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Abstract: Background: Considering the indeterminate effects following the administration of three doses
of the SARS-CoV-2 vaccine to patients under dialysis, the present study aimed to evaluate the
immunogenicity rates of patients who received the three-dose vaccine. Methods: MEDLINE, Web of
Science, EMBASE, ClinicalTrials.gov, and the Cochrane Central Register for Controlled Trials were
searched to select the relevant literature to perform the present review. We included randomized
controlled trials, non-randomized trials, prospective, observational cohort, and case-control studies
to assess the humoral and cellular immune responses following the administration of the three-dose
SARS-CoV-2 vaccine to patients receiving dialysis. Results: Overall, 38 studies are included in
the meta-analysis presented in this paper. For patients on dialysis, the overall humoral antibody
response rate is 97% following three doses of mRINA or viral vector vaccines and 100% following
four doses of the SARS-CoV-2 vaccine. A subgroup analysis shows that the antibody response rate
is 96% for patients on hemodialysis (HD) and 100% for those receiving peritoneal dialysis (PD).
The antibody response rate in the different immunogen-vaccinated groups tends to be higher than
that in the same immunogen-vaccinated group (99% vs. 96%). For those who exhibit no response
following two doses of the vaccine, the third and fourth doses can elevate the antibody response rate
to 81%, and that number for low responders increases to 96%. However, the pooled results obtained
from the relatively few trials conducted indicate that the positive T-cell response rate only increases
to 59% following three doses of the vaccine. The antibody response rate is not different between
dialysis and non-dialysis groups (relative risk = 0.95, 95% CI 0.90-1.02) following three doses of
the vaccine. The relative risks for a SARS-CoV-2 breakthrough infection, all-cause mortality, and
hospital admissions are 0.59 (95% CI 0.30-1.04), 0.63 (95% CI 0.35-1.12), and 0.53 (95% CI 0.37-0.74),
respectively, when comparing three doses with two doses of the vaccine administered to the dialysis
population. Conclusions: The third or fourth dose of the SARS-CoV-2 vaccine significantly increases
the immunogenicity rates in dialysis patients, and this beneficial effect does not vary with the type of
vaccine (the same or different immunogen vaccination), dialysis modality (HD or PD), or previous
low response following the administration two doses of the vaccine. We believe that healthcare
workers should encourage patients receiving dialysis to receive a third or fourth vaccine dose to
strengthen their immunity against SARS-CoV-2.

Keywords: meta-analysis; 3-dose of SARS-CoV-2 vaccine; hemodialysis; peritoneal dialysis; immuno-
genicity rates

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has been a pandemic
for more than two years and led to millions of confirmed disease cases and numerous
deaths. Clinical trials show that the Pfizer and Moderna vaccines are 95.0% effective, and
the Johnson & Johnson vaccine is 66.0% effective in protecting the general population
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against SARS-CoV-2 infection [1]. Patients on hemodialysis (HD) or peritoneal dialysis
(PD) have impaired and inferior immune function, and are at a high risk of mortality
if infected with SARS-CoV-2 [2,3]. The efficacy and safety of the SARS-CoV-2 vaccine
in patients receiving dialysis has been highly debated in the field of study. It has been
observed that there is a high response rate to the SARS-CoV-2 vaccine in the dialysis
population after receiving two doses of the SARS-CoV-2 vaccine [4,5]. A previous meta-
analysis conducted in 32 studies demonstrated that the overall immunogenicity rate to
the SARS-CoV-2 vaccine in the dialysis population was 86% (95% CI, 81-89%), and had
a low response rate after the first (RR = 0.61; 95% CI 0.47-0.79) and second (RR = 0.88;
95% CI 0.82-0.93) doses of the vaccine when compared to the non-dialysis controls [6].
As the virus evolved, a third-dose shot attracted further attention. In the non-dialysis
population, it was observed that the third-dose vaccines demonstrated an overall increased
reactogenicity result: mRNA-1273 after ChAd/ChAd or BNT/BNT, and ChAd and Ad26
after BNT/BNT after receiving a third dose (booster) of the vaccine [7]. There are reports
that claim that the administration of a third-dose vaccine within 1 to 2 months of receiving
a prime-boost vaccination could increase antibody levels, particularly in patients with poor
initial responses (such as patients receiving dialysis) [8]. However, due to the small sample
sizes used in previous studies, there is not enough evidence to support the recommendation
of a third SARS-CoV-2 vaccine dose to complete an ideal seroconversion after a two-dose
prime regimen in patients on dialysis. Therefore, the meta-analysis presented in this study
is conducted to confirm further the hypothesis that a third or fourth dose of the vaccine
could promote seroconversion and increase the presence of neutralizing antibodies in
dialysis patients.

2. Methods
2.1. Search Strategy and Study Selection

We searched the relevant studies using the following databases: Web of Science,
MEDLINE (from 1 January 2020 to 31 August 2022), and Embase (from 1 January 2020
to 31 August 2022), using the following keywords: dialysis AND (3-dose vaccine OR
4-dose vaccine OR boost vaccine) AND (SARS-CoV-2 vaccine, ChAdOx1 nCoV-19, Oxford-
AstraZeneca, mRNA vaccines, BNT162b2, OR mRNA-1273). The language was restricted to
English in our meta-analysis. The literature collection procedure is presented in Figure S1.

