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Abstract: Background: The adjuvanted recombinant zoster vaccine (RZV), consisting of varicella-
zoster virus glycoprotein E (gE) and the ASO1g adjuvant system, effectively prevents herpes zoster
(HZ). In the absence of a well-defined correlate of protection, it is important to monitor the RZV
immune response, as a proxy of clinical effectiveness. Methods: This systematic review exam-
ined post-vaccination parameters: humoral and cell-mediated immunity, avidity index, geometric
mean concentration of antibody (GMC), and immunity persistence. The meta-analysis used a
random-effects model, and subgroup and meta-regression analyses were conducted. Results: Among
37 included articles, after one month from RZV-dose 2, the pooled response rate for anti-gE humoral
immunity was 95.2% (95%CI 91.9-97.2), dropping to 77.6% (95%CI 64.7-86.8) during immunosup-
pression. The anti-gE cell-mediated immunity-specific response reached 84.6% (95%ClI 75.2-90.9).
Varying factors, such as age, sex, coadministration with other vaccines, prior HZ, or live-attenuated
zoster vaccine, did not significantly affect response rates. RZV induced a substantial increase in gE
avidity. Immunity persistence was confirmed, with more rapid waning in the very elderly. Con-
clusions: This systematic review indicates that RZV elicits robust immunogenicity and overcomes
immunocompromising conditions. The findings underscore the need for further research, particularly
on long-term immunity, and have the potential to support HZ vaccination policies and programs.

Keywords: cell-mediated immunity; herpes zoster; humoral immunity; immunogenicity; recombinant
zoster vaccine; vaccine response

1. Introduction

Herpes zoster (HZ), also known as shingles, is an infectious disease that causes painful,
unilateral, and vesicular rash. It is caused by the reactivation of latent varicella zoster virus
(VZV) and its spread from a dorsal root or cranial nerve ganglion to the corresponding
dermatome [1,2]. Individuals who have experienced a primary VZV infection are at risk
of developing HZ, and it has been estimated that approximately one third of people may
experience a shingles episode during their lifetime [3]. HZ can also recur and cause
complications, with postherpetic neuralgia (PHN) being the most common one [3].

Increasing age (>50 years) and immunosuppressive conditions—such as immunodefi-
ciency or immunosuppression due to disease or therapy—are major risk factors for HZ [4,5].
These conditions are responsible for a decline in cell-mediated immunity (CMI), which
is critical in the control of VZV replication and in preventing the reactivation of latent
VZV [6,7]. The antibody response also plays additional roles in countering the infection
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through mechanisms such as preventing cell-to-cell spread and activating natural killer
cells to eliminate infected cells [8,9].

Two vaccines are available for the prevention of HZ, namely a live-attenuated zoster
vaccine (ZVL, authorized in the United Stated [US] and the European Union [EU] in 2006)
and a newer two-dose adjuvanted recombinant glycoprotein E (gE) subunit vaccine (RZV,
Shingrix®), available since 2017 [10]. The VZV gE is the most abundant glycoprotein in the
virus envelope, where it is indispensable for virus replication and cell-to-cell transmission.
It also represents a major target for VZV-specific CD4* T-cell immune responses [6,11].

The RZV consists of 50 pg of recombinant VZV gE and the liposome-based AS01p
adjuvant system (containing 50 ug of 3-O-desacyl-4’-monophosphoryl lipid A and 50 pg of
Quillaja saponaria Molina, fraction 21 [QS21]). This is able to promote strong CD4* T-cell
and humoral immune responses against recombinant proteins [12,13].

In the pivotal healthy-subject clinical trials, RZV exhibited a vaccine effectiveness of
97.2% in >50-year-olds and 89.8% in >70-year-old adults [14,15]. Furthermore, the RZV
was shown to be effective in reducing the incidence of HZ in frail individuals and patients
with immunocompromised conditions [5,16], while long-term studies have confirmed that
the protection provided by RZV remains high up to 10 years post-vaccination [17,18].

In the absence of a well-defined correlate of protection [5], monitoring the immune
response to the RZV becomes crucial to understand the determinants and predictors of
response and to estimate the persistence of the vaccine effectiveness. Research has identified
factors influencing varied responses in humoral and cell-mediated immunity and their
persistence. For instance, age, with inconclusive findings in some studies [18-21], and
immunosuppressive conditions, like hematological malignancies and transplant recipients,
may also impact RZV immunogenicity [22-24]. It cannot be excluded that these conditions
could be also related to a lower effectiveness in real life. Therefore, this systematic review
aims to synthesize the currently available evidence on the immune response after RZV
administration and to explain potential discrepancies through meta-analysis and meta-
regression, specifically focusing on humoral and cell-mediated responses.

2. Materials and Methods
2.1. Study Design

Our systematic review and meta-analysis of RZV immunogenicity adhered to the
PRISMA 2020 guidelines for reporting [25] and followed a predefined study protocol
registered in the International Prospective Register of Systematic Reviews (PROSPERO),
with the number CRD42023459621 [26]. We considered the following endpoints for post-
vaccination immunogenicity: humoral immunity, CMI, avidity index, geometric mean
concentration of antibody (GMC), and persistence of immunity.

2.2. Search Strategy and Selection Criteria

We conducted a comprehensive literature search from inception up to 31 August 2023,
with an update on 9 October 2023, in multiple databases, including PubMed /MEDLINE,
Embase, Web of Science, and Global Index Medicus. Supplemental Table S1 details the
search strategy. Additionally, we reviewed the reference lists of the full texts we included in
our analysis. The results were restricted to articles in English, French, German, Italian, and
Spanish. We did not set any time limit on dates of published articles. During the screening
process, two reviewers (L.L. and I.C.A.) independently assessed titles, abstracts, and full
texts of the studies identified in our searches. Any discrepancies between reviewers re-
garding title and abstract screening, full-text review, or reasons for exclusion were resolved
through group discussion with the principal investigator (P.F.). Populations eligible for this
review were anyone aged 18 years or older who received two doses of RZV. Eligible study
designs included: (i) primary reports published as randomized controlled trials (RCT),
quasi-RCT (qRCT), cohort, cross-sectional, and case—control studies; (ii) original reports
accessible in full-text; (iii) studies indicating time between vaccination and testing. Records
not reporting immunogenicity data as well as those published as reviews, case report,
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conference abstract, position paper, editorial, commentary, and letters without original
data were excluded. Inclusion/exclusion criteria were developed according to the PICOS
(Participants, Interventions, Control, Outcomes, Study Design) framework and detailed in
Table S2 (Supplementary Materials). Two reviewers (L.L. and I.C.A.) assessed the possible
risk of bias using the Cochrane risk of bias tool and the JBI (formerly Joanna Briggs Institute)
checklist for RCTs and non-randomized experimental studies, respectively [27,28].

2.3. Data Analysis

We extracted the first author’s last name, country and year of publication, study design,
sample size, participants’ age and sex (i.e., the proportion of women; when not available for
each subgroup, the proportion of women for the whole sample was used as a proxy estimate
for subgroups), history of HZ and previous vaccination with ZVL, immunocompromising
illnesses, vaccine co-administration, assay and cut-off value employed to measure the
antibody level and CMI, time between RZV doses, time between RZV-dose 2 and blood
sampling, and description of the endpoints of interests. Many studies in our search
presented results for vaccination across a range of ages, and for consistency we used the
lower limit of the range as our reference point. If the exact number for an immunogenicity
endpoint was not clearly reported in the study text, we calculated it from the related
percentage. Only per-protocol results were derived from RCTs.

Whenever feasible, we provided separate data for subgroups within studies. We
computed random effects meta-analyses to estimate the pooled proportions (i.e., the vaccine
response rate [VRR]) for anti-gE humoral and CMI immune responses using the logit
transformation for standard error. Results were expressed as pooled VRR with a 95%
confidence interval (95%CI). Heterogeneity between the results of different studies was
measured with the I? statistic [29].

