
seroconversion increased to 95% in the population with solid tumors but to only 60% in
haemato-oncology patients [6].

Similar reports were published regarding rheumatological patients, which were at-
tributed to immunosuppression drugs [13]. Research by Furer et al. indicated a lower
seropositivity rate 2–6 weeks after the second dose of the Comirnaty vaccine in patients
suffering from autoimmune inflammatory rheumatic diseases, and it was 86% in this pop-
ulation, compared to healthy controls, where the seropositivity rate was 100%. This was
attributed to the drugs taken by rheumatological patients, which have the common goal of
immunosuppression and calming inflammation: glucocorticoids, mycophenolate mofetil,
rituximab, and abatacept [13]. Similar to the present paper, the study by Pellicano et al.
conducted on patients with systemic sclerosis demonstrated an impaired response to the
COVID-19 vaccine [14].

Given that dialysis patients are a high-risk population for contracting severe forms
of COVID-19, they were on the priority list for vaccination. Simon et al. reported a
significantly lower antibody level three weeks after receiving the second dose of the
Comirnaty vaccine in dialysis subjects compared to the control group (171 U/mL vs.
2500 U/mL) [15]. Anand et al. analyzed 2563 dialysis patients who were vaccinated
with two doses of the vaccine against COVID-19. Serological testing was performed on
them once a month, for the purpose of studying the long-term protection of the vaccine
in hemodialysis patients. The study showed that 20.2% of patients had undetectable
antibody levels after 6 months [16]. Yanay et al. also demonstrated lower antibody titers
in hemodialysis patients compared to healthy controls [17]. These reports can imply a
weaker antibody response in dialysis patients even after two doses of the vaccine, which
disables them from neutralizing the SARS-CoV-2 virus. Nevertheless, a delayed response
is possible in the case of natural infection due to the reported increased seroconversion rate
in COVID-infected HD patients [18].

The results of our study show an even higher percentage of seronegative patients
who were vaccinated with two doses of the vaccine against COVID-19 than in previous
studies [8]. A lower antibody level after vaccination in our group of dialysis patients was
significantly negatively associated with a higher age, which was also described in studies
investigating the serological response to the infection in the general population [19] and
with a longer dialysis vintage. Possible reasons for this association lie in the impaired
immune response of dialysis patients. The longer dialysis vintage leads to a gradual
decrease in cellular and humoral immunity, which is one of the reasons why infections are
the second leading cause of death in this population [20]. Likewise, long-term dialysis is
responsible for the deposition of uremic toxins in the tissues and the simultaneous loss
of balance between pro- and anti-inflammatory factors, which consequently results in
immunosuppression [21].

A number of other parameters of dialysis treatment, such as iron administration,
elevated calcium, and PTH values, lead to lymphocyte dysfunction and a worse immune
response to the vaccine [22]. Overloading with accumulated iron and elevated values
of intracellular calcium, caused by kidney failure, causes a decrease in the function of
polymorphonuclear leukocytes [21]. Inhibitory proteins such as GIP I, GIP II, and DIP
also act on polymorphonuclear leukocytes [21,22]. High PTH values affect the function
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and metabolism of B-lymphocytes and the function of T-lymphocytes. The uremic toxin
indoxyl sulfate suppresses the expression of erythropoietin [23]. EPO participates in the
differentiation of dendritic cells, making them more sensitive to stimuli. Other uremic
toxins such as phenylacetic acid, guanidine compounds, methylglyoxal, leptin, and resistin
promote apoptosis of immune system cells or inhibit their activity [20].

The results of our study showed that most of the vaccinated patients had a mild or
moderate COVID-19 disease, which is indirect proof of vaccine effectiveness in reducing
the more severe forms of the disease. Due to the high risk of infection and more severe
forms of COVID-19 in chronic patients, most of our patients (more than 90%) had a high
vaccination rate, which contributed to their lower fatality rate, although at the time the
highly contagious delta variant of the virus, which caused more severe forms of COVID-19,
was predominant.

Cardiovascular diseases, diabetes, obesity, respiratory, malignant, nephrological, hepa-
tological, and neurological diseases are risk factors both for the severe form of COVID-19
and for fatal outcomes [24]. Geng et al. in their meta-analysis reported that 36.49% of
patients who died from COVID-19 had at least one chronic disease. The most common
cases were hyperlipidemia and hypertension [25]. Arrhythmias, shock, acute respiratory
distress syndrome, and acute heart failure occur more often in dialysis patients compared
to the general population [26]. It has been shown that dialysis patients are more prone to
thrombosis after COVID-19 infection, and it occurs in 18.5% of patients who have recovered
from COVID-19 and only in 1.9% of those who have not [27]. In the long term, as many as
93.7% and 81% of those infected report symptoms such as general weakness or palpitations
3 months and 6 months after infection, respectively [28].

