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Summary
Background To evaluate the immunogenicity of the inactivated herpes-zoster vaccine HZ/su in patients at increased
risk for VZV-reactivation, we analysed the quantity and quality of the vaccine-induced cellular and humoral immunity
in patients on dialysis with uremic immunodeficiency.

Methods In this observational study, 29 patients and 39 immunocompetent controls underwent standard dual-dose
vaccination. Blood samples were analysed before and two weeks after each vaccination, and after one year. Specific T-
cells were characterized after stimulation with VZV-gE-peptides based on induction of cytokines and CTLA-4-
expression using flow-cytometry. Antibodies were analysed using ELISA.

Findings Both groups showed an increase in VZV-gE-specific CD4 T-cell levels over time (p < 0.0001), although
median levels reached after second vaccination were lower in patients (0.17% (IQR 0.21%)) than in controls
(0.24% (IQR 0.3%), p = 0.042). VZV-gE specific CD8 T-cells were only poorly induced. CTLA-4 expression on
VZV-gE-specific CD4 T-cells was strongest after second dose with no differences between the groups (p = 0.45).
Multifunctional cells co-expressing IFNγ, IL-2, and TNF were higher in patients after first vaccination (p = 0.028).
Median VZV-specific IgG-levels reached a maximum after second vaccination with significantly lower levels in
patients (10796 (IQR 12482) IU/l) than in controls (16899 (IQR 14019) IU/l, p = 0.009). Despite similar CD4
T-cell levels after one year (p = 0.415), antibody levels remained significantly lower in patients (p = 0.0008).

Interpretation VZV-gE vaccination induced specific antibodies and CD4 T-cells in both patients and controls, whereas
CD8 T-cell-induction was poor. Quantitative and qualitative differences in immunity may indicate reduced duration
of protection which may necessitate booster vaccinations in patients on dialysis.
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Introduction
Varicella zoster virus (VZV), a member of the alpha-
herpesvirus family, causes chickenpox during primary
infection in childhood, and then remains latent in dorsal
root ganglia or cranial nerves. VZV may reactivate from
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latency causing herpes zoster (HZ),1 which typically
manifests as a painful, dermatomal vesicular rash and
may lead to serious complications such as postherpetic
neuralgia (PHN).2,3 The probability of reactivation de-
pends on the individual’s immunity, whereby reduced
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Research in context

Evidence before this study
To date, knowledge about the safety and immunogenicity of
the inactivated HZ/su vaccine in patients on dialysis with
uremic immunodeficiency compared to immunocompetent
controls is limited. We searched Pubmed without language
restriction for studies on the safety and immunogenicity of
the recombinant HZ/su vaccine in patients on dialysis. Terms
for systematic search were “recombinant zoster vaccine
dialysis or CKD” or “recombinant zoster vaccine
immunogenicity” or “HZ/su vaccine immunogenicity” or
“recombinant zoster vaccine immunocompromised” or “HZ/
su T cells” or “HZ/su antibodies”. No articles or reports on
humoral or cellular immunogenicity of HZ/su were found for
patients on dialysis. After initiating our study, we found one
trial, where immunogenicity was analysed in the context of a
phase 3, randomized (1:1) study among 264 renal transplant
recipients who received 2 doses of the recombinant zoster
vaccine HZ/su or placebo 1–2 months apart. Vaccine-induced
antibodies were analysed prior to vaccination, 1–2 months
after the first dose, as well as 1, 6 and 12 months after the
second dose. The adjusted anti-gE antibody geometric mean
concentration (GMC) ratio (HZ/su over placebo) was 14.00
(95% CI, 10.90–17.99; p < 0.0001) 1 month after the second
dose. Cell-mediated immunity (CMI) was tested in a subset of
64 patients prior to vaccination as well as 1 and 12 months
after the second dose. The geometric mean ratio (HZ/su over
placebo) of gE-specific CD4 T-cell frequencies was 17.26 (95%
CI, 5.92–50.36; p < 0.0001) after the second dose. Median
CD4 T cell levels in the HZ/su group decreased by month 12
but remained higher than prior to vaccination. In contrast,
antibody- and T-cell levels remained low in the placebo group.
In the meantime, two more studies on solid organ transplant

patients were published. Both studies showed a significant
increase in anti-gE antibody levels and an induction of gE-
specific polyfunctional CD4 T-cell frequencies after the first
and second vaccine doses. However, no follow-up analyses or
immunocompetent individuals were carried out in parallel,
which does not allow to address the contribution of
immunodeficiency on the induction and maintenance of the
immune response.

Added value of this study
In this study, we characterized the safety as well as cellular
and humoral immune response induced by HZ/su in patients
on dialysis compared to immunocompetent individuals. The
vaccine was well tolerated and induced VZV-specific CD4 T-
cells and antibodies in both controls and patients on dialysis,
whereas VZV-specific CD8 T-cells were only poorly induced.
VZV-specific CD4 T-cells were multifunctional and showed a
dynamic increase with a maximum after the second
vaccination. However, median T-cell levels were lower in
patients as compared to controls. Likewise, VZV-specific IgG
antibodies showed a dynamic increase in both groups,
although antibody levels remained lower in patients
compared to controls.

Implications of all the available evidence
Two doses of the HZ/su induced VZV-specific humoral and
cellular immune response in patients on dialysis and were well
tolerated. Nevertheless, the quantity and quality of vaccine-
induced VZV-specific T-cells and lower antibody levels in
patients may suggest a reduced protective effect, which may
indicate the need for more frequent booster vaccinations in
this vulnerable patient group.
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VZV-specific T-cell levels are considered to be the main
determinant. A decline in VZV-specific T-cell immunity
with increasing age is associated with an increased risk
of VZV reactivation among the elderly.4,5 The incidence
of HZ is about 4–4.5 per 1000 person-years and in-
creases to more than 11 per 1000 person-years in people
aged 80 years or older.6 Another factor that favors VZV
reactivation and increases the risk of herpes zoster is an
impaired immune system.7,8 Patients on dialysis with
uremic immune dysfunction also belong to this risk
group, which has a higher probability of VZV reac-
tivation than immunocompetent individuals.9,10 These
patients often exhibit a disturbed interaction between
APCs and T-cells and an increased production of pro-
inflammatory cytokines.11 This is associated with more
frequent and severe infections12 as well as an inadequate
vaccination response, e.g. against hepatitis B, tetanus,13

diphtheria14 and influenza.15,16

In 2018, a recombinant glycoprotein E (gE) subunit
herpes zoster vaccine (HZ/su) was approved in
Germany.17,18 Unlike the previously available live-
attenuated vaccine Zostavax, HZ/su is also suitable for
immunocompromised people for whom the live-
attenuated vaccine is normally contraindicated.19,20 HZ/su
consists of VZV-gE and AS01B as adjuvant system, which
containsQuillaja saponariaMolina, fraction 21 (QS-21) and
3-O-desacyl-4′-monophosphoryl lipid A (MPL) from Sal-
monella Minnesota.21 It has already been shown to be
effective for healthy individuals22,23 or patients after autol-
ogous stem cell transplantation.24 Nevertheless, we hy-
pothesized that immunogenicity may be impaired in
immunocompromised patients. First immunogenicity
data exist in patients after solid organ transplantation.25–27