For humoral VRR, we only included reports that measured anti-gE antibody con-
centrations through an enzyme-linked immunosorbent assay (ELISA) with a cut-off for
seropositivity of 97 milli-International Units (mIU)/mL. Humoral response was defined as
the proportion of participants with a fourfold or greater increase in anti-gE concentration
post-RZV-dose 2, as compared to pre-vaccination for initially seropositive participants or
compared to the antibody cut-off value (97 mIU/mL) for participants who were seronega-
tive at pre-vaccination [18].

For our assessment of anti-gE GMC, we only reviewed reports with within-study com-
parisons of RZV-vaccinated participants, thus excluding comparisons with placebo. We an-
alyzed the GMC ratio (GMCRrzvalone/ GMCcoad) and 95%CI for vaccine co-administration
through random-effects meta-analysis, including GMC values calculated conditionally
to the means of the log-transformed concentrations. The non-inferiority threshold was
determined as the point at which the upper limit of the 95%CI for GMC ratio was less
than 1.5.

To describe antibody avidity, we sought studies that investigated the effect of adding
diethylamine (DEA) to an antibody—antigen mixture, where low avidity antibodies, which
have weaker binding to antigens, are more likely to dissociate from the antibody—antigen
complexes than those with higher avidity. This allows us to determine the avidity expressed
as avidity index (Al), calculated as the result of optical density (OD) from plates washed
four times with DEA, divided by the OD from plates used for conventional gE ELISA, and
multiplied by 100 (high values indicate highly avid antibodies) [30].

We assessed the gE-specific CMI responses VRR as the frequency of CD4" T cells, mea-
sured through flow cytometry, expressing two or more of the following activation markers
(double-positive CD4* T cells, hereafter termed CD4%* T cells): CD40 ligand (CD40L),
interferon-y (IFN-y), interleukin-2 (IL-2), and tumor necrosis factor-a (TNF-«) [31]. VRR
was defined as the percentage of participants with post-vaccination CD4?* T cell frequen-
cies (i) >2-fold the cut-off (320 positive cells per 10® CD4* T-cells counted) for participants
initially below the cut-off or (ii) >2-fold the pre-vaccination CD4?* T-cell frequencies for
participants initially above the cut-off.
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For immunogenicity endpoints, we conducted a meta-analysis using data obtained
from the examination of blood samples obtained one month after RZV-dose 2, which corre-
sponds to the peak immune response [18], as well as longer-term intervals where available.
We fitted subgroup and random-effects meta-regression analyses to examine heterogeneity
for endpoints with at least ten comparisons [29,32]. Moderating variables were initially
assessed separately in univariable meta-regression models before being examined together
in a single model [32]. If two or more variables were found to be significant in the uni-
variable analysis, a multivariable model was constructed for each outcome. Univariable
random-effects meta-regressions included the following mediators: age at vaccination and
sex, immunocompromising illnesses, history of HZ, previous vaccination with ZVL, vaccine
co-administration, study design, and area of study. For comparisons with at least 10 reports,
the graphical evaluation of the funnel plots and the Egger’s regression asymmetry test
(with statistical threshold at p < 0.10) were used to compute potential publication bias [33].

We used meta and metafor packages in R 4.2.1 statistical software for the analysis [32,34-36].
For studies that did not meet criteria for inclusion in the meta-analysis, we reported the
results in a narrative synthesis.

3. Results
3.1. Literature Search

Our initial search yielded 2546 records. After the exclusion of duplicates and the
screening of titles and abstracts, 68 articles were assessed for eligibility via full-text
evaluation (Figure 1).

[ Identification of studies via databases and other methods J
)
s
§ Records identified from Record_s rgmoved before
£ Databases(n =L2555) screDe:;I)rI‘igéte records removed
£ Citation searching (n = 1) (n = 502)
3
—
e §
Records screened > Records excluded
(n =2044) (n =1976)
\4
Reports sought for retrieval u| Reports not retrieved
> (n = 68) | (n=0)
ic
)
&
] \ 4
e Reports excluded:
Reports assessed for eligibility > No data on immune response
(n =68) to RZV (n = 12)
Same data as in other studies
(n=3)
Data not presented in a
suitable form (2)
Study design (n = 14)
'
3
'g Studies included in review
° (n=37)
£
—

Figure 1. PRISMA flow diagram of the study selection process.
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Thirty-seven studies in total meet the inclusion criteria and were included in the
systematic review (see Supplementary S1 for the full list of included articles and Table S3
for the full texts excluded with reasons, Supplementary Materials). These were published
from 2012 to 2023, 31 as RCTs, 2 as qRCTs, and 4 as cohort studies. Overall, we extracted
84 different reports, each corresponding to a unique sub-cohort, which are presented in
Table 1. Fifty-four reports enrolled participants in good health, except for those affected
by chronic non-communicable diseases that do not reduce the immune capacity (hereafter
defined as immunocompetent adults), while the remaining reports included participants
with primary or secondary immunosuppression in patients with solid (2 sub-cohorts) or
hematological malignancies (10), solid organ transplant (SOT) recipients (6), hemopoietic
stem cell transplantation (HSCT) recipients (11), and people living with HIV (1). Regard-
ing the immunological endpoints, 75 records provided pertinent information on humoral
immunity, 47 on CM]I, 4 on avidity, and 27 on within-study GMC comparisons. Defini-
tions of endpoints not accepted for inclusion in the meta-analysis are detailed in Table 54
(Supplementary Materials).
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Table 1. Selected characteristics extracted from the included studies (n = 37) on the immunogenicity of recombinant zoster vaccine (RZV) in adults, across sub-cohorts

(n = 84).
Immunogenicity Endpoints
Included Included .
P P Co- Time between . CMI-
. Individu-  Individuals Ay . Proportion HI-VRR
Author . Study Immunocompromised . : Administration RZV2 and Py Age/Age - VRR Meta-
and Year ~ Location Design Population ?_IIS- ‘:"th {’/rev_louts 1?1' with Other Blood HI cMI Avidity  GMC N Range W (:If‘ n Re;p:m Respon-  Analysis
olfSI-(I)Ey vjictc}:nZaVeL Vaccines Sampling ome € ders
Laing .
ctal, United RCT - . . . One month . Yes . . 16 50-85 50.0 . NR .
2023
Naficy .
etal, ggﬁg RCT - - NR - One month Yes - - Yes 100 50-59 54.8 97.0 - Yes
2023 (a)
Naficy .
etal, ‘ég‘fgj RCT - - NR - One month Yes - - Yes 75 6069 54.8 94.7 - Yes
2023 (b)
Naficy .
etal., ggﬁgﬁ RCT - - NR - One month Yes - - Yes 53 >70 54.8 100 - Yes
2023 (c)
Naficy .
etal, United RCT - y NR D, One month Yes . . Yes 102 50-59 58.1 98.0 . Yes
2023 (d)
Naficy .
etal, United RCT - - NR b, One month Yes . . Yes 80 60-69 58.1 975 - Yes
2023 (e)
Naficy .
etal., LSJ{;:SS RCT - - NR rr(EI?I\\Ig]—Dl_Zl% One month Yes - - Yes 48 70-88 58.1 95.8 - Yes
2023 (f)
Weinberg .
etal, United RCT - - Yes - One month Yes ; Yes - 80 >50 53.0 NR - -
2023
Boutry Multi-
etal., countr RCT - - - - 72 months Yes Yes - - 813 >50 60.8 NR NR -
2022 Y
Johnson .
etal, g{“:ed RCT - - - - One month - Yes - - 160 50-85 52.0 - 93.7 -
2022 (a) ates
Johnson .
etal, ggﬁgﬁ RCT - - - - 60 months - Yes - - 160 50-85 52.0 - 74.0 -
2022 (b)
Minetal, — Multi- RCT - - - - One month Yes - - Yes 163 50-59 619 99.4 Yes