The mortality of patients with COVID-19 in the chronic dialysis program is described
in European countries as 20–32% [1,3]. On the other hand, in Croatia, a very small number
of dialysis patients developed a severe clinical picture, and the mortality rate was not
high either [29]. According to the results of our research compared to other studies, the
mortality rate in our group of patients was significantly lower (13.6%). The results of the
logistic regression analysis showed an OR for the occurrence of COVID-19 positivity after
vaccination and a booster dose of 0.9 for a lower antibody level after vaccination and 1.1
for older age. Although in positive patients who developed a mild or moderate clinical
picture, the antibody level after vaccination did not play a significant role, in patients with
a severe clinical picture or in deceased patients, there was a significantly higher proportion
of patients who did not develop SARS-CoV-2 antibodies after vaccination, while a longer
dialysis vintage was associated with higher mortality.

There are a few factors that may explain the phenomenon of low mortality in our group
of hemodialyzed patients. First, the vaccination rate exceeded 90% of patients during the
highly contagious delta variant of the virus. Second, a lower antibody level was associated
with a longer dialysis vintage and therefore with a longer effect of uremia on cellular and
humoral immunity and consequently on the development of immunosuppression. This
long-term uremic milieu possibly produced a paradoxical phenomenon: the unsatisfactory
serological response to the SARS-CoV-2 vaccine, which increased the risk for breakthrough
infections, and at the same time the suppressed immune response to SARS-CoV-2 and more
severe forms of COVID-19.

In this study, it was not possible to assess the antibody dynamic after COVID-19
vaccination in hemodialysis patients since only one serum sample (taken 16 weeks after the
second dose) was available, which is one of the study’s limitations. Studies that analyzed
the antibody response showed a rapid decline in antibody titers after vaccination. An Israeli
study included hemodialysis patients who received at least three doses of the vaccine. The
third vaccine dose induced a significant increase in IgG anti-S titers, followed by a decline
over 4–5 months [30]. Similarly, in a prospective cohort study conducted in Virginia,
USA, 87.88% of hemodialysis patients were SARS-CoV-2 IgG positive at baseline. Patient
antibody levels decreased at a monthly average adjusted rate of 31%, and at six months
after vaccination, 40% of patients had either borderline or negative IgG antibodies [31]. In
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addition, a study from Portugal showed that elderly patients developed a lower immune
response, and the levels of anti-spike IgG antibodies declined faster than in younger
patients [32].

To the best of our knowledge, this is the first study to analyze the serological response
in this large number of hemodialyzed patients and its associations with later COVID-19 pos-
itivity and mortality. Our results showed that the vaccination is effective in the prevention
of more severe forms of COVID-19 in these chronic patients, but the serological response
is still significantly lower when compared to healthy subjects [33,34]. Interestingly, our
results did not show any differences in serological response or later COVID-19 infections
when patients received a booster dose of the vaccine.

This study has some other limitations that need to be addressed. We have tested only
the humoral (antibodies) and not the cellular (T-cell) immune response, which probably
plays a role in the protection from COVID-19. A study by Le Bert et al. [35] found CD4
and CD8 T cells possessed long-lasting memory and cross-reactivity to the N protein of
SARS-CoV-2 in patients who recovered from SARS as well as in patients with no history
of SARS or COVID-19. This analysis of the cellular immune response provides additional
information regarding vaccination efficacy and, consequently, the association with more se-
vere forms of COVID-19 and clinical outcomes in these patients. The importance of cellular
immune response was also found in the study by Cassaniti et al. [36] which suggested that
a long-term SARS-CoV-2 T-cell response might accompany a waning humoral response.

In addition, our study is limited by the relatively small sample size of patients, who
were not matched by age or sex, and it represents the results from one country. Therefore, a
study on a large number of patients is needed to confirm our observations.

5. Conclusions

The research results confirmed the assumption that our dialysis population, due to
immunosuppression from long-term dialysis and uremia, will not have the same serological
response to the vaccine as the general population. At the same time, this is the likely reason
why the majority of dialysis patients did not develop a severe clinical form or die at the
time of positivity for COVID-19.

