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Abstract: In the global threat of SARS-CoV-2, individuals undergoing maintenance dialysis represent a
vulnerable population with an increased risk of severe COVID-19 outcomes. Therefore, immunization
against SARS-CoV-2 is an essential component of healthcare strategy for these patients. Existing data
indicate that they tend to exhibit a reduced immune response to vaccines compared to the general
population. Our study aimed to assess both humoral and cellular immune responses following two
doses of an anti-SARS-CoV-2 mRNA vaccine, an ability to maintain adequate antibody titers over
time, and potential relations with vitamin D, comorbidities and other factors in hemodialysis patients
based on a single center experience. A total of 41/45 patients (91.1%) responded to the second
dose of the anti-SARS-CoV-2 mRNA vaccine. The titer of anti-SARS-CoV-2 IgG class antibodies
and levels of T cells three to four weeks after vaccination were lower in dialysis patients than in
healthy controls. Antibodies titer in dialysis patients had a positive correlation with B lymphocytes
and was related to cardiovascular diseases. The level of CD4+ cells had a negative correlation with
hemodialysis vintage, as did the vitamin D level with post-vaccination seroconversion and decline in
anti-SARS-CoV-2 antibodies titer during six months after vaccination. Hemodialysis patients had
decreased amounts of CD4+ and CD8+ cells and lower levels of anti-SARS-CoV-2 antibodies than
healthy controls. Therefore, chronic hemodialysis could lead to diminished cellular immunity and
humoral immune response to the anti-SARS-CoV-2 mRNA vaccination and reduced protection from
COVID-19. Comorbidity in cardiovascular diseases was associated with a lower level of specific
anti-SARS-CoV-2 antibody titer. Vitamin D may be important in maintaining stable levels of anti-
SARS-CoV-2 antibodies, while the duration of dialysis treatment could be one of the factors decreasing
anti-SARS-CoV-2 antibody titer and determining lower CD4+ cell counts.

Keywords: COVID-19; anti-SARS-CoV-2; vaccination; hemodialysis; immune response; T cells;
vitamin D

1. Introduction

Some groups of people, such as the elderly, patients with chronic diseases and immuno-
suppressed, are particularly vulnerable and have a higher risk of severe COVID-19 disease
and associated mortality [1]. Another group of patients who have an increased risk of
infection and death compared to the general population are patients on kidney replacement
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therapy [2]. Data from clinical studies show that end-stage kidney disease (ESKD) patients
have a weaker immune response to vaccination than the general population due to immune
dysregulation [3]. A lower immune response to hepatitis B vaccine in dialysis patients is
identified in clinical trials [4,5]. There are data indicating that the cellular and humoral
immune responses after vaccination with an mRNA-based vaccine induced in hemodialysis
patients are lower compared to healthy controls, and they are at high risk of reinfection
due to compromised immunity [6]. When evaluating hemodialysis patients, it was found
that the overall antibody response after full vaccination was 89%, and a faster decline in
anti-SARS-CoV-2 antibody titers was observed compared to the general population [7,8].
Antibody response is generally thought to ensure protection against initial infection, and
the induction of virus-specific neutralizing antibodies in the airways is regarded as the
most probable predictor of future protection following natural infection or vaccination [9].
However, the cellular immune response recognizes and controls intracellular pathogens
and represents an essential mechanism for limiting viral infections, which should also be
crucial to the response against COVID-19 infection [10].

The reasons why patients on kidney replacement therapy have a weaker innate and
adaptive immune system responsible for the immune response are multifaceted. They
include—uremia-induced suppression of the immune system, which leads to a reduced cell-
mediated and antibody-mediated immune response and a faster decrease in antibody titers
due to impaired functions of T and B lymphocytes [11]. In addition, other risk factors have
been identified, such as older age, diabetes, obesity, cancer, cirrhosis, cardiovascular disease,
malnutrition and inflammation, oxidative stress, which impair the protective immunity of
hemodialysis patients [12]. Some authors suggest that lower serum albumin, higher doses
of intravenous iron sucrose, insufficient vitamin D, and erythropoietin supplementation
may also contribute to a weaker immune response [13]. Consequently, vitamin D deficiency
observed in ESKD patients might contribute to a diminished anti-inflammatory and in-
creased pro-inflammatory status. Such a state of chronic inflammation might impair the
generation of pathogen-specific immunity [14]. Previous studies evaluating the cellular and
humoral responses to vaccines have shown that humoral response is lower and delayed in
hemodialysis subjects compared to control individuals. However, the researchers empha-
size that further studies are necessary to more comprehensively evaluate and understand
the effectiveness of SARS-CoV-2 vaccination in hemodialysis patients [6,7].

Vaccines against SARS-CoV-2 are relatively new. Despite the increasing number of
studies on efficiency, there is currently a lack of data on the cellular immune response of
hemodialysis patients to mRNA vaccines because many studies are more focused on the
humoral response after vaccination against COVID-19. In addition, controversial data can
be found [6]. There are insufficient data on vitamin D’s effect on the immune response
in dialysis patients. Therefore, additional knowledge of the effectiveness and factors
determining the immune response in hemodialysis patients is still highly relevant. Our
study aimed to assess both humoral and cellular immune response following two doses
of an anti-SARS-CoV-2 mRNA vaccine, an ability to maintain adequate antibody titers
over time, and potential relations with vitamin D, comorbidities and other factors in ESKD
patients undergoing dialysis.

2. Materials and Methods

The prospective study was carried out to evaluate the response to vaccination against
SARS-CoV-2 in the Hospital of Lithuanian University for Health Sciences Kauno klinikos,
which is the largest dialysis center in the Baltic States, with extensive experience in the field
of kidney replacement therapy, and provides high-quality patient care.

The study comprised two cohorts: one consisted of patients with ESKD undergoing
maintenance hemodialysis (referred to as the dialysis group), and the other consisted of
healthcare workers without known diseases that may influence study results (referred to
as the healthy control group) affiliated with our institution. The approval of The Regional
Bioethical Committee was obtained on 5 February 2021 (No. BE-2-43). Forty-five individu-



Microorganisms 2024, 12, 861

30f18

als undergoing maintenance hemodialysis for over three months and 48 healthy control
subjects without chronic kidney disease were included in the study. All study subjects
received two doses of BNT162b2 (Pfizer-BioNTech) anti-SARS-CoV-2 mRNA vaccine, ad-
hering to the manufacturer’s recommended 21-day interval between doses. The vaccination
was carried out during the second wave of the pandemic. All study subjects received the
first dose of the vaccine between 27 December 2020 and 12 January 2021: healthcare workers
in the period of 27 December 2020-5 January 2021, hemodialysis patients—during 6 and
12 January 2021). All patients and healthy control subjects agreed to participate in the study
and provided signed informed consent. Patients receiving immunosuppressive drugs,
previously transplanted, were excluded from the study. Groups were matched by age.
None of these individuals had a history of COVID-19 disease, and their COVID-19 PCR
tests before, during, and after vaccination were negative. A real-time PCR analysis method
was applied to detect SARS-CoV-2 RNA using a GeneProof SARS-CoV-2 PCR Kit (Brno,
Czech Republic). Blood samples were collected to assess anti-SARS-CoV-2 antibodies and
lymphocyte subpopulations three to four weeks after the second dose of vaccine for subjects
of both groups. Their demographic data and information about comorbid conditions were
gathered from their medical records. According to the medical documentation, the controls
did not have chronic kidney disease.

A more detailed analysis was carried out in patients undergoing hemodialysis. In-
formation about the presence of diabetes, malignancy and cardiovascular diseases was
collected in dialysis patients. None of the patients had active oncological disease or were
being actively treated for malignancy. Angina pectoris, previous myocardial infarction,
or stroke were considered as cardiovascular diseases. Patients did not take vitamin D
supplements during the study.

Immunoglobulins (Ig)—G, M, A were tested simultaneously as the titer of anti-SARS-
CoV-2 antibodies and levels of lymphocyte subpopulations. Data about vascular access,
dialysis vintage (the period in months from the start of hemodialysis treatment till study)
of dialysis patients were collected from their medical documentation. Levels of creatinine,
hemoglobin, calcium, phosphorus, albumin, C-reactive protein, parathyroid hormone,
25-hydroxyvitamin D, and dialysis dose according to spKt/V [15] were performed as
routine tests according to standard practice before and after vaccination. Blood samples for
evaluation of anti-SARS-CoV-2 antibodies in dialysis patients were taken one more time
six months after vaccination (n = 39), and the change in anti-SARS-CoV-2 antibodies titer
between three to four weeks and six months after the second dose of vaccine was evaluated
(A anti-SARS-CoV-2 titer). Patients were followed for COVID-19 disease after vaccination
until July 2023.

2.1. Measurement of Anti-SARS-CoV-2 Antibodies

For quantitative in vitro determination of human antibodies of the IgG class against
SARS-CoV-2 spike proteins in serum, QuantiVac ELISA assay (Euroimmun, Liibeck, Ger-
many) was applied. The values of the research results were given in BAU/mL
(BAU—binding antibody units). According to the manufacturer’s instructions, a result
>35.2 BAU/mL was interpreted as seropositive, and subjects were classified as vaccine
“responders” and “non-responders”.

