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Preface

Vaccines are among the most effective and cost-effective health interventions, but the
development of vaccines and vaccination programs must overcome multiple challenges to achieve
their expected outcomes. The aim of this reprint is to present research and review articles on the
most recent results and findings in relation to the challenges that must be overcome the development
of vaccines and vaccination programs to achieve their expected outcomes. The articles included in
this reprint addressed issues related to the analysis of interventions to increase vaccination coverage,
the analysis of measles vaccination coverage indicators worldwide and in different in World Health
Organization (WHO) regions, the analysis of factors related to vaccine hesitancy and acceptance,
the development of new vaccines, the economic analysis of new cancer vaccines, and the clinical
characteristics mechanisms and therapeutic potentialities of regulatory T cells in the management of
patients with COVID-19.

Pedro Plans-Rubié
Guest Editor
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Editorial
Vaccines and Vaccination: Feature Papers

Pedro Plans-Rubié

College of Physicians of Barcelona, 08017 Barcelona, Spain; pedro.plans@yahoo.es

This Special Issue, entitled “Vaccines and vaccination: Feature Papers”, included
articles that addressed various issues related to vaccines and vaccination, including studies
assessing interventions to increase vaccination coverage [1], studies assessing vaccination
coverage indicators in World Health Organization (WHO) regions [2], studies assess-
ing vaccination hesitancy and vaccination acceptance [3-6], economic studies of cancer
vaccines [7], reviews regarding the development of new vaccines [8,9], and reviews of
vaccine-preventable diseases [10].

The article by Gerin et al. [1] presented the results of a study assessing the effectiveness
of a training course for health professionals that aimed to enhance vaccination coverage
among people living with HIV (PLHIV) in Brazil. The study found that the training
course resulted in greater vaccination coverage for the 13- and 23-valent pneumococcal
vaccines, human papilloma virus vaccine, meningococcal C vaccine, measles-mumps—
rubella vaccine, and yellow fever vaccine. The training course was effective due to the fact
that recommendation by a health professional is one of the factors influencing vaccination
acceptance [11,12].

The article by Plans-Rubi6 [2] assessed the coverage of measles vaccination with zero,
one and two doses of vaccine and the anti-measles herd immunity levels in World Health
Organization (WHO) regions in 2023; and the variation from 2019 to 2023 for measles
vaccination coverage and anti-measles herd immunity-related indicators. To achieve the
Immunization Agenda objective of eliminating measles in at least five of the six WHO
regions by 2030 (IA2030), it is necessary to increase the two-dose vaccination coverage
to >95% in all countries and WHO regions, and to reduce the number of children who
have not received at least one measles vaccine (zero-dose measles children) by 50% from
2019 to 2030 [13-15]. However, this study found that the global two-dose measles vacci-
nation coverage decreased by 3.7%, the global zero-dose measles vaccination coverage
increased by 7.8, and the number of countries with >95% two-dose measles vaccination
coverage decreased by 39.6% from 2019 to 2023. This study concluded that measles vacci-
nation programs should therefore be improved in all WHO regions in order to eradicate
measles worldwide.

Four articles published in this Special Issue were focused on vaccination acceptance
and vaccination hesitancy [3-6]. Vaccine hesitance is defined as a delay in the acceptance
or refusal of vaccines despite the availability of vaccine services [16,17]. Vaccine hesitancy
is a complex issue influenced by factors such as misinformation, complacency, and a lack of
confidence in vaccines and vaccination services [18-20]. Christodoulakis et al. [3] developed
a scoping review study to assess the hesitancy towards COVID-19 booster doses among
healthcare workers worldwide. The study found vaccine hesitancy rates of 19.7% to 66.5%
in Asia, 27% to 46.1% in Africa, and 14% to 60.2% in Europe. The vaccine hesitancy rates
ranged from 12.8% to 43.7% among physicians, 26% to 37% among nurses, and 26% to 34.6%
among pharmacists. The study concluded that future pandemic vaccination programs
should develop activities to improve vaccination rates among healthcare workers.

Vaccines 2025, 13, 720 https://doi.org/10.3390/vaccines13070720
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The article by Vicente-Alcaide et al. [4] assessed the acceptance of COVID-19 vac-
cination among Spanish prisoners and prison workers, finding that 88.72% of prisoners
and prison workers agreed to be vaccinated and 89.64% would recommend the vaccine
to others. In addition, 89% of prisoners and prison workers believed that the benefits of
COVID-19 vaccination were greater than its potential adverse effects.

The article by De Vito [5] presents the results of a narrative review regarding the
vaccinations available for adults living with HIV. This study found that vaccinations were
strongly recommended among adults living with HIV, although data on immunogenicity,
tolerability, and clinical efficacy were limited. This article concluded that clinicians should
collect the history of vaccinations in all new patients with HIV and assess their antibody
levels against different vaccine-preventable pathogens, especially in patients with low
CD4 numbers.

The article by Limbu and Gautam [6] presents the results of a systematic review
assessing the relationships between Health Belief Model (HBM) constructs and COVID-19
vaccination intention. This study found that perceived benefits, perceived barriers, and
cues to action were the three most frequent predictors for primary and booster COVID-19
vaccination.

One of the articles included in this Special Issue focused on the economic analysis of a
new cancer vaccine. Novakova et al. [7] evaluated the financial feasibility of introducing a
peptide-based neoantigen cancer vaccine (NCV) for the treatment of patients with triple-
negative breast cancer (TNBC). The survival rate at five years for patients with metastatic
TNBC is 10%, while that for other metastatic breast cancer subtypes is 30%, and they
have limited treatment options [21,22]. The study proposes that a neoantigen cancer
vaccine could enhance T-cell responses independently of genetic factors, unlike approved
immunotherapies for TNBC. In the UK, the conventional treatment costs per patient with
TNBC range from GBP 2200 to GBP 54,000, and the total costs of treating TNBC patients
reached GBP 230 million in 2024. The incremental cost-effectiveness ratio in terms of cost
per life year for the quality-adjusted life year gained (QALY) of approved TNBC therapies
was GBP 52,000 for atezolizumab, GBP 34,000 for pembrolizumab and GBP 38,000 for
chemotherapy. The incremental cost-effectiveness ratio for a NCV vaccine (11 doses) was
GBP 2200 in the best-case scenario, where the NCV was assumed to be administered at
cost with a decentralized approach and zero intermediary supply chain. In contrast, the
incremental cost-effectiveness ratio was GBP 55,000 in the worst-case scenario, where the
NCV was produced by a laboratory that aimed to recover the research and development
costs. The cost-effectiveness ratios of the NCV were lower and greater than the NICE
willingness-to pay threshold of GBP 50,000 in the best-case scenario and the worse-case
scenario, respectively.

The article by Choi et al. [8] assessed the efficacy of a new vaccine against Clostridium
botulinum Neurotoxin Types A and B in an animal model (mice). The vaccine was generated
by combining the HCC domains of botulinum neurotoxin type A and type B in Escherichia
coli to produce a recombinant protein (rHCCB-L-HCCArHCcB) that inhibits their receptor
binding. This study found that mice immunized with the anti-neurotoxin vaccine had
significantly greater levels of antibodies than mice immunized with alum alone, showing
that this vaccine was effective in protecting against lethal levels of neurotoxins of type A
and type B.

The article by Onnocks et al. [9] presents a review concerning the potential use of
attenuated and/or genetically modified oncolytic viruses (OV) for cancer therapy. Tu-
mor antigen-presenting vaccines can be based on peptides, DNA, and dendritic cells as
antigen-presenting cells. Oncolytic viruses are non-pathogenic viruses that can initiate
post-oncolytic anti-cancer immunity by infecting cancer cells and cause oncolysis [23].
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The article by Dhawan et al. [10] presents a review addressing the influence of reg-
ulatory T-cells (Tregs) on the prognosis of COVID-19. Decreased levels of Tregs among
COVID-19 patients can be associated with lower inflammatory inhibition, which is associ-
ated with a worse COVID-19 prognosis. The severity of COVID-19 is also associated with
abnormalities in the Tregs phenotype, including a reduction in the expression of FoxP3,
IL-10 and TGF-beta [24]. This study shows the need to maintain COVID-19 vaccination
among vulnerable populations who are at a greater risk of COVID-19 complications.

The articles published in this Special Issue reveal that the success of vaccination
programs can depend on multiple factors, including the development and production of
effective and cost-effective vaccines, vaccination acceptance and hesitancy, and the effective
and efficient implementation of vaccination programs.

Funding: This editorial did not receive any funding.

Conflicts of Interest: The author declares no conflicts of interest.
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Abstract: This is a quasi-experimental study that assessed PLHIV vaccination coverage before and
after health professionals participated in a training course on PLHIV immunization. The vaccination
coverage of 645 PLHIV was assessed in the pre-intervention phase. The vaccine with the best coverage
was diphtheria and tetanus (82.64%) and the one with the lowest rate of adequately vaccinated was
measles, mumps, and rubella (38.27%). Individuals aged between 30 and 39 years had a 74.00%
(1-0.26) lower chance of having the full vaccination schedule when compared to those aged between
10 and 19 years, and among those over 40 years, the chance was 87.00% (1-0.13) lower. Those who
were vaccinated in Specialized Care Services (SCS) were 5.77 times more likely to be adequately
vaccinated when compared to those who were vaccinated in other health services. Regarding the
entire vaccination schedule evaluated, the number of adequately vaccinated increased from 47 (7.29%)
to 76 (11.78%). Interventions targeting health professionals were effective in increasing vaccination
coverage among PLHIV; however, the achieved coverage remained below the desired level. It
is necessary to act on health professionals” knowledge and other aspects to effectively increase

vaccination coverage.

Keywords: vaccination coverage; vaccination; HIV; health professionals

1. Introduction

With advances in immunization and improved hygiene and health conditions, a
decrease in the number of infectious diseases has been observed; however, the reduction in
vaccination coverage and population displacement in the globalized world pose a risk of
the resurgence of diseases that have already been eliminated [1].

People living with HIV (PLHIV) have an increased risk of acquiring infectious diseases
and, if they do, have a greater chance of developing into more severe forms [2-7].

On the other hand, with increased survival and reduced mortality due to adequate
adherence to Antiretroviral Therapy (ART), they end up exposing themselves more to risk
scenarios as they maintain work, travel, and leisure activities that put them in contact with
potential pathogenic infectious agents. In addition, these individuals end up being more
exposed as they are in frequent contact with health services [3,8-10].

Thus, preventing the occurrence of infectious diseases in PLHIV is a strategy to
improve the quality of life and life expectancy. In this regard, immunization stands out,
and a special vaccination schedule is recommended for these individuals [1,3,10-12].

Vaccines 2024, 12, 897. https:/ /doi.org/10.3390/ vaccines12080897 5 https://www.mdpi.com/journal /vaccines
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In Brazil, the Unified Health System (UHS) offers 12 immunobiological agents to
PLHIV free of charge through the National Immunization Program (NPI). The vaccination
schedule for this group is broader than that offered to the general population. In addition,
it is recommended that the vaccination schedule of household contacts of PLHIV and
health professionals who provide care for this population be updated, which constitutes
extra protection, especially for those with some contraindications to vaccination for having
lower CD4 T-lymphocyte (TL) counts. It is recommended that the vaccination schedule be
updated as early as possible before the disease progresses and the immune system becomes
deficient [3,4,8,10,13-16].

Despite the importance of immunization, few studies have presented vaccination cov-
erage for PLHIV. The majority of studies focus on the vaccination rate for a single vaccine
type [2,6,17,18] or inactivated vaccines indicated for this population [1,5,7,9,12,13,19,20],
rather than providing a comprehensive overview of vaccination coverage, including atten-
uated vaccines [3,15].

In a survey conducted in Germany on PLHIV aged at least 50 years, only 20% of the
participants reported a completed schedule for the inactivated vaccines evaluated [9]. In an
investigation conducted in Brazil regarding attenuated vaccines, it identified coverage of
14.14% [3]. In a retrospective cohort study conducted in the USA in which the schedule of
eight vaccines indicated for PLHIV was evaluated, it was found that 41% of the participants
were adequately vaccinated [19].

The data show that vaccination coverage among PLHIV is low and that there is
no effective assessment of vaccination status in the services where these individuals are
monitored. The main determinants of non-vaccination are failure to receive a recommen-
dation from a health professional, lack of knowledge about the indicated vaccines and
their schedules, difficulties in accessing immunizers, or simply forgetting appointment
dates [1-7,9,11-13,15,21].

The set of aspects exposed reinforces the essential role of health professionals in the
indication of immunizers, deconstruction of false contraindications, expansion of vaccine
acceptance, and search for unvaccinated individuals to improve adequately vaccinated
rates. In addition, the importance of medical professionals in vaccine indication and
prescription is highlighted, which would significantly increase the search of individuals for
immunobiological agents [3,4,6,7,9,12,13,21].

Given this scenario, this study aimed to evaluate the effectiveness of an interventional
action in the vaccination coverage of PLHIV, considering the vaccines recommended by
the Brazilian NIP.

2. Materials and Methods
2.1. Study Design and Site

The study was conducted in a Brazilian municipality with a population of about
711,000 inhabitants and a Human Development Index (HDI) of 0.800, which is considered
high relative to the whole country. The municipality has a wide network, with 47 Primary
Health Care Units (PHCU) (37 of them with vaccine rooms) and five Specialized Care
Services (SCS), for outpatient clinical follow-up of PLHIV [22].

This is a quasi-experimental study conducted in three stages:

- Pre-intervention phase—was developed using data obtained from the Information
System for Notifiable Diseases (ISND), which is the national country’s HIV case
notification system. These cases were then identified in the municipal outpatient
follow-up system (Hygiaweb) in order to assess the records of vaccines administered
and calculate vaccination coverage.

- Intervention phase—a training course on immunization of PLHIV was offered to
health professionals involved in vaccination actions in the public services of the
municipality of the study and to SCS health professionals.

- Post-intervention phase—one year after the start date of the training course in the
intervention phase, data on vaccines administered to PLHIV were collected again,
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updating the information collected in the pre-intervention phase regarding vaccination
coverage rates.

2.2. Population and Sample

In the pre-and post-intervention phases, the population consisted of all cases notified
in the ISND between 2015 and 2020 of people aged at least 13 years who met the following
inclusion criteria: being followed up at the SCS of the municipality with the last medical
consultation less than 12 months before the start of data collection, residing in the munici-
pality of the study, and having a diagnosis of HIV status up to 180 days from the date of
notification. Individuals who died or were transferred to other services or municipalities
were excluded.

In the intervention phase, the population consisted of 77 health professionals (nursing
assistants, technicians, and nurses) who were working in the 38 public vaccine rooms of
the municipality and the health professionals (nursing assistants, technicians, nurses, and
doctors) of the five SCS. The professionals completed an online training course, with four
modules and a total workload of 3 h, on issues related to PLHIV immunization.

The course was developed by the researcher, and before it was made available to
the research subjects, it underwent a pilot evaluation by six professionals who tested
its functionality.

2.3. Data Collection

In the pre-and post-intervention phases, data collection was performed on the RED-
Cap platform using a form developed for this study. The form contained sociodemographic
variables (sex, age, pregnancy, skin color, education, occupation, and health district of
residence) and clinical-epidemiological variables (date and unit of notification, date of
diagnosis of HIV infection, follow-up status, date of first and last medical consultation at
the service, number of medical consultations, service that performs the follow-up, exposure
category, social vulnerabilities, presence of other diseases, CD4 TL count, viral load quan-
tification, use of ART, registered vaccines, and anti-HAV IgG and anti-HBs serology results),
and was validated by four specialists and modified according to suggestions received.

Assessing the vaccination schedule is complex, as it requires verification of each
vaccine received throughout life, and the schedules can be different if started before or after
the diagnosis of HIV infection. In addition, it is necessary to assess susceptibility status in
some cases in order to verify whether immunobiological agents are indicated. To ensure
an accurate assessment of each individual’s vaccination status, data were collected by a
professional with over 20 years of experience in the field.