Author Contributions: Conceptualization, V.P., R.S., K.C. and B.J.; methodology, V.P. and T.V.-C.;
software, V.P., S.S. (Sara Stalman) and M.S.; validation, T.V.-C., M.B. (Maja Bogdanic) and D.Z.;
formal analysis, T.V.-C. and M.B. (Maja Bogdanic); investigation, D.R., S.S. (Sara Stalman) and M.S.;
resources, K.C. and M.B.; data curation, D.N., D.S.D., M.V., J.B., I.D., Z.G., D.P., B.K., S.S. (Sinisa Sefer)
and D.G.; writing—original draft preparation, V.P.; writing—review and editing, V.P., R.S. and
T.V.-C.; visualization, K.C. and M.B. (Marija Bubas); supervision, B.J.; project administration, D.R.,
T.V.-C., M.B. (Marija Bubas) and K.C. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of the University Hospital Center Zagreb (protocol
code 02/21-JG, date of approval: 12 July 2021).

Informed Consent Statement: Informed consent was obtained from all patients involved in the study.

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank Ljiljana Milasincic and Ljiljana Antolasic for
technical assistance.

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



Antibodies 2023, 12, 37 10 of 11

References
1. Nopsopon, T.; Kittrakulrat, J.; Takkavatakarn, K.; Eiamsitrakoon, T.; Kanjanabuch, T.; Pongpirul, K. COVID-19 in end-stage renal disease

patients with renal replacement therapies: A systematic review and meta-analysis. PLoS Negl. Trop. Dis. 2021, 15, e0009156. [CrossRef]
[PubMed]

2. Hsu, C.M.; Weiner, D.E.; Aweh, G.; Miskulin, D.C.; Manley, H.J.; Stewart, C.; Ladik, V.; Hosford, J.; Lacson, E.C.; Johnson, D.S.;
et al. COVID-19 Among US Dialysis Patients: Risk Factors and Outcomes from a National Dialysis Provider. Am. J. Kidney. Dis.
2021, 77, 748–756. [CrossRef] [PubMed]

3. Azzi, Y.; Bartash, R.; Scalea, J.; Loarte-Campos, P.; Akalin, E. COVID-19 and Solid Organ Transplantation: A Review Article.
Transplantation 2021, 105, 37–55. [CrossRef] [PubMed]

4. Hilbrands, L.B.; Duivenvoorden, R.; Vart, P.; Franssen, C.F.M.; Hemmelder, M.H.; Jager, K.J.; Kieneker, L.M.; Noordzij, M.;
Pena, M.J.; de Vries, H.; et al. ERACODA Collaborators. COVID-19-related mortality in kidney transplant and dialysis patients:
Results of the ERACODA collaboration. Nephrol. Dial. Transpl. 2020, 35, 1973–1983. [CrossRef]

5. Wu, J.T.-Y.; La, J.; Branch-Elliman, W.; Huhmann, L.B.; Han, S.S.; Parmigiani, G.; Tuck, D.P.; Brophy, M.T.; Do, N.V.; Lin, A.Y.; et al.
Association of COVID-19 Vaccination With SARS-CoV-2 Infection in Patients with Cancer: A US Nationwide Veterans Affairs
Study. JAMA Oncol. 2022, 8, 281. [CrossRef]

6. Monin, L.; Laing, A.G.; Muñoz-Ruiz, M.; McKenzie, D.R.; del Molino del Barrio, I.; Alaguthurai, T.; Domingo-Vila, C.; Hayday, T.S.;
Graham, C.; Seow, J.; et al. Safety and immunogenicity of one versus two doses of the COVID-19 vaccine BNT162b2 for patients
with cancer: Interim analysis of a prospective observational study. Lancet Oncol. 2021, 22, 765–778. [CrossRef]

7. Ikizler, T.A.; Coates, P.T.; Rovin, B.H.; Ronco, P. Immune response to SARS-CoV-2 infection and vaccination in patients receiving
kidney replacement therapy. Kidney. Int. 2021, 99, 1275–1279. [CrossRef]

8. Dulovic, A.; Strengert, M.; Ramos, G.M.; Becker, M.; Griesbaum, J.; Junker, D.; Lurken, K.; Beigel, A.; Wrenger, E.; Lonnemann, G.
Diminishing immune responses against variants of concern in dialysis patients four months after SARS-CoV-2 mRNA vaccination.
Emerg. Infect. Dis. 2022, 28, 743–750. [CrossRef]

9. Tamadon, M.R. Immunity and chronic kidney disease. Immunopathol. Persa. 2016, 2, e16. Available online: https://www.
immunopathol.com/Article/ipp-14 (accessed on 8 September 2022).