2.2. Assessment of Lymphocyte Subpopulations

The flow cytometry (BD FACSLyric™, BD Biosciences, San Diego, CA, USA) tech-
nique was used for quantification of lymphocyte subpopulations in blood. First, blood
incubation procedures with monoclonal antibodies mixes (BD Multitest™ 6-color TBNK
reagent, BD Biosciences, San Diego, CA, USA) and erythrocytes lysis were performed. The
prepared samples were analyzed on the BD FACSLyric system with BD FACSuite Clinical
software v1.2.1 (BD Biosciences, San Diego, CA, USA). The lymphocyte region was gated,
and the absolute numbers (cells/L) of lymphocyte subpopulations in the sample were
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determined. T, B and natural killer cells were characterized by CD3+, CD4+, CD8+, CD19+
and CD16+/56+ expression.

2.3. Evaluation of Vitamin D

Serum 25-hydroxyvitamin D levels were evaluated in the cold season. The assessment of
the concentration of 25-hydroxyvitamin D in serum was determined by the enzyme-linked
immunosorbent assay ELISA using DI Asource 250H vitamin D Total ELISA kit (Louvain-la
Neuve, Belgium). The analysis kit detection limit was defined as the apparent concentration
two standard deviations below the average OD at zero binding, namely 1.5 ng/mL.

2.4. Statistical Methods

The software package SPSS 29.0 was used for data storage and statistical analysis.
Continuous variables were expressed as mean and standard deviation (SD) or median and
interquartile range (Q1-Q3), as appropriate. Frequency tables (numbers and percentages)
were used for categorical variables. For non-parametric continuous variables, the Wilcoxon
Signed-Ranks Test was used. Quantitative data distribution was evaluated using the
Kolmogorov-Smirnov test. Spearman’s correlation coefficient was used to determine the
correlation between variables (cases of non-normal distribution were observed). To compare
the quantitative sizes of two independent samples when the distribution of variables was
normal, the Student’s t-test was used. In contrast, non-normally distributed variables
were analyzed using the Mann-Whitney U test, and in multiple group comparisons—the
Kruskal-Wallis test. Using chi-square (x?) criteria, the interdependence of qualitative
evidence was evaluated. The McNemar test was used to analyze paired nominal data.
Univariate binary logistic regression analysis was performed to evaluate the importance
of dialysis vintage to CD4+ level, and multivariate binary logistic regression analysis
was performed to evaluate the importance of dialysis vintage and vitamin D level to the
decrease in anti-SARS-CoV-2 titer (A anti-SARS-CoV-2 titer) within six months after anti-
SARS-CoV-2 mRNA vaccination in the dialysis patients group. The results were considered
statistically significant when p < 0.05 for all analyses.

3. Results

The baseline characteristics of dialysis patients are presented in Table 1. The mean age
of healthy controls was 64.3 & 12.0 years, and there was no difference in age between the
study groups (p = 0.139). The gender distribution was 13 (27.1%):35 (72.9%) (male/female)
in healthy control group (p < 0.001 compared to dialysis patients).

Table 1. Demographic and clinical characteristics of dialysis group.

Normal Laboratory Ranges/

Characteristic Results (n = 45) Recommendations, If Available
Age, year 62.7 £12.9 NA
Gender, male/female (%) 32 (71.1%):13 (28.9%) NA
Comorbidities, n (%)
Diabetes 11 (24.4) NA
Cardiovascular diseases 32 (71.1) NA
Malignancy 5(11.1) NA
Dialysis vintage, median [25-75%], 144 [22.7-67.9] NA
months

Dialysis access, ar(t((;r;ovenous fistula, n 31 (68.9) NA

spKt/V 138+ 0.2 1.4 witha

minimum delivered of 1.2 [16]
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Table 1. Cont.

Normal Laboratory Ranges/

Characteristic Results (n = 45) Recommendations, If Available
Hemoglobin, g/L 114.6 +£13.2 100-120 [17]
Albumin, g/L 35.7 +3.0 23265[%]
C-reactive protein, mg/L 7.0+£48 <5
Phosphorus, mmol/L 1.6+04 to lower ’cowau(‘)c'lS’clh_e1 f(?r/mal range [18]
Calcium, mmol/L 2.28 £0.22 to avoid }fyi‘ezrfig emia [18]
1.26-6.7/
Parathormone, pmol/L 59.9 +43.9 to maintai; t?;ﬁi;i:%ﬁ:fl?;zoXimately
normal limit for the assay [18]
25-OH vitamin D level, nmol/L 55.7 £25.7 70-250
Cause of end-stage kidney disease, n (%) NA
Chronic glomerulonephritis 7 (15.6)
Hypertensive nephropathy 14 (31.1)
Diabetes 8 (17.8)
Chronic pyelonephritis 2(44)
Polycystic kidney disease 5(11.1)
Others 9 (20)

Values for continuous variables are presented as mean =+ standard deviation or Median [Q1-Q3], as appropriate;
for categorical variables, as count (percentage). NA—not applicable.

A total of 41/45 patients of the dialysis group (91.1%) responded (anti-SARS-CoV-2 >
35.2 BAU/mL) to the second dose of the anti-SARS-CoV-2 mRNA vaccine. Meanwhile, all
subjects in the healthy control group had anti-SARS-CoV-2 titer > 35.2 BAU/mL.

The mean titer of anti-SARS-CoV-2 antibodies IgG class was 1008.6 &= 1005.5 vs. 2464.7
£ 1771.1 (p < 0.001) three to four weeks after the second vaccine dose in hemodialysis
patients and individuals of the healthy control group, respectively.

The results from cellular immunity markers showed that levels of T lymphocytes
(CD3+), cytotoxic T cells (CD8+), T helper cells (CD4+), B lymphocytes (CD19+), and
natural killer cells (CD16+/56+) were higher in the healthy control group than in dialysis
patients. All results are given in Table 2.

Table 2. Comparison of lymphocyte subpopulations in study groups after full anti-SARS-CoV-2

vaccination.
;z’:;lll::;g:teions Dialycs;irsoll’l;tients Healté?roﬁgntrol ,
(n =45) (n =48)
CD3+ cells (x10°/L) 0.85 £ 0.39 1.39 £ 0.46 <0.001
CD4+ cells (x10%/L) 0.52 £+ 0.26 0.82 £ 0.28 <0.001
CD8+ cells (x10°/L) 0.31 £0.19 0.53 £0.26 <0.001
CD19+ cells (x10% /L) 0.09 £ 0.06 022 +0.1 <0.001
CD16+/56+ cells (x10%/L) 0.26 + 0.14 0.4 +0.23 0.002

CD4/CD8 ratio 21+1.6 1.87 £ 1.0 0.769
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When evaluating the relation between levels of lymphocyte subpopulations and anti-
SARS-CoV-2 antibodies IgG titer, different results were obtained in the study groups.
Only B lymphocytes (CD19+) had a weak positive significant correlation with anti-SARS-
CoV-2 antibodies IgG titer in the dialysis patients group (r = 0.301, p = 0.047, Figure 1);
association of levels of other lymphocyte subpopulations was found not statistically signifi-
cant. In contrast to the dialysis group, a positive significant correlation between T helpers
(CD4+) and anti-SARS-CoV-2 antibodies IgG titer was found in the healthy control group
(r=0.41, p = 0.006, Figure 2). There were no other statistically significant associations be-
tween lymphocyte subpopulations and anti-SARS-CoV-2 antibodies IgG titer in this group.
The relation between CD19+ cells and anti-SARS-CoV-2 titer in the blood of healthy controls
is presented in Figure S1, and the relation between CD4+ cells and anti-SARS-CoV-2 titer in
the blood of dialysis patients is in Figure S2.
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Figure 1. Relation between CD19+ cells and anti-SARS-CoV-2 titer in the blood of dialysis patients.
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Figure 2. Relation between CD4+ cells and anti-SARS-CoV-2 titer in the blood of the healthy control group.
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After evaluating the impact of demographic factors on the formation of anti-SARS-CoV-2
antibodies, it was determined that older subjects had a greater response to anti-SARS-CoV-2
mRNA vaccination in the healthy control group: a statistically significant positive correlation
was found between the titer of anti-SARS-CoV-2 antibodies and age (r = 0.440, p = 0.003).
Nevertheless, in the dialysis group, there was no significant correlation between these two
factors; only a tendency to inverse correlation was observed (r = —0.283, p = 0.06).

There was no statistically significant relation between anti-SARS-CoV-2 antibody titer
and sex in the healthy control group (p = 0.134) and in the dialysis patients after randomly
selecting an appropriate number of men (p = 0.082).