2.4. Data Analysis

In the pre-and post-intervention phases, data were extracted from the REDCap (https:
/ /redcap.eerp.usp.br/, accessed on 26 July 2022) platform using a Microsoft Office Excel v.
2406 spreadsheet. After evaluation and correction of possible typing errors, the data were
transported to the IBM® Statistical Package for the Social Sciences (SPSS®) Statistics version
25 and R 1386 v.3.4.0 programs where the database was structured [23]. Data analysis
was performed using descriptive statistics (mean and standard deviation for continuous
variables) and proportions for categorical variables.

The comparison between the pre-and post-intervention phases was evaluated using
McNemar’s test, with p-values < 0.05 considered statistically significant. A logistic re-
gression model, using the Generalized Estimating Equations (GEE) method, was used
to estimate the variables associated with an adequate vaccination schedule in the post-
intervention phase, and the crude and adjusted odds ratio was calculated with 95% intervals
for each variable and a significance level of 5%.

The outcome variable was the complete vaccination schedule according to the vacci-
nation schedule recommended by the NIP (Table 1).



Vaccines 2024, 12, 897

Table 1. Vaccines included in the evaluation of the complete vaccination schedule according to the

recommendations of the National Immunization Program (NIP) at the time of the study.

Vaccine

Recommended Schedule *

Schedule Considered

Adult double (diphtheria/tetanus)

Three doses and boosters every 10 years

Complete or in progress without delays

Three doses (before diagnosis)

Hepatitis B Four doses with double dose (after diagnosis) Complete or in progress without delay
(for susceptibles)
o Two doses . .
Hepatitis A (for susceptible) Complete or in progress without delay
Viral triple (measles, mumps, rubella) Two doses Complete or in progress without delay

Yellow fever

Single dose from 5 years of age or two doses

Complete or in progress without delay

Pneumococcal 23-valent

Two doses

1 dose

Pneumococcal 13-valent

Single dose

1 dose

Meningococcal C

Two doses and booster every 5 years

Complete or in progress without delay

HPV

Three doses (men aged 9-26 and women aged 9-45)

Complete or in progress without delay

* Source: [15]. ¥ The pre-intervention phase started on 1 August 2021, and the vaccination schedule indicated by
the NIP until this date was considered in the evaluation, without incorporating subsequent updates.

2.5. Ethical Aspects

The research project was submitted to the Research Project Evaluation Committee
(RPEC) of the Municipal Health Department of the studied municipality and later to the
Research Ethics Committee (REC) of the Ribeirao Preto Nursing School (RPNS) of the
University of Sao Paulo (USP), obtaining a favorable opinion (REC consolidated opinion

No. 4.782.341).

3. Results

In the pre-intervention phase, the records of 1688 PLHIV were evaluated. After
analyzing the inclusion and exclusion criteria, the sample consisted of 645 individuals in
the pre- and post-intervention phases, most of whom were male (83.41%), white (59.84%),
and with education above high school (55.97%). The mean age was 32.06 years (SD £ 11.14),
with the minimum age being 14 years and the maximum 72 years. The age group with the
highest frequency was 20-29 years (45.89%) (Table 2).

Table 2. Distribution of people living with HIV /AIDS according to sociodemographic variables.

Sociodemographic Variables

Participants

%

Sex

Male

Female

Skin color

White

Black

Yellow

Brown

Ignored

Level of education

Illiterate or incomplete primary education

Complete primary school
Complete elementary school

Complete high school

Complete higher education

Ignored

Age group (years)
13t0 19

20 to 29

30 to 39

40 to 49

50 to 59

60 or more

538
107

386
65

169
22

83.41
16.59

59.84
10.08
0.47
26.20
3.41

2.02
10.70
15.04
43.10
12.87
16.28

6.05
45.89
26.82
11.47

6.98

2.79




Vaccines 2024, 12, 897

For diphtheria and tetanus, hepatitis B, and hepatitis A vaccines, although the number
of adequately vaccinated increased in the post-intervention phase, the increase was not
statistically significant. In the pre-intervention phase, 533 (82.64%) PLHIV were adequately
vaccinated against diphtheria and tetanus, 445 (75.30% of those with vaccination indica-
tions) against hepatitis B, and 143 (42.43% of those with vaccination indications) against
hepatitis A. They were adequately vaccinated in the post-intervention phase: 539 (83.57%)
against diphtheria and tetanus, 453 (76.65% of those with vaccine indications) against hep-
atitis B, and 151 (44.81% of those with vaccine indications) against hepatitis A. Individuals
who were not susceptible to the disease were not considered for assessment of adequately
vaccinated against hepatitis A and B (Table 3, Figure 1).

Table 3. Registered vaccination schedules for people living with HIV/AIDS in the pre- and post-

intervention phases.

Number of Participants with

Study Variables an Indication for the Vaccine Pre-Intervention Post-Intervention p-Value
n % Complete  Incomplete = Complete Incomplete
Adult double vaccine 645 100 533 112 539 106 0.480
Hepatitis B 590 91.47 445 145 453 137 0.341
Hepatitis A 335 51.94 142 193 150 185 0.118
13-valent pneumococcal 645 100 382 263 441 204 <0.001
23-valent pneumococcal 645 100 349 296 376 269 0.040
Meningococcal C 645 100 451 194 493 452 <0.001
HPV 234 36.28 134 100 147 87 0.002
MMR 635 98.45 243 392 252 383 0.016
Yellow Fever 640 99.22 529 111 539 101 0.004
Vaccination schedule 645 100 48 597 75 570 <0.001

Adult double vaccine (diphtheria and tetanus); HPV—human papillomavirus; MMR—measles/mumps/rubella.
Bolded values are significant at 0.05 level.
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Figure 1. Vaccination coverage by vaccine and schedule were evaluated before and after the inter-
vention. * p < 0.005; Adult double vaccine (diphtheria and tetanus); HPV—human papilloma virus;
MenC—meningococcal C; P23—23-valent pneumococcal; P13—13-valent pneumococcal; YF—yellow
fever; MMR—measles/mumps/rubella.
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In the post-intervention evaluation where the information regarding the tests was
updated, 471 (73.02%) individuals had reactive anti-HBs serology; however, for 32 (4.96%),
there was no result of this test in the electronic medical record, despite being a recom-
mended test for PLHIV. Regarding hepatitis A, 308 (47.75%) had reactive anti-HAV IgG
and were, therefore, not susceptible to the disease without an indication for vaccination.
For 112 (17.36%), there was no record of this test in the electronic medical record.

As for the 13-valent pneumococcal vaccine, in the post-intervention phase, 59 (22.43%)
of the inadequately vaccinated became adequately vaccinated, and the coverage increased
from 59.22% to 68.37%. For the 23-valent pneumococcal vaccine, the number of adequately
vaccinated increased from 349 (54.11%) to 376 (58.29%). The number of adequately vac-
cinated with meningococcal C increased from 451 (69.92%) to 493 (76.43%). For the HPV
vaccine, among those with an indication for vaccination according to the recommendation
at the time of data collection, coverage increased from 57.02% to 62.55% (Table 3, Figure 1).

For attenuated vaccines, which are contraindicated in the presence of severe immun-
odepression, coverage of the measles/mumps/rubella vaccine (triple viral) increased from
38.27% to 39.69%, and for the yellow fever vaccine, coverage increased from 82.66% to
84.22% (Table 3, Figure 1). Individuals who had a last CD4 LT count of <200 cells/mm?
were excluded from the analysis in the post-intervention phase because they had con-
traindications for these vaccines.

Regarding the entire vaccination schedule evaluated according to the study pro-
posal, the number of adequately vaccinated increased from 47 (7.29%) to 76 (11.78%)
(Table 3, Figure 1).

In the multivariate analysis of factors associated with vaccination rates, the model
results indicate that as age increases, the chance of having a complete vaccination schedule
decreases. Individuals aged between 30 and 39 years had a 74.00% lower chance (adjusted
OR 0.26 95% CI 0.09-0.74) of having a complete vaccination schedule when compared to
those aged between 10 and 19 years, and among those over 40 years, this rate was 87.00%
lower (adjusted OR 0.13 95% CI 0.03-0.50) (Table 4).

Table 4. Multivariate analysis of factors associated with vaccination coverage of people living with
HIV/AIDS.

. .. Crude OR Adjusted OR
Study Variables Number of Participants (95% CI) p-Value (95% CI) p-Value
n %
Sex
Male 538 83.41 REF 1 REF
Female 107 16.59 0.16 (0.05-0.55) 0.004 0.44 (0.12-1.55) 0.201
Skin color ¥
White 386 59.84 REF* REF 1
Black 65 10.08 0.36 (0.1-1.23) 0.103 0.47 (0.14-1.65) 0.241
Mixed race/Asian 172 26.67 0.99 (0.56-1.73) 0.963 1.03 (0.56-1.89) 0.927
Age group (years)
13 to 19 39 6.05 REF 1 REF 1
20 to 29 296 45.89 0.67 (0.31-1.45) 0.307 0.56 (0.23-1.34) 0.193
30 to 39 173 26.82 0.27 (0.11-0.69) 0.006 0.26 (0.09-0.74) 0.011
40 and over 137 21.24 0.1 (0.003-0.37) 0.001 0.13 (0.03-0.51) 0.003
Exposure category ¥
Non-heterosexual 397 61.55 REEt REF 1
Heterossexual 223 34.57 0.22 (0.1-0.47) 0.001 0.53 (0.23-1.22) 0.134

10
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Table 4. Cont.

. .. Crude OR Adjusted OR
Study Variables Number of Participants 95% CI) p-Value (95% CI) p-Value
n %

Unit where follow-up is carried out
Specialized Care Service 2 § 190 29.46 REF * REF *
Specialized Care Service 1 | 124 19.22 0.47 (0.2-1.08) 0.075 0.44(0.19-1.01) 0.052
Specialized Care Service 3 I 98 15.20 0.29 (0.11-0.82) 0.019 0.33 (0.12-0.91) 0.033
Specialized Care Service 4 | 109 16.90 1.12 (0.57-2.2) 0.746 1.24 (0.62-2.51) 0.542
Specialized Care Service 5 1 124 19.22 0.86 (0.43-1.73) 0.676 1.23 (0.58-2.59) 0.591
CD4 T-lymphocyte count (cells/mm3) ¥
All > 350 115 17.83 REF REF *
Some < 200 96 14.88 0.34 (0.14-0.78) 0.011 0.64 (0.27-1.49) 0.296
Some between 200 and 350 (none < 200) 433 67.13 0.71 (0.33-1.52) 0.373 0.86 (0.41-1.84) 0.704
Use of Antiretroviral Therapy
No 104 16.2 REF * REF '

7.64 5.17
Yes 539 83.2 (1.72-34.02) 0.008 (1.17-22.97) 0.031
Vaccine room where patients received the last dose of vaccine
Other units 105 16.28 REF * REF '
Specialized Care Service 540 83.72 6-59 0.003 >77 0.006

p ’ (1.92-22.68) ’ (1.65-20.19) )

Social Vulnerability
No 489 75.81 REF * REF *
Yes 156 24.19 2.3 (1.09-4.85) 0.029 2.3 (1.06-4.99) 0.034
Complete vaccination schedule
Pre-intervention phase 47 7.29 REF * REF
Post-intervention phase 76 11.78 1.62 (1.33-1.96) 0.001 1.72 (1.39-2.13) 0.001

”ou ”ou

t Reference group;  Data such as “unknown”, “examination not available”, “no information” were not taken

into account for statistical processing; § Specialized Care Service, which had a vaccine room; | Specialized Care
Services, which operated in the same facility of basic units with vaccine rooms; 1 Specialized Care Service, which
did not have a vaccine room in the facility. Bolded values are significant at 0.05 level.

Individuals who were followed up at SCS 3 had a 67.00% (adjusted OR 0.32, 95% CI
0.11-0.91) lower chance of being adequately vaccinated when compared to individuals
who were followed up at SCS 2. Those with good adherence to ART were 5.17 times
(95% CI 1.16-22.97) more likely to have a complete vaccination schedule when compared
to individuals who did not have good adherence. Those who were vaccinated in SCS were
5.76 (95% CI 1.65-20.19) times more likely to be adequately vaccinated when compared to
those who were vaccinated in other health services (Table 4).

Individuals with some social vulnerability were 2.3 times (95% CI 1.06-4.99) more
likely to be adequately vaccinated when compared to those with no identified vulnerability.
In the assessment performed after the intervention phase, individuals were 1.72 (95% CI
1.39-2.13) times more likely to have the complete vaccination schedule when compared to
the pre-intervention phase. There was no association between the complete vaccination
schedule and the variables sex, skin color, CD4 TL count, and exposure category (Table 4).

4. Discussion

In this study, a very small proportion of PLHIV had an appropriate vaccination
schedule according to the proposed assessment, both pre- and post-intervention, which
reinforces that there is no effective assessment of the vaccination situation in the services
that accompany PLHIV [12]. After offering a training course for health professionals from
vaccination rooms and health services that accompany PLHIV, there was an improvement
in vaccination coverage, but it still remained low.

11
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Studies that analyze predominantly inactivated vaccines in the evaluation of the vacci-
nation schedule of PLHIV present a higher rate of adequately vaccinated individuals [9,12,19].
In a study that included yellow fever and measles-mumps-rubella vaccines among the
vaccines evaluated, only 14.1% of PLHIV were adequately vaccinated, a coverage close to
that found in the evaluation performed after this study’s intervention phase [3].

Despite the risk of exposure to vaccine-preventable diseases, there is fear among both
health professionals and PLHIV themselves regarding the safety of vaccine administration
and the effectiveness of immunobiological agents in this population [2,24].

The vaccine with the best coverage was diphtheria and tetanus, as in other
studies [5,9,12]. This vaccine has been part of the Brazilian immunization schedule for
many years, is available in all vaccine rooms, and presents the same vaccination schedule
for the entire population, with few contraindications, which perhaps provides teams with
greater safety in administrating this immunobiological agent [12].

The hepatitis B vaccine is administered to people who have never been exposed to the
virus or have received the vaccine. In our study, around 25% of the individuals eligible to
receive the hepatitis B vaccine were not adequately vaccinated. Our findings are similar
to the vaccination rates identified in some studies [3,9,15,20], while the number of people
adequately immunized with the hepatitis B vaccine was lower in other reports [5,7,12,13,25].
In Brazil, the hepatitis B vaccine has been part of the national calendar since 1998; therefore,
because this study population is mostly young, the rate of individuals without any dose of
this vaccine was 2.48% in the post-intervention phase.

The increase in the rate of adequately vaccinated for diphtheria/tetanus and hepatitis
B vaccines in the post-intervention phase of this study was small and not statistically
significant, which can be explained by the fact that most individuals had already received
the full course of these vaccines when they were diagnosed with HIV.

Among the inactive vaccines, the hepatitis A vaccine demonstrated the poorest cov-
erage, even in the post-intervention phase, with an increase of only 3% in the number of
individuals adequately vaccinated. Some studies have identified better vaccination rates
against hepatitis A than our findings [7,9,20]. However, our coverage was higher than
that reported in previous studies on PLHIV, in which vaccine hesitancy was identified
as one of the factors for non-adherence to vaccination, in addition to low schooling and
immunodepression [5,12,25].

Vaccine hesitancy is a complex and dynamic behavioral phenomenon that has been
advancing worldwide. It is influenced by confidence in the safety and efficacy of vaccines,
the low-risk perception of the population, and because the vaccine is often not available or
affordable [26-28].

The vaccination coverage of the 13-valent pneumococcal vaccine was around 68% in
the post-intervention phase, while that of the 23-valent was around 58%. Some studies
identified higher coverage [9,13,20,29], while others identified lower coverage [3,12,15,25].
A study conducted in Germany revealed that 58.5% of the population had received both the
13-valent and 23-valent pneumococcal vaccines, while 11% had received only the 23-valent
vaccine [1].

