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Abstract: Introduction. Patients on peritoneal dialysis (PD) present an impaired humoral response
against SARS-CoV-2, at least after the initial vaccination and booster dose. Until now, the effect of
a fourth dose has not been established. The aim of the present study is to evaluate the long-term
dynamics of the humoral response of PD patients to multiple doses of SARS-CoV-2 vaccines, focusing
on the effect of the fourth dose. Methods. This is an analysis of the prospective and multicentric
SENCOVAC study. We included patients on PD without additional immunosuppression that had
received at least 3 SARS-CoV-2 mRNA vaccine doses. We evaluated anti-spike antibody titers after the
initial vaccination, third and fourth doses, using prespecified fixed assessments (i.e., baseline, 28 days,
3, 6, and 12 months after completing the initial vaccine schedule). Breakthrough infections were also
collected. Results. We included 164 patients on PD (69% males, 62 ± 13 years old). In patients who
had received only two doses, the rates of positive humoral response progressively decreased from
96% at 28 days to 80% at 6 months, as did with anti-spike antibody titers. At 6 months, 102 (62%)
patients had received the third vaccine dose. Patients with the third dose had higher rates of positive
humoral response (p = 0.01) and higher anti-spike antibody titers (p < 0.001) at 6 months than those
with only 2 doses. At 12 months, the whole cohort had received 3 vaccine doses, and 44 (27%) patients
had an additional fourth dose. The fourth dose was not associated to higher rates of positive humoral
response (100 vs. 97%, p = 0.466) or to statistically significant differences in anti-spike antibody titers
as compared to three doses (p = 0.371) at 12 months. Prior antibody titers were the only predictor
for subsequent higher anti-spike antibody titer (B 0.53 [95%CI 0.27–0.78], p < 0.001). The 2 (1.2%)
patients that developed COVID-19 during follow-up had mild disease. Conclusions. PD presents an
acceptable humoral response with three doses of SARS-CoV-2 vaccines that improve the progressive
loss of anti-spike antibody titers following two vaccine doses.

Keywords: SARS-CoV-2; COVID-19; humoral response; anti-spike antibodies; peritoneal dialysis;
chronic kidney disease; booster

1. Introduction

Patients with chronic kidney disease (CKD) are at high-risk for complications due
to coronavirus disease-19 (COVID-19) [1]. Among the CKD spectrum, kidney transplant
recipients and dialysis patients present inherent characteristics that make them more
vulnerable to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection and
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condition a worse prognosis [2,3]. Peritoneal dialysis (PD) is a home dialysis therapy that
has been one of the preferred techniques for patients requiring renal replacement therapy
(RRT), especially for incident patients, during COVID-19 pandemic [4]. In contrast, patients
on in-center hemodialysis have presented higher rates of COVID-19 as they are required to
attend a healthcare center 3 to 6 times per week and to use healthcare transportation; which
may be shared, both factors potentially linked to SARS-CoV-2 transmission [5]. Beyond the
first waves of the pandemic, in which mortality rates were high, vaccination and new less
lethal variants have changed the paradigm and prognosis of COVID-19 [6–10].

In patients on PD, SARS-CoV-2 vaccination has demonstrated to be safe and to promote
early and strong seroconversion at least with the initial schedule (i.e., two doses of mRNA-
based vaccines [BNT162b2, mRNA-1273] or ChAdOx1-S or one dose of Ad26.COV.2) [6,11].
However, anti-spike antibody titers in PD decrease over time, as is the case for other
RRT patients, potentially leading to suboptimal protection against SARS-CoV-2 [12,13]. In
this regard, a booster (or third) dose was considered early for these vulnerable patients.
Although evidence on the effectivity of the third dose on patients in PD is scarce, some
studies have suggested a robust humoral response rise [14,15]. More importantly, a booster
dose has been demonstrated to seroconvert patients that had previously lost their humoral
immunity against SARS-CoV-2 [16,17]. Some countries have provided a fourth vaccine
dose to some groups of vulnerable or elderly patients. However, we are not aware of
assessments of the effects of the fourth dose in patients on PD.