10. Kato, S.; Chmielewski, M.; Honda, H.; Pecoits-Filho, R.; Matsuo, S.; Yuzawa, Y.; Tranaeus, A.; Stenvinkel, P.; Lindholm, B. Aspects
of Immune Dysfunction in End-stage Renal Disease. Clin. J. Am. Soc. Nephrol. 2008, 3, 1526–1533. [CrossRef]

11. Espi, M.; Koppe, L.; Fouque, D.; Thaunat, O. Chronic Kidney Disease-Associated Immune Dysfunctions: Impact of Protein-Bound
Uremic Retention Solutes on Immune Cells. Toxins 2020, 12, 300. [CrossRef]

12. Tartof, S.Y.; Slezak, J.M.; Fischer, H.; Hong, V.; Ackerson, B.K.; Ranasinghe, O.N.; Frankland, T.B.; Ogun, O.A.; Zamparo, J.M.;
Gray, S.; et al. Effectiveness of mRNA BNT162b2 COVID-19 vaccine up to 6 months in a large integrated health system in the
USA: A retrospective cohort study. Lancet 2021, 398, 1407–1416. [CrossRef] [PubMed]

13. Furer, V.; Eviatar, T.; Zisman, D.; Peleg, H.; Paran, D.; Levartovsky, D.; Zisapel, M.; Elalouf, O.; Kaufman, I.; Meidan, R.; et al.
Immunogenicity and safety of the BNT162b2 mRNA COVID-19 vaccine in adult patients with autoimmune inflammatory
rheumatic diseases and in the general population: A multicentre study. Ann. Rheum. Dis. 2021, 80, 1330–1338. [CrossRef]
[PubMed]

14. Pellicano, C.; Campagna, R.; Oliva, A.; Leodori, G.; Miglionico, M.; Colalillo, A.; Mezzaroma, I.; Mastroianni, C.M.; Turriziani, O.;
Rosato, E. Antibody response to BNT162b2 SARS-CoV-2 mRNA vaccine in adult patients with systemic sclerosis. Clin. Rheumatol.
2022, 41, 2755–2763. [CrossRef] [PubMed]

15. Simon, B.; Rubey, H.; Treipl, A.; Gromann, M.; Hemedi, B.; Zehetmayer, S.; Kirsch, B. Hemodialysis Patients Show a Highly
Diminished Antibody Response after COVID-19 mRNA Vaccination Compared to Healthy Controls. Nephrol. Dial. Transplant.
2021, 36, 1709–1716. [CrossRef] [PubMed]

16. Anand, S.; Montez-Rath, M.E.; Han, J.; Garcia, P.; Cadden, L.; Hunsader, P.; Morgan, C.; Kerschmann, R.; Beyer, P.; Dittrich, M.;
et al. SARS-CoV-2 Vaccine Antibody Response and Breakthrough Infection in Patients Receiving Dialysis. Ann. Intern. Med. 2022,
175, 371–378. [CrossRef]

17. Yanay, N.B.; Freiman, S.; Shapira, M.; Wishahi, S.; Hamze, M.; Elhaj, M.; Zaher, M.; Armaly, Z. Experience with SARS-CoV-2
BNT162b2 mRNA vaccine in dialysis patients. Kidney Int. 2021, 99, 1496–1498. [CrossRef]

18. Forbes, S.; Davari, M.; Gnanasampanthan, S.; Roth, N.; Young, G.; Rajakariar, R.; Cove-Smith, A.; Yaqoob, M.M.; Cutino-
Moguel, T.; Mahalingasivam, V.; et al. Persistence of antibody response to SARS-CoV-2 in a cohort of haemodialysis patients with
COVID-19. Nephrol. Dial. Transpl. 2021, 36, 1292–1297. [CrossRef]

19. Hojjat, J.M.; Djaïleb, A.; Ricard, P.; Lavallée, É.; Cellier-Goetghebeur, S.; Parker, M.-F.; Coutu, J.; Stuible, M.; Gervais, C.;
Durocher, Y.; et al. Cross-reactivity of antibodies from non-hospitalized COVID-19 positive individuals against the native, B.1.351,
B.1.617.2, and P.1 SARS-CoV-2 spike proteins. Sci. Rep. 2021, 11, 21601. [CrossRef]