For the two pneumococcal vaccines indicated for PLHIV, there was a significant
increase in the number of adequately vaccinated in the post-intervention phase, with
13-valent showing the greatest increase among the vaccines evaluated.

In an intervention carried out through the implementation of a hospital consulta-
tion to assess vaccination status in Spain, the coverage of the 13-valent pneumococcal
vaccine increased from 2.9% to 88.0%, and the coverage of the 23-valent pneumococcal
vaccine increased from 16.3% to 83.7% [18]. These data reinforce that actions aimed at
increasing knowledge and, consequently, confidence in immunizers, targeting both health
professionals and patients, have a positive impact on vaccination coverage.

Pneumococcal vaccines and hepatitis A vaccines are not available in vaccination
rooms in the studied municipality and need to be requested by filling out a specific form
addressed to the Special Immunobiological Agents Reference Center (SIARC). For some
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months during the study period, pneumococcal vaccines were available in vaccination
rooms due to a temporary expansion of indications, which may have contributed to the
increase in the number of adequately vaccinated.

The meningococcal C vaccine was the vaccine with a special indication that showed
the best coverage in this study, with an increase of 6.51% of adequately vaccinated in the
post-intervention phase. One of the factors that contributed to this rate is the fact that
the immunobiological agent is available in vaccination rooms. Lower coverage of the
meningococcal vaccine has been identified in other studies [9,12]. Vaccine hesitancy and
the unavailability of the immunobiological agent in vaccination rooms contribute to low
coverage [2,12,16,21,25,29].

Regarding the HPV vaccine, our study exhibited the most comprehensive coverage
among the evaluated studies. Given the recent introduction of the vaccine in the medical
landscape, vaccination coverage varies considerably across studies, contingent on the
timeframe in which they were conducted. The importance of publicizing the necessity of
this vaccine for PLHIV has been reinforced by researchers, given that the transmission
route of HPV is the same as that of HIV. This publicizing is of particular significance
to the population of men who have sex with men (MSM), given their elevated suscep-
tibility to both acquiring the virus and developing persistent infections and malignant
lesions [1,14,30-32].

On the other hand, the indication of different schemes for different age groups and
constant changes in the vaccination scheme can be a factor that confuses teams and con-
tributes to missed vaccination opportunities. Despite this, in the post-intervention phase,
the number of adequately vaccinated showed an increase of about 6.00%, which rein-
forces that more trained teams regarding the indicated schemes favor the improvement in
vaccination rates [6].

In order to assess the indication of attenuated vaccines for PLHIV, it is necessary to
evaluate the value of the CD4 TL count since severely immunosuppressed individuals are
temporarily contraindicated to receive these vaccines [4,14]. As this is a complex assessment
and is not always possible, most studies assessing vaccination coverage do not include the
evaluation of attenuated vaccines.

Studies have shown that a large number of PLHIV lack immunity against measles,
mumps, and rubella and have reinforced the risk of immunity loss over the years [33-37].

In this study, the measles-mumps-rubella vaccine was the one with the worst coverage
among the vaccines evaluated, with a small increase in adequately vaccinated individuals in
the post-intervention phase despite the low number of individuals with contraindications.
In another study conducted in Brazil, 83.8% of PLHIV had not received any dose of measles,
mumps, or rubella vaccine [3]. It is important to ensure a complete vaccination schedule to
correct possible vaccine failures and maintain seroconversion.

As the yellow fever vaccine has been part of the vaccination schedule of the studied
municipality for many years, due to the fact that it is considered a risk area for the disease,
this vaccine coverage was around 84% in the post-intervention phase. Most likely, most
of these individuals were already adequately vaccinated before the diagnosis of HIV
infection. In addition, the yellow fever vaccination schedule for PLHIV without severe
immunodepression does not differ from the schedule indicated for the general population,
which is not the case for measles, mumps, and rubella vaccines.

Some authors suggest that vaccination with PLHIV be delayed until the immune
system is rebuilt, which would ensure a better response and lower the risk of events sup-
posedly attributable to vaccination or immunization (ESAVI). Although the administration
of some vaccines may generate a transient increase in viral load, these events do not present
clinical significance, and their risk cannot prevent vaccination [4,9,11,12,15,19,28,38,39].

In this study, individuals with good adherence to ART had a greater chance of being
adequately vaccinated, which may indicate better self-care and, in addition, greater confi-
dence on the part of the team in indicating and administering vaccines in this population.
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Even if the response to vaccination is reduced for individuals with uncontrolled viral
replication or lower CD4 TL counts, it is recommended that the vaccination schedule be up-
dated as soon as possible, taking into account contraindications to attenuated vaccines, with-
out the need for intervals between vaccine administration and test collection [4,9,11,14,38].
A positive approach by the healthcare team in this regard would reduce the number of
non-vaccinated [35].

Most of the individuals evaluated in this study were vaccinated in the SCS, which rein-
forces that having a vaccine room in the services where the individual performs the follow-
up facilitates access and increases adherence, and the teams that work in the vaccine rooms
of the SCS may be more prepared and safer to administer vaccines to PLHIV [12,15,21].

The assessment of vaccination status and guidance on immunization should be part
of the medical consultation, with the prescription of vaccines included in the routine of
care, and, in addition, be the practice of various health professionals who assist PLHIV in
different services [2,3,6,7,12,13,21,24,40,41].

It is necessary to verify that the individuals referred for vaccination have actually
carried out the procedure, and if they do not appear in the vaccination room or delay the
completion of the vaccination schedule, it is extremely important to actively search for
these individuals.

For PLHIV, the evolution of vaccine-preventable diseases may be more severe, and
vaccine immunogenicity may be lower, with shorter protection time when compared to
people not living with HIV. For this reason, active surveillance of vaccination status is
important. In addition, managers need to know the reasons for non-vaccination and
develop strategies to combat vaccine hesitancy and improve vaccination rates [6,16,42—48].

Some limitations should be considered when analyzing these findings, as this study
evaluated secondary data through information systems. Without access to individuals,
it was not possible to evaluate their vaccination records. Despite the guidance that all
vaccination history should be recorded in the system, it is possible that for some individuals,
the doses received in other municipalities have not been recorded. The importance of future
studies that perform this evaluation with subjects is reinforced. Despite this limitation, this
study makes an important contribution to understanding the low vaccination coverage
in PLHIV.

5. Conclusions

In recent years, Brazil has experienced a drop in vaccination coverage, the causes of
which are multifactorial. Intervening in the knowledge of health professionals regarding
issues related to the vaccination of PLHIV has enabled an increase in vaccination coverage
among this population, but coverage has still remained low.

This study’s findings demonstrate the need to develop measures to improve vac-
cination rates in populations at a higher risk for vaccine-preventable diseases. Health
professionals play a key role in identifying unvaccinated individuals. By recommend-
ing vaccination and combating false contraindications, they increase the likelihood that
individuals will seek immunization services.

In order to achieve the desired vaccination coverage rates, in addition to the knowledge
of health professionals, it is necessary to act on other factors, such as immunobiological
agent availability in the services where PLHIV is monitored. It is also necessary for health
managers to invest in addressing vaccine hesitancy.

Improvements in the completeness of vaccination schedules would be enhanced by
the introduction of an immunization program in the place where clinical follow-up is
carried out. This program could adopt an individualized approach, with doctors and
nurses assessing vaccination status, providing advice on the vaccines indicated, prescribing
the necessary vaccines, and administering them in the same facility.
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Abstract: Objectives: The objectives of this study were as follows: to determine mean
percentages of measles vaccination coverage with zero, one and two doses of vaccine and
anti-measles herd immunity levels in World Health Organization (WHO) regions in 2023; to
assess variations in measles vaccination coverage and anti-measles herd immunity-related
indicators from 2019 to 2023; and to assess whether zero-dose measles vaccination coverage
indicators were on track to achieve the Immunization Agenda 2030 objective. Methods:
Mean percentages of vaccination coverage with two, one and zero doses of measles vaccine
in WHO regions in 2023 were calculated using data from the WHO/UNICEEF global and
regional immunization information system. Results: In 2023, the global mean two-dose
measles vaccination coverage was 65.3%, and mean two-dose vaccination coverage was
lower than 95% in all WHO regions; the mean prevalence of measles-protected individuals
in the target vaccination population was 87.6%, and anti-measles herd immunity levels
in the target vaccination population were sufficient to block the transmission of measles
viruses with greater transmissibility (R, > 15) only in the Western Pacific and European
WHO regions. The global mean two-dose measles vaccination coverage decreased by 3.7%
from 2019 to 2023. In 2023, the mean zero-dose measles coverage and number of zero-dose
measles children were, respectively, 36.7% and 40.6% greater than the values required to
be on track to achieve the 2030 objective. Conclusion: This study found that all measles-
vaccination-coverage-related indicators worsened from 2019 to 2023, and the zero-dose
measles vaccination coverage and number of zero-dose measles children in 2023 were not
on track to achieve the AI2030 objective. Interventions to increase routine two-dose measles
vaccination coverage should be developed in all WHO regions.

Keywords: measles vaccination; measles elimination and eradication; WHO regions;
two-dose measles coverage; MCV1; MCV2; measles zero-dose coverage; anti-measles herd
immunity; measles prevention strategies

1. Introduction

In 2020, the 73rd World Health Assembly endorsed the Immunization Agenda 2030
(LA2030), envisioning “a world where everyone, everywhere, at every age, fully benefits
from vaccines for good health and well-being” [1]. In 2011, the Global Vaccine Action Plan
was proposed to eliminate measles in at least five WHO regions by 2020 [2]. The IA2030
agenda has committed to eliminating measles in at least five of the six WHO regions by
2030 [1,2].

Measles can be eliminated in all WHO regions and eradicated in the world because
measles has only human reservoir, effective measles vaccines are available, and intensive
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epidemiological surveillance using highly sensitive and specific diagnostic tests can detect
all new measles cases [3]. In fact, measles was eliminated in the Americas region in 2016 [4].
Unfortunately, measles re-emerged in Brazil and Venezuela in 2018, the Americas region lost
its elimination status in 2019, and measles cases and outbreaks occurred in all WHO regions
during the 2019—-2023 period [4-8]. In the European region, a total of 9010 measles cases,
4259 hospitalizations and 2 deaths due to measles were reported by European countries
to the WHO'’s centralized information system for infectious diseases (CISID) in 2023 [6-8].
Since 2019, measles elimination has not been verified in any WHO region [2,5].

The WHO considers that achieving and maintaining percentages of routine vaccina-
tion coverage of at least 95% with two doses of the measles-containing vaccine (MCV) is the
key intervention to achieve measles elimination and eradication [9-12]. Routine measles
vaccination includes two doses of measles-mumps-rubella (MMR) vaccine, which must be
administered to all children aged 12-15 months and 3-15 years [9,12-15]. High percentages
of routine measles vaccination can generate both individual measles protection and suffi-
cient population herd immunity to block measles transmission in the community [9-12,16].

A study carried out in 2019 [10] found that only 14.4% of countries worldwide had a
two-dose measles vaccination coverage > 95%, and anti-measles herd immunity levels in
the target vaccination population were not sufficient against measles viruses with basic
reproduction numbers (R,) > 10 in the African and Eastern Mediterranean regions, measles
viruses with R, > 11 in the Western Pacific region and measles viruses with R, > 13 in the
Americas, European and South-East Asia regions [10].

The objectives of this study were as follows: (1) to determine the vaccination coverage
for zero, one and two doses of measles vaccine and anti-measles herd immunity levels in
countries and WHO regions in 2023; (2) to assess variations in measles vaccination coverage
and anti-measles herd immunity-related indicators in WHO regions from 2019 to 2023; and
(3) to assess whether zero-dose and measles vaccination coverage indicators were on track
to achieve the Immunization Agenda 2030 objective.

2. Methods

2.1. Mean Vaccination Coverage with Zero, One and Two Doses of Measles Vaccine in the WHO
Regions in 2023

The mean percentages of vaccination coverage for the first and second dose of measles-
containing vaccine (MCV1, MCV2) were determined for different regions of the WHO
using the information from the WHO/UNICEF global and regional immunization in-
formation system [17]. WHO considers six regions: African region, Americas region,
Eastern Mediterranean region, European region, South-East Asia region and Western Pa-
cific region (WPR) [2,17]. WHO and UNICEEF estimate coverage with the first and second
measles-containing vaccine (MCV1 and MCV2) doses delivered by routine immunization
services for all countries using annual administrative estimates and vaccination coverage
surveys [18]. Percentages of vaccination coverage for the MCV1 vaccine in different coun-
tries were estimated among children aged 1 year or among children aged 2 years, when the
MCV1 was given to children aged > 1 year [18]. Percentages of vaccination coverage for the
MCV2 vaccine in different countries were estimated among children at the recommended
age, according to national immunization schedules [18].

2.2. Anti-Measles Herd Immunity Levels in the Target Vaccination Population in the WHO
Regions in 2023

Anti-measles herd immunity levels in the target vaccination populations were deter-
mined in different WHO regions in 2023 from the country-based mean vaccination coverage
with one and two doses of measles vaccine, and the effectiveness for one and two doses of
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measles vaccine [10]. In this study, values of effectiveness in preventing measles cases of
92% and 95% were assumed for one and two doses of the measles vaccine [19].

Herd immunity against measles viruses with R, values of 10, 11, 12, 13, 14, 15, 16,
17,18, 19 and 20 was considered established in the world and in different WHO regions
when the mean prevalence of individuals with vaccine-induced measles protection was
higher than 90%, 90.9%, 91.7%, 92.3%, 92.9%, 93.3%, 93.8%, 94.1%, 94.4%, 94.7% and 95%,
respectively [10,11].

The percentage of countries in different WHO regions with sufficient herd immunity
against measles viruses with R, values equal to or lower than 10, 12, 15, 18, 19 and 20
were assessed by counting the number of countries in each region with a prevalence of
individuals with vaccine-induced measles protection in the target vaccination population
higher than 90%, 91.7%, 93.3%, 94.4%, 94.7% and 95%, respectively [10,11].

2.3. Assessment of Whether Zero-Dose Measles Vaccination Indicators in 2023 Were on Track to
Achieve the Immunization Agenda 2030 Objective

In this study, tracks required from 2019 to 2030 to achieve a 50% reduction by 2030
were determined for three zero-dose measles coverage indicators: (1) estimated number
of children who did not receive the first dose of measles-containing vaccine (MCV1) [20];
(2) mean MCV1-based zero dose coverage; and (3) mean zero dose coverage determined
from one and two doses of measles vaccine coverage [10].

Immunization Agenda 2030 proposes a 50% reduction in the number of zero-dose
children observed in 2019 by 2030 [20]. For operational purposes, WHO/UNICEF defines
zero-dose children for measles vaccination as those who lack the MCV1 vaccine [20]. The
track required from 2019 to 2030 to achieve the AI2030 objective of number of zero-dose
children was determined by considering the WHO/UNICEEF estimated number of children
who did not receive the MCV1 vaccine in 2019 (22.2 million) [20], and a 50% lower number
(9.65 million) in 2030. To assess whether the number of zero-dose children was on track to
achieve the 2030 goal, the estimated number of zero-dose children in 2023 was compared
with the number required to be on track.

The track required from 2019 to 2030 for mean MCV1-based zero-dose measles cover-
age to achieve a 50% reduction by 2030 was determined by considering the mean MCV1-
based zero-dose coverage (12.4%) observed in 2019 [10] and a 50% lower coverage (6.2%)
in 2030. This analysis can be considered similar to the analysis based on the number of
zero-dose measles children because WHO/UNICEF estimates the number of zero-dose
children from 100—MCV1 coverage [4,20]. To assess whether the zero-dose measles cover-
age in 2023 was on track to achieve the 2030 goal, the coverage in 2023 was compared with
the coverage required to be on track.