There were no statistically significant associations between levels of T helper cells
(CD4+), cytotoxic T cells (CD8+), and age (p = 0.087 and p = 0.117, p = 0.844 and p = 0.143) or
sex (p = 0.396 and p = 0.347, p = 0.292 and p = 0.372) in both study groups (dialysis patients
and healthy controls, respectively).

When assessing the influence of comorbidities on the immune response after two doses
of anti-SARS-CoV-2 mRNA vaccine in dialysis patients, the results showed no significant
relation between diabetes, malignancy and antibody production, levels of CD4+, CD8+
cells. Cardiovascular diseases were associated with the humoral immune response: anti-
SARS-CoV-2 antibodies titer in dialysis patients with concomitant cardiovascular diseases
was lower if compared with patients without this comorbidity (830.89 % 936.06 BAU/mL vs.
144591 + 1073.55 BAU/mL, respectively). There was no statistically significant difference
between levels of T helpers (CD4+) and cytotoxic T cells (CD8+) and the presence of
cardiovascular diseases. The findings are presented in Table 3.

Table 3. Associations between comorbidities and titer of anti-SARS-CoV-2 antibodies and levels of
T cells in dialysis patients.

Anti-SARS-CoV-2

Presence of Comorbidities Antibodies Titer Level (0: lc()?/i-; Cells Level (0: lc()?/i-; Cells
(BAU/mL + SD)

Subjects with diabetes 796.41 + 719.17 0.57 + 0.33 0.24 +0.16
Subjects without diabetes 1077.2 4+ 1082.39 0.5+0.24 0.33+£0.2
p 0518 0515 0.29
z‘lls}’e]:iz with cardiovascular 830.89 + 936.06 0.49 + 0.24 0.29 + 0.18
f:gfgf}i;‘gﬁ‘;u;iseases 1445.91 + 1073.55 0.58 & 0.31 0.34 £+ 0.21
p 0.039 0.425 0.571
Subjects with malignancy 513.98 + 387.08 041 +0.22 0.33 +0.17
Subjects without malignancy 1070.39 £ 1044.08 0.53 +0.26 03+02
p 0.271 0.542 0.542

Analysis of clinical characteristics of dialysis patients showed no statistically signif-
icant relations between immune response, as assessed by the level of anti-SARS-CoV-2
antibodies titer, T helper cells (CD4+), cytotoxic T cells (CD8+) and type of dialysis vascular
access, serum levels of hemoglobin, albumin, C-reactive protein, calcium, phosphorus,
parathormone, IgG, IgM, IgA, spKt/V, ESKD etiology. Only 25-OH vitamin D levels before
vaccination had a significant relationship with a titer of anti-SARS-CoV-2 antibodies, and
hemodialysis vintage in months with a level of T helper cells (CD4+) (negative correlations
were obtained). Higher levels of 25-OH vitamin D in the blood led to weaker anti-SARS-
CoV-2 antibody production. Longer duration of dialysis treatment resulted in lower levels
of CD4+ cells (Figure 3). Only a tendency to inverse correlation was observed between
dialysis vintage and levels of cytotoxic T cells (CD8+) (r = —0.307, p = 0.06). Univari-
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ate binary logistic regression analysis confirmed the relationship between hemodialysis
vintage and levels of CD4+ cells. Since the sample variables were non-normally dis-
tributed, we used the median of the level of T helpers (CD4+) in the dialysis patients group
(0.49 x 10°/L). The cohort was divided into two groups: those with lower levels of CD4+
cells after vaccination (<0.49 x 10° /L) and those with higher levels (>0.49 x 10°/L). The
results of univariate binary logistic regression analysis for evaluation of dialysis vintage as
a factor relevant to lower level of CD4+ cells (<0.49 x 10°/L) after anti-SARS-CoV-2 mRNA

vaccination are: Odds Ratio (95% CI)—4.829 (1.213-19.219), p = 0.022.

CD4+ cells (<10°L)

Figure 3. Relation between dialysis vintage and level of CD4+ cells in the dialysis patients group.

1=—0.455, p=0.004

108 120 132 144 156 168

Dialysis vintage, months

180

192

204 216 228 240 252

The results of the clinical characteristics analysis are detailed in Table 4.

Table 4. Associations between clinical characteristics of dialysis patients and titer of anti-SARS-CoV-2

antibodies, level of CD4+, CD8+ cells.

Anti-SARS-CoV-2 Antibodies

Level of CD4+ Cells

Level of CD8+ Cells

Characteristic Titer (BAU/mL) (x10°/L) (x10°/L)

Spearman’s Spearman’s Spearman’s

Correlation P Correlation P Correlation P

Coefficient Coefficient Coefficient
Dialysis vintage 0.251 0.118 —0.455 0.004 —0.307 0.06
spKt/V 0.171 0.297 —0.136 0.415 —0.082 0.624
Hemoglobin 0.028 0.865 0.123 0.426 0.097 0.53
Albumin —0.107 0.487 —0.044 0.778 —0.271 0.076
C-reactive protein —0.191 0.215 —0.106 0.495 0.001 0.996
Phosphorus 0.072 0.64 —0.003 0.986 —0.045 0.77
Calcium 0.172 0.263 0.018 0.91 0.047 0.761
Parathormone 0.016 0.92 0.185 0.23 0.13 0.401
25-OH vitamin D level —0.378 0.019 —0.245 0.138 0.053 0.75
IgG, g/L 0.047 0.761 —0.088 0.568 0.094 0.545
IgM, g/L 0.139 0.369 —0.175 0.257 0.083 0.592
IgA, g/L —0.027 0.861 0.075 0.631 —0.136 0.377
Dialysis vascular access * NA * 0.441 NA * 0.943 NA * 0.591
Cause of end-stage kidney disease * NA * 0.534 NA * 0.782 NA * 0.588

NA—not applicable; * Association was evaluated using the Mann-Whitney U or Kruskal-Wallis tests.
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In evaluating the ability to maintain adequate antibody titers over time, the findings
indicated a significant reduction in the IgG titer of anti-SARS-CoV-2 antibodies among
hemodialysis patients within six months following their second vaccine dose (1008.6 +
1005.5 BAU/mL vs. 110.3 £ 167.3 BAU/mL and median [25-75%] 749.7 [246.5-1578.2] vs.
56.4 [19.5-109.1], respectively, p < 0.001) (Figure 4).

Median, IQR —749.7, 246.5-1578.2

Median, IOE. - 56.4. 19.5-109.1

*

*
*

[ m———

3—4 weeks after second dose of vaccine 6 months after second dose of vaccine

Figure 4. Box Plot of change in anti-SARS-CoV-2 titer during six months after vaccination in dialysis
patients (minimum data value, lower quartile value, median value, upper quartile value, maximum
data value, outliers).

The percentage of vaccine non-responder dialysis patients increased from 8.9% to 35%
during six months after anti-SARS-CoV-2 mRNA vaccination (p = 0.002, Figure S3).

In assessing the decline in anti-SARS-CoV-2 titer (A anti-SARS-CoV-2 titer) during six
months after anti-SARS-CoV-2 mRNA vaccination, it was determined that longer dialysis
vintage was associated with greater reduction in anti-SARS-CoV-2 antibodies IgG titer
(Figure 5). However, the sustained immune response was stronger in dialysis patients with
longer dialysis treatment (a positive correlation was found between the dialysis vintage in
months and the anti-SARS-CoV-2 titer six months after vaccination (r = 0.415, p = 0.015).

The results of the six-month follow-up showed that higher vitamin D levels in the
dialysis patient’s blood after vaccination were associated with lower anti-SARS-CoV-2
antibodies IgG titer decline during six months after vaccination (Figure 6).

Since the sample variables were non-normally distributed, we used the median of
the A anti-SARS-CoV-2 titer within six months after anti-SARS-CoV-2 mRNA vaccination
in the dialysis patients group (690 BAU/mL). The cohort was divided into two groups:
those with lower decline in anti-SARS-CoV-2 titer during six months after vaccination
(<690 BAU/mL) and those with higher decline in anti-SARS-CoV-2 titer during this period
(>690 BAU/mL). Binary logistic multivariate regression analysis was performed to evaluate
the importance of dialysis vintage and vitamin D levels in the decline in anti-SARS-CoV-2
titer (A anti-SARS-CoV-2 titer) during six months after anti-SARS-CoV-2 mRNA vaccination.
Dialysis vintage and vitamin D level of dialysis patients remained significant factors to the
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decline in anti-SARS-CoV-2 titer. Comparison data of these groups and the results of binary
logistic multivariate regression analysis are given in Table 5.
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Figure 5. Relation between dialysis vintage and A anti-SARS-CoV-2 titer during six months after
vaccination in the dialysis patients group.
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Figure 6. Relation between serum 25-OH vitamin D level and A anti-SARS-CoV-2 titer during six
months after vaccination in the dialysis patients group.



Microorganisms 2024, 12, 861

11 0f 18

Table 5. Comparison of dialysis vintage and vitamin D level in the dialysis patients group according to
decline in anti-SARS-CoV-2 titer and multivariate binary logistic regression analysis for evaluation of factors
relevant to higher decline in anti-SARS-CoV-2 titer (>690 BAU/mL) during six months after vaccination.