2022 (a) country
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Table 1. Cont.
Immunogenicity Endpoints
Included Included .
P s Co- Time between . CMI-
. Individu-  Individuals L . Proportion HI-VRR
Author Location Study Immunocompromised als with Previously Administration RZV2 and HI CMI Avidity GMC N Age/Age of Respon- VRR Meta-
and Year Design Population s . with Other Blood Range Respon-  Analysis
History Vaccinated Vaccin S l Women der der
of HZ with ZVL accines ampling ers
Min et al., Multi-
2022 (b) country RCT - - - - One month Yes - - Yes 167 60-69 61.9 100 Yes
Min et al., Multi-
2022 (0) country RCT - - - - One month Yes - - Yes 106 >70 61.9 97.2 Yes
Minetal, — Multi- RCT - - - PCV13 One month Yes - - Yes 161 50-59 578 99.4 Yes
2022 (d) country : .
Minetal, — Multi- RCT - - - PCV13 One month Yes - - Yes 162 60-69 57.8 99.4 Yes
2022 (e) country
Minetal, — Multi- RCT - - - PCV13 One month Yes - - Yes 104 >70 57.8 98.1 Yes
2022 (f) country
Chronic lymphocytic
Muchtar - leukemia and
etal., United Cohort monoclonal B cell NR Yes - One month Yes Yes - - 37 32-85 37.8 51.0 72.7 Only for
States - HI
2022 (a) lymphocytosis
(treatment naive)
Chronic lymphocytic
Muchtar United leukemia and Only f
etal., S?lte Cohort monoclonal B cell NR Yes - One month Yes Yes - - 25 48-82 32.0 36.0 31.6 n]_)ﬁ or
2022 (b) ates lymphocytosis (BTKi
treated)
Muchtar Chronic lymphocytic
etal., United leukemia and _ _ _ . Only for
2022 States Cohort monoclonal B cell NR Yes 12 months Yes Yes 47 32-85 35.0 34.0 NR HI
(a+b) lymphocytosis
Pleyer United Chronic lymphocytic
etal., S?l < RCT leukemia patients - - - 3 months Yes Yes - - 56 >50 411 76.8 70.0 -
ates .
2022 (a) (treatment naive)
Chronic lymphocytic
Pleyer  Grited Feceiving Broton
etal, State RCT ng o - - - 3 months Yes Yes - - 50 >50 38.0 40.0 413 -
2022 (b) ates tyrosine kinase
inhibitors (BTKi
treated)
Pleyer
etal., United Chronic lymphocytic B R B ~ R B B B
2022 States RCT leukemia patients 12 months Yes 26 250 38.0 423

(a+b)
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Table 1. Cont.
Immunogenicity Endpoints
Included .
P Co- Time between . CMI-
. Individuals L . Proportion HI-VRR
Author Location Study Immunocompromised Previously Administration RZV2 and HI CMI Avidity GMC N Age/Age ° Respon- VRR Meta-
and Year Design Population Vaccinated with Other Blood Range Women der Respon-  Analysis
with ZVL Vaccines Sampling ders
Strezova Multi-
etal, RCT - - - 120 months Yes Yes - - 813 >50 60.7 NR NR -
2022 country
Dagnew Multi
etal. ui qRCT - - - 12 months Yes Yes - - 199 >65 50.8 NR NR -
2021 (6’1) country
Dagnew Multi
etal, . Ou‘;t;'y qRCT - Yes - 12 months Yes Yes - - 198 >65 51.0 NR NR -
2021 (b)
Hastie Multi-
etal., RCT - - - 120 months Yes Yes - - 68 >60 61.8 NR NR -
2021 country
Hirzel Lung transplant
etal., Canada Cohort rgcipienlt)s NR - 3-6 weeks Yes Yes Yes - 43 >18 40.8 NR NR -
2021
L'Huillier Solid ¢ lant
etal., Canada Cohort Ol Orre%?;ielr‘ftgsp an - - One month Yes Yes Yes - 20 >18 52.2 55.0 NR -
2021
Schmid .
etal., [é{uted RCT - Yes - One month - - Yes - 80 50-85 NR - - -
2021 ates
Stadtmauer Multi- Hematopoietic stem
etal., u RCT cell transplant - - One month Yes Yes - - 26 18-49 35.4 57.7 100 Yes
countr P
2021 (a) y recipients
Stadtmauer Multi- Hematopoietic stem
etal, conntr RCT cell transplant - - One month Yes Yes - - 56 >50 354 71.4 89.3 Yes
2021 (b) y recipients
Stadtmauer Multi- Hematopoietic stem
etal., u RCT cell transplant - - 12 months Yes Yes - - 18 18-49 35.4 33.3 90.0 Yes
countr P
2021 (c) y recipients
Stadtmauer Multi- Hematopoietic stem
etal, conntr RCT cell transplant - - 12 months Yes Yes - - 34 >50 35.4 441 58.8 Yes
2021 (d) y recipients
Stadtmauer Multi- Hematopoietic stem
etal., u RCT cell transplant - - 24 months Yes Yes - - 13 18-49 35.4 23.1 100 Yes
countr p
2021 (e) y recipients
Stadtmauer Multi- Hematopoietic stem
etal, conntr RCT cell transplant - - 24 months Yes Yes - - 25 >50 35.4 56.0 58.8 Yes
2021 (f) y recipients
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Table 1. Cont.
Immunogenicity Endpoints
Included Included .
P s Co- Time between . CMI-
Author Location Study Immunocompromised I;(th:zl}: B II‘,Iilvvil(:il:lﬁls Administration RZV2 and HI CMI Avidity GMC N Age/Age Progorhon gi-sVlo{]Ii VRR Meta-
and Year Design Population Histo Vaccinatezil with Other Blood Y Range Women dgr Respon-  Analysis
of HEY with ZVL Vaccines Sampling ders
Patients with chronic
Zent United lymphocytic leukemia
etal., Stat:s Cohort or lymphoplasmacytic Yes Yes - One month Yes Yes - - 32 >50 344 75.0 78.1 -
2021 lymphoma BTKi
treated
Vink .
etal, Multi- RCT Renal transplant - - - One month Yes Yes - - 16 18-49 288 8438 63.6 Yes
2020 () country recipients
Vink Multi- Renal transplant
etal., t RCT S5 If - - - One month Yes Yes - - 75 >50 28.8 77.3 76.5 Yes
2020 (b) country recipients
Vink Multi- Renal transplant
etal., RCT transp - - - 6 months Yes Yes - - 41 18-49 28.8 80.5 NR Yes
2020 (¢) country recipients
ot Multi- RCT Renal transplant - - - 12 month Yes Yes - - Q 18-49 28.8 70.7 58.3 Yes
ZSZOa (‘(’i) country recipients months : : ’
. Autologous
Bastidas . L
etal, Multi- RCT hemopoietic stem cell - - One month Yes Yes - - 82 18-78 371 67.0 93.0 Yes
2019 (a) country transp_la_ntahon
recipients
Bastidas Autologous
etal, Multi- RCT hemopoietic stem cell - - 12 months Yes - - - 52 18-78 37.1 41.0 - Yes
2019 (b) country transplantation
recipients
. Autologous
Bastidas . L
etal, Multi- RCT hemopoietic stem cell - - 24 months Yes - - - 38 18-78 371 450 - Yes
2019 (¢) country transp_la_ntanon
recipients
Patients with
Dagnew . h
etal, M‘ﬂt“' RCT _hematological - - - One month Yes Yes - - 148 >18 403 80.4 837 Yes
2019 () country malignancies excluding
HBCL&CLL
Dagnew Multi Patients with all
etal., - RCT hematological - - - One month Yes Yes - - 69 >18 403 333 Yes
country . .
2019 (b) malignancies
Dagnew Multi Patients with
etal, uit- RCT hematological - - - 12 months Yes Yes - - 165 >18 403 52.1 66.7 Yes
country . .
2019 (c) malignancies (all)
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Table 1. Cont.