The track required to achieve a 50% reduction from 2019 to 2030 for zero-dose measles
coverage (from two-dose and one-dose coverage) was determined by considering the mean
zero-dose coverage obtained in 2019 (12.4%) [10] and a 50% lower level in 2030 (6.2%). To
assess whether the mean zero-dose measles coverage in 2023 was on track to achieve the
2030 goal, the coverage in 2023 was compared with the mean two-dose coverage required
to be on track.

2.4. Statistical Analysis

Microsoft Excel (Microsoft Corporation, Redmond, WA, USA) was used to calculate
the following: (1) the mean percentage of vaccination coverage with the MCV1 and MCV2
vaccines in 2023 in different WHO regions; (2) the percentages of vaccination coverage
with zero, one and two doses of measles vaccine in different countries of the world;
(3) the mean percentages of vaccination coverage with zero, one and two doses of measles
vaccine in regions of the WHO; (4) the prevalence of vaccine-induced measles protection in
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individuals in the target measles vaccination population in different countries of the world
on 2023; and (5) the mean prevalence of vaccine-induced measles-protected individuals in
the target measles vaccination population in regions of the WHO. Microsoft Excel (Microsoft
Corporation, Redmond, WA, USA) was used to assess the establishment of herd immunity
against measles viruses in countries of the world and regions of the WHO in 2023.

3. Results

3.1. Mean Percentages of Routine Measles Vaccination Coverage in Countries of the World and
Regions of the WHO in 2023

In 2023, the worldwide mean vaccination coverage with the MCV1 and MCV2 measles
vaccines were 85.2 and 77.1%, respectively (Table 1). The mean MCV1 vaccination coverage
was lower than 95% in all WHO regions, except the Western Pacific region (97%) (Table 1).
The mean MCV2 vaccination coverage was lower than 95% in all WHO regions, except the
Western Pacific region (95.5%) (Table 1).

Table 1. Mean percentages of vaccination coverage for the MCV1 and MCV2 vaccines in 2023 and the
MCV1 vaccine in 2021 in the world and WHO regions.

MCV1 Vaccine 2023 MCV2 Vaccine 2023 MCV1 Vaccine 2021

% % % "
World 85.2 77.1 83.3 195

African region (AFR) 71.5 62.0 65.0 47
Americas region (AMR) 93.0 83.0 87.5 35
Eastern Mediterranean region (EMR) 91.5 86.5 80.0 22
European region (EUR) 90.5 925 93.0 53
South-East Asia region (SEAR) 62.5 54.5 98.0 11
Western Pacific region (WPR) 97.0 95.5 97.5 27

n: number of countries with vaccine in national routine vaccination programs; MCV1: first dose of measles-
containing vaccine; MCV2: second dose of measles-containing vaccine.

3.2. Mean Percentages of Vaccination Coverage with Zero, One and Two Doses of Measles Vaccines
in the World and Regions of the WHO in 2023

The worldwide mean percentages of vaccination coverage for zero, one and two doses
of measles vaccine were 65.3%, 27.8% and 6.9%, respectively (Table 2). The global mean
two-dose measles vaccination coverage found in this study (65.3%) was 31% lower than
the 95% objective proposed by the WHO.

The highest mean two-dose measles vaccination coverage was found in the Western
Pacific region (93.2%) and the lowest one in the African region (48.1%) (Table 2). The
highest mean one-dose measles vaccination coverage was found in the South-East Asia
region (46.5%) and the lowest one in the Western Pacific region (6.7%) (Table 2). The highest
mean zero-dose measles vaccination coverage was found in the African region (21.1%),
while mean percentages of zero-dose coverage lower than 1% were found in the Western
Pacific, South-East Asia and European regions (Table 2).

The two-dose measles vaccination coverage was >95% in only 17 (8.7%) countries of
the world, and it was > 90% in 41 (21%) countries (Table 2).

In the African region, 0% of the countries had a two-dose measles vaccination coverage
higher than or equal to 90%, while in the Eastern Mediterranean region, 22.7% and 40.9%
of the countries had a two-dose measles vaccination coverage higher than or equal to 95%
and 90%, respectively (Table 2).
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Table 2. Mean vaccination coverage with zero, one and two doses of measles vaccines, mean preva-
lence of individuals in the target vaccination population with vaccine-induced measles protection,
percentage of countries with anti-measles herd immunity established in the target population vacci-
nation, and percentage of countries with other measles vaccination indicators in regions of the WHO

in 2023.
African Americas Eastern European South-East Western
World Region Region Mediterranean Re I;on Asia Pacific
8 8 Region 8 Region Region
No. of 195 47 35 22 53 11 27
countries
Routine measles vaccination-related indicators
Mean vaccination coverage (%) with two, one and zero doses of measles vaccine
2 doses 65.3 48.1 72.5 69.1 86.0 53.0 93.2
1 dose 27.8 30.7 25.5 28.2 135 46.5 6.7
0 doses 6.9 21.1 2.0 2.6 0.5 0.5 0.2
Percentage of countries with two-dose measles vaccination coverage > 95% and >90%
>95% 8.7 0 2.9 22.7 94 18.2 14.8
>90% 21.0 0 8.6 40.9 30.2 36.4 33.3
Percentage of countries where all children had received one or two doses of measles vaccine (0% of zero-dose children)
9.7 0 5.7 22.7 9.4 18.2 18.5

Anti-measles herd immunity-related indicators

Mean prevalence (%) of individuals in the target vaccination population with vaccine-induced measles immunity

Measles 87.6 74.0 92.3 91.6 94.1 93.1 94.6
immunity
Percentage of countries with herd immunity against measles viruses with R, from 10 to >20
Ro <10 66.1 404 62.9 68.2 924 72.7 59.3
Ro <12 59.0 27.6 54.3 59.1 88.7 63.6 59.3
Ry <15 41.5 10.6 25.7 50.0 66.0 63.6 51.8
Ro <18 23.1 0 8.6 454 35.8 36.4 33.3
Ro <19 0 0 5.7 31.8 13.2 27.3 222
R, > 20 0 0 0 0 0 0 0

3.3. Anti-Measles Herd Immunity Levels in Countries of the World and Regions of the WHO
in 2023

The worldwide mean prevalence of vaccine-induced measles protection found in this
study was 87.6% (Table 2). Worldwide measles protection levels were not sufficient to block
the transmission of measles viruses with R, values equal to or greater than 10, as herd
immunity against these viruses can be established with a 90% prevalence (Table 2).

The mean (per country) prevalence of measles protection ranged from 74% in African
region to 94.1 in the European region and 94.6% in the Western Pacific region (Table 2).
Based on the regional mean prevalence of vaccine-induced measles protection, anti-measles
herd immunity levels (target vaccination population) were sufficient to block the trans-
mission of measles viruses with greater transmissibility (R, > 15) only in the Western
Pacific and European WHO regions (Table 2). Anti-measles herd immunity was established
against measles viruses with R, < 18 (94.4% required) in the Western Pacific region; against
viruses with R, <16 (93.8% required) in the European region; against viruses with R, < 14
(92.9% required) in the South-East Asia region; against viruses with R, < 12 (91.7% re-
quired) in the Americas region; and against viruses with R, < 11 (90.9% required in the
Eastern Mediterranean region (Table 2). Anti-measles herd immunity was not established
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against measles viruses with R, > 19 in any WHO region because the mean prevalence
of vaccine-induced immune protection was lower than 94.7% in all regions (Table 2). In
the African region, anti-measles herd immunity was not established against viruses with
R, > 10 because its mean prevalence of vaccine-induced immune protection as lower than
90% (Table 2).

The percentage of countries with sufficient herd immunity against measles viruses
with R, values equal to or lower than 15 was 41.5%, while 23.1% of the countries had
sufficient herd immunity against measles viruses with R, values equal to or lower than 18
(Table 2).

The Eastern Mediterranean, Europe, South-East Asia and Western Pacific regions had
the best country-based anti-measles herd immunity profiles, while the African region had
the worst profile (Table 2).

3.4. Variation for Routine Measles Vaccination-Related Indicators in Countries of the World and
Regions of the WHO from 2019 to 2023

The study found that five measles vaccination coverage-related indicators worsened
and one indicator improved from 2019 to 2023 (Table 3).

Table 3. Variation for measles vaccination and anti-measles herd immunity indicators in different
regions of the WHO between 2019 and 2023.

African Americas Eastern Furopean South-East Western
World Region Region Mediterranean Re I;on Asia Pacific
8 8 Region 8 Region Region
No. of 195 47 35 22 53 11 27
countries
Routine measles vaccination-related indicators
Mean vaccination coverage (%) with two. one and zero doses of measles vaccine
2 doses —-3.7 24.0 -1.0 —-3.2 2.5 —35.0 30.9
1 dose 7.8 —30.7 5.8 27.6 —11.2 171.9 —71.0
0 doses 7.8 24.9 —25.9 —60.0 —44.4 —64.3 —96.5
Percentage of countries with two-dose measles vaccination coverage > 95% and >90%
>95% —39.6 —100.0 —79.7 —4.6 —37.7 —33.3 —33.3
>90% —18.6 —100.0 —62.4 7.3 —15.6 0.0 —10.0
Percentage of countries where all children had received one or two doses of measles vaccine (0% of zero-dose children)
—24.8 —100.0 —60.1 —20.6 0.0 —33.3 0.0

Anti-measles herd immunity-related indicators

Mean prevalence (%) of individuals in the target vaccination population with vaccine-induced measles immunity

Measles

. . —0.6 —4.6 0.5 3.9 0.4 -0.1 6.5
immunity
Percentage of countries with herd immunity against measles viruses with R, from 10 to >20
R, <10 —6.4 0.0 —15.3 22 -2.0 —111 —15.8
R, <12 -7.7 —7.4 —17.4 —4.5 -21 —12.5 —11.1
R, <15 —19.4 —28.9 —43.8 —4.6 —18.6 16.7 —17.8
Ro <18 —28.9 —100.0 —62.4 19.2 -13.7 —33.2 —18.2
R, <19 —100.0 —100.0 —66.7 11.2 —22.4 0.0 0.0
R, > 20 0.0 0.0 0.0 0.0 0.0 0.0 0.0

The mean global two-dose measles vaccination coverage decreased by 3.7% and the
mean global zero-dose measles vaccination coverage increased by 7.8% from 2019 to 2023

23



Vaccines 2025, 13, 157

(Table 3). The mean global one-dose vaccination coverage improved by 7.8% from 2019 to
2023 (Table 3).

The percentage of countries with two-dose measles vaccination coverage > 95% and
>90% decreased by 39.6% and 18.6%, respectively, from 2019 to 2023 (Table 3). The
percentage of countries where all children had received at least one dose of measles vaccine
(without zero-dose children) decreased by 24.8% from 2019 to 2023 (Table 3).

The global mean two-dose measles vaccination coverage decreased from 2019 to 2023
in the South-East Asia, Eastern Mediterranean and Americas regions, while it improved
in the other regions (Table 3). The variation for this indicator ranged from —35% in the
South-East Asia region to 30.9% in the Western Pacific region (Table 3).

The mean zero-dose measles vaccination coverage decreased from 2019 to 2023 in all
WHO regions except in the African region (Table 3). The variation for this indicator ranged
from —96.5% in the Western Pacific region to 24.9% in the African region (Table 3).

The percentage of countries with two-dose measles vaccination coverage > 95%
decreased between 2019 and 2023 in all WHO regions (Table 3). The variation for this
indicator ranged from —4.6% in the Eastern Mediterranean region to —100% in the African
region (Table 3).

The percentage of countries with two-dose measles vaccination coverage > 90%
decreased between 2019 and 2023 in all WHO regions, except in the Eastern Mediterranean
and South-East Asia regions (Table 3). The variation for this indicator between 2019 and
2023 ranged from 7.3% in the Eastern Mediterranean region to —100% in the African region
(Table 3).

The percentage of countries without zero-dose measles vaccination children because
all children had received one or two doses of measles vaccine decreased from 2019 to 2023
in all WHO regions, except in the European and Western Pacific regions (Table 3). The
variation for this indicator between 2019 and 2023 ranged from 0% in the European and
Western Pacific regions to —100% in the African region (Table 3).

3.5. Variation for Anti-Measles Herd Immunity-Related Indicators in Countries of the World and
Regions of the WHO from 2019 to 2023

The study found that all anti-measles herd immunity-related indicators assessed in
this study worsened in the world from 2019 and 2023 (Table 3). The mean prevalence of
individuals with vaccine-induced measles immunity decreased by 0.6%, and the percentage
of countries with herd immunity against measles viruses with R, values < 19 decreased by
100% from 2019 to 2023 (Table 3).

The mean prevalence of individuals in the target vaccination population with vaccine-
induced measles immunity increased in the Western Pacific, Eastern Mediterranean, Euro-
pean and Americas regions, while it decreased in the Africa and South-East Asia regions
between 2019 and 2023 (Table 3). The variation for this indicator between 2019 and 2023
ranged from 6.5% in the Western Mediterranean region to —4.6% in the African region
(Table 3).

3.6. Assessment of Whether Zero-Dose Measles Vaccination Indicators in 2023 Were on Track to
Achieve the IA2030 Objective Reduction by 2030

In 2023, the three indicators of zero-dose measles coverage assessed in this study were
not on track to achieve a 50% reduction in their 2019 values by 2030. The number of zero-
dose measles children estimated by the WHO/UNICEEF, the mean MCV1-based zero-dose
coverage and the two-dose measles coverage were 40.6%, 46,5% and 36.7% greater than the
values required to be on track to achieve the 2030 objective (Figures 1 and 2).
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Figure 1. Number of zero-dose measles children (did not receive the MCV1 vaccine) estimated from
2019 and 2023, and number of zero-dose children required from 2019 to 2030 to achieve the IA 2030
objective (9.65 million).
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Figure 2. Track to achieve a 50% reduction from 2019 to 2030 for mean MCV1-based zero-dose
measles vaccination coverage, and MCV1-based zero-dose coverage observed from 2019 to 2023.
Track to achieve a 50% reduction from 2019 to 2030 for mean zero-dose measles vaccination coverage
determined from two and one doses of measles vaccination, and zero-dose coverage observed in this
study for 2023.

The number of zero-dose measles children estimated by WHO/UNICEF in 2023
(22.2 million) [20] was not on track to achieve the 2030 objective of 9.65 million (Figure 1).
To be on track, the number of zero-dose measles children should be reduced by 877,273 per
year from 2019 to 2030 (Figure 1). The number of zero-dose measles children estimated in
2023 was 40.6% greater than the number required (15.8 million) to be on track. The number
of zero-dose measles children estimated by WHO/UNICEF for 2020 (22.3 million), 2021
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(24.7 million) and 2022 (21.9 million) [4,20,21] were also out of track to achieve the IA2030
objective (Figure 1).

In 2023, the mean zero-dose measles vaccination coverage determined from the mean
MCV1 coverage (14.8%) was not on track to achieve the 2030 objective of 6.2% (Figure 2). To
be on track, the MCV1-based zero-dose coverage should be reduced by 0.56% per year from
2019 to 2030. In 2023, the mean MCV1-based zero-dose coverage was 46.5% greater than
the coverage required (10.1%) to be on track to achieve the 2030 objective (Figure 2). The
mean MCV1-based zero-dose coverage in 2020, 2021 and 2022 were also off track (Figure 2).

In 2023, the mean zero-dose measles vaccination coverage determined from the cover-
age for two and one doses of measles vaccine (6.9%) was not on track to achieve the 2030
objective of 3.2% (Figure 2). To be on track, the zero-dose coverage should be reduced by
0.29% per year from 2019 to 2030. In 2023, the mean zero-dose coverage was 36.7% greater
than the coverage required (5.2%) to be on track to achieve 2030 (Figure 2). The mean
zero-dose coverages in 2020, 2021 and 2022 were also off track (Figure 2).

4. Discussion

This study found four key results for 2023: (1) The global means for two-dose, one-
dose and zero-dose measles vaccination coverage were 65.3%, 27.8% and 6.9%, respectively.
(2) Mean percentages of two-dose measles vaccination coverage were lower than >95% in
all WHO regions. (3) The mean prevalence of measles-protected individuals in the target
vaccination population was 87.6%. (4) Anti-measles herd immunity levels in the target
vaccination population was sufficient to block the transmission of measles viruses with
greater transmissibility (R, > 15) only in the Western Pacific and European WHO regions.