2.2. Inclusion and Exclusion Criteria

We studied the following areas: (1) patients receiving HD or PD; (2) randomized
controlled trials, non-randomized trials, or prospective, retrospective observational studies;
and (3) reports of post-vaccination antibody response rates. The following studies were
excluded: (1) different publications analyzing the same population or duplicates, and (2) no
reported post-vaccination antibody response rates.

2.3. Data Collection

The data (risk ratios, 95% confidence intervals, and response rates) were collected pref-
erentially and independently extracted by the three authors. We also extracted all the study
characteristics (i.e., study design, vaccine type, and kidney-replacement modality). Any
disagreements were resolved through a discussion or consultation with the other authors.

2.4. Heterogeneity Assessment

Heterogeneity was assessed using Cochran’s Q test and I? statistics. The study was
judged as heterogeneous if the p-value was <0.1 (Cochran’s Q). If one study presented
I2 values < 50%, we considered it as non-heterogeneous, and a fixed-effects model was used
in the analysis; studies with I? > 50% were considered heterogeneous and were analyzed
using a random-effects model.
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2.5. Quality Assessment

Two researchers analyzed the quality of each study using the Newcastle-Ottawa scale,
presenting a maximum of nine stars to a study based on patient selection, study design,
comparability, exposure, and outcome. A study was considered to be of “high quality”
if it scored nine stars on this scale and “medium quality” if it scored seven or eight stars.
Discrepancies were resolved through discussions with the other researchers.

2.6. Outcome Measures

The primary outcomes were defined as post-vaccination antibody response rates
(humoral immunity) and positive T-cell response (cellular immunity) among patients on
dialysis. The secondary outcomes were defined as incidences of a breakthrough SARS-CoV-
2 infection, admission, and all-cause death in dialysis patients who received a three-dose
vaccine compared with those who received two doses or less of the vaccine.

2.7. Statistical Analyses

We used STATA version 14.0 (StataCorp, College Station, TX, USA) to analyze the
data. The primary outcomes were pooled using the DerSimonian-Laird random-effects
model. Heterogeneity was assessed by using the I? statistic. To explore the potential source
of heterogeneity, we conducted several subgroup analyses using mixed-effects models,
including (1) vaccine type; (2) vaccine dose; (3) kidney-replacement-therapy modality,
including HD or PD; and (4) same vaccine type as in the primary vaccination or not.

The risk ratios (RRs) for a breakthrough infection, admission, and all-cause death of
the secondary outcomes were extracted from the studies. We examined the presence of
publication bias by using Egger’s test. Additionally, we performed a sensitivity analysis to
evaluate the influence of the outcomes. p < 0.05 was statistically significant.

3. Results
3.1. Study Selection and Characteristics

Overall, 38 studies were included [9-46] in the meta-analysis (Figure S1). Table 1
presents the characteristics of the 38 included studies.

Table 1. Characteristics of the 38 studies.

A s KPT Homologous or SIXiI‘{);- Antibod Foll
Study N (Yegfs) (Mael)e(%) Modality Vaccine Type Hetel:olo.gous Dose CoV-2 011111:1 c o(:ne}e’ OU;:W
N) Vaccinations Infection

Dekezrgg lfg]et al., 100 55-85 57.0 HD BNT162b2 Homologous 3 No Anti-SIgG 4 weeks
D“C;S‘zli‘ ﬁ Uejt al, 45 69 + 10 59.0 HD BNT162b2 Homologous 3 No Anti-SIgG 4 weeks
F rar;tgzeln[llﬂﬁt al, 88 ( 657—683) 73.0 HD BNT162b2 Homologous 3 No Anti-S IgG 4 weeks
L"“gzl(;;‘le[ll\;ft a g 64 + 14 75.5 S BNT162b2 Homologous 3 No AntiSIgG 4 weeks
Sferz‘g; I[J1§]t al, 23 (5267473) 68.0 HD mRNA-1273 Heterologous 3 No A“E;'EBD 4 weeks
Tillmann [Fﬂ]et al, 17 648 64.0 HD mRNA-1273 Heterologous 3 No A“ggBD e
Agur T[G]f;]al-/ 2022 80 6?'22; 634 HD BNT162b2 Homologous 3 No AHEEBD 3 weeks

Anft Met al,, 2022 ) 81(66- 57.1 HD mRNA-1273 Homologous 4 No ilre\zt;gglzelgg 89
[16] 84) TFN'y weeks

B TR S e T
Beik;‘g‘g[%?t al., 27 (3226) 63.0 PD mRNA-1273 Homologous 3 No Anﬁg‘éBD 4 weeks
Ben;lérzlzg []; :]t al., 84 ( 627—279) 69.0 HD BNT162b2 Homologous 3 No Anti-S IgG 4 weeks
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Table 1. Cont.