A A
Anti-SARS- Anti-SARS- Odds Ratio
Variable CoV-2 Titer CoV-2 Titer 14 (95% CI)
<690 BAU/mL >690 BAU/mL p Value
Median [25-75%]
Dialysis 10955
Vintage, Months 28.7 [18.2-57.5] 56.9 [24.1-91.1] 0.03 (1.006-1.072),
0.021
Vitamin D level
et des ot ey
ANti-SARS-CoV-2 69.0 [57.5-72.3] 53.9 [39.2-67.6] 0.04 (0‘94;86;).6994),

mRNA vaccine,
nmol/L
p value by the Mann-Whitney U test; CI—Confidence Interval.

Out of all vaccinated patients in the dialysis group, 21 (46.7%) patients had COVID-19
disease (follow-up period until July 2023). The last case was observed in August 2022.
Only one patient required hospitalization. The initial level of anti-SARS-CoV-2 IgG class
antibodies titer after the second dose of vaccine did not differ between dialysis patients who
subsequently developed and did not develop COVID-19 disease (896.39 &= 1030.2 BAU/mL
vs. 1066.28 £ 1021.68 BAU/mL, respectively, p = 0.448).

4. Discussion

This research aimed to assess the immune response induced by the mRNA vaccine
against SARS-CoV-2 in individuals undergoing maintenance hemodialysis. The findings
are based on the results from a single center which happens to be the largest dialysis center
in the Baltic States and has extensive experience in the field of kidney replacement therapy.

Our results revealed that the majority of patients undergoing maintenance hemodial-
ysis developed a significant humoral response after receiving two doses of the vaccine.
However, cellular immunity, as indicated by the number of CD4+ and CD8+ cells, was
diminished in the dialysis patients group. Despite an adequate humoral response, dial-
ysis patients showed a significantly lower response than the healthy control group. The
threshold for a positive response in our assay was set at >35.2 BAU/mL, and a substantial
majority (91.1%) of our hemodialysis patients exceeded this limit. This closely aligns with
the response rate of 88.78% reported in a recently published systematic review, which
encompassed 27 studies involving a total of 1337 hemodialysis patients [19], as well as in
other studies [20,21].

Examining humoral immune responses after vaccination against COVID-19 is valu-
able, but it is essential to evaluate additional cellular immune responses, particularly in
immunosuppressed individuals like hemodialysis patients. Those undergoing maintenance
dialysis exhibit a diminished response to vaccination due to uremia-related immune system
suppression, leading to disruptions in T lymphocytes and antigen-presenting cells [11,12].
Our study showed that levels of T lymphocytes (CD3+), cytotoxic T cells (CD8+), T helper
cells (CD4+), B lymphocytes (CD19+) and natural killers cells (CD16+/56+) were higher in
healthy controls than in the dialysis patients group. This is consistent with the results from
the ROMANOV study [22]. This study highlighted the compromised immune response
among hemodialysis patients without a previous COVID-19 infection, particularly in terms
of cellular response. CD4+ T cells were detectable in only 50% of hemodialysis patients, as
opposed to 100% in healthy volunteers, and CD8+ T cells were detectable in just 31% of
hemodialysis patients compared to 70% in healthy volunteers. According to the Sanders
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J.S.E study, SARS-CoV-2-specific T-cell responses after the second dose of vaccination were
lower in patients on dialysis (52.6%) than in those in the general population (75.0%) [23].

In contrast to the dialysis group, the study revealed a significant positive correlation
between T helper cells (CD4+) and anti-SARS-CoV-2 antibody IgG titers in the healthy
control group (r = 0.41, p = 0.006). CD4+ cells play a crucial role in coordinating adaptive
immune responses by their ability to recruit and offer assistance to various immune effectors
while also engaging in direct effector functions [24-26]. We also showed that the amount
of CD4+ T cells had a negative correlation with the dialysis vintage and did not correlate
with the amount of anti-SARS-CoV-2 antibody titers. It suggests that the production of
antigen-specific effector memory CD4+ T cells after vaccination, crucial to achieving an
adequate humoral response, is impaired in dialysis patients.

In our study, only B lymphocytes (CD19+) had a positive significant correlation with
anti-SARS-CoV-2 antibodies IgG titers in the maintenance dialysis patients group (r = 0.301,
p = 0.047). The association with levels of other lymphocyte subpopulations was found not
statistically significant. B lymphocytes play a pivotal role in the human defense against viral
infections by generating targeted antibodies. Additionally, they are crucial for preventing
infectious diseases through vaccination [27]. Therefore, it is no coincidence that a positive
correlation between B lymphocytes (CD19+) and anti-SARS-CoV-2 antibodies IgG titers in
the maintenance dialysis patients group was obtained. The same results were obtained in
the study by Duni A. and co-authors. The authors assert that despite CD19+ B cell counts
falling below normal reference values in hemodialysis patients, the positive correlation
observed with antibody production affirms the triggering of the humoral immune response
after BNT162b2 vaccination [28]. The dialysis group had a lower level of CD4+ and CD19+
cells in their blood compared with the control healthy group. This suggests that their
immune response is diminished, which resulted in a worse vaccination response.

All individuals in the healthy control group had a seroconversion after the second dose
of the anti-SARS-CoV-2 mRNA vaccine. The greater amount of B lymphocytes (CD19+)
in dialysis patients led to a higher amount of anti-SARS-CoV-2 antibodies, while gender
and age had no effect. The study showed that the number of anti-SARS-CoV-2 mRNA
vaccine responders decreased from 91.1% to 65% during six months after vaccination, and
higher vitamin D levels in blood serum of dialysis patients were negatively correlated while
dialysis vintage was directly associated with the decrease in anti-SARS-CoV-2 antibodies
levels during the mentioned period.

The existing data indicate that COVID-19 vaccines might exhibit reduced efficacy in
populations with compromised immune systems, including patients with chronic kidney
disease (CKD) [29,30]. In a systematic review that assessed the immunogenicity and
efficacy of COVID-19 vaccines in various immunosuppressed populations, within the
dialysis group, the percentage of non-responders varied from 2 to 30%, a range lower than
that observed in other groups such as solid organ transplant recipients (18-100%) and
patients with hematological malignancy (14-61%) [30]. The mean of anti-SARS-CoV-2 IgG
class antibodies titers three to four weeks after the second vaccine dose was more than
twice lower in hemodialysis patients as compared to controls in our study. Similarly, in
other studies, patients undergoing dialysis exhibited lower antibody titers than the general
population [20,21,31-33]. The results of the study from Israel were similar to ours. In this
study, Yanay B. et al. reported anti-SARS-CoV-2 antibody levels 21 to 35 days after the
second dose of the BNT162b2 COVID-19 mRNA vaccine. They found that the median
anti-SARS-CoV-2 antibody levels were statistically significantly lower in dialysis patients
compared to controls (116.5 [IQR 66-160] AU/mL vs. 176.5 [IQR, 142-235] AU/mL).
However, more than 90% of the dialysis group exhibited seropositivity [34].

When examining the immune response in relation to other factors, we did not deter-
mine the correlation between the age of dialysis patients and anti-SARS-CoV-2 antibody
titers and number of CD4+ and CD8+ cells. Similar to our findings, there was no statisti-
cally significant correlation between age, gender, or age at the beginning of hemodialysis
treatment and antibody production in the Tsoutsoura P. study [11]. On the other hand, in
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the Grupper A. et al. study, there was a notable inverse relationship between advancing age
and antibody levels in both examined groups. For every age category, the healthy control
group displayed higher antibody levels than the dialysis group, a significant difference for
ages below 60 and between 60 and 70 years old [31]. Jahn M. et al. also assessed the im-
munogenicity of the mRNA-based vaccine BNT162b2 in chronically ill patients. Consistent
with our study findings, all hemodialysis patients showed antibody titers above the ELISA
cutoff. However, these levels were significantly lower than those in a healthy control group
of healthcare workers. Contrary to our results, higher age correlated with lower antibody
titers (r2 = 0.2954, p < 0.0001) in hemodialysis patients [35]. According to our data in the
dialysis group, there was no significant correlation between the antibody level and age, a
tendency to negative correlation was observed (r = —0.283, p = 0.06). This result may have
been due to a sample size that was too small.

We did not obtain any statistically significant correlation between the anti-SARS-CoV-2
antibody titers, levels of T helpers (CD4+), cytotoxic T cells (CD8+) of maintenance dialysis
patients and dialysis dose (spKt/V), hemoglobin, albumin, C-reactive protein, calcium,
phosphorus, parathormone blood level, CKD etiology, separately with diabetes, malignancy.
Contrasting with our findings, Agur T. et al. showed that lower serum albumin and higher
doses of intravenous iron were negative predictors of antibody response. Conversely,
factors like younger age, serum albumin levels over 3.5 g/dL, lower intravenous iron
doses, and a body mass index under 30 kg/m? were identified as positive predictors for
an antibody response [36]. With co-authors, Van Praet J. [20] and Anand S. [37] also found
similar correlations between immune response and serum albumin levels. Premuzic V.
et al., as well as our study, did not find associations between hemoglobin, serum calcium,
phosphates, creatinine levels and immune response [33].