Immunogenicity Endpoints

Included Included

P s Co- Time between . CMI-
. Individu-  Individuals L . Proportion HI-VRR
Author Location Study Immunocompromised als with Previously Administration RZV2 and HI CMI Avidity GMC N Age/Age ° Respon- VRR Meta-
and Year Design Population . : with Other Blood Range Respon-  Analysis
History Vaccinated Vaccines Samplin Women der ders
of HZ with ZVL pling
Marechal Multi-
etal., u tl RCT - - - - One month Yes - - Yes 402 >50 58.2 98.3 - Yes
2019 (a) country
Marechal Multi-
etal., u t RCT - - - PPSV23 One month Yes - - Yes 401 >50 61.1 98.3 - Yes
2019 (b) oy
Strezova United
etal., States RCT - - - - One month Yes - - Yes 378 >50 53.8 97.9 - Yes
2019 (a)
Strezova United
etal, Stat RCT - - - Tdap One month Yes - - Yes 369 >50 53.9 97.8 - Yes
2019 (b) ates
Vink Multi- Patients with solid
etal., u tl RCT tumors before - - - One month Yes Yes - - 65 >18 59.8 93.8 50.0 Yes
2019 (a) country chemotherapy
Vink Multi Patients with solid
etal., c0u1:1 t;_ RCT tumors during - - - One month Yes Yes - - 22 >18 59.8 NR NR -
2019 (b) Y chemotherapy
Cunningham Multi
etal, ui RCT - - - - One month Yes Yes - - 1455 >50 58.5 97.8 93.3 Yes
2018 (3) country
Cunningham Multi
etal, vl RCT - - - - 12 months - Yes - - 1384 >50 58.5 - 57.2 Yes
2018 (b) country
Cunningham Multi
etal, i RCT - - - - 24 months - Yes - - 1338 >50 585 - 57.2 Yes
2018 (¢) country
Cunningham Multi
etal,, ntre RCT - - - - 36 months Yes - - - 1279 >50 585 77.1 NR Yes
2018 () country
Lal etal., Multi-
2018 (a) country RCT - - - - One month Yes - - Yes 118 >50 75.6 96.6 - Yes
Lal etal., Multi-
2018 (b) country RCT - - - - One month Yes - - Yes 114 >50 64.7 96.5 - -
Laletal, — Multi- RCT - - - - One month Yes - - Yes 11 >50 68.1 945 - -
2018 (c) country
Schwarz Multi-
etal, u RCT - - - - 108 months Yes Yes - - 70 >60 61.4 NR NR -
2018 country




Vaccines 2024, 12, 527

11 of 25

Table 1. Cont.

Immunogenicity Endpoints

Included Included Co- Time between CMI-
. Individu- Individuals Mgy . Proportion HI-VRR
Author Location Study Immunocompromised als with Previously Administration RZV2 and HI CMI Avidity GMC N Age/Age ° Respon- VRR Meta-
and Year Design Population s . with Other Blood Range Respon-  Analysis
History Vaccinated Vaccines Samplin Women der ders
of HZ with ZVL pling
Weinberg .
etal., United RCT - - Yes - One month - Yes - - 158 >50 540 - NR -
ates
2018
Godeaux .
etal, United RCT - Yes NR - One month Yes - - Yes 31 50-59 750 87.1 - Yes
tates
2017 (a)
Godeaux .
etal., Iémted RCT - Yes NR - One month Yes - - Yes 31 60-69 59.4 93.5 - Yes
tates
2017 (b)
Godeaux .
etal, %mted RCT - Yes NR - One month Yes - - Yes 29 >70 625 86.2 - Yes
tates
2017 (c)
Grupping .
etal. g?wd qRCT - - - - One month Yes Yes - Yes 204 >65 51.6 NR NR -
. ates
2017 (a)
Grupping .
etal., [é{uted qRCT - - Yes - One month Yes Yes - Yes 204 >65 50.7 NR NR -
ates
2017 (b)
Schwarz .
etal., Mlﬂg- RCT - - - - One month Yes - - Yes 388 >50 52.5 97.9 - Yes
2017 (a) country
Schwarz .
etal., Clg/ﬂﬂg_ RCT - - - 1Iv4 One month Yes - - Yes 382 >50 51.1 95.8 - Yes
2017 (b) y
Strezova .
etal, Multi- RCT - - - - One month Yes - - - 210 50-89 53.2 957 - Yes
2017 () country
Strezova .
etal, M‘ﬂt“' RCT - - - - One month Yes - - - 210 50-91 59.9 97.6 - Yes
2017 (b) country
Strezova .
etal, N{;ﬂg' RCT - - - - One month Yes - - - 202 50-91 52.8 97.5 - Yes
2017 (c) country
Vink
etal., Japan RCT - - - - One month Yes - - Yes 29 >50 50.0 100 - -
2017 (a)
Vink
etal., Japan RCT - - - - One month Yes - - Yes 29 >50 50.0 100 - -

2017 (b)
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Table 1. Cont.
Immunogenicity Endpoints
Included Included .
P P Co- Time between . CMI-
. Individu-  Individuals L . Proportion HI-VRR
Author Location Study Immunocompromised als with Previously Administration RZV2 and HI CMI Avidity GMC N Age/Age ° Respon- VRR Meta-
and Year Design Population . : with Other Blood Range Respon-  Analysis
History Vaccinated Vaccin S li Women der der
of HZ with ZVL accines ampling ers
Vink
etal., Japan RCT - - - - 12 months Yes - - Yes 28 >50 50.0 89.3 - Yes
2017 ()
Vink
etal., Japan RCT - - - - 12 months Yes - - Yes 30 >50 50.0 83.3 - Yes
2017 (d)
Chlibek Multi-
etal, i RCT - - - - 72 months Yes Yes - - 129 60-84 60.5 NR NR -
2016 country
Berkowitz Multi-
etal, RCT People living with HIV - - - One month Yes Yes - - 53 6.8 98.1 85.7 Yes
2015 country
Chlibek Multi-
etal., RCT - - - - One month Yes Yes - - 166 60-84 60.5 NR NR -
2014 country
Stadtmauer : Aut'olpgous
etal,  Qnifed - pey hemopoietic stem cell - - - Onemonth  Yes  Yes - - 27 42-68 323 769 750 ~ Onlyfor
2014 (a) tates transplantation
recipients
Autologous
Stadtmauer - -
etal, ~ nifed  pep  hemopoietic stem cell - - - 12 months Yes  Yes - - 23 12-68 323 545 NR -
2014 (b) ates transplantation
recipients
Chlibek Multi-
etal., RCT - - - - One month Yes Yes - - 148 >50 54.0 NR NR -
2013 country
Leroux-
Roels " Belgium ~ RCT - - - - One month Yes Yes - - 10 18-30 50.0 100 NR -
2012 (a)
Leroux-
Ie{t"gs Belgium RCT - - - - One month Yes Yes - - 45 50-70 73.0 100 NR -
2012 (b)

Notes: The number of participants in each report is reported as the highest number and may not be the same for all outcomes. The proportion of women, unless specifically reported
for each subgroup, is the one described for the entire sample. Letters in brackets in the first column indicate the different reports extracted from individual studies included. For the
complete list of included studies, please refer to the Supplementary Materials, Supplementary S1. Abbreviations: HZ, herpes zoster; ZVL, zoster live vaccine; RVZ2, dose 2 of the
recombinant zoster vaccine; HI, humoral immunity; CMI, cell-mediated immunity; VRR, vaccine response rate; GMC, geometric mean concentration of antibody; RCT, randomized
controlled trial; qRCT, quasi-randomized control trial; NR, not reported; PCV13, 13-valent pneumococcal conjugate vaccine; PPSV23, 23-valent pneumococcal polysaccharide vaccine;
Tdap, tetanus—diphtheria—pertussis vaccine; IIV4, quadrivalent seasonal inactivated influenza vaccine; HIV, human immunodeficiency virus.
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3.2. Humoral Immunity

We estimated a pooled VRR for anti-gE humoral immunogenicity of 95.2% (95%ClI 91.9-97.2),
derived from the analysis of 37 reports that provided data after one month following RZV-dose 2
in 6609 participants (Figure 2). The pooled estimates for subgroup and meta-regression analyses
are presented in the Supplementary S2 (Tables S5 and S6, Supplementary Materials). In the
group of individuals with immunocompromising conditions (which also included the youngest
vaccinated), the VRR dropped to 77.6% (95%CI 64.7-86.8), while in immunocompetent recip-
ients it settled at 97.8% (95%CI 97.3-98.2), while the pooled proportion of RZV recipients
with positive humoral response reached 95.2% (95%CI 91.9-97.2). This finding was consistent
with multivariable meta-regression results (Table S6, Supplementary Materials). Subgroup
analysis also showed a difference depending on the dosing interval, but this difference
disappeared when considering only individuals with immunosuppressed conditions. No
differences were observed in cases of co-administration with other vaccines or the inclusion
of individuals with a previous history of HZ. With respect to potential determinants of
antibody response in studies not included in the meta-analysis, few studies have described
differences related to selected characteristics.