However, a direct comparison with controls was not per-
formed, and knowledge on the vaccine-induced immune
response and its stability in patients on dialysis is limited.
In this observational study, we therefore aimed at charac-
terizing the reactogenicity and immunogenicity of HZ/su
in patients on dialysis compared to healthy individuals. In
addition to the quantitative determination of VZV-specific
www.thelancet.com Vol 108 October, 2024
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T-cells and antibodies, a qualitative investigation of prolif-
erative capacity, cytokine expression of vaccine-induced T-
cells and neutralizing effect of the specific antibodies was
performed.
Methods
Recruitment of the study population
Patients on dialysis and immunocompetent age-
matched controls without restriction for sex/gender
and without history of herpes zoster vaccination
receiving two standard dosages of the HZ/su vaccine
based on standard recommendations were enrolled in
an observational study from 06/2019 to 12/2021. In-
dividuals were recruited from multiple centers in the
German federal state of Saarland. Patients had been on
dialysis for at least 6 months. Whole blood samples were
collected before the first and second HZ/su vaccination,
two weeks after each vaccine dose as well as 12 months
after the first (i.e. 9 months after the second vaccination;
Supplementary Figure S1). Blood samples were drawn
before the dialysis sessions. Study participants
completed a questionnaire in which they self-reported
their recall of previous chickenpox infections or herpes
zoster, as well as local and systemic adverse events
occurring within the first week after each vaccination.
We anticipated a sample size of approximately 30 in-
dividuals per group based on previous immunogenicity
studies.15,28 The study was approved by the ethics com-
mittee of the Ärztekammer des Saarlandes (reference
27/19), and all individuals gave written informed con-
sent. The funder (HOMFORexzellent) had no role in the
design or analysis of the study.

Quantification of lymphocyte subpopulations
To quantitate lymphocyte subpopulations, 100 μl hepa-
rinized whole blood was washed once with RPMI,
stained for characteristic phenotypic markers and ana-
lysed using flow cytometry as described before.29 To
identify follicular helper T-cells, antibodies against CD4
(clone SK3, 1:5.5) and CXCR5 (clone RF8B2, 1:5.5) were
used. In addition, T-cells were analysed for the surface
markers inducible costimulator (ICOS; clone DX29,
1:3.65) and programmed cell death protein 1 (PD-1;
clone MIH4, 1:3.65). B-cells were identified as CD19+

(clone HIB19, 1:16.7) CD3- (clone SK7, 1:26.7) and their
differentiation status was determined using antibodies
against IgD (clone IA6-2, 1:20) and CD27 (clone L128,
1:3.3). Among switched-memory B-cells, plasmablasts
were identified as CD38+ (clone HB-7, 1:33.3). Anti-
bodies including Research Resource ID (RRID) are lis-
ted in Supplementary Table S2.

Quantification and characterization of VZV-specific
T-cells
The analysis of antigen-specific T-cells was carried out
as previously described for other VZV antigens.30,31 In
www.thelancet.com Vol 108 October, 2024
brief, 450 μl heparinized whole blood was stimulated
with 2 μg/ml overlapping VZV gE peptides (Swiss-Prot
ID: P09259, JPT, Berlin, Germany). As a positive con-
trol, blood samples were stimulated with 2.5 μg/ml
Staphylococcus aureus enterotoxin B (SEB) (Sigma–
Aldrich, St. Louis, MO, USA), while 0.56% DMSO
served as a negative control. All stimulations were per-
formed in the presence of 1 μg/ml anti-CD28 and anti-
CD49d antibodies (BD Biosciences, San Jose, CA, USA).
After 2 h of incubation, 10 μg/ml brefeldin A was added
for intracellular cytokine accumulation. After an addi-
tional 4 h, cells were fixed and immunostaining was
performed after permeabilization using anti-CD4 (clone
SK3, 1:33.3), anti-CD8 (clone SK1, 1:12.5), anti-CD69
(clone L78, 1:33.3), anti-interferon (IFN) γ (clone 4S.B3,
1:100), anti-interleukin 2 (IL-2) (clone MQ1-17H12,
1:16.7), anti-tumor necrosis factor (TNF; clone MAb11,
1:20), and anti-cytotoxic T-lymphocyte-associated protein
4 (CTLA-4; clone BNI3, 1:50). To characterize VZV-
specific memory T-cells, immunostaining was per-
formed using anti-CD4 (clone SK3, 1:100), anti-CD69
(clone L78, 1:25), anti-IFNγ (clone 4S.B3, 1:100), anti-
CD45RO (clone UCHL-1, 1:40), and anti-CD27 (clone
M-T271, 1:20). Antibodies including RRID are listed in
Supplementary Table S3. Flow cytometric analyses were
performed on FACS Canto II, using FACSDiva Software
6.1.3 (BD). VZV-specific CD4 or CD8 T-cells were iden-
tified as activated CD69-positive T-cells producing IFNγ
and further characterized for expression of cell surface
markers and additional cytokines. Percentage of VZV-
specific CD4 and CD8 T-cells were determined by sub-
tracting the corresponding negative controls.