A S KPT Homologous or SIXiI'{);- Antibod Foll
Study N (Yegfs) (M;i:%) Modality Vaccine Type Hetel:ologous Dose CoV-2 Olllltlco(;nz OU;;W
N) Vaccinations Infection
Ben%‘gz‘a[zﬁﬁt al, 69 (536_876) 65.0 S BNT162b2 Homologous 3 No Anti-SIgG 3 weeks
B;f‘:f“;g;vﬁ ]B 139 ( 576_975) 63.3 I;% 11209? %ﬁf_‘ﬁ;’; Homologous 3 No Anti-SIgG 2 weeks
Booggzd[zsze]t al, 57 18-59 68.4 Il;lg ;g’ (r:1hC[?)%/(—)1>;1 Heterologous 3 No An’Eg—éBD 2 weeks
Brozsg;e; J[Izgﬁ al, 153 7%41‘21 4i 54.2 HD ]frll\II{lIH\lIiz—?%;; Homologous 3 No An;ig-gBD 2 weeks
by F sy B0 b2y aCovae  Heleologows 3 Noo o AMEET 2wedks
C}'uz‘zrz)g2 ZCE 59]t al., 142 (8256%— 61.2 HD iﬁ}g&g{?i% Heterologous 3;4 Mixed fﬁggggﬁgg 4 weeks
Chezr;)gzzc [YZ (‘j ]t al, 19 623% gt 57.9 I_EDD163; mRNA-1273 Heterologous 3 No An’;ig—gBD wij(s
Chi“;gzdzu[r;;]et o ( 496_172) 64.0 HD BNT162b2 Hlfe‘g‘;ﬁg‘;‘gigr 3 No Anti-SIgG 4 weeks
Cinkilic 8 glt al, 19 NR NR HD BNT162b2 Homologous 4 No AntisigG  HE
Davizdooz\;ic[;(;]e tal, 36 6?'599:‘: 66.7 HD ngaécvgc\;%rl Heterologous 3 No Ar;%:éjl) 4 weeks
Ei“b;ggsr[;gft bl 06 05 67.0 hp7 BNT162b2 Homologous 3,4 No AntisIgG 23
Espi M etal,, 2022 75 696 £ 21 HD BNT162b2 Homologous 3 Mixed Anltcig-g?D 2 weeks
131] 15.0 TFNy

gzgz%%‘g;g%;ﬁ 178 6?'475:‘: 63.5 HD ?111\[1{];\1116&2-?27031‘ Homologous 3 No An;ig—éBD 4 weeks
Ga;(c)izazlke;]al., 2720 NR NR HD; PD ﬁggﬁ?gg Homologous 3 Mixed AnggBD 2 weeks

Herman-Edelstein 72412 700 HD BNT162b2 Homologous 3 Mixed Anltlg_éFD 23
etal., 2022 [34] IENy weeks
Hot;;szezt [l;se]t al, 68 667(65‘%8_ 65.0 I;Ig gi’ BNT162b2 Homologous 3 No Anti-S IgG 4 weeks
Hoggszezt [gg]t al, 45 G 67—279) 57.8 II;I]]::)) }g’ ﬁg&f_‘i%g Homologous 4 No Anti-S IgG 4 weeks
Kita‘;()‘;?[g’;]et al, 468 69 + 11 65.0 HD BNT162b2 Homologous 3 No Anti-SIgG 3 weeks
K"hz“(;‘; géf]t al, 148 6?;&; 56.7 %%1114? mRNA-1273 Homologous 3 No Anti-STgG 4 weeks

Moo [C;;]t al, 109 02 70.1 e 2o Homologous 3 NR NR NR
Patz}g;aZ S[f[;f]alu 37 (52_67225) 69.0 HD mRNA-1273 Heterologous 3 No AnItlg_g;BD 2 weeks

TFNy; IL2
nggzg; [lile]t al, 451 NR NR HD ?III\II{EZZEE% Homologous 3 No Anti-S IgG 4 weeks
RO};SZT[ glal" 18 6?'; - 60.0 HD BNT162b2 Homologous 3 No Anti-SIgG 4 weeks
Shashar h[ﬁ;]t al, 66 754102  59.1 HD BNT162b2 Homologous 3 No AntisIgG 22
Simon B ?t al.2022 60 66 717 HD mRNA-1273 Heterologous 3 No Anfig-g?D 6 weeks
[44] (34-83) IFNy;

Tillmann f I;]et al, s oA 60.8 HD BNT162b2 Homologous 3 No AntiSIgG 4 weeks
Verg(i);rz][ljlg]t al, 96 7};1i 72.5 HD BNT162b2 Homologous 3 No Anti-S IgG 4 weeks

HD, hemodialysis; PD, peritoneal dialysis; KRT, kidney replacement therapy; IgG, immunoglobin G; NR, not
reported; RBD, receptor-binding domain; IFNy: interferony; IL2: interleukin2; Homologous vaccinations, the same
immunogen vaccination regimen; Heterologous vaccinations, the different immunogen vaccination regimen.