Study Responders Total Proportion 95%CI

Naficy et al., 2023 (a) 97 100 97.0 [91.1; 99.0] -
Naficy et al., 2023 (b) 71 75 94.7 [86.7; 98.0] —&
Naficy et al., 2023 (c) 53 53 100.0 [86.9; 99.9] —
Naficy et al., 2023 (d) 100 102 98.0 [92.5; 99.5] -m
Naficy et al., 2023 (e) 78 80 97.5 [90.6; 99.4] -a
Naficy et al., 2023 (f) 46 48 95.8 [84.8; 98.9] —=
Min et al., 2022 (a) 162 163 99.4 [95.8; 99.9] A
Min et al., 2022 (b) 167 167 100.0 [95.4; 100.0] -
Min et al., 2022 (c) 103 106 97.2 [91.6; 99.1] -u
Min et al., 2022 (d) 160 161 99.4 [95.7; 99.9] -
Min et al., 2022 (e) 161 162 99.4 [95.8; 99.9] -
Min et al., 2022 (f) 102 104 98.1 [92.7; 99.5] --
Muchtar et al., 2022 (a) 19 37 51.0 [35.3; 66.5] —a— H
Muchtar et al., 2022 (b) 9 25 36.0 [19.9; 56.0] —a—
Stadtmauer et al., 2021 (a) 15 26 57.7 [38.5; 74.8] ——
Stadtmauer et al., 2021 (b) 40 56 71.4 [58.3; 81.7] —a—
Vink et al., 2020 (a) 39 46 84.8 [71.4; 92.6] —&—
Vink et al., 2020 (b) 58 75 77.3 [66.5; 85.4] ——
Bastidas et al., 2019 (a) 55 82 67.0 [56.2; 76.3] ——
Dagnew et al., 2019 (a) 119 148 80.4 [73.2; 86.0] —
Dagnew et al., 2019 (b) 23 69 33.3 [23.3; 45.2] —a—

Marechal et al., 2019 (a) 395 402 98.3 [96.4; 99.2] n
Marechal et al., 2019 (b) 394 401 98.3 [96.4; 99.2] a
Strezova et al., 2019 (a) 370 378 97.9 [95.8; 98.9] |
Strezova et al., 2019 (b) 361 369 97.8 [95.7; 98.9] -
Vink et al., 2019 (a) 61 65 93.8 [84.7; 97.6] —u
Cunningham et al., 2018 (a) 1423 1455 97.8 [96.9; 98.4]
Lal etal, 2018 (a) 114 118 96.6 [91.3; 98.7] --
Godeaux et al., 2017 (a) 27 31 87.1 [70.3; 95.1] ——
Godeaux et al., 2017 (b) 29 31 93.5 [77.5; 98.4] —a
Godeaux et al., 2017 (c) 25 29 86.2 [68.5; 94.7] ——
Schwarz et al., 2017 (a) 380 388 97.9 [95.9; 98.9] |
Schwarz et al., 2017 (b) 366 382 95.8 [93.3; 97.4] |
Strezova et al., 2017 (a) 201 210 95.7 [92.0; 97.8] -
Strezova et al., 2017 (b) 205 210 97.6 [94.4; 99.0] |
Strezova et al., 2017 (c) 197 202 97.5 [94.2; 99.0] A
Berkowitz et al., 2015 52 53 98.1 [87.8; 99.7] —a
Random effects model 95.1 [91.8; 97.2] -

Heterogeneity: 12 = 94%, 1° = 2.5987, y2; = 619.20 (p < 0.01) I T I 1 T 1
0 20 40 60 80 100
Proportion of responders

Figure 2. Random-effect meta-analysis of the VRR for humoral immunity one month following
RZV-dose 2. Letters in brackets indicate the different reports extracted from individual studies
included. For the complete list of included studies, please refer to the Supplementary Materials,
Supplementary S1. Abbreviations: VRR, vaccine response rate; RZV, recombinant zoster vaccine;
95%CI, 95% confidence interval.
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Study (vaccine)

There were no significant differences in anti-gE antibody response one month follow-
ing RZV-dose 2 as a function of age in six studies [20,23,24,37-39], sex in four [20,23,37,38],
prior ZVL vaccination in one [20], or the time interval from lung transplant to vaccina-
tion in one [24]. Godeaux et al. described the lowest VRR in vaccinated people with
the most recent HZ episode history (<4 years vs. >4 years) [40]. Zent et al. reported a
significant correlation between a longer duration of Bruton tyrosine kinase inhibitor (BTKi)
therapy and poorer post-vaccination anti-gE concentration in patients with chronic lympho-
cytic leukemia/small lymphocytic lymphoma (CLL) and lymphoplasmacytic lymphoma
(LPL) [38].

3.3. Geometric Mean Concentration

In eight studies with within-study comparisons of GMC, five evaluated co-administration
of the first dose of RZV with other routine adult vaccines, such as the COVID-19 mRNA-
1273 vaccine, the 13-valent pneumococcal conjugate vaccine (PCV13), the 23-valent pneumo-
coccal polysaccharide vaccine (PPSV23), the tetanus—diphtheria—pertussis vaccine (Tdap),
or the quadrivalent seasonal inactivated influenza vaccine (IIV4) [41-45]. The overall
pooled GMC ratio for individuals vaccinated with RZV alone compared with vaccine
co-administration was 1.05 (95%CI 1.01-1.10), demonstrating noninferiority between
groups (Figure 3).

. Favours decreased Favours increased
0,
GMC ratio (95 /"CI) antibody concentration antibody concentration

Naficy, 2023 (COVID-19 mRNA-1273) 1.00 [0.99; 1.01]

Min, 2022 (PCV13) 1.07 [1.06; 1.08] x |

Marechal, 2019 (PPSV23) 1.02[1.01; 1.03] 2

Strezova, 2019 (Tdap) 1.11[1.10; 1.12] B

Schwarz, 2017 (I1V4) 1.08 [1.07; 1.09] = |

Total 1.05[1.01;1.10] | Qu
0.9 1 1.1

Figure 3. Random-effect meta-analysis of within-study comparisons of GMCs following the co-
administration of RZV with other routine vaccines. In all studies, routine vaccines were co-
administered with RZV-dose 1, and the measurement of anti-gE humoral immunity was conducted
one month after RZV-dose 2. Noninferiority of the anti-gE antibody response was demonstrated if
the upper limit of the 95%CI of the GMC ratio (RZV alone over co-administration) was <1.5, one
month after RZV-dose 2. Abbreviations: RZV, recombinant zoster vaccine; GMC, geometric mean
concentration of antibody; 95%CI, 95% confidence interval; COVID-19, coronavirus disease 2019;
PCV13, 13-valent pneumococcal conjugate vaccine; PPSV23, 23-valent pneumococcal polysaccha-
ride vaccine; Tdap, tetanus—diphtheria—pertussis vaccine; IIV4, quadrivalent seasonal inactivated
influenza vaccine.

Lal et al. found that, compared with the standard 0-2-month schedule, the GMC
non-inferiority criterion was met for RZV doses administered 6 months apart, but not for
the 0-12-month schedule [46]. In Godeaux et al., the post-vaccination anti-gE GMCs were
comparable for all >50-year age groups and between study participants with different
timeframes since the previous HZ episode [40]. Grupping et al. observed that the humoral
response to RZV was noninferior in adults previously vaccinated with ZVL when compared
with ZVL-naive recipients [47]. In Vink (2017) et al., the subcutaneous administration of
RZV was noninferior to the intramuscular in eliciting the antibody response [48].