Proliferation activity of VZV-specific T-cells
VZV-specific proliferation was analysed using
carboxyfluoresceindiacetate-succinimidylester (CFDA-
SE) assay, as described before.32 In brief, peripheral
blood mononuclear cells (PBMC) were isolated by Ficoll
density gradient (Linaris) and stained with CFDA-SE
(5 μM, Invitrogen). Cells were cultured at
2 × 107 cells/ml in RPMI-5% FCS-1% antibiotics in the
presence of 2 μg/ml overlapping VZV gE peptides
(Swiss-Prot ID: P09259, JPT, Berlin, Germany). Nega-
tive or positive control stimulations were carried out
using 0.56% DMSO or 2.5 μg/ml SEB, respectively.
Cells were incubated at 37 ◦C and 5% CO2. SEB stim-
ulated cells were splitted (1:1) on day 3 or 4. Flow
cytometric analysis was performed after 7 days of pro-
liferation after co-staining using antibodies towards
CD3 (clone SK7, 1:50), CD4 (clone SK3, 1:12.5), CD8
(clone SK1, 1: 8.33). Antibodies including RRID are
listed in Supplementary Table S3.

Analysis of VZV-specific IgG antibodies and
neutralization activity
VZV-specific antibodies were quantified using a com-
mercial anti-IgG enzyme-linked immunosorbent assay
3
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(ELISA; Euroimmun AG, Lübeck, Germany). IgG levels
<80 international unit (IU)/L were scored negative,
levels 80–110 IU/l were scored intermediate, and levels
>110 IU/l were scored positive according to the manu-
facturer’s instructions.

To analyse the functionality of VZV-specific anti-
bodies, a neutralization test was carried out. The assay
was performed in duplicate using serial dilutions of
serum samples in E-MEM-2% FCS-0.1% antibiotics.
Subsequently, 100 μl VZV (Clade 3, strain Nr. 13,
Original-Nr: 1219/07; kindly provided by Prof. Dr. med.
Hartmut Hengel; reference laboratory for HSV/VZV;
Freiburg; Germany) diluted 1:40 in medium was added
and the samples were incubated for 90 min at 37 ◦C and
5% CO2. Finally, 100 μl embryonic lung fibroblasts
(100,000 cells/ml) were added and plates were incubated
for 5 days. Serial dilutions without serum served as
positive control and a dilution series with cell suspen-
sion only served as negative control. The cells were fixed
for 10 min with 100 μl ice-cooled acetone/methanol
(40:60). Anti-VZV antibody towards the immediate early
gene 62 (MAB 8616, 1:1000, Sigma–Aldrich) was added
as primary antibody. Goat anti-Mouse IgG (1:200,
Thermo Scientific) was used as secondary antibody.
After adding 50 μl AEC substrate (Sigma–Aldrich) and
incubating for 30 min at 37 ◦C and 5% CO2, the reaction
was stopped with distilled water. Finally, plaques were
counted microscopically, and the geometrical mean
(GM) was determined.

Statistical analysis
The Mann–Whitney test was used for analysis of data
between two groups. Longitudinal analyses of paired
samples were performed using the Friedman test with
Dunn’s post-test or the Wilcoxon test. Fisher’s exact test
and Chi-square test was used to analyse differences in
categorical variables. Correlations were calculated using
the nonparametric Spearman test. A two-way ANOVA
(Mixed effects analysis with Tukey’s post test) was used
to compare vaccine-induced parameters over time in
patients and controls. Statistical analysis was performed
using GraphPad-Prism-V9.2.0 (GraphPad, San Diego,
CA). A p-value <0.05 was considered statistically
significant.

Role of funders
The funder did not have any role in study design, data
collection, data analyses, interpretation, or writing of
report.
Results
Study population
A total of 29 patients on dialysis and 39 healthy controls
were recruited, who received the dual dose inactivated
HZ/su vaccine. Demographic characteristics are shown
in Table 1, with underlying diseases of patients on
dialysis listed in Supplementary Table S1. There was no
difference in age and sex between the patients and
controls. Most subjects reported a history of chickenpox
(controls 91.2%; patients 76.2%), and 24.0% of patients
and 18.4% of controls had already suffered from herpes
zoster. Patients and controls differed in their leukocyte
subpopulations (Table 1). Monocyte and granulocyte
counts were significantly higher in patients on dialysis
(p = 0.006 and p = 0.035, respectively), whereas
lymphocyte counts were significantly lower (p < 0.0001).
While CD8 T-cell counts did not differ in both groups,
patients on dialysis had significantly lower CD4 T-cell
counts (p = 0.031). In addition, numbers of CD19-
positive B-cells (p < 0.0001) and plasmablasts
(p = 0.004), identified as CD38-positive cells among
IgD−CD27+ CD19-positive switched-memory B-cells,
were significantly lower in patients on dialysis.

HZ/su vaccine mainly induces VZV-specific CD4 T-
cells with only low levels of CD8 T-cells
The induction of the VZV-specific immune response by
the HZ/su vaccine was analysed in patients and controls
immediately before each vaccination (pre v1 and pre v2),
2 weeks after (post v1 and post v2) and 12 months after
the first vaccination (follow-up, with a schematic chart
shown in Supplementary Figure S1). VZV-specific T-
cells were identified using flow cytometry based on the
induction of the activation marker CD69 and the cyto-
kine IFNγ after specific stimulation with overlapping
VZV gE peptides. Diluent (DMSO) and S. aureus
Enterotoxin B (SEB) was used as negative and positive
control stimuli, respectively. Representative contour
plots of blood samples of a male hemodialysis patient in
his fifties after peptide stimulation is shown in Fig. 1a.
A significant increase in vaccine-specific CD4 T-cells
was observed two weeks after the first and the second
vaccination in both patients and controls, with the
maximum peak after the second vaccination (Fig. 1b).
Differences in the time course between patients and
controls are shown in Supplementary Table S3. At
follow-up, VZV-specific CD4 T-cell levels decreased
again, but remained higher than CD4 T-cell frequencies
prior to vaccination (p < 0.0001). In contrast, neither
patients nor controls showed a significant increase in
VZV-specific CD8 T-cell levels after the two vaccina-
tions. In some cases, VZV-specific CD8 T-cell levels
were high even before vaccination, and remained stable
over time. Despite similar dynamics in VZV-specific
CD4 T-cells in both groups, patients reached signifi-
cantly lower VZV-specific CD4 T-cell levels (0.17% (IQR
0.21%)) two weeks after the second vaccination
compared to healthy controls (0.24% (IQR 0.3%)
p = 0.042, Fig. 1c). Likewise, the median increase in the
percentage of specific CD4 T-cells from baseline to two
weeks after the second vaccination was lower in patients
on dialysis (7.7-fold) than in controls (23.3-fold;
p = 0.010). Finally, at one year follow-up, the increase in
www.thelancet.com Vol 108 October, 2024
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Patients on
dialysisb

Controls p-value

29 39

Years of age (mean ± SD) 70.3 ± 11.7 67.9 ± 8.2 0.334e

Sexa, n (%)

Female 12 (41.4) 24 (61.5) 0.141e

Male 17 (58.6) 15 (38.5)

Years on dialysis, mean ± SD 4.81 ± 4.57 n.a.