The aim of the present study is to evaluate the long-term humoral response to SARS-
CoV-2 mRNA vaccines in patients on PD, focusing on the anti-spike antibody titers after
the third and fourth doses.

2. Materials and Methods
2.1. Design

This is an analysis of the SENOVAC study. SENCOVAC is a multicentric, observational
and prospective study that aimed to evaluate the safety and humoral response of SARS-CoV-
2 vaccines across the CKD spectrum (kidney transplant recipients, patients on hemodialysis,
PD and with advanced CKD). In Spain, the choice of the specific type of vaccines in the
initial schedule (i.e., BNT162b2 [Pfizer-BioNTech®], mRNA-1273 [Moderna®], ChAdOx1-S
[AstraZeneca®] or Ad26.COV.2 [Janssen®]) was made by the national health authority
and not by SENCOVAC investigators. In addition, mRNA-based vaccines (i.e., BNT162b2
[Pfizer-BioNTech®], mRNA-1273 [Moderna®]) were used for the third and fourth doses,
and again, the specific vaccine used was determined by the Spanish health authority.

2.2. Population

For the present analysis, we included patients on PD that had received at least 3 doses
of mRNA-based vaccines. During the follow-up, the humoral response (anti-SARS-Cov-
2 spike antibodies) was determined at baseline (before vaccination), 28 days, 3 months,
6 months, and 12 months after completing the initial vaccination schedule of 2 mRNA
vaccine doses. We excluded patients with solid organ transplantation, active neoplasia,
primary immunodeficiencies, human immunodeficiency virus, and patients who had
received immunosuppressive treatment within 6 months before vaccination. Between
the 6-month and 12-month assessments, some patients received a fourth dose of vaccine,
following health authority policy that was independent of SENCOVAC researchers. For
the present analysis, we divided the cohort into two groups depending on the vaccination
status (three or four doses) at 12 months. This permitted us to compare humoral responses
in patients on PD with three or four doses of SARS-CoV-2 vaccines. In addition, at month 6,
some patients had received the third (or booster) dose, allowing us to compare patients
with only the initial complete vaccination to patients with the initial complete vaccination
plus the third dose at this time point.
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2.3. Objectives and Outcomes

The primary objective was to evaluate the humoral response during the 1-year follow-
up after SARS-Cov-2 vaccination in patients on PD and the factors associated with the
humoral response. Secondary objectives included the analysis of the impact of third and
fourth doses on anti-spike antibody titers and the registration of breakthrough COVID-19.

2.4. Variables

At baseline, epidemiological (age and sex) data, etiology of CKD, and dialysis modal-
ity were registered. At baseline, 28 days, 3, 6, and 12 months after completing the initial
vaccination, serum samples were obtained and sent to a central laboratory where anti-spike
antibodies were measured. Anti-spike antibodies were tested by a CE-marked quantita-
tive chemiluminescence immunoassay (CLIA, COVID-19 Spike Quantitative Virclia® IgG
Monotest, Vircell SL, Granada, Spain), with a sensitivity and specificity of 96% and 100%,
respectively, that detects IgG antibodies against the SARS-CoV-2 spike protein. This assay
was calibrated against the First WHO International Standard for anti-SARS-CoV-2 human
immunoglobulin (NIBSC code: 20/136), and results were expressed as IU/mL. According
to performance studies by the manufacturer, titers ≤32 IU/mL were considered negative,
between 32 and 36 equivocal and >36 IU/mL positive, reflecting the presence of anti-spike
IgG antibodies resulting from previous infection or vaccination. The highest titer that was
measurable was 10,000 UI/mL. Thus, a titer of 10,000 UI/mL means 10,000 UI/mL or
higher. During the 1-year follow-up, breakthrough SARS-CoV-2 infections were registered.
The definition of infection required a positive rt-PCR or antigen test.

2.5. Statistics

Data is expressed as median (interquartile range) or percentage depending on the type
of variables. We used the Fisher test and Mann–Whitney test for comparing categorical
and continuous variables, respectively. Linear regression analysis was performed to assess
variables associated to 12-month anti-spike antibody titers in adjusted models, including
confounders. SPSS version 26.0 (IBM Corp., Armonk, NY, USA) was used for statistics and
GraphPad Prism version 9.02 (GraphPad Holdings, LLC, CA 92037, USA) for plotting.