3.4. Antibody Avidity

Data on post-RZV antibody avidity were derived from four studies, including a to-
tal of 304 participants. In Weinberg (2023) et al., the peak response of 95.5 (8.6 SD) Al
corresponded to 30 days after the second dose, without differences based on sex, age,
or prior ZVL administration [20]. In the study by Schmid et al., 48% of the recipients
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exhibited avidity >50 Al and 23% >60 Al, without differences of age or prior ZVL admin-
istration [30]. Two studies enrolled SOT recipients: the median value of antibody avidity
increased from 0% (IQR 0-0) before vaccination to 12% (IQR 0-60) one month after RZV in
L’Huillier et al. [49], whereas Al reached 84.2% (IQR 59.4-96.5) in lung transplant recipients
at the 3—6-week assessment in Hirzel et al.’s study [24].

3.5. Cell-Mediated Immunity

The analysis of the CMI VRR was calculated on 391 recipients enrolled in 10 reports, re-
sulting in a pooled proportion of 84.6% (95%CI 75.2-90.9) one month post-dose-2 (Figure 4).
The results of the subgroup and meta-regression analyses (Tables S7 and S8, Supplemen-
tary Materials) show a reduced response when the two doses are administered less than
2 months apart, with a 19.4% (95%CI 5.8—40.0) reduction in the response rate between ad-
ministrations at one and one/two months vs. two months. Excluding the single report that
included only healthy individuals [18], this reduction remained at 16.0% (95%CI 3.3-35.7).
A post hoc analysis of median CD4%* frequency values extracted from the studies included
in the CMI meta-analytic model, though, did not reveal any differences based on the time
between the two doses (Figure S1, Supplementary Materials).

Study Responders Total Proportion 95%ClI

Stadtmauer et al., 2021 (a) 14 14 100.0 [63.4;99.8] —a
Stadtmauer et al., 2021 (b) 25 28 89.3 [71.6; 96.5] — -
Vink et al., 2020 (a) 7 1 63.6 [33.9;85.7] —_—
Vink et al., 2020 (b) 13 17 76.5 [51.4;90.9] —a
Bastidas et al., 2019 (a) 39 42 93.0 [80.2;97.8] ——
Dagnew et al., 2019 (a+b) 36 43 83.7 [69.6;92.0] —a—
Vink et al., 2019 (a) 11 22 50.0 [30.2; 69.8] —a.—
Cunningham et al., 2018 (a) 139 149 93.3 [88.0; 96.4] (.
Berkowitz et al., 2015 3B 4 85.7 [71.4;93.5] —a
Stadtmauer et al., 2014 (a) 18 24 75.0 [54.4;88.3] ——
Random effects model 84.6 [75.2; 90.9] —

Heterogeneity: 1 = 72%, 1> = 0.6144, 32 = 32.04 (p < 0.01) | T T T T 1
0 20 40 60 80 100
Proportion of responders

Figure 4. Random-effect meta-analysis of the VRR for cell-mediated immunity one month following
RZV-dose 2. Letters in brackets indicate the different reports extracted from individual studies
included. For the complete list of included studies, please refer to the Supplementary Materials,
Supplementary S1. Abbreviations: VRR, vaccine response rate; RZV, recombinant zoster vaccine;
95%CI, 95% confidence interval.

Previous vaccination with ZVL did not impact the gE-specific CD4* clone response,
as seen in five studies [20,37,47,50,51]. No effects related to the participants’ sex or age
on CMI response were observed, respectively, in four [23,37,50,51] and six [24,37,39,50-52]
studies. The CD4?* T-cell frequencies in SOT recipients were in similar ranges to those
observed in immunocompetent adults >50 years of age [24,53]; this level appeared to be
higher the longer the interval between transplantation and vaccination in lung transplant
recipients [24]. L’'Huillier et al. observed that lung transplant recipients had lower median
anti-gE CD4%* T-cell counts than other organ transplant recipients [49].

Delving deeper into the CD4%* T cells’ activation markers after RZV, a difference in
their frequency can be described. Five studies observed that cells expressing CD40L or IL-2
had a higher frequency than those expressing IFN-y or TNF-« [18,19,24,49,54,55].

3.6. Persistence of Immunity

Considering the studies that met inclusion criteria in the meta-analysis, longer longitu-
dinal serological assays from 13 reports revealed a progressive decline in the humoral VRR
from 6 to 24 months after vaccination (Figure 5). Figure 6 shows longitudinal analyses of
CMI-specific VRR at 12- and 24-month follow-ups, in which the proportion of vaccinated
people with a positive cell-mediated response remained at around 60%. For both humoral
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and CMI long-term VRR, it was not possible to proceed with subgroup analyses or meta-
regression because of the low number of reports (<10 for each post-vaccination timepoint).
In the remaining part of the studies not included in the synthesis model, the decline in
either or both humoral immunity (in terms of GMC/antibody titer) and CMI (expressed as
CD4?* T-cell frequency) was confirmed, but in all the studies it was found that the level
remained higher than the baseline. These data were confirmed at different timepoints up to
10 years after vaccination [17,20,21,23,50,54-60].

Study Responders Total Proportion 95%ClI

Vink et al., 2020 (c) 33 4 80.5 [65.6; 89.9] —a—

Muchtar et al., 2022 (a+b) 16 47 34.0 [22.0; 48.5] —a—

Stadtmauer et al., 2021 (c) 6 18 33.3 [15.8; 57.1] —

Stadtmauer et al., 2021 (d) 15 34 44.1 [28.6; 60.8] ——

Vink et al., 2020 (d) 29 41 70.7 [55.2; 82.6] ——

Bastidas et al., 2019 (b) 21 52 41.0 [28.6; 54.7] ——

Dagnew et al., 2019 (c) 86 165 52.1 [44.5; 59.6] —

Vink et al., 2017 (c) 25 28 89.3 [71.6; 96.5] P—.

Vink et al., 2017 (d) 25 30 83.3 [65.7; 92.9] —
—‘:—

Stadtmauer et al., 2021 (e) 3 13 231 [7.6;522] —&%—

Stadtmauer et al., 2021 (f) 14 25 56.0 [36.6; 73.7] ——

Bastidas et al., 2019 (c) 17 38 45.0 [30.2; 60.8] ——

Cunningham et al., 2018 (d) 986 1279 771 [74.7;79.3] =

0 20 40 60 80 100
Proportion of responders

Figure 5. Time-varying pooled VRRs (with 95%CI) of the proportion of RZV recipients with positive
humoral immunity response, by time since vaccination following RZV-dose 2. Only studies meeting
criteria for inclusion in the meta-analysis were pooled. Letters in brackets indicate the different
reports extracted from individual studies included. For the complete list of included studies, please
refer to the Supplementary Materials, Supplementary S1. Abbreviations: VRR, vaccine response rate;
RZV, recombinant zoster vaccine; 95%CI, 95% confidence interval.

For humoral response, Weinberg (2023) et al. found that individuals >70 years old
had lower anti-gE levels at months 24 and 60, compared to those 50-59 years old [20]. In
Cunningham et al., VRRs at 12, 24, and 36 months following RZV-dose 2 were slightly
lower in recipients aged 70 years and over than in those aged 50-69 years [18]. In HSCT
patients, humoral immune responses in the 18-49-year-old group decreased to nearly their
baseline levels within 24 months post-vaccination [19]. In two studies, long-term anti-gE
concentrations were in similar ranges between 60 and 69- and >70-year-old groups, up to
72 and 108 months [21,59].

For CMI response, Cunningham et al. found that, compared to individuals aged under
70 years, a slightly smaller percentage of >70-year-old recipients remained above the VRR
threshold, and they also tended to have lower CD4?* T-cell frequencies at all timepoints [18].
In patients with solid tumors, CMI VRR was higher in those aged 18—49 years (compared
to those >50 years old) at all postvaccination timepoints [52]. Two studies reported that the
long-term frequencies of gE-specific CD4?* T cells were lower in >70-year-old recipients
than in those <70 by month 12 [18,59], although they remained substantially higher than
baseline levels [18]. No age effect on the kinetics of Th1 responses to gE was observed in
two studies [21,50]. Sex or prior ZVL vaccination did not predict the persistence of anti-gE
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antibodies [20,55], CMI response [50,55], or avidity [20]. The anti-gE avidity remained
significantly higher up to 5 years after RZV [20,30], with no difference based on sex [30]
or prior ZVL [20,30]. Weinberg (2023) et al. observed that 50-59-year-old recipients had
higher anti-gE avidity than adults >70 years old at years 2 and 5 [20].