History of chickenpoxc, n (%) 16 (76.2) 31 (91.2) 0.236e

History of herpes zosterc, n (%) 6 (24.0) 7 (18.4) 0.752e

Weeks between 1st and 2nd vaccination,
mean ± SD

15.5 ± 2.9 13.3 ± 4.1

Analysis time [days after 1st vaccination],
median (IQR)

14 (0) 14 (0)

Analysis time [days after 2nd vaccination],
median (IQR)

14 (0) 14 (0.25)

Analysis of follow-up

Yes 20 38

No (COVID-19 infection, lockdown) 1 1

No (transplanted) 1 n.a.

No (died) 7 0

Differential blood cell counts, median
(IQR) cells/μl

n = 29 n = 38

Leukocytes 6200 (2395) 6150 (1530) 0.394d

Granulocytes 4736 (2221) 3713 (1256) 0.035d

Monocytes 650 (328) 471 (183) 0.006d

Lymphocytes 1222 (750) 1811 (855) 0.0001d

CD3 T-cells 935 (524) 1276 (711) 0.005d

CD4 T-cells 659 (369) 926 (410) 0.031d

CD8 T-cells 260 (166) 279 (250) 0.410d

CD19 B-cells 81 (92) 173 (133) <0.0001d

Plasmablasts 0.224 (0.562) 0.488 (0.498) 0.004d

Follicular T helper cells 108.7 (67.24) 105 (64.59) 0.674d

aSelf-reported. b28 patients on hemodialysis, 1 patient on lipid apheresis. cSelf-reported information to
remember having had a history of chickenpox or herpes zoster. dMann–Whitney U test. eFisher’s exact test.

Table 1: Demographic and basic characteristics of the study populations.

Articles
patients was significantly lower than in controls (2.9-fold
versus 6.6-fold; p = 0.048, Fig. 1d). Overall, dynamics in
T-cell levels were vaccine-specific, as the percentage of
SEB-reactive CD4 and CD8 T-cells were largely similar
in the two groups and remained stable over time
(Fig. 1b). Absolute numbers of VZV-specific and SEB-
reactive CD4 T-cells are shown in Supplementary
Figure S2.

Vaccine-induced changes in CTLA-4 and cytokine
expression in VZV-specific CD4 T-cells
VZV-specific CD4 T-cells were analysed for expression
of CTLA-4 after both vaccinations as marker for recent
antigen encounter. Contour plots of the CTLA-4
expression of VZV-specific and SEB-reactive CD4 T-
cells from a male dialysis patient and a control person
two weeks after the second vaccination are shown in
Fig. 2a. CTLA-4 expression levels of VZV-specific CD4
T-cells were higher than of SEB-reactive CD4 T-cells
(Fig. 2b). Moreover, CTLA-4 expression of VZV-specific
CD4 T-cells was numerically higher after the second
vaccination than after the first, although this difference
only reached statistical significance in controls
(p = 0.013 versus p = 0.064 in patients). CTLA-4
expression on follow-up decreased in both groups
(Fig. 2c). When comparing patients and controls, no
difference in CTLA-4 expression was found neither after
the first nor the second vaccination (Fig. 2c).

In addition, the expression profiles of the cytokines
IFNγ, IL-2 and TNF were analysed. Representative
contour plots of CD69-positive VZV-specific and SEB-
reactive CD4 T-cells producing the individual cyto-
kines are shown in Fig. 2d, with quantitative analyses
for all individuals displayed in Supplementary
Figure S3. As with IFNγ-producing cells (Fig. 1c), the
most pronounced differences between patients and
controls were found after the second vaccination. Sub-
division of cytokine-producing cells by boolean gating
resulted in a total of seven subpopulations defined by
expression of three cytokines, two cytokines or one
cytokine only. VZV-specific CD4 T-cells are character-
ized by multifunctionality with the majority of cells
simultaneously expressing all three cytokines (Fig. 2e),
which contrasts with SEB-reactive CD4 T-cells, which
predominantly express only TNF or TNF in combination
with IL-2 (Fig. 2f). After the first vaccination, the per-
centage of triple positive VZV-specific CD4 T-cells was
significantly higher in patients than in controls
(p = 0.029), while the percentage of IL-2/TNF-expressing
cells was concomitantly lower (p = 0.013). Overall,
cytokine expression patterns remained similar after the
second vaccination and on follow-up.