3.2. Post-Vaccination Humoral Immunogenicity Rates

The overall humoral immunogenicity rate in patients receiving dialysis was 97%
(95% CI, 96-98%). We observed that the vaccine type had no effect on the humoral immuno-
genicity rate, and the response rate following the administration of three- or four-dose
vaccines was consistently higher than 95% (Figure 1). The response rates following three-
and four-dose vaccine administrations were 96% (95% CI, 95-97%) and 100% (95% CI,
99-100%), respectively (Figure 2). Different dialysis models (HD or PD) may affect the
immunogenicity rate; therefore, we separated HD from PD. The response rate of HD pa-
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tients after receiving the three- and four-dose vaccines was 96% (95% CI, 94-97%) and 100%
(95% CI, 96-100%), respectively (Figure 3). The same and different immunogen vaccination
regimens potentially evoke different responses in dialysis patients; therefore, we attempted
to subgroup those results. The antibody response rate in the same immunogen vaccination
regimen group was 96% (95% CI, 95-97%), and the antibody response rate in the different
immunogen vaccination regimen group was 99% (95% CI, 99-100%) (Figure 4). For those
who were low or had no responders after receiving two doses of the SARS-CoV-2 vacci-
nation, we estimated the antibody response rate after three or four doses. As presented
in Figure 5, after three doses of the vaccine, the immunogenicity rates of those who were
non-responders increased to 81% (95% CI 71-93%), and the response rate increased to
96% (95% CI 89-100%) in those who were low responders after two doses. We believed
that a difference in the immunogenicity rates may exist between patients on dialysis and
those that are not on dialysis; therefore, we compared the immunogenicity rates of these
two groups further. However, there were no obvious differences in the immunogenicity
rates between the two groups after receiving three doses of the vaccine (RR = 0.95, 95% CI
0.90-1.02; Figure S2).

Study Cases Patients Dose Modality T;;l;’“c";r“te W f/lght
o o
BNT162b2 -
eKerve ¢t 12 - -t . .87, 0. ya
ckervel M et al. 2021 [9 94 100 3 D 0.94 (0.87, 0.98 230
Ducloux D et al. 2021 42 45 3 b} —e 0.93 (0.82, 0.99 1.13
Frantzen L et al. 2021 [11 86 88 3 HD - 0.98 (0.92, 0.99 3.43
onglune N etal. 2021 [12 74 82 3 D - 0.90 (0.82, 0.96 1.48
Longlune N etal. 2021 [12 17 20 3 p ——" (.85 (0.62. 0.97 0.24
Agur T et al. 2022 &15} 77 80 3 HD -+ 0.96 (0.89, 0.99 2.51
Benning L et al. 2 22];191} 80 84 3 HD - 0.95 (0.88, 0.99 2.18
Bensouna L et al. 20"_4% | 66 69 3 HPD -+ 0.96 (0.88, 0.99 2.18
Cinkilic O et al. 2022 |2 % 19 19 4 HD —e 1.00 (0.82, 1.00 1.04
inder Y et al. 2022 [3 60 60 3 HD+PD -+ 1.00 (0.94, 1.00 3.83
inder Y et al, 30 46 46 4 HD+PD - 1.00 (0.92, I.OO% 3.21
Espi M et al. 20“7 [J ] 63 75 3 HD — 0.84 (0.73, 0.91 0.88
lerman-Edelstein et al. 2022 [34] 95 100 3 D - 0.95 (0.89, 0.98 272
Housset P et al. 20; 68 3 HD+PD — 0.91(0.82,0.97 135
itamura M et al. Ou 7] 417 468 3 b] *> (.89 (0.86, 0.92 3.63
obert T ct al. ”0224 7 18 3 HD — 0.94 (0.72, 1.00 0.43
Shashar M et al.2022 4_v11 63 66 3 HD -» 0.99 (0.92, 1.00 3.06
Tillmann FP et al, 20: 5] 137 153 3 HD -+ 0.90 (0.84, 0.94 2.30
Verdier JF et al.2022 2 96 3 b} -+ 0.96 (0.90, 0.99} 2.74
Subtotal (T-squared = 64.0%, p=0. 000) Q 0.95 (0,93, 0.97) 40.66
mRNA-1273 ’|
Stervbo U etal 2021 [13] 20 23 3 1D —ah 0.87 (0.66, 0.97) 0.33
Anft M et al.2022 [16 42 42 4 HD - 1.00 (0.92, 1.00 2.97
Beikhack G et al, 202 JJISJ 27 27 3 PD —_ 1.00 (0.87, 1.00 1.76
Cheng CY etal. 20” 226 226 3 HD+PD * 1.00 (0.98, 1.00 S.16
Kohmer\let al.2022 8 130 134 3 HD - 0.97(0.93, 0.99 3.5
Kohmer \Tet al 20_2 14 14 3 D —_— 1.00 (0.77 I.OO% 0.64
Patyna S et 2 33 37 3 HD — 0.89 (0. .97 0.67
imon B et dl 2022 [ ]g 60 3 D - 0.97 (0. .00 2,17
Subtotal (I- squared 19.4%, p=0. 276) 1 0.99 (0.97, 1.01 17.26
1
BNT162b2 or mRNA-1273
ledun l&!\AICZ € a 5 LF2L, U E
Biedunki Betal. 2022 [21] 134 139 3 HD+PD - 0.96 (0.92 099% 343
Broseta JJ etal. 2022 [23 130 153 3 HD - 0.85(0.78, 0.90 1.70
Cheng CC et al. Ai"" 25 130 142 3 D -+ 0.96 (0.91, 0.98 3.40
Cheng CC et al. 2022 [25 142 142 4 HD [ 1.00(0.97, 1.00 4.90
Gallego-Valcarce F et al.2022 [32] 173 178 3 HD [ 0.97 (0,94, 0.99 4.19
Gareia P et al. 2022 33 2626 2720 3 HD+PD * 0.96 (0.96, 0.97 525
Housset P et al. 202 45 45 4 HD+PD - 1.00 (0.92, 1.00 3.10
uiroga B et al. 2022 4 432 451 3 HD * 0.96 (0.93, 0.97 4.53
llerLﬂ Betal. 2022 41 20 20 3 PD —_ 1.00 (0.83, 1.00 1.15
Subtotal (T-squared = 76.6%, p = 0.000) 'l 0.97 (0.95, 0,99 3167
1
ChAdOx1 nCoV-19 .
oongird S et a 2 — . .88, 1. .
B d S 1.2022 [22 "9 29 3 HD 1.00 (0.88, 1.00) 1.97
Boongird S et al.2022 [22 28 3 P — 1.00 (0.88, 1.00 1.91
Bruminhent J et al. ”07 4 3] 31 3 HD — 1.00 (0.89, 1.00 2.16
Bruminhent J et al.202; 28 3 D — 1.00 (0.88, 1.00 191
Subtotal (I-squared —O % =1. 000) T 1.00 (0.97, 1.03 7.94
Yiral Vector Ad26COVSL !
Davidovic T etal. 2022 [29] 36 36 3 HD g 1.040 (0.90, 1.00) ;jg
| 2.
Overall (I-squared = 69.4%, p = 0.000) ’| 0.97 (0.96, 0.98) 100.00
1
t t ———1
2 4 6 8 1