In our study, lower anti-SARS-CoV-2 antibody titer was associated with cardiovascular
diseases in the hemodialysis patients group. Still, we did not obtain significant relations
between cardiovascular diseases and markers of the cellular immune response. Contrary
to our results, cardiovascular comorbidities were not associated with the humoral immune
response to the anti-SARS-CoV-2 vaccine in other studies [38,39]. On the other hand,
other authors, when evaluating the data on the immune response of anti-SARS-CoV-2
vaccines in dialysis patients, found that higher ESKD comorbidity index score, which
includes cardiovascular diseases, along with other comorbidities, was associated with
lower antibody response [40,41]. The value of cardiovascular disease in these findings
remains unclear. Our study’s results confirm previous findings of Cozzolino M. [42] that
evaluating the interrelationship between cardiovascular diseases and immune response
in hemodialysis patients is very important, especially since cardiovascular diseases are
present in >50% of dialysis patients. No data could be found in the literature on associations
of cardiovascular diseases with T cells after anti-SARS-CoV-2 mRNA vaccination.

In research conducted by Broseta ]. and colleagues involving 205 individuals undergo-
ing dialysis who received either the mRNA-1273 or BNT162b2 vaccine, it was observed that
97.7% of the 175 initially seronegative patients developed a response (humoral, cellular,
or both). Among these patients, 95.4% underwent seroconversion. Factors such as the
use of immunosuppressive treatment, extended dialysis duration, lower hemoglobin and
albumin levels, and reduced counts of white blood cells and lymphocytes were identified
as statistically significant predictors of a lack of response in the univariate analysis. In the
multivariable analysis, immunosuppressive treatment and lower albumin levels retained
statistical significance [43]. More studies have found that longer dialysis vintage was
associated with a higher risk for absent or attenuated response [33,37]. In our study, the
total amount of anti-SARS-CoV-2 antibodies was not related to the dialysis vintage (in
months). Similar results were shown in Lioulios G. et al.’s study. This study found no corre-
lation between dialysis vintage and serum antibody levels against SARS-CoV-2 S1 protein
or neutralizing antibody titers [44]. However, our study revealed a negative correlation
of the amount of CD4+ T cells with the dialysis vintage. Thus, the duration of dialysis
treatment is important for the developing cellular immunity. The results of previous stud-
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ies [32,33,45,46] showed that the amount of anti-SARS-CoV-2 antibodies decreased rapidly
a few months after vaccination in patients with kidney diseases. Our results are in line with
these studies. The anti-SARS-CoV-2 antibody titers significantly decreased after six months
compared to the anti-SARS-CoV-2 antibody IgG titers three to four weeks after vaccination,
and the percentage of vaccine non-responders in maintenance dialysis patients increased
from 8.9% to 35%. Furthermore, we determined that dialysis vintage (in months) and
quantitative decline in specific anti-SARS-CoV-2 antibodies titer after vaccination during
the time (between 3—4 weeks and 6 months) had a positive correlation in hemodialysis pa-
tients (r = 0.371, p = 0.037 and p = 0.021 according to multivariate binary logistic regression
analysis). In contrast to our findings in the study by Jahn M. and colleagues, the dura-
tion of hemodialysis dependency showed no association with changes in antibody titers
(r? =0.0007, p =0.8261) [35]. Stumpf ]. et al. discovered that a brief period on dialysis posed
a risk factor for a significant decline in IgG levels following vaccination [47]. This was also
linked to an elevated risk of seroconversion failure [29], a conclusion that contradicts the
results reported by other researchers [33,37]. The authors suggest that the humoral immune
system may adapt or recover during a more extended period of dialysis therapy in stable
dialysis patients. This speculation could also elucidate our obtained results, indicating
that although the anti-SARS-CoV-2 antibody titers decreased more rapidly, the sustained
immune response six months after vaccination was more robust in dialysis patients with
longer duration of dialysis treatment.

Vitamin D is recognized as an immune function regulator, influencing innate and
adaptive immune responses [48]. Vitamin D directly impacts the function of monocytes,
macrophages and dendritic cells (DCs) and the secretion of related cytokines [49]. The active
form of 1,25-dihydroxyvitamin D has potent anti-inflammatory properties by switching a
more inflammatory Th1/Th17 response to a less inflammatory—Th2/Treg response. As a
result, the secretion of pro-inflammatory mediators (e.g., interferon-gamma (IFN-g), TNF-a,
IL-1b, IL-6, IL-8, IL-12, IL-17) decreases, and the production of anti-inflammatory cytokines
(IL-4, IL-10) increases [50]. It is shown that vitamin D status is associated not only with
the vaccine against COVID-19 but also with other vaccine efficacy in CKD patients. Zitt E.
and colleagues illustrated that CKD patients with serum vitamin D levels below 10 ng/mL
exhibited a reduced seroconversion rate when administered the hepatitis B vaccine [51].
Vitamin D may also impact serological response against SARS-CoV-2 [52], but the role of the
response to the anti-SARS-CoV-2 vaccine remains unclear. Furthermore, the obtained results
are controversial. Some studies showed that higher vitamin D concentrations in blood
serum were positively related to greater anti-SARS-CoV-2 antibody response in healthy
adults. On the other hand, there are data about the fact that vitamin D was not associated
with anti-SARS-CoV-2 seropositivity [53-55]. Nevertheless, there is no objection to the
idea that vitamin D contributes to a better course of COVID-19 [56]. In contrast to these
assertions, our study findings revealed that higher levels of anti-SARS-CoV-2 antibodies
were linked to lower vitamin D levels in hemodialysis individuals. Studies [57,58] also
identified that lower vitamin D levels were associated with greater immune response
without statistical significance. In this case, we obtained statistically significant data.
Incidentally, higher antibody titers were detected in patients with low vitamin D levels after
vaccination against Human Papillomavirus [59]. Moreover, we determined that vitamin D
levels three to four weeks after vaccination had a negative correlation with a decline in anti-
SARS-CoV-2 IgG antibodies titer during six months after vaccination, and this finding was
confirmed by multivariate binary logistic regression analysis. This means that vitamin D
contributes to the stability of anti-SARS-CoV-2 antibody levels. Cecur F. and colleagues also
identified that in [60]. Conversely, Chillon T.S. and colleagues concluded that the decrease in
SARS-CoV-2 IgG concentrations over time was not associated with the 25(OH)D status [53].
However, that study was conducted in healthy subjects, which may have accounted for
this difference. Also, after analyzing the data from the literature, it can be observed that
the different age of patients might be the reason for such controversial results. We did
not find statistically significant relations between vitamin D and levels of CD4+ and CD8+
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cells. Still, our findings of correlation with anti-SARS-CoV-2 IgG antibodies titer lead to
considering vitamin D’s importance in the formation and maintenance of humoral immune
response after anti-SARS-CoV-2 mRNA vaccination.

One of the possible limitations of our study was the relatively small sample size, but
our findings were based on the results of the largest dialysis center in Lithuania and the
Baltic States. The choice of healthcare workers as a healthy control group can constitute a
limitation of the study because this group is particularly exposed to repeated contact with
the virus and frequent immunization, which may affect the antibody titer. Nevertheless,
this group was chosen as a control, because during the second wave of the pandemic, when
our study was organized, the very first groups to be vaccinated against COVID-19 were
healthcare workers and dialysis patients in our country. Another limitation of our study
could be the heterogeneity of the study population, as the ratio of males to females in the
healthy control group was reversed compared to the study group. However, according to
clinical studies, gender is less likely to determine an immune response [61], and, in our
study, there was no statistically significant relation between anti-SARS-CoV-2 antibody titer,
level of CD4+ and CD8+ cells and gender in the dialysis patients group with a randomized
matched number of men.

5. Conclusions

Based on our study results, it was found that hemodialysis patients had decreased
amounts of CD4+ and CD8+ cells and lower levels of anti-SARS-CoV-2 antibodies com-
pared to healthy controls. This suggests that chronic hemodialysis could lead to diminished
cellular immunity and humoral immune response to the anti-SARS-CoV-2 mRNA vaccina-
tion and reduced effectiveness in safeguarding against COVID-19. In addition, comorbidity
in cardiovascular diseases is associated with a lower level of specific anti-SARS-CoV-2
antibodies titer. Vitamin D may be essential in maintaining the stability of the anti-SARS-
CoV-2 antibody titer produced in hemodialysis patients. In contrast, the duration of
dialysis treatment could be one of the factors decreasing anti-SARS-CoV-2 antibody titer
and determining lower levels of CD4+ cells, thus, the worse cellular immune response.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390 /microorganisms12050861/s1, Figure S1. Relation between
CD19+ cells and anti-SARS-CoV-2 titer in the blood of the healthy control group; Figure S2. Relation
between CD4+ cells and anti-SARS-CoV-2 titer in the blood of dialysis patients; Figure S3. Distri-
bution of responders to anti-SARS-CoV-2 mRNA vaccine in the dialysis patients group during the
six-month follow-up period.