In addition, this study found that measles vaccination coverage and anti-measles herd
immunity-related indicators worsened from 2019 to 2023. The mean measles vaccination
coverage increased by 7.8%. The percentage of countries with two-dose measles vaccination
coverage > 95% decreased by 39.6%. The mean prevalence of measles-protected individuals
in the target vaccination population decreased by 0.6%. The mean MCV1 coverage and
the number of zero-dose measles vaccine children in 2023 were not on track to achieve the
AI2030 objective of zero-dose measles vaccination coverage.

The global mean zero-dose measles vaccination coverage found in this study in 2023
was 6.9%, and it increased by 7.8% from 2019 to 2023. The worldwide mean zero-dose
measles coverage found in 2023 can be explained by the high mean zero-dose coverage in
countries in the African region (21.1%), which contrasted with the <3% mean zero-dose
coverage in the other WHO regions. The 7.8% increase in this indicator between 2019
and 2023 can be explained by the 24.9% increase in the African region. In fact, the mean
zero-dose measles coverage improved in all WHO regions from 2019 to 2023, except in the
African region.

In addition, the study found that the percentage of countries without zero-dose
measles children because all children had received at least one dose of measles vaccine was
only 9.7%. However, the variation for this indicator from 0% in the African region to 22%
in the Eastern Mediterranean region shows that reducing the zero-dose measles vaccine
children must be a priority in all countries and WHO regions.

Measles meets the criteria for disease eradication, but the results found in this study for
2023 showed that routine measles vaccination programs had not recovered from COVID-19
pandemic disruptions, and progress toward measles elimination in most countries and
in all WHO regions had slowed. A similar result was found by WHO/UNICEF [20], and
inadequate progress toward measles eradication was found in prior evaluations carried
out in 2016 [22], 2019 [10], 2021 [21] and 2022 [4]. The midterm evaluation of the Global
Measles Strategic Plan 2012-2020 carried out in 2016 [22] considered that progress toward
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measles eradication was inadequate in 2016 due to a lack of political will as well as country
ownership, reflected in insufficient resources.

The IA2030 agenda has committed to eliminating measles in at least five of the six
WHO regions by 2030, and one of the key IA2030 objectives is to reduce the number of
children who have not received at least one measles vaccine (zero-dose measles children)
by 50% from 2019 to 2030 [1,20]. However, this study found that the three indicators of
zero-dose measles coverage assessed were not on track for achieving a 50% reduction
from 2019 to 2030. In 2023, the number of zero-dose measles children estimated by the
WHO/UNICEF and the mean MCV1-based zero-dose coverage and the two-dose measles
coverage were 40.6%, 46.5% and 36.7% greater than their values required to be on track to
achieve the 2030 objective.

The priority prevention strategy to eliminate measles in different WHO regions is to
achieve and maintain percentages of two-dose measles vaccination coverage equal to or
greater than 95% for three reasons. Firstly, achieving and maintaining a routine measles
vaccination coverage > 95% can generate sufficient population immunity to establish anti-
measles herd immunity in the community [10,11,23]. Secondly, it is a critical strategy in the
path toward measles elimination because it can be achieved only in countries with strong
measles vaccination programs and strong primary healthcare services [20,24]. Thirdly, the
strategy to increase measles vaccination coverage with SIAs has limitations that make it
insufficient for achieving and maintaining measles elimination [10,11,25].

In each country and WHO region, a routine measles vaccination coverage with two
doses of measles vaccine coverage of at least 95% should be achieved in every birth
cohort and in different areas and communities to ensure sufficient population immunity to
establish anti-measles herd immunity against measles viruses [1-3,10,11,25]. Based on the
results of this study, three measles prevention strategies should be developed depending
on the two-dose routine measles vaccination coverage and anti-measles vaccine-induced
herd immunity levels achieved in 2023. In the European and Western Pacific regions, the
main objective should be to increase their mean two-dose measles vaccination coverage
from 86-93% to >95% to avoid cases and outbreaks generated by viruses imported from
endemic countries.

In the Eastern Mediterranean, Americas and South-East Asia regions, the main objec-
tive should be to increase their 53-72% mean two-dose measles vaccination coverage to
>95% and to increase anti-measles herd immunity levels to block transmission of measles
viruses with greater transmissibility.

In the African region, great efforts and international support are necessary to increase
the two-dose measles vaccination coverage in the African region from 48% to >95%, reduce
the number of zero-dose measles vaccine children and increase anti-measles herd immunity
levels. This study found that insufficient global mean levels for measles vaccination-related
and anti-measles herd immunity-related indicators depended greatly on the situation in
the African region. Therefore, the global measles eradication objective depends greatly on
improving the measles situation in the African region.

The following interventions can be used to increase routine two-dose measles vaccina-
tion coverage to >95% and to increase anti-measles herd immunity levels in all countries
and WHO regions: (1) implement advanced vaccination programs [26,27]; (2) increase
routine two-dose measles vaccination coverage from 95% to 97% [11]; (3) develop measles
screening and vaccination programs to reach susceptible individuals and populations
with low measles immunity levels [10,11,25,28,29]; (4) develop supplementary vaccination
activities [20,30,31]; (5) implement interventions to increase measles vaccination access and
vaccine provision [32]; (6) implement interventions to reduce measles vaccination hesi-
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tancy [33-36]; (7) implement interventions to increase healthcare provider engagement [37];
and (8) implement compulsory measles vaccination [38,39].

Screening and vaccination programs can be developed to reach susceptible individ-
uals and populations with low levels of measles protection. This strategy can achieve
and maintain herd immunity levels against measles viruses with greater transmissibil-
ity by (i) immunizing all susceptible individuals in the population or (2) immunizing
susceptible individuals in areas and population groups with low measles protection
levels [10,11,25,28,40]. However, seroprevalence studies in representative samples of the
population must be developed to detect the areas and population groups with insufficient
measles protection levels [25].

Supplementary immunization activities (SIAs) can be developed to reach populations
and areas with low percentages of vaccination coverage. SIAs based on catch-up and
follow-up vaccination campaigns are currently implemented in countries with inadequate
first and /or second measles vaccine dose coverage [20]. In 2022, 115 million people received
measles vaccines through SIAs in 44 countries [4]. Catch-up SIAs include children aged
9 months—14 years and follow-up SIAs include children aged 9—59 months. SIAs are
implemented to provide a second vaccination opportunity to an entire cohort with low
measles vaccination coverage, and to protect children who are susceptible to measles due
to primary MCV1 failure [2,20]. However, the strategy to increase measles vaccination
coverage with SIAs has important economic and logistic limitations that make it insufficient
for achieving and maintain measles elimination, such as their inability to detect and
vaccinate all susceptible children [10,11,25]. A recent study [41] assessing the quality and
results achieved with SIAs implemented since 2020 found a mean SIA coverage among
previously measles-zero-dose children was 58.3%, although only 23% of the 66 countries
with a national-level SIA had a post-campaign coverage survey report available, and
50% of the reports included the coverage achieved among previously measles-zero-dose
children [41]. The analysis of a high-quality anonymized database from an SIA carried out
in Somalia in 2022 found that 94.6% of the children included in SIAs had been previously
vaccinated with either one or 2+ measles doses, 5.4% of the children had received previously
zero doses of measles vaccine, and the SIA coverage was 92% among previously vaccinated
children and only 37.2% among zero-dose children [41].

Parental attitudes and beliefs toward measles vaccination are of great importance
in influencing measles vaccination [42,43]. Parental hesitancy to vaccinate their children
can be attributed to concerns about vaccine efficacy and safety, measles susceptibility,
measles severity, vaccine accessibility and mistrust in experts [33-35]. Health education
activities and national vaccination information campaigns can be developed to fight against
measles vaccination hesitancy to reduce misinformation about measles vaccine efficacy
and safety and to improve trust in vaccines, health providers and vaccination programs.
In the United States of America, National Immunization Awareness Month is an annual
observance held in August to highlight the importance of vaccination for people of all
ages [36]. These interventions can help raise awareness about the importance of vaccination
and encourage people to talk to a healthcare provider they trust about staying up to date
on their vaccinations.

Delaying measles elimination in countries and WHO regions makes it more difficult to
achieve and maintain measles elimination and eradication in the world [44]. The widening
measles vaccination coverage and measles immunity gaps among countries and WHO
regions found in this study for the 2019—2023 period shows that the risk of measles
outbreaks has increased in all countries and the probability of re-establishing measles
transmission in countries where measles had been eliminated is now greater than in 2019.
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This study has several limitations. Firstly, the analysis carried out in this study used
the information on routine vaccination of the WHO/UNICEF global and regional immu-
nization systems. However, the information reported by the WHO/UNICEF global and
regional immunization systems is validated periodically by the World Health Organiza-
tion [17,18,45]. Secondly, herd immunity levels against measles viruses in different WHO
regions were assessed by comparing the mean prevalence of individuals with vaccine-
induced measles protection and the critical prevalence blocking the transmission of measles
viruses in the population. Measles protection levels would be greater assuming greater
levels for measles vaccination effectiveness. However, values of measles vaccination effec-
tiveness of 95% and 92% for two and one doses of measles vaccines, respectively, have been
found in studies assessing measles vaccination effectiveness [19]. Thirdly, anti-measles
herd immunity levels in different WHO regions were assessed against measles viruses with
R, values from 10 to 20. However, this range of R, values has been obtained in studies
assessing the transmissibility of measles viruses [10,46].

5. Conclusions

The study found that worldwide percentages of two-dose measles vaccination cover-
age were lower than >95% and anti-measles herd immunity levels in the target vaccination
population were sufficient to block the transmission of measles viruses with greater trans-
missibility (Ro > 15) only in the Western Pacific and European WHO regions. All measles
vaccination coverage-related and anti-measles herd immunity-related indicators worsened
from 2019 to 2023. The zero-dose measles coverage and number of zero-dose measles
children found in 2023 were not on track to achieve the AI2030 objective. Interventions to
increase routine two-dose measles vaccination coverage should be developed in all WHO
regions to meet the goal of eradicating measles worldwide.

Funding: This research received no external funding.
Institutional Review Board Statement: The study did not require ethical approval.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Acknowledgments: Mean percentages of measles routine vaccination coverage in regions of the
WHO were calculated using the information of the WHO on “WHO/UNICEEF estimates of routine
vaccines”: https://www.who.int/news-room/questions-and-answers/item/who-unicef-estimates-
of-national-immunization-coverage.

Conflicts of Interest: The author declares no conflicts of interest.

References

1. World Health Organization (WHO). Global Vaccine Action Plan; WHO: Geneve, Switzerland, 2020. Available online: https:
/ /www.who.int/publications/i/item/global-vaccine-action-plan-2011-2020 (accessed on 15 October 2024).

2. WHO/UNICEF. Immunization Agenda 2030. A Global Strategy to Leave No One Behind. Available online:
https:/ /cdn.who.int/media/docs/default-source /immunization/strategy/ia2030/ia2030-draft-4-wha_b8850379-1fce-48
47-bfd1-5d2c9d9e32£8.pdf?sfvrsn=5389656e_69&download=true (accessed on 15 October 2024).

3. WHO. Eliminating Measles and Rubella in the WHO European Region; Integrated Guidance for Surveillance, Outbreak Response
and Verification of Elimination; WHO Regional Office for Europe: Copenhagen, Denmark, 2024. Available online: https:
/ /iris.who.int/bitstream /handle /10665/375923 /9789289060783-eng.pdf?sequence=1 (accessed on 20 December 2024).

4. Minta, A.A.; Ferrari, M.; Antoni, S.; Portnoy, A.; Sbarra, A.; Lambert, B.; Hatcher, C.; Hsu, C.H.; Ho, L.L.; Steulet, C.; et al. Progress
Toward Measles Elimination—Worldwide, 2000-2022. MMWR Morb. Mortal. Wkly. Rep. 2023, 72, 1262-1268. [CrossRef]

5. O’Connor, P; Masresha, B.; Pastor, D.; Musa, N.; Hagan, ].; Khanal, S.; Lee, C.-W.; Crowcroft, N. Global Status Report for the

Verification of Measles and Rubella Elimination, 2022. Vaccines 2024, 12, 947. [CrossRef]

29



Vaccines 2025, 13, 157

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

WHO. Centralized Information System for Infectious Diseases (CISID). Measles-Number of Cases, 2015-2023. Available online:
http:/ /data.euro.who.int/cisid /?TabID=523870 (accessed on 7 October 2024).

WHO. Centralized Information System for Infectious Diseases (CISID). Measles-Number of Hospitalizations. 2023. Available
online: http://data.euro.who.int/cisid /?TabID=523869 (accessed on 7 September 2024).

WHO. Centralized Information System for Infectious Diseases (CISID). Measles-Number of Deaths. 2023. Available online:
http:/ /data.euro.who.int/cisid /?TabID=523871 (accessed on 7 October 2024).

World Health Organization (WHO). Measles and Rubella Strategic Framework 2021-2030; World Health Organization: Geneva,
Switzerland, 2020. Available online: https://www.immunizationagenda2030.org/images/documents/measles_rubella_
initiative_Digital3.pdf (accessed on 7 October 2024).

Plans-Rubid, P. Vaccination Coverage for Routine Vaccines and Herd Immunity Levels against Measles and Pertussis in the World
in 2019. Vaccines 2021, 9, 256. [CrossRef] [PubMed]

Plans-Rubid, P. Are the Objectives Proposed by the WHO for Routine Measles Vaccination Coverage and Population Measles
Immunity Sufficient to Achieve Measles Elimination from Europe? Vaccines 2020, 8, 218. [CrossRef]

World Health Organization (WHO). Strategic Plan for Measles and Congenital Rubella Infection in the WHO European Region; WHO
Regional Office for Europe: Copenhagen, Denmark, 2003. Available online: https://iris.who.int/handle/10665/107526 (accessed
on 7 October 2024).

European Centre for Disease Prevention and Control (ECDC). Measles: Recommended Vaccination. Available online: https:
/ /vaccine-schedule.ecdc.europa.eu/Scheduler/ByDisease?Selected Diseaseld=8&SelectedCountryldByDisease=-1 (accessed on 2
December 2024).

Vanderslott, S.; Dathui, S.; Spooner, F.; Roser, M. Our World in Data. Vaccination. Available online: https://ourworldindata.org/
vaccination (accessed on 2 December 2024).

Rosenthal, S.R.; Clements, C.J. Two-dose measles vaccination schedules. Bull. World Health Organ. 1993, 71, 421-428. [PubMed]
Gay, N.J. The theory of measles elimination: Implications for the design of elimination strategies. J. Infect. Dis. 2004, 189 (Suppl. 1),
527-S35. [PubMed]

UNICEE. WHO/UNICEF Estimates of Routine Vaccination Coverage. 2023. Available online: https:/ /data.unicef.org/topic/
child-health/immunization/ (accessed on 9 September 2024).

Burton, A.; Monasch, R.; Lautenbach, B.; Gacic-Dobo, M.; Maryanne, N.; Karimov, R.; Wolfson, L.; Jones, G.; Birmingham, M.
WHO and UNICEF estimates of national infant immunization coverage: Methods and processes. Bull. World Health Organ. 2009,
87, 535-541. [CrossRef]

Demicheli, V.; Rivetti, A.; Debalini, M.G.; Di Pietrantonj, C. Vaccines for Measles, Mumps and Rubella in Children. Cochrane
Database Syst. Rev. 2021, 8, 2076-2238. [CrossRef]

WHO-UNICEEF. Progress and Challenges with Achieving Universal Immunization Coverage. Available online: https://cdn.who.
int/media/docs/default-source/immunization /wuenic-progress-and-challenges.pdf?sfvrsn=b5eb9141_12&download=true
(accessed on 10 December 2024).