Response rate (95%CI)

Figure 1. Forest plots of humoral immunogenicity rates vs. vaccine type [9-13,15,16,18-26,28-38,40-46].
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Study Cases Patients  Modality Response rate Weight
{95% CI) %
3-dose of vaccine

|
Dekervel M et al. 2021 [9 94 100 - 0.94 (0.87, 0.98) 2,30
Ducloux D et al. 2021 [10 42 45 HD — 0.93 (0.82, 0.99 1.13
Framzen L etal. 2021 [11 86 88 HD - 0.98 }0.92, 0.99 3.43
Longlune N et al. 2021 [1 74 82 - 0.90 }OASZ, 0.96 1.48
Longlune N et al. 2021 [12 17 20 PD —_— 0.85(0.62, 0.97 0.24
Stervbo U et al.2021 [13] 20 3 HD —_— 0.87 (0.66, 0.97 0.33
Agur T et al.3032£] 77 80 HD - 0.96 (0.89, 0.99 2.51
Beikhack G et al. 2022 !18] 27 27 rD — 1.00(0.87, 1.00 1.76
Benning L et al. 2022! 9 80 84 HD - 0.95 (0.88, 0.99 2.18
Bensouna L et al. 202 52 66 69 HD+PD - 0.96 (0.88, 0.99° 218
Biedunkiewicz B et al. 2022 [21] 134 139 HD+PD + 0.96 (0.92, 0.99 3.43
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Cheng CY et al. 2022 FG 226 226 HD+PD * 1.00(0.98, lv[)[)i 5.16
Cheng CC et al. 2022 [25 136 142 HD - 0.96 (0.91, 0.98 3.40
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Einbinder Y et al.2022 [30 60 60 HD+PD -+ 1.00(0.94, 1.00 3.83
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Herman-Edelstein et al. 2022 [34] 95 100 HD - 0.95 (0.89, O.‘)S% 2712
Housset P et al. 2022 [35 62 68 HD+PD - 0.91(0.82, 0.97 1.35
Kitamura M et al. 202-% 71 417 468 HD * 0.89 (0.86, 0.92 3.63
Kohmer N et al.2022 3 130 134 HD - 0.97 (0.93, 0.99 3.55
Kohmer N et al.2022 [38 14 14 PD —_ 1.00(0.77, 1.00° 0.64
Patyna S_et al. 2022 [40 33 37 HD — 0.89(0.75, 0.97 0.67
Quiroga B etal. 2022 [4 432 451 HD * 0.96 (0.93,0.97 4.53
Quiroga B et al. 2022 [41 20 20 PD — 1.00(0.83, 1.00§ 1.15
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1
4-dose of vaccine 1
Anft M et al.2022 [16 42 42 HD - 1.00(0.92, 1,00y 297
Cheng CC et al. 202225 142 142 HD * 1.00 (0.97, 1.00) 4.90
Cinkilic O et al. 2022 [28 19 19 HD — 1.00 (0.82, ].(JO% 1.04
Einbinder Y et al.2022 [3 46 46 HD+PD - 1.00¢0.92, 1.00 3.21
Housset P et al. 2022 [36 45 45 HD+PD - 1.00(0.92, 1.00 3.10
Subtotal (I-squared = 0.0%, p = 1.000) K 1.00(0.99, ].0]; 15.22
. 1
Overall (I-squared = 69.4%, p = 0.000) # 0.97 (0.96, 0.98) 100.00
1
L
T T T T 1
z 4 6 8 1

Response rate (95%CT)

Figure 2. Forest plots of humoral immunogenicity rates vs. the number of vaccine doses [9-13,15,16,
18,20-26,28-38,40-46].