Author Contributions: Conceptualization, B.G., E.Z., R.V. and I.A.B.; methodology, B.G.,S.S., R.V,,
J.S. and L.S; validation, E.Z., B.G. and L.V.; formal analysis, E.Z., R.V. and K.P;; investigation, E.D.,
E.Z.,K.P, D.B. and ].S.; writing—original draft preparation, E.D., K.P.,, E.Z. and D.B; writing—review
and editing, B.G., S.S., R.V. and LS,; visualization, E.Z. and E.D.; supervision, .A.B., B.G., E.Z. and
L.V. 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 Regional Bioethical Committee (No. BE-2-43, 5 February 2021).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: Data are contained within the article and Supplementary Materials.

Acknowledgments: The authors are grateful to Vaiva Kaupe for data collection and input, to Jurgita
Narbutiene and Dovydas Bagdonas for their technical assistance during immunological evaluation of
samples and to Irena Nedzelskiene for consultations and help in medical statistics and visualization.

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


https://www.mdpi.com/article/10.3390/microorganisms12050861/s1

Microorganisms 2024, 12, 861 16 of 18

References

1.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

Strengert, M.; Becker, M.; Ramos, G.M.; Dulovic, A.; Gruber, J.; Juengling, J.; Liirken, K.; Beigel, A.; Wrenger, E.; Lonnemann, G.;
et al. Cellular and humoral immunogenicity of a SARS-CoV-2 mRNA vaccine in patients on haemodialysis. EBioMedicine 2021, 70,
103524. [CrossRef]

Torres, R.; Toro, L.; Sanhueza, M.E.; Lorca, E.; Ortiz, M.; Pefaur, J.; Clavero, R.; Machuca, E.; Gonzalez, E; Herrera, P; et al. Clinical
Efficacy of SARS-CoV-2 Vaccination in Hemodialysis Patients. Kidney Int. Rep. 2022, 7, 2176-2185. [CrossRef]

Syed-Ahmed, M.; Narayanan, M. Immune Dysfunction and Risk of Infection in Chronic Kidney Disease. Adv. Chronic Kidney Dis.
2019, 26, 8-15. [CrossRef]

Alter, M.]; Lyerla, R.L.; Tokars, ].I; Miller, E.R.; Arduino, M.]. Recommendations for preventing transmission of infections among
chronic hemodialysis patients. MMWR Recomm. Rep. 2001, 50, 1-43.

Finelli, L.; Miller, ].T.; Tokars, J.I.; Alter, M.].; Arduino, M.J. National surveillance of dialysis-associated diseases in the United
States, 2002. Semin. Dial. 2005, 18, 52-61. [CrossRef]

Mavrovouniotis, I.; Fylaktou, A.; Stagou, M.; Ouranos, K.; Lioulios, G.; Evgenikaki, E.; Exindari, M.; Gioula, G. Cellular and
Humoral Responses in Dialysis Patients after Vaccination with the BNT162b2 or mRNA-1273 Vaccines. Life 2023, 13, 474.
[CrossRef]

Carr, E.J.; Kronbichler, A.; Graham-Brown, M.; Abra, G.; Argyropoulos, C.; Harper, L.; Lerma, E.V.; Suri, R.S.; Topf, ].; Willicombe,
M.; et al. Review of Early Immune Response to SARS-CoV-2 Vaccination Among Patients with CKD. Kidney Int. Rep. 2021, 6,
2292-2304. [CrossRef]

Clavero, R.; Parra-Lucares, A.; Méndez-Valdés, G.; Villa, E.; Bravo, K.; Mondaca, E.; Aranda, ].; Brignardello, R.; Gajardo, C.;
Ordenes, A.; et al. Humoral Immune Response of BNT162b2 and CoronaVac Vaccinations in Hemodialysis Patients: A Multicenter
Prospective Cohort. Vaccines 2022, 10, 1542. [CrossRef]

Moss, P. The T cell immune response against SARS-CoV-2. Nat. Immunol. 2022, 23, 186-193. [CrossRef]

Egri, N.; Calderon, H.; Martinez, R.; Vazquez, M.; Gomez-Caverzaschi, V.; Pascal, M.; Aradgjo, O.; Juan, M.; Gonzalez-Navarro,
E.A.; Her-ndndez-Rodriguez, J. Cellular and humoral responses after second and third SARS-CoV-2 vaccinations in patients
with autoimmune diseases treated with rituximab: Specific T cell immunity remains longer and plays a protective role against
SARS-CoV-2 reinfections. Front. Immunol. 2023, 14, 1146841. [CrossRef]

Tsoutsoura, P.; Xagas, E.; Kolovou, K.; Gourzi, P.; Roussos, S.; Hatzakis, A.; Boletis, I.N.; Marinaki, S. Immunogenicity of the
Two mRNA SARS-CoV-2 Vaccines in a Large Cohort of Dialysis Patients. Infect. Dis. Rep. 2022, 14, 946-954. [CrossRef]
Zimmermann, P.; Curtis, N. Factors That Influence the Inmune Response to Vaccination. Clin. Microbiol. Rev. 2019, 32, e00084-18,
Print 2019 Mar 20. [CrossRef] [PubMed]

Yen, J.; Wang, I.; Yen, T. COVID-19 vaccination and dialysis patients: Why the variable response. QJM Int. |. Med. 2021, 114,
440-444. [CrossRef] [PubMed]

Babel, N.; Hugo, C.; Westhoff, T.H. Vaccination in patients with kidney failure: Lessons from COVID-19. Nat. Rev. Nephrol. 2022,
18, 708-723. [CrossRef]

Daugirdas, ].T.; Blake, P.G.; Ing, T.S. Handbook of Dialysis; Wolters Kluwer Health: Philadelphia, PA, USA, 2015; pp. 44-55.
National Kidney Foundation. KDOQI Clinical Practice Guideline for Hemodialysis Adequacy: 2015 Update. Am. J. Kidney Dis.
2015, 66, 884-930. [CrossRef]

Locatelli, F.; Barany, P.; Covic, A.; De Francisco, A.; Del Vecchio, L.; Goldsmith, D.; Horl, W.; London, G.; Vanholder, R,;
Van Biesen, W. on behalf of the ERA-EDTA ERBP Advisory Board. Kidney Disease: Improving Global Outcomes guidelines on
anaemia management in chronic kidney disease: A European Renal Best Practice position statement. Nephrol. Dial. Transplant.
2013, 28, 1346-1359. [CrossRef]

Wheeler, D.C.; Winkelmayer, W.C. KDIGO 2017 Clinical Practice Guideline Update for the Diagnosis, Evaluation, Prevention,
and Treatment of Chronic Kidney Disease-Mineral and Bone Disorder (CKD-MBD). Kidney Int. Suppl. 2017, 7, 1-59.

Swali, J.; Gui, M; Long, M.; Wei, Z.; Hu, Z.; Liu, S. Humoral and cellular immune response to severe acute respiratory syndrome
coronavirus-2 vaccination in haemodialysis and kidney transplant patients. Nephrology 2022, 27, 7-24. [CrossRef]

Van Praet, J.; Reynders, M.; De Bacquer, D.; Viaene, L.; Schoutteten, M.K.; Caluwé, R.; Doubel, P.; Heylen, L.; De Bel, A.V,;
Van Vlem, B.; et al. Predictors and Dynamics of the Humoral and Cellular Immune Response to SARS-CoV-2 mRNA Vaccines in
Hemodialysis Patients: A Multicenter Observational Study. J. Am. Soc. Nephrol. 2021, 32, 3208-3220. [CrossRef]

Sanders, ].E; Bemelman, EJ.; Messchendorp, A.L.; Baan, C.C.; van Baarle, D.; van Binnendijk, R.; Diavatopoulos, D.A.; Frolke, S.C.;
Geers, D.; GeurtsvanKessel, C.H.; et al. RECOVAC Collaborators The RECOVAC Immune-response Study: The Immunogenicity,
Tolerability, and Safety of COVID-19 Vaccination in Patients with Chronic Kidney Disease, on Dialysis, or Living with a Kidney
Transplant. Transplantation 2022, 106, 821-834. [CrossRef]

Espi, M.; Charmetant, X.; Barba, T.; Koppe, L.; Pelletier, C.; Kalbacher, E.; Chalencon, E.; Mathias, V.; Ovize, A.; Cart-Tanneur,
E.; et al. The ROMANOV study found impaired humoral and cellular immune responses to SARS-CoV-2 mRNA vaccine in
virus-unexposed patients receiving maintenance hemodialysis. Kidney Int. 2021, 100, 928-936. [CrossRef]