Study Responders Total Proportion 95%ClI
Stadtmauer et al., 2021 (c) 9 10 90.0 [53.3; 98.6] —_—
Stadtmauer et al., 2021 (d) 10 17 58.8 [35.2; 79.0] —
Vink et al., 2020 (d) 7 12 58.3 [30.8; 81.5] —
Dagnew et al., 2019 (c) 22 33 66.7 [49.2; 80.5] — -
Cunningham et al., 2018 (b) 87 152 57.2 [49.2;64.8] ——

—
Stadtmauer et al., 2021 (e) 7 7 100.0 [46.1; 99.6] —#
Stadtmauer et al., 2021 (f) 10 17 58.8 [35.2;79.0] —_——
Cunningham et al., 2018 (c) 86 151 57.2 [49.2; 64.8] ——

—

T T T 1

[ T

0 20 40 60 80 100
Proportion of responders

Figure 6. Time-varying pooled VRRs (with 95%CI) of the proportion of RZV recipients with positive
cell-mediated immunity response, by time since vaccination following RZV-dose 2. Only studies
meeting criteria for inclusion in the meta-analysis were pooled. Letters in brackets indicate the
different reports extracted from individual studies included. For the complete list of included
studies, please refer to the Supplementary Materials, Supplementary S1. Abbreviations: VRR, vaccine
response rate; RZV, recombinant zoster vaccine; 95%CI, 95% confidence interval.

3.7. Risk-of-Bias Assessment

Among the 37 studies considered, 7 (consisting of 5 RCTs and 2 cohort studies) ex-
hibited a high risk of bias and 28 studies (comprising 26 RCTs and 2 cohort studies) were
characterized as having a low risk of bias. The remaining two RCTs fell into the cat-
egory of “some concerns”. Notably, issues with randomization and missing outcome
data were primary sources of bias in RCTs, while cohort studies lacked a control group
(Tables S9 and S10, Supplementary Materials). Additionally, the analysis of publication
bias in the model for humoral VRR revealed an asymmetry in the funnel plot, and this was
further confirmed through Egger’s linear regression test (Table S11, and Figures S2 and S3,
Supplementary Materials). Heterogeneity in the meta-analytic models was roughly moder-
ate to high.

4. Discussion

To our knowledge, this is the first systematic review assessing immunological re-
sponses to RZV administered in adult populations. Our study indicates that the two-dose
RZV is a highly immunogenic vaccine, resulting in strong T-cell immunity and antibody
response. Studies have also reported a positive correlation between anti-gE antibody
concentrations and gE-specific CD4%* T-cell frequencies [18,20,49,55].

Immunogenicity was also confirmed in individuals with primary or secondary im-
munodepression, although somewhat less so than in immunocompetent recipients, in line
with findings from a previously published review conducted on immunocompromised
adults [5]. While the overall pooled proportion of RZV recipients with positive humoral
response reached 95.2% (95%CI 91.9-97.2) one month following vaccination, multivariable
meta-regression analysis confirmed that the presence of immunocompromising conditions
was a predictor of the VRR, decreasing the proportion of individuals who presented a
seropositive result when vaccinated with two doses of RZV. The reduction in the gE-specific
CMI response in this population appears to be lower or non-existent compared to humoral
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immunity, but the number of studies included in the meta-analysis is too low to draw
robust conclusions.

A specific case arises in patients with hematological malignancies, in which a vari-
able response is observed across primary studies. In various conditions—including CLL,
LPL, monoclonal B cell lymphocytosis, and non-Hodgkin B-cell lymphoma (NHBCL)—the
immunological parameters post-RZV are reduced compared to the general population,
and a more pronounced reduction was observed in NHBCL patients. This decrease in
humoral VRR is primarily attributed to the type of treatment administered in these neo-
plasms. Patients receiving anti-CD20 monoclonal antibodies (i.e., rituximab), B-cell lym-
phoma 2 inhibitors (i.e., venetoclax), and BTKis were less likely to mount an adequate
response [19,23,37,38,61,62]. These findings are consistent with previous research showing
that exposure to agents that cause B-cell depletion or the disruption of B-cell receptor
signaling diminishes humoral responses to mRNA COVID-19, influenza, pneumococ-
cal polysaccharide, and vaccines [63-65]. T-cell irregularities—such as an elevation in
T-regulatory cells, exhausted T cells, and difficulties in forming effective immunological
synapses—have been described in certain hematological malignancies, further explaining
the reduced CMI response following RZV vaccination [37,66]. Reduced humoral response,
but not CMI, was also reported in adults who had undergone HSCT, likely due to the
high-dose immunosuppression regimens [19,22]. However, the vaccine has shown an
efficacy of 87.2% in preventing HZ and PHN among adults with hematological malignan-
cies [61], and of 68.2% in HSCT recipients [22], in line with the role of the CMI response
as the primary mechanistic driver of protection against HZ [5,6]. In SOT recipients, the
levels of gE-specific humoral GMCs and VRRs, as well as CMI VRRs, appear to be lower
than those in immunocompetent adults [49,53]. Interestingly, two studies described an
inverse correlation between the use and dose of mycophenolate and vaccine-elicited anti-gE
response [24,49], mirroring findings reported previously with the influenza vaccine [67].
Specific attention should be given to lung transplant recipients, as they are one of the most
vulnerable groups to HZ among SOT recipients [24,68]. While L'Huillier et al. found no
disparity in median anti-gE levels between lung and non-lung transplant recipients one
month after RZV-dose 2 [49], and Hirzel et al. showed that Al reached values indicative
of a significant antibody response [24], the scenario differs for the CMI. Indeed, the first
study also found that lung transplant recipients had lower median double-positive poly-
functional CD4%* T-cell counts than other SOT recipients, which likely correlates with the
routine therapy [49]. However, the number of lung transplant recipients enrolled was
low, and future research will be needed to further clarify aspects related to the immune
response to RZV in this specific population. Finally, in line with the results observed in
immunocompetent individuals, Hirzel et al. demonstrated that double-positive CD4?* T
cells expressing CD40L and IL-2 had a higher frequency (than those expressing IFN-y or
TNF-«) in this group, suggesting that the immunosuppressive regimen does not appear to
significantly impact the profile of polyfunctional gE-specific CD4%* T cells [24].

The clinical evidence shows that CMI response is critical in the protection against
HZ [6-8]. We observed that the proportion of individuals achieving a positive CMI response
is higher when the two doses are administered two months apart compared to intervals of
less than two months. Additionally, this analysis remains consistent even when conducted
exclusively on non-immunocompetent individuals. However, among those individuals
who respond, there is no noticeable difference in CD42* T-cell frequency. It is important to
conduct additional research on this aspect to confirm the potential of a clinical correlation
associated with this difference, regardless of the overlap in confidence intervals, which
may be due to a lack of information rather than the absence of true difference [29]. This
is also influenced by the heterogeneity of the populations included in the meta-analysis.
On this point, it is worth mentioning that the US Advisory Committee on Immunization
Practices acknowledges that, in clinical practice, administering doses too closely together
may result in a suboptimal immune response [69], even though there is a lack of definitive
evidence. The issue is also linked to the need for an accelerated RZV schedule to protect
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the patient when initiating immunosuppressive therapies or in other immunodeficiency
disorders. Indeed, determining the optimal timing of vaccination in patients receiving
immunomodulatory therapies is a crucial aspect for HZ prevention. Previous research has
proposed potential approaches, including booster schedules at specified time intervals or
temporary therapy discontinuation for clinically stable patients during vaccination [23]. It
is imperative that dedicated research validates the feasibility, assesses the clinical benefits,
and evaluates the risks of these strategies. An important recommendation, however, is
to administer the vaccine, whenever possible, prior to the initiation of the immunosup-
pressive treatment or chemotherapy, as well as in the pretransplant period. This, however,
represents an advancement compared to the availability of ZVL alone, in which vaccine
administration was often discouraged because patients would need to postpone their trans-
plant for four weeks after each live vaccine [49], due to the risk of varicella resulting from
the vaccine strain during immunosuppression [70].