Study Dose Cases Patients Response rate Weight
) (95% CI) %
HD il
Dekervel M et al. 2021 [9] 3 94 100 - 0.94 (0.87, 0.98) 3.29
Ducleux D et al. 2021 [10] 3 42 45 - 0.93 (0.82, 0.99) 1.79
Frantzen L etal. 2021 [11] 3 86 88 - 0.98 (0.92, 0.99) 4.49
Longlune N et al. 2021 [12] 3 74 82 - 0.90 227
Stervbo U et al.2021 [13] 3 20 23 —_— 0.87 0.56
Agur Tetal.2022[15] 3 77 80 - 0.96 3.53
Anft M et al.2022 [16] 4 42 42 - 1.00 4.02
Benning L et al. 2022 [19] 3 80 84 - 0.95 3.15
Boongird S et al.2022 [22] 3 29 29 — 1.00 2.90
Broseta JJ et al. 2022 [23] 3 130 153 - 0.85 2.56
Bruminhent J et al.2022 [24] 3 31 31 — 1.00 3.12
Cheng CC et al. 2022 [25] 3 136 142 - 0.96 4.47
Cheng CC etal. 2022 [25] 4 142 142 * 1.00 378
Cinkilic O et al. 2022 [28] 4 19 19 —e 1.00 1.66
Davidovic T et al. 2022 [29] 3 36 36 — 1.00 3.49
Espi M et al. 2022 [31] 3 63 75 — 0.84 1.42
Gallego-Valcarce E et al.2022 [32] 3 173 178 * 0.97 5.19
Herman-Edelstein et al. 2022 [34] 3 95 100 - 0.95 3.76
Kitamura M et al. 2022 [37] 3 417 468 * 0.89 4.69
Kohmer N et al.2022 [38] cl 130 134 - 097 4.60
Patyna S etal. 2022 [40] 3 33 37 —_— 0.89 1.11
Quiroga B et al. 2022 [41] 3 432 451 * 0.96 5.48
Robert T et al. 2022 [42] <) 17 18 — 0.94 0.73
Shashar M et al.2022 [43] 3 65 66 - 0.99 4.13
Simon B et al.2022 [44] 3 58 60 - 0.97 3.14
Tillmann FP et al. 2022 [45] 3 137 153 - 0.90 3.29
Verdier JI et al.2022 [46] 3 92 96 - 0.96 3.79
Subtotal (I-squared = 69.1%, p = 0.000) (] 0.96 88.42
; 1
PD !
Longlune N et al. 2021 [12] 3 17 20 — 0.85 0.42
Beikhack G et al. 2022 [18] 3 27 27 — 1.00 2.64
Beongird S et al.2022 [22] 5) 28 28 — 1.00 2.82
Bruminhent J et al.2022 [24] 3 28 28 — 1.00 2.82
Kohmer N et al.2022 [38] 3 14 14 — 1.00 1.06
Quiroga B et al. 2022 [41] 3 20 20 — 1.00 1.82
Subtotal (I-squared = 0.0%, p = 0.852) | 1.00 (0.96, 1.03) 11.58
Overall (I-squared = 63.9%, p = 0.000) [ 0.96 (0.95, 0.97) 100.00
I
|
T T T T T
2 4 .6 8 1

Response rate (95%CT)

Figure 3. Forest plots of humoral immunogenicity rates vs. different dialysis models (HD or PD) [9-13,15,16,18,
19,22-25,28,29,31,32,34,37,38,40-46].
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Figure 4. Forest plots of humoral immunogenicity rates vs. homologous/heterologous vaccines [9-13,15,16,

Figure 5. Forest plots of humoral immunogenicity rates vs. non-/low responders [9,10,12-14,20,27,
44,45].
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3.3. Cellular Immunogenicity Rates

There were six trials recording the cellular immunogenicity rates. The cellular immune
response was measured by the release of interferon-y or interleukin-2. The pooled results
from the six trials indicate that the cellular immunogenicity rate for patients on dialysis is
59% (95% CI, 45-76%) and exhibits high heterogeneity (I?> = 92.4%) (Figure 6). This result is
significantly lower than that observed in the humoral immunity group (97%) after receiving
three or four doses of the vaccine.

Study T cell Dose ModalityCases Patients Response rate Weight
response (95% CI) Yo
Anft M et al.2022 [16] IFNy 4 HD 41 42 : _.‘ 0.98 (0.87, 1.00)  17.27
Davidovic T et al. 2022 [29] IFNy 3 HD 18 36 —_— 0.50(0.33,0.67) 13.25
Espi M et al. 2022 [31] IFNy 3 HD 43 75 —— 0.57(0.45,0.69) 1577

Herman-Edelstein et al. 2022[34] IFNy 3 HD 70 100 e 0.70 (0.60, 0.79)  16.69

Patyna S etal. 2022 [40] IFNy 3 HD 9 42— E 0.21(0.10, 0.37)  8.66

Patyna S etal. 2022 [40] 1.2 3 HD 17 42 —_— 0.41 (0.26, 0.57) 1251
Simon B et al.2022 [44] IFNy 3 HD 28 37 0.76(0.59, 0.88)  15.84

—
Overall (I-squared = 92.4%, p = 0.000) <> 0.59 (0.45,0.76)  100.00

i T B
Response rate (95%Cl)

Figure 6. Forest plots of cellular immunogenicity rates [16,29,31,34,40,44].