Sanders, ].S.F; Lianne Messchendorp, A.; de Vries, R.D.; Baan, C.C.; van Baarle, D.; van Binnendijk, R.; Diavatopoulos, D.A;
Geers, D.; Schmitz, K.S.; van Kessel, C.H.G.; et al. Antibody and T-cell responses 6 months after coronavirus disease 2019
messenger RNA-1273 vaccination in patients with chronic kidney disease, on dialysis, or living with a kidney transplant.
Clin. Infect. Dis. 2023, 76, €188-e199. [CrossRef]


https://doi.org/10.1016/j.ebiom.2021.103524
https://doi.org/10.1016/j.ekir.2022.07.007
https://doi.org/10.1053/j.ackd.2019.01.004
https://doi.org/10.1111/j.1525-139X.2005.18108.x
https://doi.org/10.3390/life13020474
https://doi.org/10.1016/j.ekir.2021.06.027
https://doi.org/10.3390/vaccines10091542
https://doi.org/10.1038/s41590-021-01122-w
https://doi.org/10.3389/fimmu.2023.1146841
https://doi.org/10.3390/idr14060093
https://doi.org/10.1128/CMR.00084-18
https://www.ncbi.nlm.nih.gov/pubmed/30867162
https://doi.org/10.1093/qjmed/hcab171
https://www.ncbi.nlm.nih.gov/pubmed/34142152
https://doi.org/10.1038/s41581-022-00617-5
https://doi.org/10.1053/j.ajkd.2015.07.015
https://doi.org/10.1093/ndt/gft033
https://doi.org/10.1111/nep.13974
https://doi.org/10.1681/ASN.2021070908
https://doi.org/10.1097/TP.0000000000003983
https://doi.org/10.1016/j.kint.2021.07.005
https://doi.org/10.1093/cid/ciac557

Microorganisms 2024, 12, 861 17 of 18

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Lu, X; Yamasaki, S. Current understanding of T cell immunity against SARS-CoV-2. Inflamm. Regen. 2022, 42, 51-56. [CrossRef]
Kervevan, J.; Chakrabarti, L.A. Role of CD4+ T Cells in the Control of Viral Infections: Recent Advances and Open Questions.
Int. ]. Mol. Sci. 2021, 22, 523. [CrossRef]

Laidlaw, B.J.; Craft, J.E.; Kaech, S.M. The multifaceted role of CD4(+) T cells in CD8(+) T cell memory. Nat. Rev. Immunol. 2016, 16,
102-111. [CrossRef] [PubMed]

Mansourabadi, A.H.; Aghamajidi, A.; Dorfaki, M.; Keshavarz, F; Shafeghat, Z.; Moazzeni, A.; Arab, F.L.; Rajabian, A.; Roozbehani,
M.; Falak, R.; et al. B lymphocytes in COVID-19: A tale of harmony and discordance. Arch. Virol. 2023, 168, 148. [CrossRef]
[PubMed]

Duni, A.; Markopoulos, G.S.; Mallioras, I.; Pappas, H.; Pappas, E.; Koutlas, V.; Tzalavra, E.; Baxevanos, G.; Priska, S.; Gartzonika,
K.; et al. The Humoral Immune Response to BNT162b2 Vaccine Is Associated with Circulating CD19+ B Lymphocytes and the
Naive CD45RA to Memory CD45RO CD4+ T Helper Cells Ratio in Hemodialysis Patients and Kidney Transplant Recipients.
Front. Immunol. 2021, 12, 760249. [CrossRef]

Stumpf, J.; Siepmann, T.; Lindner, T.; Karger, C.; Schwobel, J.; Anders, L.; Faulhaber-Walter, R.; Schewe, ].; Martin, H.; Schirutschke,
H.; et al. Humoral and cellular immunity to SARS-CoV-2 vaccination in renal transplant versus dialysis patients: A prospective,
multicenter observational study using mRNA-1273 or BNT162b2 mRNA vaccine. Lancet Reg. Health. Eur. 2021, 9, 100178.
[CrossRef] [PubMed]

Galmiche, S.; Luong Nguyen, L.B.; Tartour, E.; de Lamballerie, X.; Wittkop, L.; Loubet, P.; Launay, O. Immunological and clinical
efficacy of COVID-19 vaccines in immunocompromised populations: A systematic review. Clin. Microbiol. Infect. 2022, 28,
163-177. [CrossRef]

Grupper, A.; Sharon, N.; Finn, T.; Cohen, R.; Israel, M.; Agbaria, A.; Rechavi, Y.; Schwartz, LE; Schwartz, D.; Lellouch, Y.; et al.
Humoral Response to the Pfizer BNT162b2 Vaccine in Patients Undergoing Maintenance Hemodialysis. Clin. J. Am. Soc. Nephrol.
2021, 16, 1037-1042. [CrossRef]

Rouphael, N.; Bausch-Jurken, M. COVID-19 Vaccination Among Patients Receiving Maintenance Renal Replacement Therapy:
Immune Response, Real-World Effectiveness, and Implications for the Future. J. Infect. Dis. 2023, 228 (Suppl. S1), S46-S54.
[CrossRef]

Premuzic, V.; Stevanovic, R.; Vilibic-Cavlek, T.; Sirovica, M.; Stalman, S.; Bogdanic, M.; Jelakovic, B. Serological Response to
SARS-CoV-2 Vaccine in Hemodialyzed Patients and the Association with Later COVID-19 Positivity. Antibodies 2023, 12, 37.
[CrossRef]

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] [PubMed]

Jahn, M,; Korth, J.; Dorsch, O.; Anastasiou, O.E.; Sorge-Héadicke, B.; Tyczynski, B.; Gackler, A.; Witzke, O.; Dittmer, U.; Dolff, S.;
et al. Humoral Response to SARS-CoV-2-Vaccination with BNT162b2 (Pfizer-BioNTech) in Patients on Hemodialysis. Vaccines
2021, 9, 360. [CrossRef]

Agur, T.; Ben-Dor, N.; Goldman, S.; Lichtenberg, S.; Herman-Edelstein, M.; Yahav, D.; Rozen-Zvi, B.; Zingerman, B. Antibody
response to mRNA SARS-CoV-2 vaccine among dialysis patients—A prospectivecohort study. Nephrol. Dial. Transplant. 2021, 36,
1347-1349. [CrossRef]

Anand, S.; Montez-Rath, M.E.; Han, J.; Garcia, P.; Cadden, L.; Hunsader, P; Kerschmann, R.; Beyer, P.; Dittrich, M.; Block,
G.A,; et al. Antibody response to COVID-19 vaccination in patients receiving dialysis. J. Am. Soc. Nephrol. 2021, 32, 2435-2438.
[CrossRef]

Frantzen, L.; Cavaillé, G.; Thibeaut, S.; El-Haik, Y. Efficacy of the BNT162b2 mRNA COVID-19 vaccine in a haemodialysis cohort.
Nephrol. Dial. Transplant. 2021, 36, 1756-1757. [CrossRef]

Kitamura, M.; Takazono, T.; Yamamoto, K.; Harada, T.; Funakoshi, S.; Mukae, H.; Nishino, T. Low humoral immune response to
the BNT162b2 vaccine against COVID-19 in nursing home residents undergoing hemodialysis: A case-control observational
study. Ren. Replace. Ther. 2022, 8, 8. [CrossRef] [PubMed]

Beilhack, G.; Monteforte, R.; Frommlet, F.; Gaggl, M.; Strassl, R.; Vychytil, A. Antibody Response and Safety After mRNA-1273
SARS-CoV-2 Vaccination in Peritoneal Dialysis Patients—The Vienna Cohort. Front. Immunol. 2021, 12, 780594. [CrossRef]

Li, T.; Gandra, S.; Reske, K.A.; Olsen, M.A.; Bommarito, S.; Miller, C.; Hock, K.G.; Ballman, C.A.; Su, C.; Le Dang, N.; et al.
Centers for Disease Control and Prevention Epicenters Program Predictors of humoral response to SARS-CoV-2 mRNA vaccine
BNT162b2 in patients receiving maintenance dialysis. Antimicrob. Steward. Healthc. Epidemiol. 2022, 2, e48. [CrossRef]
Cozzolino, M.; Mangano, M.; Stucchi, A.; Ciceri, P.; Conte, F; Galassi, A. Cardiovascular disease in dialysis patients. Nephrol. Dial.
Transplant. 2018, 33, iii28-iii34. [CrossRef]

Broseta, ].J.; Rodriguez-Espinosa, D.; Rodriguez, N.; Mosquera, M.D.M.; Marcos, M.A.; Egri, N.; Pascal, M.; Soruco, E.; Bedini,
J.L.; Bayés, B.; et al. Humoral and Cellular Responses to mRNA-1273 and BNT162b2 SARS-CoV-2 Vaccines Administered to
Hemodialysis Patients. Am. J. Kidney Dis. 2021, 78, 571-581. [CrossRef]