Minta, A.A,; Ferrari, M.; Antoni, S.; Portnoy, A.; Sbarra, A.; Lambert, B.; Hauryski, S.; Hatcher, C.; Nedelec, Y.; Datta, D.; et al.
Progress Toward Regional Measles Elimination—Worldwide, 2000-2021. MMWR Morb. Mortal. Wkly. Rep. 2022, 71, 1489-1495.
[CrossRef] [PubMed]

Orenstein, W.A.; Cairns, L.; Hinman, A.; Nkowane, B.; Olivé, ].M.; Reingold, A.L. Measles and Rubella Global Strategic Plan
2012-2020 midterm review report: Background and summary. Vaccine 2018, 36 (Suppl. 1), A35-A42. [CrossRef]

World Health Organization (WHO). Measles vaccines: Position paper—April 2017. Wkly. Epidemiol. Rep. 2017, 92, 205-227.
Winter, A.K.; Moss, W.]J. Possible Paths to Measles Eradication: Conceptual Frameworks, Strategies, and Tactics. Vaccines 2024,
12, 814. [CrossRef] [PubMed]

Plans, P. New preventive strategy to eliminate measles, mumps and rubella from Europe based on the serological assessment of
herd immunity levels is the population. Eur. ]. Clin. Microbiol. Infect. Dis. 2013, 32, 961-996. [CrossRef] [PubMed]

Pavia, G.; Branda, E.; Ciccozzi, A.; Romano, C.; Locci, C.; Azzena, I.; Pascale, N.; Marascio, N.; Quirino, A.; Matera, G.; et al.
Integrating digital health solutions with immunization strategies: Improving immunization coverage and monitoring in the
post-COVID-19 era. Vaccines 2024, 12, 847. [CrossRef] [PubMed]

Stockwell, M.S.; Fiks, A.G. Utilizing health information technology to improve vaccine communication and coverage. Hum.
Vaccin. Immunother. 2013, 9, 1802-1811. [CrossRef] [PubMed]

Rabil, M.]J.; Tunc, S.; Bish, D.R.; Bish, E.K. Benefits of integrated screening and vaccination for infection control. PLoS ONE 2022,
17, €0267388. [CrossRef]

Rachlin, A.; Hampton, L.M.; Rota, P.A.; Mulders, M.N.; Papania, M.; Goodson, J.L.; Krause, L.K.; Hanson, M.; Osborn, J.; Kelly-
Cirino, C.; et al. Use of Measles and Rubella Rapid Diagnostic Tests to Improve Case Detection and Targeting of vaccinations.
Vaccines 2024, 12, 823. [CrossRef]

30



Vaccines 2025, 13, 157

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Mokdad, A.H.; Gagnier, M.C.; Colson, K.E.; Dansereau, E.; Zuniga-Brenes, P.; Rios-Zertuche, D.; Haakenstad, A.; Johanns,
C.K,; Palmisano, E.B.; Hernandez, B.; et al. Missed opportunities for measles, mumps, and rubella (MMR) immunization in
Mesoamerica: Potential impact on coverage and days at risk. PLoS ONE 2015, 10, e0139680. [CrossRef]

Ropero Alvarez, A.M.; Jane Kurtis, H.; Vulanovic, L.; Hasan, H.; Ruiz, C.; Thrush, E. The evolution of Vaccination Week in the
Americas. Rev. Panam. Salud Publica 2017, 41, €150. [CrossRef]

Szilagyi, P.G.; Schaffer, S.; Shone, L.; Barth, R.; Humiston, S.G.; Sandler, M.; Rodewald, L.E. Reducing geographical, racial, and
ethnic disparities in childhood immunization rates by using reminder/recall interventions in urban primary care practices.
Pediatrics 2002, 110, e58. [CrossRef] [PubMed]

Kaufman, J.; Rak, A ; Vasiliadis, S.; Brar, N.; Atif, E.; White, J.; Danchin, M.; Durrheim, D.N. The Case for Assessing the Drivers of
Measles Vaccine Uptake. Vaccines 2024, 12, 692. [CrossRef]

Higgins, D.M.; O’Leary, S.T. A World without Measles and Rubella: Addressing the Challenge of Vaccine Hesitancy. Vaccines
2024, 12, 694. [CrossRef] [PubMed]

Wilder-Smith, A.B.; Qureshi, K. Resurgence of measles in Europe: A systematic review on parental attitudes and beliefs of
measles vaccine. J. Epidemiol. Glob. Health 2020, 10, 46-58. [CrossRef]

Center for Disease Control (CDC). National Immunization Awareness Month. Available online: https://www.cdc.gov/vaccines/
events/niam/index.html (accessed on 3 November 2024).

Poland, C.M.; Ratishvili, T. Vaccine hesitancy and health care providers: Using the preferred cognitive styles and decision-making
model and empathy tool to make progress. Vaccine X 2022, 11, 100174. [CrossRef]

Salmon, D.A; Teret, S.P.; Macintyre, C.R.; Salisbury, D.; Burgess, M.A.; Halsey, N.A. Compulsory vaccination and conscientious
or philosophical exemptions: Past, present, and future. Lancet 2006, 367, 436-442. [CrossRef]

Haverkate, M.; D’Ancona, F.; Giambi, C.; Lopalco, PL.; Cozza, V.; Appelgren, E. Mandatory and recommended vaccination in the
EU, Iceland and Norway: Results of the VENICE 2010 survey on the ways of implementing national vaccination programs. Euro
Surveill. 2012, 17, 20183. [CrossRef] [PubMed]

Pannuti, C.S.; Morello, R.J.; De Moraes, J.C.; Curti, S.P.; Afonso, A.M.S.; Camargo, M.C.C.; De Souza, V.A.U.F. Identification of
primary and secondary measles vaccine failures by measurement of immunoglobulin G avidity in measles cases during the 1997
Sao Paulo Epidemic. Clin. Diagn. Lab. Immunol. 2004, 11, 119-122. [CrossRef] [PubMed]

Danovaro-Holliday, M.C.; Koh, M,; Steulet, C.; Rhoda, D.A.; Trimner, M.K. Lessons from Recent Measles Post-Campaign Coverage
Surveys Worldwide. Vaccines 2024, 12, 1257. [CrossRef]

O’Leary, S.T.; Opel, D.J.; Cataldi, J.R.; Hackell, ]. M.; Committee on Infectious Diseases; Committee on Practice and Ambula-
tory Medicine; Committee on Bioethics. Strategies for Improving Vaccine Communication and Uptake. Pediatrics 2024, 153,
€2023065483. [CrossRef]

European Centre for Disease Prevention and Control (ECDC). Catalogue of Interventions Addressing Vaccine Hesitancy; ECDC:
Stockholm, Sweden, 2017.

Crowcroft, N.S.; Minta, A.A.; Bolotin, S.; Cernuschi, T.; Ariyarajah, A.; Antoni, S.; Mulders, M.N.; Bose, A.S.; O’Connor, PM. The
Problem with Delaying Measles Elimination. Vaccines 2024, 12, 813. [CrossRef] [PubMed]

WHO-UNICEF. WHO UNICEF Immunization Coverage Estimates 2023 Revision (Released 15 July 2024). Available online:
https:/ /www.who.int/publications/m/item/WUENIC_notes (accessed on 29 November 2024).

Guerra, F; Bolotin, S.; Lim, G.; Heffernan, J.; Deeks, S.L.; Li, Y.; Crowcroft, N.S. The basic reproduction number (Ro) of measles: A
systematic review. Lancet Infect. Dis. 2017, 17, e420—-e428. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

31



vaccines

Review

Vaccine Hesitancy and Associated Factors Amongst Health

Professionals: A Scoping Review of the Published Literature

Antonios Christodoulakis 12't, Izolde Bouloukaki *t, Antonia Aravantinou-Karlatou 1,

Michail Zografakis-Sfakianakis > and Ioanna Tsiligianni

1

Department of Social Medicine, School of Medicine, University of Crete, 71500 Heraklion, Greece;
christodoulakisa@uoc.gr (A.C.); medp2012149@med.uoc.gr (A.A.-K.); i.tsiligianni@uoc.gr (I.T.)
Department of Nursing, School of Health Sciences, Hellenic Mediterranean University,

71410 Heraklion, Greece; mzografakis@hmu.gr

*  Correspondence: izolthi@gmail.com; Tel.: +30-28-1-039-4607

These authors contributed equally to this work.

Abstract: Background/Objectives: Healthcare professionals (HCPs) hold significant influence over
public attitudes toward vaccinations. Studies suggest that HCPs are hesitant towards the coronavirus
disease 2019 (COVID-19) vaccines. This hesitancy could lead to lower vaccination rates in the
community. Therefore, this scoping review aimed to assess the extent of hesitancy towards COVID-19
booster doses among HCPs and identify the associated factors. Methods: A comprehensive search
was conducted in the PubMed and Scopus databases from April to August 2024, using keywords
related to COVID-19, vaccine hesitancy, HCPs, and booster vaccination. Studies that had been peer-
reviewed, published in English after 2022, and focused on the hesitancy of the COVID-19 booster dose
hesitancy among HCPs were included. Out of the 6703 studies screened, 24 studies were included.
Results: Most of the HCPs have received their initial series of COVID-19 vaccinations. However,
there is a lower rate of uptake for booster doses, with hesitancy rates ranging from 12% to 66.5%.
Hesitancy rates varied significantly across continents, with Asia, Africa, and Europe ranging from
19.7% to 66.5%, 27% to 46.1%, 14% to 60.2%, respectively. Hesitancy was reported to be influenced by
various factors, including concerns about vaccine safety, necessity, and effectiveness of these vaccines.
In addition, the hesitancy regarding booster doses was also found to be influenced by factors like
age, gender, profession, and previous COVID-19. Physicians, nurses, and pharmacists exhibited
vaccine hesitancy rates ranging from 12.8% to 43.7%, 26% to 37%, and 26% to 34.6%, respectively.
Conclusions: Our review underscores the hesitancy among HCPs towards receiving booster doses
across countries around the world and explores the underlying factors. These findings provide
valuable insights for the design of future pandemic vaccination programs.

Keywords: vaccination hesitancy; booster dose; healthcare professionals; COVID-19; reasons; factors;
review

1. Introduction

The outbreak of the coronavirus disease 2019 (COVID-19) has caused a worldwide
emergency situation, affecting various aspects of human life [1]. The unprecedented onset
of the COVID-19 pandemic has also imposed a significant burden on healthcare systems
worldwide [1]. Measures like social distancing, wearing face masks in public, lockdowns,
and quarantines have helped to initially control the transmission of the virus [2,3]. How-
ever, to return to normal life, long-term solutions such as universal vaccination were
needed [2,4,5]. In this context, the development of COVID-19 vaccines has been suggested
to combat the pandemic, by reducing the severity of illness and lowering the spread of the
virus [6,7]. Nevertheless, even though the pandemic has been effectively controlled, the
virus is still spreading, due to the emergence of new strains of COVID-19 and the declin-
ing effectiveness of primary doses of the COVID-19 vaccines [8-10]. This has prompted
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the World Health Organization (WHO) to consistently update its recommendations for
COVID-19 vaccination. These updates emphasize the importance of vaccinating both the
general public and healthcare professionals (HCPs) [11].

HCPs are frequently considered a target population for vaccination initiatives, as they
possess characteristics typically associated with vaccine acceptance. These include a high
level of education, clinical experience, and affiliation with professional organizations that
advocate for vaccination [12]. Moreover, HCPs were prioritized for the COVID-19 vaccine
due to their occupational exposure and frequent interaction with infected individuals [13].
However, their willingness to get vaccinated varied and often fell short of expectations [14].
Encouraging positive attitudes towards vaccination among HCPs was proposed not only
for ensuring their personal safety, as well as the safety of their families and patients, but
also to promote its acceptance among others [15]. The reason behind this is that HCPs act as
facilitators and communicators for vaccines to patients and the general public [16-18]. More
specifically, during both the initial and subsequent COVID-19 vaccination campaigns, HCPs
had the role of addressing concerns and misunderstandings about COVID-19 vaccination,
and supporting the benefits of getting vaccinated [19,20]. Several studies have reported
resistance to receiving COVID-19 booster doses (BDs) which could potentially negatively
impact trust in vaccines among the general population [17,21,22]. If HCPs exhibit hesitancy
or resistance towards receiving the vaccine, it could reflect a similar attitude among patients,
influencing public opinion [23].

The European Centre for Disease Prevention and Control defines vaccine hesitancy
as the “delay in acceptance or refusal of vaccines despite availability of vaccination ser-
vices” [24]. The distribution of initial vaccine hesitancy among HCPs appears to vary, with
certain characteristics such as age, sex, race/ethnicity, political affiliation, professional role,
and healthcare facility type identified as predictors of vaccine uptake [25-30]. Furthermore,
the way HCPs perceive their vulnerability to and the seriousness of COVID-19, as well as
their past experience testing positive for the virus, greatly impacted their decision to get
vaccinated [26,29]. Importantly, HCPs’ initial hesitancy towards vaccinations appears to
remain when it comes to receiving BDs of the COVID-19 vaccine, although studies indicate
varying levels of acceptance and hesitancy towards BDs [31-34]. Based on the initial find-
ings, HCPs viewed BDs as less important and expressed a lack of confidence in them [35].
Recent data on vaccine uptake indicates that the significance of perceiving COVID-19
vaccination as necessary seems to diminish, with a lower number of HCPs receiving BDs
compared to those who received the initial two doses [36]. Due to the dynamic nature
of the virus, the potential for viral mutations, and the likelihood of declining immunity,
understanding HCPs” hesitancy to receive regular COVID-19 vaccines has significant value
for guiding vaccination campaigns.

While concerns regarding vaccine hesitancy among HCPs remain, potentially con-
tributing to disparities in BD uptake, few studies have thoroughly examined the differences
in characteristics between HCPs who have received COVID-19 BDs and those who have
not. Therefore, the aim of this scoping review was to assess the level of COVID-19 vaccine
hesitancy among HCPs and identify the underlying factors that contribute to this hesitancy.

2. Materials and Methods

This scoping review followed the JBI guidelines for conducting scoping reviews [37],
and the findings were reported using the PRISMA-ScR checklist Supplementary Materials
Table S1 [38]. The research protocol was retrospectively registered (protocol number:
INPLASY2024100036) on the International Platform of Registered Systematic Review and
Meta-analysis Protocols (INPLASY) at https:/ /doi.org/10.37766 /inplasy2024.10.0036 in
October 2024, accessed on 9 October 2024.

2.1. Eligibility Criteria
This scoping review focused on two key questions: What is the prevalence of COVID-
19 hesitancy among HCPs worldwide, and what are the factors that contribute to this
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hesitancy? Our scope was global, encompassing studies from all geographical locations
without any specific focus on a particular population. This inclusivity ensured that our
review captured a diverse range of perspectives and settings. Therefore, in order to be
included in this review, studies had to meet the following criteria: (1) being peer-reviewed
articles published in English, (2) focusing on HCPs, (3) investigating COVID-19 vaccine
hesitancy, acceptance on booster vaccination, and (4) being published from January 2022
onwards. The exclusion criteria included articles that were not peer-reviewed, editorials,
opinion pieces, and studies that focused on non-healthcare professional populations. The
study selection process included two stages: screening titles and abstracts, and then
conducting a full-text review. Two reviewers independently performed the screening
process. Differences among reviewers were addressed through discussion and by involving
a third reviewer to reach consensus. To maintain transparency and reproducibility, we
employed a PRISMA flow diagram to document the selection process.

2.2. Information Sources and Search

A comprehensive approach was taken to find relevant literature through a search
strategy. To ensure comprehensive coverage of medical and scientific journals, a literature
search was performed in two major literature databases, PubMed and Scopus, from April to
August 2024. The search terms used were a mix of keywords and Medical Subject Headings
(MeSHs) related to COVID-19, vaccine hesitancy, healthcare professionals, and booster
vaccinations. Therefore, we employed in both databases the following keyword combina-
tions and Boolean operators (AND, OR): “COVID-19”, “vaccine hesitancy”, “healthcare
professionals”, and “booster vaccination”. The search method was based on prior system-
atic reviews which analyzed vaccine hesitancy towards the COVID-19 vaccine in general
populations and HCPs [17,31].