3.4. RRs for a Breakthrough SARS-CoV-2 Infection, All-Cause Death, and Admission

Only seven trials reported the risks of a SARS-CoV-2 breakthrough infection, all-cause
death, and admission in patients on dialysis after receiving three doses of the vaccine. As
shown in Figure S3, the rates of a SARS-CoV-2 breakthrough infection and all-cause death
are not significantly different between dialysis patients after receiving three or two doses of
the vaccine (RR = 0.59, 95% CI0.3-1.14; RR = 0.63, 95% CI 0.35-1.12; respectively). However,
compared to the two-dose-vaccine group, dialysis patients exhibited a decreased risk of
hospital admissions after receiving the three-dose vaccines (RR = 0.53, 95% CI 0.37-0.74).

3.5. Adverse Events of the SARS-CoV-2 Vaccine

Adverse events, such as fatigue, muscle pain, fever, and injection site pain, were
commonly experienced after the administration of the SARS-CoV-2 vaccine. As presented
in Figure 54, the incidence rate of fatigue is 37% (95% CI, 21-65%), muscle pain 30% (95% CI,
14-65%), fever 23% (95% CI, 11-46%), injection site pain 49% (95% CI, 28-86%), and others
14% (95% CI, 7-28%).

4. Discussion

For the first time, we demonstrated that the third or fourth dose of the same or different
SARS-CoV-2 vaccination regimen could evoke seroconversion and elevate neutralizing
antibodies, as well as increase the immunogenicity rates for patients receiving dialysis
regardless of their response or low-response status after a previously experiencing a two-
dose prime-regimen strategy. The data obtained from a meta-analysis of 38 trials indicate
that it is necessary to commence a third-dose regimen for patients who exhibit no or low
responses to a previously administered two-dose vaccine.

At present, there are several vaccine types that have been approved by the World
Health Organization: (1) messenger RNA: BNT 162b2 (Pfizer, Inc., Philadelphia, PA, USA)
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and mRNA-1273 Moderna vaccines (ModernaTX, Inc., Cambridge, MA, USA); (2) viral
vector (adenovirus): ChA-dOx1 (ChAd, AZD 1222, AstraZeneca/Oxford, UK) and Janssen
AD 26. COV2. S (Janssen Biotech, Inc., A Janssen Pharmaceutical company, Johnson &
Johnson, New Brunswick, NJ, USA); (3) inactivated virus: China National Pharmaceutical
Group, Beijing, China and Sinovac Biotech Ltd., Beijing, China; and (4) Novavax (recom-
binant protein) [47]. It is unclear whether giving the same immunogen for priming and
boosting or different immunogens for priming and boosting in SARS-CoV-2 vaccination
affects seroconversion. If so, that would influence which immunogen is selected for the
third-dose administration. In BBIBP-CorV-vaccinated healthcare personnel, it was observed
that both BNT162b2 and BBIBP-CorV vaccines were associated with protection against
laboratory-confirmed SARS-CoV-2 infection after the administration of the third dose of
the vaccine [48]. Similarly, it was observed that the administration of a third BNT162b2
dose after two BBIBP-CorV doses significantly enhanced both humoral and T-cell-mediated
immune responses, which were comparable to those of three BNT162b2 vaccines [49]. With
regard to patients on dialysis, few studies have investigated the effect of different vaccines
used as the first and second doses. It was observed that the different vaccinations with
ChAd/BNT obviously induced stronger and more frequent humoral immunity responses
compared to the same vaccinations with BNT/BNT or ChAd/ChAd in SARS-CoV-2-naive
hemodialysis patients [50]. Another study showed that two BNT162/b2 doses followed
by one mRNA 1273 dose within 6 months in patients on maintenance dialysis induced
elevated titers of SARS-CoV-2 spike antibodies in almost all patients [38].

The mechanism underlying enhanced immunogenicity rates following a third dose
of the SARS-CoV-2 vaccine has not been fully elucidated in the literature. Memory B cells
may play an important role in modulating the effects of booster vaccine doses. Under
physiological conditions, memory B cells produce low levels of antibodies. When antigens
invade during a breakthrough infection, these cells undergo clonal expansion and produce
antibody-secreting plasma cells as well as germinal central B cells [51]. In a longitudinal
cohort of 42 two-dose-vaccinated volunteers, it was observed that a third dose of the
mRNA vaccine increased memory B-cell potency and breadth [52]. The study observed
that individuals receiving the third dose of an mRNA vaccine developed a diverse memory
B-cell repertoire that could rapidly respond to invading antigens and produce abundant
antibodies capable of clearing diverse variants, including Omicron. Such observations may
partially explain why receiving a third dose of the SARS-CoV-2 vaccine can induce stronger
immunogenicity rates.