Lioulios, G.; Fylaktou, A.; Asouchidou, D.; Xochelli, A.; Nikolaidou, V.; Stai, S.; Christodoulou, M.; Giamalis, P.; Tsouchnikas, I;
Papagianni, A.; et al. Effect of Lymphocyte Phenotypic Alterations on the Humoral Response to Vaccination against SARS-CoV-2
in Dialysis Patients. Ann. Lab. Med. 2023, 43, 451-460. [CrossRef]

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


https://doi.org/10.1186/s41232-022-00242-6
https://doi.org/10.3390/ijms22020523
https://doi.org/10.1038/nri.2015.10
https://www.ncbi.nlm.nih.gov/pubmed/26781939
https://doi.org/10.1007/s00705-023-05773-y
https://www.ncbi.nlm.nih.gov/pubmed/37119286
https://doi.org/10.3389/fimmu.2021.760249
https://doi.org/10.1016/j.lanepe.2021.100178
https://www.ncbi.nlm.nih.gov/pubmed/34318288
https://doi.org/10.1016/j.cmi.2021.09.036
https://doi.org/10.2215/CJN.03500321
https://doi.org/10.1093/infdis/jiad162
https://doi.org/10.3390/antib12020037
https://doi.org/10.1016/j.kint.2021.04.006
https://www.ncbi.nlm.nih.gov/pubmed/33887318
https://doi.org/10.3390/vaccines9040360
https://doi.org/10.1093/ndt/gfab155
https://doi.org/10.1681/ASN.2021050611
https://doi.org/10.1093/ndt/gfab165
https://doi.org/10.1186/s41100-022-00397-5
https://www.ncbi.nlm.nih.gov/pubmed/35308296
https://doi.org/10.3389/fimmu.2021.780594
https://doi.org/10.1017/ash.2022.31
https://doi.org/10.1093/ndt/gfy174
https://doi.org/10.1053/j.ajkd.2021.06.002
https://doi.org/10.3343/alm.2023.43.5.451
https://doi.org/10.7326/M21-4176

Microorganisms 2024, 12, 861 18 of 18

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Einbinder, Y.; Perl, J.; Nacasch, N.; Bnaya, A.; Shavit, L.; Erez, D.; Cohen-Hagai, K. Humoral Response and SARS-CoV-2 Infection
Risk following the Third and Fourth Doses of the BNT162b2 Vaccine in Dialysis Patients. Am. J. Nephrol. 2022, 53, 586-590.
[CrossRef] [PubMed]

Stumpf, J.; Schwobel, ]J.; Lindner, T.; Anders, L.; Siepmann, T.; Karger, C.; Houther, J.; Martin, H.; Mouller, P.; Faulhaber-Walter, R ;
et al. Risk of strong antibody decline in dialysis and transplant patients after SARS-CoV-2mRNAvaccination: Six months data
from the observational Dia-Vacc study. Lancet Reg. Health Eur. 2022, 17,100371. [CrossRef] [PubMed]

Glingor, O.; Uly, S.; Hasbal, N.B.; Onan, E.; Turgut, D.; Arici, M. Do Hemodialysis Patients Need Immune Boosting with Vitamin,
Mineral, and Probiotic Supplementation during COVID-19 Pandemic? Turkish ]. Nephrol. 2021, 30, 326-332. [CrossRef]

Wu, Z; Liu, D.; Deng, E. The Role of Vitamin D in Immune System and Inflammatory Bowel Disease. J. Inflamm. Res. 2022, 15,
3167-3185. [CrossRef]

Krajewska, M.; Witkowska-Sedek, E.; Rumiriska, M.; Stelmaszczyk-Emmel, A.; Sobol, M.; Majcher, A.; Pyrzak, B. Vitamin D Effects
on Selected Anti-Inflammatory and Pro-Inflammatory Markers of Obesity-Related Chronic Inflammation. Front. Endocrinol. 2022,
13, 920340. [CrossRef]

Zitt, E.; Sprenger-Mihr, H.; Knoll, F; Neyer, U.; Lhotta, K. Vitamin D deficiency is associated with poor response to active
hepatitis B immunisation in patients with chronic kidney disease. Vaccine 2012, 30, 931-935. [CrossRef]

Rachman, A.; Iriani, A.; Priantono, D.; Rumondor, B.; Betsy, R.; Juanputra, S. The correlation between serum 25-hydroxy-vitamin
D levels and anti-SARS-CoV-2 S-RBD IgG and neutralizing antibody levels among cancer patients receiving COVID-19 vaccines.
Front. Nutr. 2022, 9, 1066411. [CrossRef]

Chillon, T.S.; Demircan, K.; Heller, R.A.; Hirschbil-Bremer, I.M.; Diegmann, J.; Bachmann, M.; Moghaddam, A.; Schomburg, L.
Relationship between Vitamin D Status and Antibody Response to COVID-19 mRNA Vaccination in Healthy Adults. Biomedicines
2021, 9, 1714. [CrossRef] [PubMed]

Jolliffe, D.A.; Vivaldi, G.; Chambers, E.S.; Cai, W.; Li, W.; Faustini, S.E.; Martineau, A.R. Vitamin D Supplementation Does Not
Influence SARS-CoV-2 Vaccine Efficacy or Inmunogenicity: Sub-Studies Nested within the CORONAVIT Randomised Controlled
Trial. Nutrients 2022, 14, 3821. [CrossRef]

Li, Y,; Tong, C.H.; Bare, L.A.; Devlin, J.J. Assessment of the Association of Vitamin D Level with SARS-CoV-2 Seropositivity
among Working-Age Adults. JAMA Netw. Open 2021, 4, 2-11. [CrossRef] [PubMed]

Ashique, S.; Gupta, K.; Gupta, G.; Mishra, N.; Kumar Singh, S.; Wadhwa, S.; Dua, K. Vitamin D—A prominent immunomodulator
to prevent COVID-19 infection. Int. . Rheum. Dis. 2023, 26, 13-30. [CrossRef]

Dheir, H.; Tocoglu, A.; Toptan, H.; Pinar, M.; Demirci, T.; Koroglu, M.; Sipahi, S. Short and mid-term SARS-CoV-2 antibody
response after inactivated COVID-19 vaccine in hemodialysis and kidney transplant patients. J. Med. Virol. 2022, 94, 3176-3183.
[CrossRef]

Latifi-Pupovci, H.; Namani, S.; Pajaziti, A.; Ahmetaj-Shala, B.; Ajazaj, L.; Kotori, A.; Bunjaku, G. Relationship of anti-SARS-CoV-2
IgG antibodies with Vitamin D and inflammatory markers in COVID-19 patients. Sci. Rep. 2022, 12, 5699. [CrossRef] [PubMed]
Oztiirk, R.; Yllmaz, N.S.; Ulukanllgil, M. The relationship between serum vitamin D and antibody response following two doses
of inactivated COVID-19 vaccine. Turk. J. Biochem. 2022, 47, 665-671. [CrossRef]

Cesur, F,; Atasever, Z.; Ozoran, Y. Impact of vitamin D3 supplementation on COVID-19 vaccine response and immunoglobulin G
antibodies in deficient women: A randomized controlled trial. Vaccine 2023, 41, 2860-2867. [CrossRef]

Brisotto, G.; Muraro, E.; Montico, M.; Corso, C.; Evangelista, C.; Casarotto, M.; Caffau, C.; Vettori, R.; Cozzi, M.R.; Zanussi,
S.; et al. IgG antibodies against SARS-CoV-2 decay but persist 4 months after vaccination in a cohort of healthcare workers.
Clin. Chim. Acta 2021, 523, 476. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1159/000525309
https://www.ncbi.nlm.nih.gov/pubmed/35850101
https://doi.org/10.1016/j.lanepe.2022.100371
https://www.ncbi.nlm.nih.gov/pubmed/35434688
https://doi.org/10.5152/turkjnephrol.2021.21143
https://doi.org/10.2147/JIR.S363840
https://doi.org/10.3389/fendo.2022.920340
https://doi.org/10.1016/j.vaccine.2011.11.086
https://doi.org/10.3389/fnut.2022.1066411
https://doi.org/10.3390/biomedicines9111714
https://www.ncbi.nlm.nih.gov/pubmed/34829945
https://doi.org/10.3390/nu14183821
https://doi.org/10.1001/jamanetworkopen.2021.11634
https://www.ncbi.nlm.nih.gov/pubmed/34009346
https://doi.org/10.1111/1756-185X.14477
https://doi.org/10.1002/jmv.27714
https://doi.org/10.1038/s41598-022-09785-7
https://www.ncbi.nlm.nih.gov/pubmed/35383273
https://doi.org/10.1515/tjb-2022-0123
https://doi.org/10.1016/j.vaccine.2023.03.046
https://doi.org/10.1016/J.CCA.2021.10.035

	Introduction 
	Materials and Methods 
	Measurement of Anti-SARS-CoV-2 Antibodies 
	Assessment of Lymphocyte Subpopulations 
	Evaluation of Vitamin D 
	Statistical Methods 

	Results 
	Discussion 
	Conclusions 
	References