3. Results
3.1. Baseline Characteristics

We included 164 patients on PD (69% males, 62 ± 13 years old). Eighty-five patients
(52%) were on continuous ambulatory peritoneal dialysis (CAPD) and 79 (48%) on au-
tomated peritoneal dialysis. Regarding the etiology of CKD, 44 (27%) had a glomerular
disease, 31 (19%) diabetic kidney disease, 28 (17%) nephroangiosclerosis, 24 (15%) unknown
disease, 18 (11%) autosomal polycystic kidney disease, 10 (6%) interstitial nephritis, and 9
(5%) others (Supplementary Table S1).

3.2. Humoral Response after the Initial Vaccination Schedule

Initial vaccination was performed using mRNA-based vaccines, 123 (75%) patients
received mRNA-1273, and 41 (25%) received BNT162b2.

Humoral response varied during the follow up. At baseline, 15 (15%) of the 102 tested
patients presented positive humoral responses because of previous SARS-CoV-2 infec-
tion. Twenty-eight days after complete vaccination, 138 (96%) of the 143 tested patients
presented positive humoral responses (Figure 1). Among the 81 patients without a hu-
moral response at baseline, 78 (96%) seroconverted after vaccination. Anti-spike antibodies
were significantly higher one month after vaccination than at baseline (4 [2–7] UI/mL vs.
2109 [775–5982] UI/mL, p < 0.001) (Figure 2).
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Figure 1. The positive humoral response over time from baseline (prior to SARS-CoV-2 vaccination)
to 12 months after completing the initial vaccine schedule (i.e., 2 doses of mRNA vaccine) in CKD
patients on peritoneal dialysis. A positive humoral response was defined as anti-spike antibody titers
above 36 UI/mL. Note that samples obtained at 6 and at 12 months following the initial vaccine
schedule of two doses of mRNA-based vaccines are divided into patients that had received 2 (just the
initial schedule) or 3 doses (initial schedule plus one booster dose) at the 6-month timepoint or 3 or
4 doses (12-month timepoint).
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Figure 2. Anti-spike antibody titers over time from baseline (prior to SARS-CoV-2 vaccination) to 12
months after completing the initial vaccine schedule (i.e., 2 doses of mRNA vaccine) in CKD patients
on peritoneal dialysis. The black line represents the median value of each strata.

Three months after vaccination, 123 (88%) of the 139 tested patients presented a
positive humoral response (Figure 1). Among the 123 patients with previous positive
humoral response, 10 (8%) had a negative humoral response at 3 months and one (1%)
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had an equivocal response. Anti-spike antibodies significantly decreased at 3 months in
comparison to one-month titers (356 [95–992] UI/mL vs. 2109 [775–5982] UI/mL, p < 0.001)
(Figure 2).

In the absence of a booster (third dose), a positive humoral response was present
at 6 months in 43 (80%) of the 54 patients who at this timepoint had only received the
initial two vaccine doses (p = 0.040 vs. 3 months). The anti-spike antibodies significantly
decreased at 6 months in comparison to 3-month titers (100 [37–365] UI/mL vs. 356 [95–992]
UI/mL, p < 0.001). During the initial 6-months of follow-up, patients with the absence of a
booster presented a decreased in anti-spike antibodies (p for trend < 0.001).

3.3. Humoral Response after the Third Dose at 6 Months

Among the 164 patients that received the third dose, 133 (81%) received mRNA-1273
and 31 (19%) BNT162b2.

At 6 months, 139 (89%) of the 157 tested patients presented a positive humoral response
(Figure 1). At this time point, 102 (62%) patients had received the third dose. Positive
humoral response at 6 months was achieved more frequently in patients that had received
the third dose than in a dose with only two doses (96/102 vs. 43/54, p = 0.01). Sixteen
patients (10%) and 2 patients (1%) presented a negative and uncertain humoral response,
respectively, at 6 months. Among negative patients, 12/16 (75%) had not received the third
vaccine dose before the 6-month assessment. In contrast, the two patients with uncertain
humoral response had received the third dose.