2.3. Data Extraction and Analysis

In this scoping review, we analyzed the data regarding regular COVID-19 vaccina-
tion hesitancy in HCPs. This entailed the extraction of information about study design,
prevalence of COVID-19 vaccination hesitancy, knowledge, attitudes and factors associated
with it in HCPs, of full texts and related results of the included studies by two reviewers
using a standardized form for data extraction. After removing duplicates, two independent
reviewers evaluated each extraction form, and discussed any discrepancies in a thorough
appraisal process. In the extracted data, details about the studies, including the author,
year, and country, were added. It also provided information about the participants, such
as their profession and sample size. The data encompassed the study design, key find-
ings related to vaccine hesitancy and acceptance, any barriers and challenges that were
identified, as well as the coping strategies that were utilized. Two independent reviewers
performed the data extraction to guarantee accuracy and consistency. All disagreements
during the review’s inclusion phase were resolved through discussion to reach a consensus.
In instances where reviewer consensus was not achieved, a third, independent reviewer
was employed for arbitration. We employed thematic analysis in our research to categorize
factors associated with vaccine hesitancy [39]. Thematic analysis included identifying,
analyzing, and reporting patterns in the data.

3. Results
3.1. Screening and Procedure

A total of 6703 studies were yielded during the first database search for this scoping
review. Following the first screening and removal of duplicates, a total of 4303 articles
underwent screening based on their titles. Afterwards, 880 titles met the inclusion criteria
and were chosen for further assessment, primarily based on their abstracts. Subsequently,
a second/further evaluation was conducted on 44 abstracts that satisfied the inclusion
criteria, and their full texts were obtained to be further screened. However, 20 studies
were excluded in accordance with the criteria for inclusion/exclusion as described in the
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methodology. Therefore, 24 full-text studies were finally included in this scoping review.
The PRISMA flow diagram in Figure 1 shows the process for the literature search.

{ Identification of studies via databases and registers 1
)
g Records identified from databases: Records removed before screening;
.‘E Total (n =6703) Duplicate records removed by
= PubMed (n =2792) > Rayyan an_d investigators
c (n =2400)
k) Scopus (n =3911)
—/
_ :
Records screened Records excluded by investigators
—
(n=4303) (n = 4259)
: |
(=]
5
e - Reports excluded:
T} Reports assessed for eligibility >
@) (n=44) Irrelevant (n = 20)
S
)
3
S Studies included in review
) (n=24)
=
—

Figure 1. PRISMA 2020 flow diagram for new systematic reviews which included searches of
databases and registers only for this scoping review.

3.2. Overview of Characteristics of the Included Studies

The characteristics of the 24 included studies [22,40-62] have been outlined in Table 1.
All studies were categorized as cross-sectional [22,40-44,46-62], with one of them utiliz-
ing a mixed methods approach (combining qualitative and quantitative data) [45]. The
included studies were conducted on five out of seven continents, with four studies from the
United States of America (USA) [43,55,61,62], two studies from Africa (South Africa and
Kongo) [45,58], ten from Asia (China, India, Jordan, Nepal, Israel, Kingdom of Bahrain and
Egypt, Palestine, Pakistan, Malaysia) [22,40,46,48-53,59] and eight from Europe (England,
Italy, Greece, Belgium, Slovenia) [41,42,44,47,54,56,57,60]. Studies from Asia accounted for
42% of the studies analyzed (10 studies) [22,40,46,48-53,59]. The studies were published
from January 2022 to August 2024.
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3.3. Measures

Sociodemographic characteristics were recorded in all of the studies included [22,40-62].
The majority of the studies assessed the participants” vaccination history, including the num-
ber of BDs received and the type of vaccine administered [22,40,46-48,52,53,57-62]. In addi-
tion, the studies included specific questions about willingness to take the COVID-19 vaccine
BDs [22,40,48,49,51,52,54,57-59], vaccination trust [43,49,57], knowledge [50,53,54,57] and
perceived benefit [22,46,47,49,53,56]. Questions related to attitudes about BDs [42,44-48,50—
54,56,61], COVID-19 diagnosis and risk [44,46,60], barriers for BDs [46], health status
factors [42,46,50,51,58,60] and psychological drivers for BDs [40] were also included and
have been outlined in Table 1. Furthermore, specific assessment tools were used to evaluate
vaccination hesitancy among HCPs, focusing on HCPs” knowledge, attitudes, and other
factors associated with it. In particular, the specific tools used were the Belief Medicine
Questionnaire Specific (BMQ) and the Belief Medicine Questionnaire General (BMQ), the
Brief Illness Perception Questionnaire (BIPQ), the Oxford COVID-19 Vaccine Hesitancy
Scale, and the Bespoke scale [41].

3.4. Vaccination History and Hesitancy

Regarding vaccination history (Table 1), the majority of HCPs had received at least
one dose of the initial COVID-19 vaccine [22,40-62]. The percentages of HCPs receiving
booster vaccinations have been found to vary widely in studies, with reported rates ranging
from 4.9% to 100%. More specifically, the first BD has been administered to a considerable
percentage of HCPs [40,42,43,45,47,48,50-52,55,57-62], while a smaller proportion have re-
ceived the second BD [40,41,46,47,50,54,57,58,62]. The number of HCPs who have received
the third BD is even lower [41,46,57]. There were substantial variations in HCPs” hesitancy
towards BDs, ranging from 12% to 66.5% [22,40,42,44,45,49-54,56-59]. Hesitancy rates var-
ied significantly across continents, with Asia ranging from 19.7% to 66.5%, Africa from 27%
to 46.1%, and Europe from 14% to 60.2%. From the highest to the lowest rates of booster
dose vaccination hesitancy, the countries were Palestine at 66.5% [22], Israel at 61.3% [51],
Greece with rates ranging from 30.9 to 52.9% [44,56], Italy with rates ranging from 51.9% to
60.2%) [42,54], Egypt at 46.1% [53], Congo at 31.1% [58], Pakistan at 24.2% [40], South Africa
at 20% [45], Malysia at 22% [59], South India at 19.7% [52], Jordan at 16% [49], Belgium at
14% [57], and Nepal at 12% [50]. Physicians displayed the most diverse hesitancy rates,
ranging from 12.8% to 43.7%, whereas nurses and pharmacists exhibited rates between 26%
and 37% and 26% to 34.6%, respectively.

3.5. Socio-Demographic Characteristics and COVID-19-Related Variables Associated with
Vaccination Hesitancy

Socio-demographic characteristics related to vaccine booster dose hesitancy in
HCPs were gender, age, type of HCPs included in studies, marital status, education
level, co-morbidities, type of vaccine, and not being regularly vaccinated against
influenza [22,40,42-47,49-60,62] (Table 2). When it comes to gender differences, females
exhibited greater hesitancy towards receiving BDs than males [49,51,53,54,57,60]. Ad-
ditionally, individuals without a chronic condition [33,45,58,60] and without medical
training demonstrated a lower willingness compared to medical professionals to receive
BDs [43,45,49,50,52,54,58]. Being in a younger age range [45,55-57,60,62], being single [40,52],
and having a lower level of education [44,50,62] were also all factors that were positively
associated with vaccine hesitancy. Family and friends were also identified as influential
factors contributing to hesitancy [41,44,48,58]. On the other hand, individuals who had
received mRNA-based vaccines in the past [40,46,47] and regularly received influenza
vaccinations [22,44,45,55,56] were more inclined to be receptive to receiving a booster
vaccine dose.
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Table 2. Socio-demographic characteristics and COVID-19-related variables associated with vaccina-

tion hesitancy.

Factors Associated with Hesitancy Number of Studies
Age Younger age [39,41,49-51,54,56]. 7
Being male [34,39].
Gender Being female [43,45,47,48,51,54]. 8
Black African [39].
Black [55].
Race Non-Hispanic Black [56]. 3
Hispanic [56].
Education Lower education [38,44,56]. 3
Non-prescribers [51].
Other than physicians [37-39,43,44,46,48,52].
Physicians [41,45,47].
Pharmacists [47].
Occupation Not in direct contact with patients [39]. 12
Less job experience [39].
Working experience more than 5 years [52].
Wards of activity with lower risk of infection (Medical vs.
Emergency /Critical /Infectious Disease wards) [48].
Political Leanings Republican self-identification [49]. 1
. Single/not married [34,46].
Marital Status Married [38]. 3
Friends/family Influence of friends/family [35,38,42,52]. 4
. Rural [34,37].
Area of Residence Highly socially vulnerable census tract [56]. 3
Low income Low annual household income (<USD 50,000) [56]. 1
Absence of chronic conditions [38,39,52,54].
. 3. . . Permanent or temporary medical conditions [37].
Comorbidity/chronic illness History of allergy [40]. 7
Obesity [47].
Good/very good self-perceived physical health [38].
Health status Unhealthy dietary habits [54]. 2
Time constraints Lack of time [35] 1
Flu Vaccination Lack of flu vaccination [17,38,39,49,50]. 5
Hygiene measures Increased compliance [38,41,52]. 3
Relating to COVID-19 Previous COVI.D—19. 1nfecfr10n [34,35,49]. 4
No previous infection [38].
No previous vaccination [34]
. Type of vaccine (non-mRNA COVID-19 vaccines) [34,53]
Sl i ORI DY) Less previous vaccine doses [44,48,51,52] 10

vaccination

Uptake of the first booster dose [42]
Previous side effects [34]

3.6. Vaccination Knowledge and Attitudes

In relation to vaccination attitudes, a notable percentage of HCPs (ranging from 6% to
77.1%) held the belief that the currently available BDs were not required, deemed unsafe, and
lacked effectiveness [40,45-50,52,53,57,58] (Table 3). Furthermore, their belief was that vaccines
do not provide adequate protection against severe cases of COVID-19 [40,42,51,52,57,59].
Consequently, there was a lack of trust in these vaccines, with percentages ranging from
20.9% to 26.8%. [43,44,49,57]. Fear of the side effects associated with COVID-19 booster
vaccinations, [44-46,52,56], a belief in a low risk of COVID-19 infection [42,43,46,47,57], the
non-compulsory nature of booster doses [41,43,44,52,56,57,59], and a history of COVID-19
infection [57] were also identified as contributing factors for vaccine hesitancy. Nevertheless,
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it seems that HCPs acknowledged receiving information about the efficacy of COVID-19
BDs [42], and expressed their willingness to receive additional information [42,51,54].

Table 3. Knowledge/attitudes associated with vaccine hesitancy.

Knowledge/Attitudes Associated with Hesitancy Number of Studies
Trust-related issues Vaccine safety [34,35,38-43,45,47,52]. 11
Pregnancy safety [35].
Vaccine effectiveness [17,34,36,38-43,45-47,51-53,55]. 16
Vaccine necessity [35,36,38-40,45-47,52,55]. 10
Vaccine Side effects [17,36,37,46,50,52,55]. 7
Mistrust in government/scientists [37,42,43,50]. 4
Rapid development of the vaccines [37,42,50]. 3

Distrust due to racism and previous unethical

treatment of minorities [37]. 1
Reliability of clinical trials (not including HCPs) [37]. 1
Low trust and satisfaction in COVID-19 vaccination [34,38,51]. 3
Wanting to wait more [37,42,43,45]. 4
Information Lack of information/misinformation [42,47,48]. 3
ot Low risk of COVID-19 infection [36,37,40,50,51]. 5
health and prevention
Immune system capable of fighting COVID-19 [43,51]. 1
Lower perception of the severity of COVID-19 [36,41,51,52]. 4
Against vaccines in general [50,52]. 2
Belief in greater efficacy of complementary 1
alternative medicine [50].
Ethics Mandatory Vaccination [39,41,48].

Other Not being very likely to suggest the vaccine to patients [51].

Tiredness due to the vaccination procedure [38]. 1

4. Discussion

The objective of this scoping review was to evaluate the hesitancy of HCPs towards
vaccination with COVID-19 BDs and identify associated factors. Our findings suggest that
HCPs exhibit varying degrees of hesitancy across countries, indicating that HCPs still had
concerns related to BDs. This hesitancy leads to a progressive decrease in the percentage of
HCPs receiving the second and third booster doses. The prevalence of hesitancy towards
BDs in HCPs was higher among females, younger and single individuals, those with
lower education levels, and those who did not regularly receive flu vaccines. Notably,
individuals with a history of COVID-19 infection, without chronic conditions, and non-
physician HCPs also exhibited hesitancy. This review also identified the following key
factors that prominently influenced BD hesitancy: uncertainties surrounding the vaccine’s
safety, efficacy, and necessity, a perception of low risk of contracting the infection, and that
BDs were not mandatory.

In light of the evolving virus and the appearance of new variants, health authorities
have endorsed the regular utilization of BDs to enhance and prolong vaccine-induced
immunity [8-10]. However, our review indicates that a considerable portion of HCPs
remain hesitant in receiving BDs of the COVID-19 vaccine. Literature research on vaccine
hesitancy for COVID-19 in HCPs has produced varied results [63]. While HCPs generally
exhibit lower vaccine hesitancy compared to non-healthcare workers [63], some studies
have found no significant differences in vaccine hesitancy between these two groups [64,65].
Furthermore, the underlying factors contributing to vaccination hesitancy among HCPs
appear to be similar to those documented within the general population [66]. This raises
concerns since HCPs have traditionally been the primary and most trustworthy source of
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vaccine information [67]. It is to be expected that HCPs who have not been vaccinated are
much less likely to suggest vaccinations to their patients [31]. However, even HCPs who
have received their vaccinations need access to continually updated resources to effectively
address vaccine hesitancy and discuss vaccines with their patients [31,68].

Another important finding of our review was the substantial variability in the hesi-
tancy levels of HCPs across various countries. The COVID-19 vaccination hesitancy rates
in Jordan at 16% [49], Belgium at 14% [57], and Nepal at 12% [50] were among the lowest
worldwide, which could be attributed to significant efforts to build public trust in vac-
cines [69]. On the other hand, Palestine at 66.5% [22] and Israel at 61.3% [51] had the highest
hesitancy rates. This variability aligns not only with other previous reviews conducted
during the primary COVID-19 vaccination campaigns [12,70-72], but also with a subse-
quent review following the introduction of BDs [23]. Socioeconomic factors, such as race
and income, are also significantly linked to geographic disparities in vaccine hesitancy [73].
A study analyzing COVID-19 vaccine hesitancy across 145 countries highlighted that
hesitancy towards vaccination was a more prominent factor in determining uptake in low-
income countries compared to high-income countries [74]. Lower availability or limited
accessibility to COVID-19 vaccines [75,76], along with higher rates of COVID-19-related
morbidity and mortality [70] in certain countries, may potentially explain the differences in
hesitancy across countries regarding BD vaccinations. The widespread implementation of
mandatory primary vaccinations for HCPs [77,78], and the resulting pressure to vaccinate,
may also have contributed to hesitancy [77,79]. Nevertheless, and despite this considerable
variation in hesitancy among HCPs worldwide, it is crucial to recognize the importance
of implementing interventions that are tailored to each country’s socioeconomical [80-82]
and even religious conditions [83].