Differentiation status of VZV-specific CD4 T-cells
after vaccination
To analyse the differentiation status of VZV-specific
CD69+ IFNγ+ CD4 T-cells, we used expression
www.thelancet.com Vol 108 October, 2024
patterns of CD45RO and CD27 as surrogate for naive,
central memory (CM), effector memory (EM), and
terminally differentiated effector memory (TEMRA)
cells after a 6h-stimulation with overlapping VZV gE
peptides (Fig. 3a). After the first vaccination,
CD45RO+CD27+ cells largely representing central
memory cells accounted for the largest proportion of
VZV-specific CD4 T-cells in both patients on dialysis
(80.8% (IQR 20.3%)) and controls (76.0% (IQR 20.3%)),
followed by CD45RO+CD27− cells largely representing
effector memory T-cells (patients: 18.2% (IQR 22.8%);
controls 14.5% (IQR 19.8%), whereas the proportion of
TEMRA or naive CD4 T-cells was very low. A similar
distribution was also observed two weeks after the sec-
ond vaccination and on follow-up, with some differences
between patients and controls after the second vaccina-
tion. While patients had a higher percentage of central
memory T-cells (p = 0.003), the percentage of effector
memory T-cells was concomitantly lower than in
5
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Fig. 1: VZV-specific CD4 T-cell levels increase after HZ/su vaccination. (a) Representative contour plots of specific CD4 and CD8 T-cells of a
male dialysis patient in his fifties before the first and the second vaccinations (pre v1; pre v2), two weeks after the first and the second
vaccinations (post v1; post v2) as well as 9 months after the second vaccination (follow-up) determined after stimulation of whole blood
with overlapping peptides of VZV gE. Numbers indicate the percentages of reactive CD4 and CD8 T-cells defined by co-expression of the
activation marker CD69 and the cytokine IFNγ. (b) Percentages of VZV-specific CD4 (upper panels) and CD8 T-cells (lower panels) after
subtraction of the corresponding negative control (left) and SEB-reactive CD4 and CD8 T-cells (right) over time. Bold lines represent median
values. Friedman test with Dunn’s post test was performed for statistical analysis. Tabular results of differences in the time course between
patient and controls are shown in Supplementary Table S2. (c) Comparison of samples from healthy controls (grey) and patients on dialysis
(red) at each time point. Bars represent median values with interquartile ranges. (d) For each individual the fold increase in VZV-gE specific
CD4 T-cell levels was calculated after the first and second vaccination and at follow-up compared with baseline (pre v1) and between the first
and the second vaccination (post v1/pre v1, post v2/pre v1, follow-up/pre v1 and post v2/post v1). Statistical analysis in (c) and (d) was
performed using Mann–Whitney test. Absolute numbers of VZV-specific and SEB-reactive CD4 T cells are shown in Supplementary Figure S2.
Sex-disaggregated data are shown in Supplementary Figures S6 and S7. F, follow-up; IFN, interferon; VZV, Varicella zoster virus; SEB,
Staphylococcus aureus enterotoxin B.
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Fig. 2: CTLA-4 expression and cytokine profile of VZV-specific CD4 T-cells after Hz/su vaccination (a) Representative contour plots of
median fluorescence intensity (MFI) of CTLA-4 expressing VZV-specific CD4 T-cells in a male dialysis patient in his fifties and a male healthy
individual in his sixties. (b) Comparison of CTLA-4 MFI of VZV-specific and SEB-reactive cells after the first and after the second vaccination in
controls (grey, p = 0.013) and patients on dialysis (red, p = 0.064). All samples were measured. To allow for robust statistical analysis, only
paired samples with at least 20 CD69+IFNγ+ CD4 T-cells were included. Differences between the time points in each group were calculated using
the Wilcoxon test. (c) Comparison of CTLA-4 MFI on VZV-specific CD4 T-cells after both vaccinations, and on follow-up between controls and
patients on dialysis. Statistical analysis was performed using the Mann–Whitney test. Tabular results of differences in the time course between
patients and controls are shown in Supplementary Table S2. (d) Examples of contour plots of VZV-specific or SEB-reactive CD4 T-cells
expressing cytokines interferon gamma (IFNγ), tumor necrosis factor (TNF) and interleukin 2 (IL-2) after stimulation of a whole blood sample
from a male dialysis patient in his fifties two weeks after the second vaccination (with the contour plot showing CD69+IFNγ+ CD4 T cells
corresponding to the respective plot shown in Fig. 1a). Cytokine expressing CD4 T-cells were subclassified into 7 subpopulations according to
single or combined expression of IFNγ, TNF and IL-2. Blood samples from all individuals were analysed. To ensure robust statistics, only samples
with at least 30 cytokine-expressing CD4 T-cells after subtraction of the corresponding negative control stimulation were considered. Com-
parison of cytokine profiles of (e) VZV-specific and (f) SEB-reactive CD4 T-cells in patients on dialysis and controls post v1, postv2, and on
follow-up time points. Bars represent means and standard deviations. Statistical analysis was performed using the Mann–Whitney test. The final
sample size is indicated in each panel. CTLA-4, cytotoxic T-lymphocyte antigen 4; IFN, Interferon; IL, Interleukin; VZV, Varicella zoster virus; SEB,
Staphylococcus aureus Enterotoxin B.
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Fig. 3: Differences in VZV-specific CD4 differentiation between patients on dialysis and controls. (a) Representative contour plots of the
differentiation status of VZV-specific CD4 T-cells, identified by CD4 T-cells expressing CD69 and IFNγ after a 6h-stimulation with overlapping
VZV gE peptides. Expression of CD45RO and CD27 was used as surrogate markers to further classify into naïve, central memory (CM), effector
memory (EM), and terminally differentiated effector memory (TEMRA) cells. (b) T-cell populations among VZV-specific or (c) SEB-reactive CD4
T-cells were compared between controls (grey) and patients on dialysis (red) after the first and the second vaccinations and on follow-up. All
samples were measured, but the final analysis was restricted to samples with at least 20 CD69+IFNγ+ CD4 T-cells to ensure robust statistical
analysis. The final sample size is indicated in each panel. Statistical analysis was performed using Mann–Whitney test. Bars represent medians
with interquartile ranges. IFN, interferon; VZV, Varicella zoster virus; SEB, Staphylococcus aureus enterotoxin B.
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controls (p = 0.004, Fig. 3b). Although the majority of
SEB-reactive T-cells also had a central memory pheno-
type, the pattern was distinct from VZV-specific CD4 T-
cells with no differences between patients and controls
(Fig. 3c). Moreover, the distribution of VZV-specific
subpopulations was distinct from bulk CD4 and CD8
T-cells (Supplementary Figure S4). Among bulk CD4 T-
cells, we also characterized Tfh-cells in circulation
which were predominantly of a central memory
phenotype, but their levels and phenotype did not show
any pronounced vaccine-related changes over time
(Supplementary Figure S5).

HZ/su induced proliferation activity in VZV-specific
T-cells
Apart from cytokine-producing cells after short-term
stimulation, the proliferation capacity of VZV-specific
CD4 and CD8 T-cells after antigen-specific stimulation
was examined using a CFDA-SE assay. Representative
contour plots of proliferating CD4 and CD8 T-cells after
staining with CFDA-SE and stimulation with over-
lapping VZV gE peptides, DMSO diluent as negative
control and SEB as positive control for 7 days are shown
in Fig. 4a. Two weeks after each vaccination, an increase
in the percentage of proliferating VZV-specific CD4 T-
cells was observed in both patients on dialysis and
controls. In addition, the proliferative capacity of VZV-
specific CD4 T-cells remained higher in the follow-up
samples than in samples before the first vaccination
(Fig. 4b). Interestingly, VZV-specific CD8 T-cell prolif-
eration was also induced, although the proliferative ca-
pacity was lower than that of CD4 T-cells (Fig. 4b). As
expected, proliferation of SEB-reactive CD4 and CD8 T-
cells was stable over time (Fig. 4c). The percentage of
proliferating T-cells as well as the increase in VZV-
specific T-cells were largely similar in both groups,
except that the proliferative capacity of VZV-specific
CD8 T-cells on follow-up was slightly lower in patients
(p = 0.047, Fig. 4d and e).