20. Cohen, G.; Hörl, W. Immune Dysfunction in Uremia—An Update. Toxins 2012, 4, 962–990. [CrossRef]
21. Cohen, G. Immune dysfunction in uremia 2020. Toxins 2020, 12, 439. [CrossRef] [PubMed]
22. Haag-Weber, M.; Hörl, W.H. The immune system in uremia and during its treatment. N. Horiz. Baltim. Md. 1995, 3, 669–679.
23. Nangaku, M.; Mimura, I.; Yamaguchi, J.; Higashijima, Y.; Wada, T.; Tanaka, T. Role of Uremic Toxins in Erythropoiesis-Stimulating

Agent Resistance in Chronic Kidney Disease and Dialysis Patients. J. Ren. Nutr. 2015, 25, 160–163. [CrossRef] [PubMed]

https://doi.org/10.1371/journal.pntd.0009156
https://www.ncbi.nlm.nih.gov/pubmed/34129609
https://doi.org/10.1053/j.ajkd.2021.01.003
https://www.ncbi.nlm.nih.gov/pubmed/33465417
https://doi.org/10.1097/TP.0000000000003523
https://www.ncbi.nlm.nih.gov/pubmed/33148977
https://doi.org/10.1093/ndt/gfaa261
https://doi.org/10.1001/jamaoncol.2021.5771
https://doi.org/10.1016/S1470-2045(21)00213-8
https://doi.org/10.1016/j.kint.2021.04.007
https://doi.org/10.3201/eid2804.211907
https://www.immunopathol.com/Article/ipp-14
https://www.immunopathol.com/Article/ipp-14
https://doi.org/10.2215/CJN.00950208
https://doi.org/10.3390/toxins12050300
https://doi.org/10.1016/S0140-6736(21)02183-8
https://www.ncbi.nlm.nih.gov/pubmed/34619098
https://doi.org/10.1136/annrheumdis-2021-220647
https://www.ncbi.nlm.nih.gov/pubmed/34127481
https://doi.org/10.1007/s10067-022-06219-7
https://www.ncbi.nlm.nih.gov/pubmed/35614287
https://doi.org/10.1093/ndt/gfab179
https://www.ncbi.nlm.nih.gov/pubmed/33999200
https://doi.org/10.7326/M21-4176
https://doi.org/10.1016/j.kint.2021.04.006
https://doi.org/10.1093/ndt/gfab066
https://doi.org/10.1038/s41598-021-00844-z
https://doi.org/10.3390/toxins4110962
https://doi.org/10.3390/toxins12070439
https://www.ncbi.nlm.nih.gov/pubmed/32635646
https://doi.org/10.1053/j.jrn.2014.10.011
https://www.ncbi.nlm.nih.gov/pubmed/25556149


Antibodies 2023, 12, 37 11 of 11

24. Williamson, E.J.; Walker, A.J.; Bhaskaran, K.; Bacon, S.; Bates, C.; Morton, C.E.; Curtis, H.J.; Mehrkar, A.; Evans, D.; Inglesby, P.;
et al. Factors associated with COVID-19-related death using OpenSAFELY. Nature 2020, 584, 430–436. [CrossRef]

25. Geng, J.; Yu, X.; Bao, H.; Feng, Z.; Yuan, X.; Zhang, J.; Chen, X.; Chen, Y.; Li, C.; Yu, H. Chronic Diseases as a Predictor for Severity
and Mortality of COVID-19: A Systematic Review with Cumulative Meta-Analysis. Front. Med. 2021, 8, 588013. [CrossRef]
[PubMed]

26. Liakopoulos, V.; Roumeliotis, S.; Papachristou, S.; Papanas, N. COVID-19 and the kidney: Time to take a closer look. Int. Urol.
Nephrol. 2022, 54, 1053–1057. [CrossRef]

27. Shabaka, A.; Gruss, E.; Landaluce-Triska, E.; Gallego-Valcarce, E.; Cases-Corona, C.; Ocana, J.; Tato-Ribera, A.; Lopez-Revuelta, K.;
Furaz-Czerpak, K.R.; Fernandez-Juarez, G. Late thrombotic complications after SARS-CoV-2 infection in hemodialysis patients.
Hemodial. Int. 2021, 25, 507–514. [CrossRef]
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