It is generally accepted that the antibody titer or antibody level against SARS-CoV-2
is consistent with immunization efficiency or protection against breakthrough infections.
A study conducted on Japanese and Indian individuals observed that people who had
a moderate response level to the SARS-CoV-2 vaccine also had significantly lower rates
of SARS-CoV-2 infections compared to those who had not received the vaccine [53,54].
A Spanish nationwide cohort study indicated that the estimated effectiveness of the vaccine
was 43.6% when the booster vaccine was administered between 151 and 180 days after
complete vaccination, and 52.2% if administered more than 180 days after the primary
scheduled completion [55]. Very few studies have investigated the incidence of a break-
through infection after a third SARS-CoV-2 vaccine dose is administered to patients on
dialysis. From several small trials, our pooled results indicate that the number of hospi-
tal admissions due to SARS-CoV-2 breakthrough infections after a third vaccine dose is
significantly lower in dialysis patients than in those with a partial vaccination; however,
there are no differences in SARS-CoV-2 breakthrough infections and all-cause mortality
rates. Considering the limited number of reports on this topic, we can infer the preventive
effect of a third dose on breakthrough infections after receiving the previous two doses.
A large, retrospective, observational study conducted on 142,826 participants on dialysis
indicated that the vaccinated patients’ risk of being diagnosed with SARS-CoV-2 infection
post-vaccination was significantly lower when compared to the unvaccinated controls,
and vaccinated patients were significantly less likely to be hospitalized compared to un-
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vaccinated patients (for BNT162b2, 28.0% versus 43.4%; for mRNA-1273, 37.2% versus
45.6%). Furthermore, vaccinated patients were significantly less likely to die (for BNT162b2,
4.0% versus 12.1%; for mRNA-1273, 5.6% versus 14.5%). Correspondingly, antibodies were
detected in 98.1% and 96.0% of patients who received BNT162b2 and mRNA-1273 vaccines,
respectively [56]. Another study also observed that a two-dose-completion vaccination
was associated with a 75% lower risk of hospital admission and 88% fewer mortality
cases compared to unvaccinated dialysis patients [57]. Antibody response is important
for predicting breakthrough infections. The pre-breakthrough index of antibodies to the
receptor-binding domain (RBD) values was less than 10, while values between 10 and
23 were associated with higher odds for SARS-CoV-2 breakthrough infections in patients
receiving dialysis [57]. In this meta-analysis, the pooled immunogenicity rates approached
100% after the third dose of the vaccine was administered to both favorable and poor
responders, which indicated that receiving a third dose provides better protection against
SARS-CoV-2 infection.

The cellular immune response is also crucial for protecting against infection. The T-cell
assays indicated that there were no significant differences between low- and high-antibody
groups in healthcare workers following two doses of the BNT162/b2 vaccine [58]. In
immunosuppressed patients and those with hematological system diseases, low cellular
response rates were also observed following two doses and a booster dose of the SARS-
CoV-2 vaccine [59,60]. Whether humoral or cellular immunity plays a more significant role
in preventing SARS-CoV-2 infection remains controversial. The incidence of the Omicron
infection in 2865 healthy workers two months after receiving the third dose for SARS-CoV-2
indicated that a low IgG peak was associated with Omicron infection, especially among
participants aged 65 years and older, and the weakening of IgG and neutralizing antibodies
were associated with increased Omicron infection rates regardless of their cellular immunity
status [61]. From our pooled trials, cellular immunogenicity rates were observed to be
lower than the humoral immunogenicity rates following three doses of the SARS-CoV-2
vaccine in dialysis patients. This phenomenon is similar to that previously mentioned for
immunosuppressed individuals, and potentially reflects injured cellular immune responses
in dialytic patients. The precise mechanism of impaired cellular immunity remains to be
explored in future studies.

Our meta-analysis was subject to several potential limitations. Firstly, there were
few trials that reported a breakthrough SARS-CoV-2 infection and all-cause mortality
rates after the third dose of the vaccine was administered to patients on dialysis, and
most studies only observed the immunogenicity rates following three doses. Although
immunogenicity rates and antibody titer or antibody levels are proposed to indirectly reflect
the subsequent outcomes, such as breakthrough infection incidence, hospital admissions,
disease severity, and mortality, more trials are required to confirm these clinical outcomes
in the future. Secondly, relatively few trials indicated that cellular immunity is lower than
antibody response in humoral immunity after receiving the third dose of the vaccine for
patients on dialysis; however, this conclusion must be confirmed in more trials in the
future. Thirdly, different SARS-CoV-2 variants have different breakthrough potentials. For
example, a breakthrough infection of the Delta variant could occur at a higher antibody
threshold than that of the Alpha variant. However, we could not take different variants
into account because of incomplete data on transmitted variants in the literature.

5. Conclusions

In conclusion, our meta-analysis revealed that the humoral immunogenicity rates
following three doses of the SARS-CoV-2 vaccine being administered to patients receiving
dialysis was close to 100%, which is independent of the fact that individuals may be respon-
ders, non-responders, or low-responders following two previously administered doses of
the vaccine. The pooled results indicate that the cellular immune response is low following
a third dose of the vaccine. Subsequent research should investigate whether a third SARS-
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CoV-2 vaccine dose reduces breakthrough SARS-CoV-2 infection incidence rates, hospital
admissions, disease severity, and all-cause mortality rates in patients receiving dialysis.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/vaccines10122070/s1, Figure S1: Study selection process. Figure S2: Risk
ratios (RRs) for humoral immunogenicity rates associated with dialysis vs. non-dialysis groups.
Figure S3: RRs for a SARS-CoV-2 breakthrough infection, all-cause death, and admission in dialysis
patients after three doses of the vaccine vs. two doses of the vaccine. Figure S4: Forest plots
demonstrating adverse events associated with the SARS-CoV-2 vaccine in patients receiving dialysis.
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