Anti-gE CD4%* T-cell polyfunctionality is thought to be one of the main mechanistic
immune correlates of protection conferred by RZV [71,72]. CD40L, which is key for the
development of CD4* T-cell-dependent effector functions, was the most expressed marker,
either alone or in combination with IL-2, considered in turn as a predictor of immunogenic-
ity [72], and followed by combinations with the other markers. This expression pattern
mirrors the signature of polyfunctional profiles observed after the administration of the
hepatitis B surface antigen with ASO1p adjuvant [18,73,74]. This represents a novel aspect
in protection against HZ, distinct from the immune response induced by ZVL. Research
indicates that AS01p significantly boosted anti-gE T-cell responses, even in the oldest age
group and in non-immunocompetent individuals [39,62], through various mechanisms
including the activation of macrophages and the production of IFN-y, with the latter having
a crucial role in the immune response against VZV [18,75,76].

Strong gE avidity exhibits higher correlations with VZV neutralization and enhances
protection [8,30]. Evidence for this functional quality of the anti-gE antibodies was available
from four studies. They suggested that RZV stimulates a significant and long-lasting
increase in gE avidity in most recipients, demonstrating superiority over ZVL, for which
avidity is less marked and tends to drop after year 1 [20,24,30,49]. The strength with which
antibodies bind to the gE is lower during immunosuppression [49].

We found evidence on the persistence of immune response to RZV for up to 10 years
following the initial vaccination. In terms of the duration of immunity, research suggests
that both humoral and CMI responses have been observed to plateau at approximately four
years after vaccination [21,59]. The dynamics of RZV-induced immunity are consistent with
the sustained clinical benefits of the vaccine. The long-term follow-ups of the ZOE-50/70
clinical trials reveal that the vaccine efficacy against HZ remained consistently high (>70%)
up to 10 years after the initial 2-dose vaccination regimen administered to more than
6000 participants aged 50 years or older [17,60]. The persistence of both humoral and
cell-mediated immunities was dependent on age at RZV administration. Several studies
have described how the proportion of individuals with a positive response in terms of
both anti-gE antibodies and anti-gE CD42* T cells tends to decrease with advanced age
(>70 years), although these immunological parameters remain substantially higher than
baseline levels [17,20,21,23,50,54-60]. This opens up the discussion on the waning of
RZV immunity and understanding whether a booster dose is needed, especially in older
and immunocompromised individuals. While predictive analyses exist that model the
persistence of immunity for up to 15 years after the initial vaccination [21], additional
follow-up is needed to gather further information on the long-term immunogenicity and
effectiveness of RZV.

Again, on the persistence of CMI response, the study conducted by Laing et al. discov-
ered that the long-lasting CD4* T cell response induced by RZV represented the vaccine’s
ability to recruit naive CD4" T cells (rather than clonotypes derived from memory pools),
and that the frequency of those clones correlates with the frequency of precursors among
naive CD4" T cells prior to vaccination [56].
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Before the introduction of RZV, the prevention of HZ relied on ZVL. While comparison
with the immunogenicity induced by ZVL was not among the systematic review’s outcomes,
in the retrieved literature RZV has been shown to compare favorably in immunological
response. In all studies comparing the two vaccines, RZV recipients had a higher gE-specific
humoral response rate and levels of anti-gE antibodies, higher CD4* T-cell responses
and gE-specific avidity [18,30,50,51,54], as well as longer persistence of immunity—in all
timepoints after vaccination up to 60 months [20,30,50]—than ZVL. These findings are
consistent with the RZV’s long-term efficacy and with the declining protection of ZVL. Of
note, a significant decline in the effectiveness of ZVL was reported, dropping from 68.7% in
the first year to 4.2% in the eighth year [77].

In brief, the available evidence suggests that RZV provides robust immunological
protection against herpes zoster in older adults and in adults under major immunosup-
pressive conditions. This vaccine is indeed particularly suitable for individuals affected
by primary or secondary immunosuppression and young chronic patients [5]. The results
of the work presented here should be considered in relation to the analysis and synthesis
of primary research on RZV’s effectiveness in reducing the burden associated with HZ.
Lastly, in vaccination strategies for the general older population, there is a need to consider
the costs of the two available HZ vaccines and conduct comparative cost-effectiveness
analyses [78].

Several methodological issues and limitations to the present study warrant discus-
sion. First, the studies included in this synthesis displayed differences and overlaps in
age ranges within their participant cohorts, which could introduce a potential aggregation
bias [29,79]. For many subgroups, it was not possible to track the average or median age,
as well as the upper age range limit. This variance is also evident in the heterogeneity of
the results, and the meta-regression models had challenges dealing with non-independent
age ranges, adding complexity to the analysis. This choice of using the lower limit of the
ranges, however, was essential to ensure the inclusion in the analysis of one of the essential
characteristics in the assessment of vaccine response. Second, it is remarkable that the
number of immunocompromised patients per study was low compared to those enrolling
immunocompetent participants. Information regarding vaccine immunogenicity in im-
munocompromised recipients is therefore still limited, and the limited sample sizes within
each patient category provided insufficient statistical power for comparisons between
conditions’ groups. It is also important to add that the concept of immunocompromisation
is very broad and includes, for example, people living with HIV with a normal lymphocyte
count and people with confirmed AIDS [80]. Third, this also applies to the analyses of the
avidity index and CMI. For the latter, except for Cunningham et al.’s study, which observed
these data in 149 participants, the rest of the studies (all on non-immunocompetent individ-
uals) enrolled fewer than 45 patients each, while many studies on CMI response were not
included in the meta-analysis because they did not meet the inclusion criteria (Table 54,
Supplementary Materials). This limitation strongly advocates for further research on the
CMI and avidity responses of RZV. Fourth, for both humoral and CMI long-term VRR, it
was not possible to proceed with subgroup analyses or meta-regression for the low number
of reports (<10 for each post-vaccination timepoint). Fifth, this meta-analysis evaluates
the immune response and potential differences observed in vaccine response that must be
considered together with their clinical correlates (i.e., potential differences in effectiveness)
in terms of potential medium to long-term clinical outcomes such as episodes of HZ or
hospitalizations. Finally, there was moderate to high heterogeneity in some important
variables that complicated comparisons across studies.

5. Conclusions

In conclusion, the findings of our review suggest that the administration of RZV to
adults elicits a robust and long-lasting immune response, overcoming immunosenescence
and many immunosuppressive conditions, although somewhat reduced immunity has
been revealed in particular groups (i.e., reduced VRRs in the case of immunodepression
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or a more significant immunity decrease in the very elderly). Further research on vac-
cine administration during immunomodulatory treatments and in immunocompromised
conditions, immunological analyses associated with real-world effectiveness studies, the
optimal dosing interval, and the persistence of immunity could help to inform the best RZV
vaccination schedules required to achieve coverage among those who are recommended
to receive HZ vaccination, primarily older adults and people with primary or secondary
immunodepression.
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/ /www.mdpi.com/article/10.3390/vaccines12050527/s1, Table S1: Search strategy; Table S2: PICOS
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month after RZV-dose 2 according to selected subgroups; Table S6: Random-effects meta-regression
results of the association between vaccine response rate for humoral immunity (one month after
RZV-dose 2) and mediators; Table S7: Pooled estimates of vaccine response rate for cell-mediated
immunity one month after RZV-dose 2 according to selected subgroups; Table S8: Random-effects
meta-regression results of the association between vaccine response rate for cell-mediated immunity
(one month after RZV-dose 2) and mediators; Table S9: Risk-of-bias (RoB) of randomized controlled
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