Differences in B-cell subpopulations of patients on
dialysis compared to healthy individuals
We next analysed B-cells and their subpopulations
which were divided into naive, non-switched and
switched memory B-cells based on expression of IgD
and CD27. Moreover, plasmablasts were quantified as
CD38-positive cells among switched memory B-cells
(Fig. 5a). In both patients on dialysis and controls, the
percentage of plasmablasts among B-cells was low and
remained stable over time with no vaccine-associated
dynamics (controls: p = 0.901; patients: p = 0.063,
Fig. 5b). When analysing the distribution of the sub-
populations over time, most B-cells showed a naive
phenotype at all time points (Fig. 5c). Interestingly, the
proportion of naive B-cells was higher in patients on
dialysis than in controls, which reached statistical sig-
nificance two weeks after the second vaccination
www.thelancet.com Vol 108 October, 2024
(p = 0.045). In contrast, patients on dialysis showed a
significantly lower percentage of non-switched B-cells
compared to controls throughout the observation period
(pre v1: p = 0.011; post v2: p = 0.011; follow-up:
p = 0.004, Fig. 5c).

VZV-specific humoral immune response is lower in
patients on dialysis
To investigate the vaccine-induced humoral immune
response, VZV-specific IgG levels were determined by
ELISA. In total, 62/68 (91.2%) of study participants were
seropositive prior to vaccination, whereas only 2 patients
on dialysis and 4 healthy controls had VZV-specific IgG
levels below detection limit (<80 IU/l). Despite sero-
negativity, all 6 individuals reported a history of chick-
enpox. As with specific CD4 T-cells, VZV-specific IgG
antibodies showed a dynamic increase in both groups
(Fig. 6a). Two weeks after each vaccination, an increase
in IgG concentration was observed in patients on dial-
ysis (post v1: 9139 (IQR 9582) IU/l; post v2: 10796 (IQR
12482) IU/l) and controls (post v1: 11843 (IQR 12231)
IU/l; post v2: 16899 (IQR 14019) IU/l), with peak levels
reached after the second vaccination. VZV IgG levels of
patients on dialysis were significantly lower than those of
controls at this time point (p = 0.009). Patients on dialysis
also had significantly lower VZV-specific IgG levels on
follow-up (p = 0.0008, Fig. 6b). Consequently, the median
increase of VZV-specific IgG from baseline to two weeks
after second vaccination was also lower in patients on
dialysis (5-fold) than in controls (9.1-fold; p = 0.002), as
was the increase from baseline to follow-up (patients: 2.2-
fold; controls: 5.4-fold; p = 0.004), or the increase from
the first to the second vaccination (p = 0.0003, Fig. 6c).

Vaccination-induced neutralizing antibody titers
were analysed before the first vaccination, two weeks
after the second vaccination and on follow-up and
reached their maximum after the second vaccination in
both groups. Despite a subsequent decrease, neutral-
izing activity on follow-up was still higher than before
the first vaccination (Fig. 6d). Although no differences
in neutralizing activity were found between the two
groups (Fig. 6e), patients on dialysis showed signifi-
cantly less pronounced increases in neutralizing activity
from baseline to two weeks after the second vaccination
(p = 0.006) and from baseline to follow-up (p = 0.003,
Fig. 6f).

A correlation matrix was used to investigate the
relationship between the magnitudes of vaccine induced
IgG, neutralizing activity, CD4 T-cells and proliferative
capacity in both groups after the second vaccination. A
significant correlation was observed between VZV-
specific IgG levels and neutralizing activity in both
controls (r = 0.48, p = 0.002) and patients (r = 0.62,
p = 0.0008). Moreover, both groups showed a correlation
between the proliferative capacity of VZV-specific CD4
and CD8 T-cells (controls: p = 0.009; patients: p = 0.017,
Fig. 6g).
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Fig. 4: Induction of VZV-specific T-cell proliferation in patients on dialysis after vaccination with HZ/su. (a) Contour plots of proliferated
CD4 and CD8 T-cells after staining with CFDA-SE and stimulation with overlapping VZV gE peptides, SEB (positive control) or DMSO (negative
control) for 7 days. (b) Median percentages and IQR of proliferating VZV-specific CD4 (upper panel) or CD8 T-cells (lower panel) or (c) SEB-
reactive CD4 or CD8 T-cells before and after vaccinations. VZV-specific CD4 and CD8 T-cells are shown after subtraction of the corresponding
negative control over time in patients on dialysis (red) in comparison to healthy controls (grey). Tabular results of differences in the time course
between patients and controls are shown in Supplementary Table S2. (d) The percentage of proliferated VZV-specific CD4 and CD8 T-cells from
patients and controls are compared at each time point. (e) For each individual the fold increase of proliferated VZV-specific CD4 and CD8 T-cell
levels was calculated after the first and second vaccination and at follow-up compared with baseline and between the first and second
vaccination (post v1/pre v1, post v2/pre v1, follow-up/pre v1 and post v2/post v1). Bars refer to medians with interquartile ranges and Mann–
Whitney test was used for statistical analysis. F, follow-up; VZV, Varicella zoster virus; SEB, Staphylococcus aureus enterotoxin B.
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Fig. 5: Higher proportion of naïve B-cells in patients on dialysis. (a) Representative dotplots of CD19+ B-cells, classified into naïve, non-
switched, and switched memory B-cells based on the surface markers IgD and CD27. Plasmablasts were identified as CD38-positive cells
among switched memory B-cells. (b) The percentage of plasmablasts was determined over time in controls (left) and patients (right). Bold lines
represent median values. Tabular results of differences in the time course between patients and controls are shown in Supplementary Table S2.
(c) B-cell subpopulations of controls (grey) and patients on dialysis (red) were compared before the first vaccination (pre v1), after the second
vaccination (post v2) and on follow-up. Bars represent median values with interquartile ranges. Statistical analysis was performed using Mann–
Whitney test. F, follow-up.