Anti-spike antibody titers significantly increased at 6 months in comparison to 3 months
(931 [96–6035] UI/mL vs. 356 [95–992] UI/mL, p < 0.001) (Figure 2). Patients that had re-
ceived a third dose had higher anti-spike antibody titers at 6 months than patients with only
two doses (2499 [564–8657] UI/mL vs. 100 [37–365] UI/mL, p < 0.001) (Figure 3). The me-
dian time elapsed between the third dose and the 6-month assessment was 32 (20–51) days.
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3.4. Humoral Response after the Fourth Dose at 6 Months

Forty-four patients (27%) had received a fourth dose (31 [70%] mRNA-1273 and
23 [30%] BNT162b2). At 12 months, 160 (98%) of the 164 tested patients presented a positive
humoral response (Figure 1). Having received the fourth dose did not significantly increase
the already high rate of positive humoral response (44/44 vs. 114/118, p = 0.466). Three
patients presented a negative humoral response and one presented an uncertain response.
None of them had received the fourth dose. Anti-spike antibodies significantly increased
at 12 months in comparison to 6-month titers (2391 [614–10,000] UI/mL vs. 931 [96–6035]
UI/mL, p < 0.001) (Figure 2). Patients that had received the fourth dose had higher
anti-spike antibody titers in comparison to those having received three doses, although
these differences were not statistically significative (4933 [919–10,000] UI/mL vs. 2065
[560–10,000] UI/mL, p = 0.371) (Figure 3). The median time elapsed between the fourth
dose and the 12-month assessment was 64 (27–80) days.

3.5. Factors Associated with Stronger Humoral Response at 12 Months

In a model adjusted for age, sex, type of mRNA vaccine, and having received the fourth
dose, anti-spike antibody titers at 6 months were the only independent factor associated
with a stronger humoral response at 12 months (Table 1). There was a lack of association
between anti-spike antibody titers and the etiology of CKD, PD technique, or treatment
with renin–angiotensin–aldosterone system inhibitors and erythropoietic stimulant agents.

Table 1. Multivariate analysis using adjusted linear regression for factors associated with higher
anti-spike antibody titers at 12 months.

B (95%CI) p

Age (years) 44 (−52, 141) 0.913

Gender (male) 1726 (−519, 3972) 0.129

mRNA-based vaccine
(mRNA-1273) −914 (−3054, 1225) 0.394

Fourth dose (yes) 2086 (−386, 4560) 0.096

Anti-Spike antibody titers at 6
months (per UI/mL) 0.530 (0.274, 0.786) <0.001

3.6. Breakthrough Infections

Only two patients (1.2%) presented a SARS-CoV-2 infection during follow-up. The
clinical presentation was mild. One patient had not received the third vaccine dose at the
time of COVID-19 and the other developed COVID-19 before the fourth dose (Table 2).
Both had last known anti-spike antibody titers below 5000 UI/mL.

Table 2. Characteristics of patients that developed COVID-19 during follow-up.

Patient Timing of
COVID-19

Initial
SARS-CoV-2

Vaccine

Third
SARS-CoV-2
Vaccine Dose

Last Anti-Spike Titers
Prior to COVID-19

(mUI/L)

Infection
Severity

Anti-Spike
Titers Post-
COVID-19

(mUI/L)

1 Before 3rd dose BNT162b2 – 1065
Mild symptoms

without
admission

6599

2 Before 4th dose mRNA-1273 mRNA-1273 3135
Mild symptoms

without
admission

10,000
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4. Discussion

The key finding of this analysis of the SENCOVAC study is that patients on PD achieve
high rates of positive anti-spike humoral response after the third dose of mRNA-based
SARS-CoV-2 vaccines that reverse the progressive decrease of anti-spike antibodies over
time observed following two doses. A fourth dose may further increase the humoral
response in some patients and result in higher rates of patients with high antibody titers.
Patients on PD belong to the especially vulnerable group of kidney failure patients; thus the
objective of vaccination against SARS-CoV-2 should include not only achieving a positive
humoral response but also high and long-lasting anti-spike antibody titers, as this has been
related to lower rates of breakthrough infections and better prognosis [18].