Articles
Low reactogenicity after HZ/su vaccination in
patients on dialysis
Vaccine-related adverse events were compared between
patients and controls in the first week after both vacci-
nations based on self-reporting using a questionnaire.
Overall, both vaccinations were well tolerated with pain
at the injection site followed by redness at the injection
site and fatigue being most frequently reported (Fig. 7a).
Compared with healthy controls, patients on dialysis
reported fewer local and/or systemic adverse events
(Fig. 7b). In general, most controls reported similarly
frequent adverse events after the first and the second
vaccination. In contrast, adverse events among patients
tended to be less frequent after the second vaccination,
with the exception of fatigue and headache (Fig. 7c).
Discussion
The recombinant vaccine HZ/su was approved for the
prevention of herpes zoster and associated serious
complications in immunocompromised patients such as
patients on dialysis, who are at increased risk of VZV
reactivation due to uremic immunodeficiency.9,10

Knowledge on the immunogenicity and reactogenicity
after vaccination with HZ/su in patients on dialysis in
relation to immunocompetent controls was limited. In
this observational study, we show that two standard
doses of the HZ/su vaccine were well tolerated and
induced a multifunctional VZV-specific CD4 T-cell
response in patients on dialysis. In contrast, CD8 T-cells
were only poorly induced. At the humoral level, we also
www.thelancet.com Vol 108 October, 2024
observed an increase in VZV-specific IgG antibodies
and neutralizing activity. Overall, both cellular and hu-
moral immune responses were slightly less pronounced
in patients than in immunocompetent controls, and
long-term levels of VZV-specific CD4 T-cells and IgG
after one year were less durable.

Our baseline results are consistent with previous
observations of similar steady state levels of VZV-
specific cellular and humoral immunity in patients on
dialysis and controls,33 and with previous observations
after VZV-vaccination of healthy controls.4,23,34–36 We now
show that the HZ/su vaccine induced a significant in-
crease in VZV-specific CD4 T-cell levels in patients on
dialysis. We have previously shown that VZV reac-
tivation in patients with herpes zoster or meningitis
leads to an upregulation of CTLA-4 on VZV-specific T-
cells, which normalized after resolution of symp-
toms.30,31 Similar dynamics of CTLA-4 expression was
now also observed for vaccine-induced T-cells and
thereafter. This suggests that CTLA-4 expression on
VZV-specific CD4 T-cells may represent a direct mea-
sure for recent antigen encounter resulting from either
infection or vaccination. In contrast, the cytokine profile
seems to differ during infection and vaccination, as
vaccine-induced VZV-specific CD4 T-cells showed a
multifunctional Th1 phenotype, whereas Th1 CD4 T-
cells after acute zoster were functionally restricted and
predominantly expressed IFNγ only.31 In general, the
quantitative and functional increase in vaccine-specific
CD4 T-cells after the second vaccination may
contribute to better protection through proliferation and
11
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Fig. 6: Lower increase in VZV-specific IgG levels and neutralizing antibody titers in patients on dialysis. (a) VZV IgG levels measured over
time in controls (grey) and patients on dialysis (red). (b) Comparison of VZV-specific IgG levels between both groups at each time point. (c) For
each individual the fold increase in VZV-specific IgG levels was calculated after the first and second vaccination and at follow-up compared with
baseline and between the first and second vaccination (post v1/pre v1, post v2/pre v1, follow-up/pre v1 and post v2/post v1). Samples <1 IU/l
were set as 1 to calculate the fold increase. (d) VZV-specific neutralization in patients on dialysis (red) and controls (black) is shown after both
vaccinations (post v1; post v2) and after one year (follow-up; F). Tabular results of differences in IgG and neutralizing titers in the time course
between patients and controls are shown in Supplementary Table S2. (e) Comparison of neutralizing activity and (f) fold increase, calculated
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secretion of effector molecules37 and emphasizes the
importance of the booster dose to establish a robust
immune response. However, compared to controls, pa-
tients on dialysis mounted significantly lower VZV-
specific CD4 T-cell levels after both vaccinations which
remained lower at one year follow-up. Phenotypical
analysis of vaccine-induced CD4 memory cells based on
CD27 and CD45RO expression revealed a higher pro-
portion of central memory T-cells and lower proportion
of effector memory T-cells in patients compared to
controls. Similar observations of an impaired effector
memory CD4 T-cell response were made in patients on
dialysis two weeks after hepatitis B vaccination.38 This
may result from the fact that patients on dialysis have a
higher apoptosis rate of T-cells.39,40 As central memory
T-cells are better protected against apoptosis,41,42

apoptosis may preferentially affect effector memory T-
cells in patients. It is unlikely that lower levels of
vaccine-induced T cells or antibodies are directly related
to the effects of the dialysis procedure itself, as blood
samples were always drawn prior to a dialysis session
(i.e. 44–68 h after the last), and neither antibody levels
nor lymphocyte populations43 are overtly affected due to
a pore size of approximately 15–20 kDa and due to
increasing biocompatibility of dialysis membranes.

Compared to the VZV-specific CD4 T-cell levels,
specific CD8 T-cells were poorly induced in both pa-
tients on dialysis and controls, and were primarily
detected after proliferation upon longer stimulation
times. This is consistent with other studies on the HZ/
su vaccine,35,44 and is a typical feature of protein-based
vaccines in general, which are predominantly pre-
sented via the MHC class II pathway and thus primarily
activate CD4 T-cells. This is also illustrated by the
protein-based SARS-CoV-2 vaccine NVX-CoV2373,
where vaccine-induced CD8 T-cell levels were signifi-
cantly lower as compared to vector-based or mRNA
vaccines.28,45,46 Based on the observation that the HZ/su
vaccine is highly effective,22,23 CD4 T-cells may have a
dominant role in mediating protection from herpes
zoster.47 Interestingly, despite low levels of VZV-specific
CD8 T-cells after short-term stimulation ex vivo, prolif-
eration of specific CD8 T-cells became detectable after 7
days, albeit to a lesser extent than CD4 T-cells. It is
possible that protein-derived peptides are presented to
MHC class I via cross-presentation and recognized by
CD8 T-cells. The AS01B adjuvant used for HZ/su con-
tains MLP/QS21, which is known to improve antigen
after second vaccination and follow-up compared with first vaccination an
Samples with NT titer <5 were set as 1 to calculate the fold increase. S
Friedman test and bold lines represent medians. Statistical analyses on the
the Mann–Whitney test, and bars represent medians with interquartile ran
and S7. (g) Correlation matrix between the percentage of vaccine-induced
activity, and the percentage of proliferating VZV-specific CD4 and CD8 T
(right) after second vaccination. Correlation coefficients were calculated a
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cross-presentation48 may thereby induce CD8 T-cells and
also increase their cytotoxic activity.49

Although the induction of the humoral VZV
response appears to play a less important role in pre-
venting VZV reactivation,50,51 it may have a role in
neutralizing the virus and/or preventing symptomatic
disease during reexposure.5,52 In line with a high VZV-
seroprevalence in the world population,53 the majority
of individuals in our study were already seropositive
before the first vaccination. As chickenpox vaccination is
only recommended in Germany since 2004,54 most in-
dividuals can be considered to have experienced a nat-
ural primary VZV infection earlier in life. Only two
patients and four controls had anti-VZV-gE antibodies
below detection limit prior to vaccination. However, as
these individuals reported a history of chickenpox, their
antibody levels may already have decreased below the
detection limit by the time of analysis. In our study, the
HZ/su vaccine led to a further induction of VZV-
specific IgG with strong neutralization activity in both
patients and controls. However, as with CD4 T-cells, the
increase in specific IgG were less pronounced in pa-
tients on dialysis and were less stable over time. In our
study, we characterized the circulating fraction of Tfh-
cells in the blood as surrogate population of Tfh-cells
that interact with B-cells in secondary lymphoid or-
gans and provide support in the production of high-
affinity antibodies. However, we were unable to reveal
pronounced vaccination-induced changes, which may
be due to the fact that Tfh-cell levels were identified in
an antigen-non-specific manner, and that results from
circulating Tfh-cells may not reflect dynamic changes in
the lymph nodes. Likewise, no vaccine-induced changes
in plasmablasts of patients on dialysis and controls were
detectable in circulation two weeks after each vaccina-
tion. This may be due to the fact that peak levels of
plasmablasts are generally observed earlier within the
first week after vaccinations55 or after herpes zoster
reactivation56 with a subsequent decrease in levels. In
our study, patients on dialysis generally showed signif-
icantly lower numbers of B-cells with an imbalance in B-
cell subpopulations such as higher levels of naive B-cells
and lower levels of plasmablasts and switched memory
B-cells, which may contribute to the state of uremic
immunodeficiency.57,58 Similar differences in the distri-
bution of B-cell subpopulations have also been
described in other diseases such as systemic sclerosis.59

One reason for the higher percentage of naive B-cells
d between second vaccination and follow-up, between both groups.
tatistical analysis of longitudinal samples was performed using the
differences between the patients and controls were performed using
ges. Sex-disaggregated data are shown in Supplementary Figures S6
VZV-specific CD4 T-cells (derived from Fig. 1), IgG levels, neutralizing
-cells (derived from Fig. 4) in controls (left) and patients on dialysis
ccording to two-tailed Spearman and displayed using a color code.
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Fig. 7: Low reactogenicity in patients on dialysis compared to controls. Reactogenicity within the first week after each vaccine dose was self-
reported using a standardized questionnaire. (a) The distribution of local and systemic adverse events in healthy controls and patients on
dialysis after the first and second vaccination. (b) Percentage of subjects who experienced no adverse events, only local adverse events, only
systemic adverse events, or both. (c) Adverse events perceived by individuals were ranked and classified by severity (none, low, moderate, high).
Comparisons between groups were analysed using the X2 test.
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may be increased production to maintain homeostasis,
while a lower percentage of non-switched B-cells in pa-
tients is possibly caused by increased apoptosis.60

In our study, we show that the HZ/su vaccine was
well tolerated by patients on dialysis, which is in line
with a recent adherence and safety study.61 Local adverse
events were more frequently reported as compared to
systemic reactions, and overall less frequent than in
controls, which has already been observed with vacci-
nations against SARS-CoV-2.62 This may be explained by
www.thelancet.com Vol 108 October, 2024
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the fact that patients on dialysis often suffer from
chronic complaints such as fatigue or headaches due to
their uremic disease and the dialysis procedure,63 so that
vaccination reactions, especially systemic ones, are
perceived as less severe. Thus, both the good immu-
nogenicity as well as the low reactogenicity of the vac-
cine may increase compliance to adherence with vaccine
recommendations and thus contribute to a reduction in
cases of herpes zoster and postherpetic neuralgia.

The strength of our study is the investigation of both
humoral and cellular immunity including phenotypical
characterization of VZV-specific CD4 T-cells in direct
comparison with immunocompetent controls, which to
our knowledge has not been investigated before. Similar
results have been reported in transplant recipients,25–27

although no control group was included to specifically
analyse the effect of immunodeficiency. Limitations
include the low overall number of individuals and lack
of clinical follow-up beyond one year, which does not
provide information on effectiveness. Nevertheless,
sample size was sufficient to characterize immunoge-
nicity and reactogenicity, and reveal differences between
controls and patients. As the number of blood samples
was limited for ethical and logistical reasons, time
points for sampling was optimized for detection of
antigen-specific antibodies and T-cells, whereas analysis
of plasmablasts would have required earlier analysis.55

Likewise, the number of markers to characterization of
T-cell subpopulations was limited and did not include
CCR7 or CD62L which are more commonly used as
markers for differentiation and homing.64 Unlike after
SARS-CoV-2 vaccination, HZ/su induced a specific CD4
T-cell response and IgG in the majority of patients after
two doses of vaccine.65,66 It is very likely that patients on
dialysis benefit from the previous contact with VZV
during natural infection and thus from a pre-existing
immune response that was boosted by the two HZ/su
vaccine doses. In a study with healthy individuals,
robust immunogenicity of HZ/su has already been
shown to persist over a period of 10 years.67 Similar
long-term follow-up data are not yet available for
immunocompromised individuals but are important in
light of our findings that cellular and humoral immu-
nity appears less stable in patients on dialysis than in
controls. A more rapid loss of vaccine-induced immune
responses has already been described after influenza
vaccination of patients on dialysis, while the immune
response in healthy individuals remained more stable.15

While yearly influenza vaccination is recommended,
future studies should clarify whether patients on dialysis
may benefit from additional doses of HZ/su vaccines.
On an individual level, future studies should determine
thresholds for cellular and/or humoral immune
response parameters associated with increasing risk of
VZV reactivation.

In conclusion, we showed that the inactivated herpes
zoster HZ/su vaccine was well tolerated and induced
www.thelancet.com Vol 108 October, 2024
specific antibodies and polyfunctional CD4 T-cells in both
patients and controls. Quantitative and qualitative differ-
ences in cellular and humoral immunity between patients
and controls may indicate reduced duration of protection.
Future observational studies, including efficacy data under
real-world conditions, should indicate whether further
booster doses may be required in dialysis-patients.
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