Although there is scarce information on the effectivity of a fourth SARS-CoV-2 vaccine
dose in patients on PD, real-world data, including hemodialysis patients, shows a positive
effect on the humoral response, even against the Omicron variant [19]. In this regard,
repetitive immunological hits (i.e., breakthrough infections and multiple vaccine doses)
improve protection against the most recent SARS-CoV-2 variants that now predominate [20].
From the epidemiological point of view, it is prudent to estimate the lower efficacy of
first-generation vaccines against novel and future SARS-CoV-2 variants that may more
negatively impact vulnerable patients such as CKD patients on RRT [21]. To address this
enhanced risk of infection and complications, a multi-vaccine strategy may reduce the
rates of suboptimal responses, especially in immunosuppressed patients [21]. However,
a recent study of a hemodialysis cohort showed that booster doses were beneficial in
virus-naive patients but not in SARS-CoV-2–recovered patients, at least in terms of cellular
immunity [22]. Therefore, efforts should be directed at maintaining an optimal immune
response, especially in patients who have not been infected or with lower antibody titers,
as neutralizing antibody titers are related to higher protection [18]. In this regard, there is
insufficient information regarding the optimal cut-off point for anti-spike antibody titers
that provide optimal protection against COVID-19 and against severe complicated COVID-
19. In our study, only two infections were detected, and both were mild and did not need
hospital admission. Both the immune response to vaccines and the successful limitation of
exposure to the virus may have contributed to this observation [23].

The progressive decrease in antibody titers over time after each vaccination dose is a
cause for concern. Previous reports have shown that 3 to 6 months after initial vaccination
and booster doses, significant anti-spike titer decline is observed in dialysis patients [12,24].
At present, individualizing additional dose prescriptions is probably the best strategy to
obtain an optimal immune response, avoiding the risk of hyperstimulation and immune
exhaustion [25,26]. Vulnerable patients with lower antibody titers or negative humoral
response are the highest risk group. Some factors have been proposed to predict an early
decline in antibody titers or a lower immediate humoral response. In agreement with
our data, the previous humoral response is probably the better predictor of response to
successive booster vaccine doses. Additionally, factors such as immunosuppressive drugs
or conditions, obesity, older age, absence of previous or breakthrough COVID-19 or lower
vaccine dose (number of doses or type of vaccine) can predict a suboptimal immunological
response in CKD patients on RRT [6,8–10,27]. Thus, these factors should be considered
when assessing the risks of not receiving early additional booster vaccine doses.

Our study presents some limitations to be acknowledged. First, the inherent bias of
observational studies. However, performing a randomized clinical trial with a placebo
group is ethically unacceptable. In addition, the evidence provided by our study can be
extrapolated to clinical practice as it is based on real-world data, and both the timing
and type of vaccines were determined by a stakeholder external to the study, the health
authorities. Second, the low rate of breakthrough infections does not allow an assessment
of the efficiency of SARS-CoV-2 vaccines in PD. This is probably due to the sample size but
also due to the dynamic changes of the pandemic (new variants, vaccine protocols) that
have attenuated its effects. Indeed, some asymptomatic cases can go unnoticed, as periodic
SARS-CoV-2 screening was not performed in ambulatory patients such as those on PD.
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This may have underestimated the infection rate, but it is unlikely to have missed severe
COVID-19. Third, the observational design of the study may have resulted in missing data.

In conclusion, patients on PD present an acceptable humoral response with three
doses of SARS-CoV-2 vaccines that improve on the natural history of progressive loss
of anti-spike antibody titers following two vaccine doses. Adding a fourth vaccine dose
did not significantly improve the already high positive humoral response rate. However,
there was some suggestion of a stronger immune response in terms of anti-spike antibody
titers, and all patients that received the fourth dose developed a positive humoral response.
Thus, assessment of anti-spike antibody titers may identify vulnerable patients, such as PD
patients, that may derive the most benefit from further booster vaccine doses, leading to
individualized booster prescriptions according to immunological background and risk for
complications.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/vaccines10101738/s1, Table S1: Baseline characteristics of the participants included in each
humoral response assessment.
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