A major finding of the present study was that HCPs continue to express concerns
about the vaccine’s safety, necessity, and effectiveness, which are the same concerns that
contributed to hesitancy towards the initial doses of the COVID-19 vaccine [12,70]. More
specifically, HCPs have expressed concerns about negative effects of multiple boosters
on the immune system [84,85], adverse events (AEs) and serious adverse events (SAEs)
including myocarditis and pericarditis, particularly in younger males who have received
mRNA vaccines [86,87]. There are also other rare but serious conditions, such as thrombosis
with thrombocytopenia syndrome, that have contributed to unease among HCPs [88-90].
Although these AEs are statistically rare compared to the severe outcomes of COVID-19
infection (without a booster dose), they could have a significant impact on how HCPs
perceive BDs [91-95]. To address these concerns and rebuild trust among HCPs, it is
crucial to have transparent risk communication strategies and robust post-vaccine safety
monitoring in place [96,97]. In support of this, evidence suggests that HCPs often express
a desire for more convincing and comprehensive evidence, in terms of both quality and
quantity, when deciding on vaccinations and whether to recommend them [42,98,99]. This
emphasizes the necessity of ongoing training programs that focus on vaccine research,
safety data, and effective communication strategies.

On the other hand, the belief that BDs of the COVID-19 vaccines are inadequate in
providing protection against severe forms of COVID-19, as well as the lack of confidence in
these vaccines, were also found to be significant factors contributing to vaccine hesitancy.
Previous studies confirm these findings, since negative attitudes towards vaccines, lack of
trust in government and institutions, and the belief that personal rights are being violated
are all indicated as contributing factors to vaccine hesitancy [12,80]. Another important
factor noted is the declining effectiveness of COVID-19 vaccines against infection as time
goes on. Research has shown that vaccine-induced immunity, especially against new
variants like Omicron, starts to decrease around five months following vaccination, after
which “breakthrough” infections could occur [100]. Although breakthrough infections
during this period are mostly mild, they have raised doubts about the long-term efficacy of
BDs, especially for high-exposure groups like HCPs [100,101]. Behavioral science research
indicates that deeper understanding has a stronger influence on decision making than
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statistical information, even among experts in the field [102]. This involves initiating a
constructive dialogue, understanding the issues raised from the HCPs [103].

This review also found differences in vaccine hesitancy influenced by sociodemo-
graphic and medical history characteristics. More specifically, we found that characteristics
such as female gender, lack of comorbidities, younger age, lower levels of education,
being single, race/ethnicity (Blacks, Hispanics), and HCPs other than physician, have
been identified as potential factors of vaccine hesitancy [25-30]. Consistent with prior
research [40,45-47,50,51,53,54], female gender was identified as a key demographic factor
contributing to hesitancy towards booster dose vaccination. In the past, women have shown
more hesitancy towards receiving vaccinations for other diseases in comparison to men,
and this tendency may also apply to the COVID-19 vaccine [104,105]. There are two main
reasons for this. Firstly, the majority of reported side effects from the COVID-19 vaccine
were observed in females, and secondly, women expressed concerns about the vaccine’s
potential impact on fertility [105-108]. Importantly, having underlying health conditions
also appears to be a factor in determining vaccine acceptance. In addition, it seemed that
younger HCPs, who tended to have lower levels of education and no flu vaccination in
the previous season showed a greater tendency towards being hesitant about BDs. On the
other hand, there is a scarcity of studies that have focused on the contribution of different
types of healthcare personnel to the reception of COVID-19 BDs. The findings of this review
indicate that HCPs displayed varying levels of hesitancy towards COVID-19 vaccination,
with non-physicians exhibiting higher levels of hesitancy compared to physicians.

Finally, it is important to consider that given the unique characteristics of the COVID-
19 virus, achieving herd immunity through widespread vaccination presents significant
challenges [109,110]. This is because COVID-19 has the ability to infect various animal
reservoirs, including minks, deer, and rodents [111-113]. From this point of view, it
becomes clear that the health of humans is intimately tied to the health of domestic, wild,
and farmed animals [111-113]. Therefore, addressing COVID-19 requires a more holistic
and internationally coordinated strategy, involving collaboration among diverse disciplines
like medicine and veterinary medicine. This effort should be guided by the “One Health”
concept, recognizing the inherent interconnectedness between human and animal health,
and the ecosystem [114].

Limitations

Our review makes a valuable contribution to the existing literature by thoroughly
investigating the factors behind HCPs’ hesitancy towards COVID-19 booster dose vaccina-
tion. Nevertheless, it is essential to recognize certain limitations as well. To begin with, we
exclusively examined articles published in English, thereby narrowing down the selection
of eligible studies. Moreover, the studies we selected were drawn from different contexts
and populations, which posed challenges in terms of making comparisons and conducting
further analysis. The majority of studies have also used self-reported surveys, increasing
the likelihood of response bias. Differences in reported vaccine hesitancy across countries
could also be partly explained by variations in measurement techniques, including the use
of different survey questions or assessment tools. Furthermore, as real-world data emerge,
we should anticipate potential changes in HCPs’ views on COVID-19 vaccines. Longitudi-
nal studies could offer valuable information about the evolving nature of attitudes in light
of new developments and face-to-face interviews and focus groups could offer valuable
insights into their beliefs and concerns that might not be captured by previous studies.
Lastly, it should be noted that no evaluation was conducted on the articles” quality, and the
conclusions were simply summarized without any supplementary analysis.

5. Conclusions

In summary, our review underscores the hesitancy among healthcare professionals
(HCPs) towards receiving booster doses of the COVID-19 vaccine despite receiving the
initial dose of the COVID-19 vaccine. This hesitancy is primarily influenced by sociode-
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mographic factors and concerns surrounding vaccine safety, necessity, and effectiveness.
Gaining insight into these factors underlying this hesitancy could guide future vaccina-
tion approaches. To better understand the nuances of vaccine knowledge, attitudes, and
behaviors, future research should adopt a longitudinal qualitative approach to examine
variations across time and regions with new developments.
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Abstract: The COVID-19 vaccination of prisoners and prison staff represents a public health inter-
vention to reduce the impact of the pandemic in conglomerate settings. In Spanish prisons, the road
map of the Ministry of Health was followed to protect the population at risk. We conducted a cross-
sectional study to assess the acceptance of COVID-19 vaccination by prisoners and prison staff in a
prison in Alicante, Spain. We analyzed data obtained through a standardized, self-administered, and
anonymous questionnaire; 1016 prisoners and 288 prison staff responded to the survey. The majority
of inmates and staff reported no history of symptomatic COVID-19, 90.15% and 91.66%, respectively.
Respondents reported that 88.72% agreed to be vaccinated and 89.64% would recommend the vaccine
to others. Approximately 89% believe that the benefit of getting vaccinated against COVID-19 is
greater than the risk, and 70.55% reported that vaccination should be mandatory for inmates and
staff to participate in some activities. The acceptance of COVID-19 vaccination among prisoners and
prison staff is high in a Provincial Prison in Spain. Elevated acceptance of COVID-19 vaccination in
prisons is a major factor in public health intervention and vaccine equity.

Keywords: COVID-19; vaccine; acceptance; prisons; public health

1. Introduction

Prisons are dynamic ecological environments in which prisoners, staff, officers, and
visitors transit daily between the prison and the larger community [1]. Incarcerated in-
dividuals live in confined spaces, often with poor ventilation and overcrowding. These
factors are conducive to the spread and amplification of infectious diseases inside and
outside prisons, making carceral settings more vulnerable to outbreaks of coronavirus
disease (COVID-19) [2,3]. The Ministry of Health in Spain paid close attention to the
COVID-19 pandemic by establishing guidelines to address the vulnerability of prisoners
and prison staff [4-6]. As a result, the COVID-19 vaccination of prisoners and prison staff
was considered a crucial public health intervention [6-9].

Vaccination coverage against COVID-19 in prisons (incarcerated individuals and
staff) in certain countries reached levels similar to that of the general population even
during periods of limited vaccine supply [10-12]. However, globally, there is evidence that
vaccination against COVID-19 among inmates and prison staff was not considered a public
health priority [10-12].

Vaccination in Spanish prisons began in April 2021 [13], responding to the national
strategy to deploy the COVID-19 vaccination to high-risk populations [14] and following
the World Health Organization (WHO) vaccination against COVID-19 guidelines [15].
COVID-19 vaccination in Spain was offered on a voluntary basis [16]. During the initial
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deployment of the COVID-19 vaccination, the prison population in Spain amounted to more
than 51,000 people and the number of workers laboring inside penitentiary institutions
was 28,460, corresponding to a ratio of 1.9 prisoner/worker, which places Spain above the
European average for this proportion [17,18].

The availability and wide deployment of a newly introduced vaccine to protect against
a life-threatening infection does not imply an immediate acceptance of vaccination by
the general population. According to the 5Cs model, vaccine acceptability is contingent
upon trust, risk perception, information-seeking behavior, and the willingness to protect
others [19]. The effect described as “Pandemic Public Health Paradox” associates the
acceptance of a vaccine with the influence of the media rather than with the epidemiological
dynamics of the disease [20]. Indeed, there are different factors that can pose an obstacle
to vaccine acceptance, including ease of access to reach vaccination sites, geographical
location, accessibility, availability, health system factors, and the affordability of vaccines,
as well as cultural, psychological, emotional, cognitive, social, and political factors [21].

The objective of this study was to ascertain the level of acceptance of vaccination
against COVID-19 in Spanish prisoners and prison workers.

2. Materials and Methods
2.1. Design and Participants

We conducted a cross-sectional study to assess the degree of COVID-19 vaccine
acceptance in prisoners of the Alicante II-Villena Penitentiary Center and Spanish prison
workers. The exclusion criteria were refusal to participate in the study or answering the
survey inappropriately or with information not requested for the study.

2.2. Tools

We used a self-administered, anonymous, and standardized questionnaire to evaluate
the acceptance of the COVID-19 vaccine in prisoners and prison staff. The questionnaire,
designed “Ad hoc” for this project, consisted of a total of 36 questions, including so-
ciodemographic variables, some of them posed with multiple answers and others on a
nominal scale. Its structure was divided into three sections: (i) baseline socio-demographic
questionnaire (sex, age, origin, marital status, number of children) and personal health vari-
ables (items 1 to 5: suffering from chronic disease, smoking, alcohol, psychotropic drugs);
(if) COVID-19 variables (items 6 to 16: suffering from COVID-19 disease, contagion in
a prison environment, need for quarantine, death of a family member or friend due to
COVID-19, PCR performance, PCR results); (iii) acceptance of the COVID-19 vaccine (items
17 to 36: vaccination, previous influenza vaccination, adverse effects of vaccination, confi-
dence in the recommendations of the health authorities, reasons for acceptance or rejection
of the vaccine). We developed the questions in this survey based on a review of the medical
literature and approval by consensus from all researchers.

2.3. Study

At the time of the study, the Alicante II Penitentiary Center had 1037 prisoners and
312 workers. We included 1304 participants (1016 (98%) prisoners and 288 (92.3%) workers)
who responded to a voluntarily self-administered survey during the months of April to June
2021. To use an appropriate sampling frame, it was decided to recruit participants through
the prison health team, providing them with information about the project, requests to
participate by obtaining an informed consent, and the actual survey.

All prisoners and prison staff who showed a willingness to participate and who met the
inclusion criteria were included. Sample selection was carried out in a “non-probabilistic”
manner, using convenience sampling.

2.4. Statistical Analysis

We conducted a descriptive univariate analysis on all the variables. For categorical
variables we calculated frequencies and percentages, and continuous variables, such as
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age, were categorized by age group. We also carried out a descriptive bivariate analysis.
For pairs of categorical variables, we generated contingency tables and calculated the
corresponding column percentages. In such cases, we employed the Chi-squared test to
assess the association between these variables. To assess factors influencing the response
to questions related to COVID-19 vaccine acceptance, logistic regression analysis was
performed for cases in which the response variable had two categories and multinomial
logistic regression analysis for those with more than two categories. To determine whether
each predictor variable has a statistically significant effect on the response variable, we
obtained p-values using the Wald test. We exponentiated the coefficients to better interpret
the results obtained, thus providing odds ratios (OR) for the logistic model and relative
risk ratios (RRR) for the multinomial model, with their respective 95% confidence intervals
(CI95%). Before performing these analyses, we determined whether there was an associa-
tion or dependence between the categorical variables using the chi-squared test or Fisher’s
exact test, when the sample size of the resulting contingency tables was small. We set the
significance level at & = 0.05. All analyses were performed using RStudio, specifically
version 4.0.2 of the open-source software.

2.5. Ethical Considerations

The study was approved by the General Secretary of Penitentiary Institutions, Sub-
directorate General of Institutional Relations and Territorial Coordination (number 395714).
Participation in the survey was conducted anonymously and voluntarily, and the analysis
of the questionnaire was completely confidential, ensuring the privacy of the data of
all respondents. For this study, we followed the ethical principles for medical research
involving human subjects set out in the Declaration of Helsinki and EU Regulation 134
2016/679 (GDPR) regarding the processing of personal data.

3. Results
3.1. Population Description

We analyzed data obtained from 1304 surveys, of which 1016 were from incarcerated
individuals. Of these, most were Spanish citizens (92.61%), and most were men (89.96%),
married (59.84%), had children (70.37%), and were between 40 and 60 years of age (45.67%).
Approximately 98% of prisoners in the Alicante Penitentiary participated in the survey.
Just over half of the prisoners said they were not suffering from any chronic medical
disease (65.45%), most were smokers (75%), and most did not consume alcohol (78.24%)
(Table 1). However, 33.27% reported the active use of psychotropic drugs. Almost all prison
staff who responded to the survey were Spanish citizens (99.31%), 51.04% were men, 44%
were married, 61.8% had children, and the ages ranged from 40 to 60 years old (71.88%).
From the p-values obtained using the chi-squared test, we can conclude that there was a
relationship between each of the categorical variables (those shown in the first column)
and the response variable composed of the prisoners and prison staff categories. In other
words, the test indicates that demographic characteristics are associated with differences in
professionalism among participants.

3.2. Variables Related to COVID-19 Disease

At the time of conducting the study, a high percentage of participants had not suf-
fered from symptomatic COVID-19 infection (90.15% of prisoners and 91.66% of workers)
(Table 2). However, 69.68% of prisoners had been placed in quarantine due to close contact
with a confirmed case and 18.89% reported the death of a family member or friend due to
COVID-19. Approximately 67.42% had to undergo PCR testing or antigen testing to detect
SARS-CoV-2. Results were negative in 85.40% of tests performed. Just 32.48% of prisoners
reported limiting their contacts or social relationships with others during the pandemic.
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Table 1. Demographic characteristics (n = 1304).

Prisoners Prison Staff Value Total
1 (%) 1 (%) P 1 (%)
1016 (77.91) 288 (22.08) 1304 (100)
Sex <0.001
Male 914 (89.96) 147 (51.04) 1061 (81.36)
Female 102 (10.03) 141 (48.95) 243 (18.63)
Nationality <0.001
Spanish 941 (92.61) 286 (99.31) 1227 (94.10)
Non-Spanish 75 (7.38) 2 (0.69) 77 (5.9)
Cohabitation <0.001
Only 408 (40.15) 69 (23.95) 477 (36.57)
As a couple 608 (59.84) 219 (44.4) 827 (63.42)
Age (years) <0.001
18-<40 455 (44.78) 76 (26.38) 531 (40.72)
40-<60 464 (45.67) 207 (71.88) 671 (51.46)
>60 97 (9.55) 5(1.74) 102 (7.82)
Children 0.007126
No 301 (29.62) 110 (38.19) 411 (31.52)
Yes 715 (70.37) 178 (61.8) 893 (68.48)
Chronic disease <0.001
No 665 (65.45) 233 (80.90) 898 (68.86)
Yes 351 (34.54) 55 (19.09) 406 (31.13)
Tobacco use <0.001
No 254 (25.0) 272 (94.44) 526 (40.34)
Yes 762 (75.0) 16 (5.55) 778 (59.66)
Alcohol use <0.001
No 795 (78.24) 282 (97.91) 1077 (82.59)
Yes 221 (21.75) 6 (2.1) 227 (17.41)
Use of psychotropic drugs <0.001
No 678 (66.73) 285 (98.96) 963 (73.85)
Yes 338 (33.27) 3 (1.04) 341 (26.15)

Among prison staff, 24.30% had been placed in quarantine due to contact with a con-
firmed case and 18.40% reported the death of a family member or friend due to COVID-19.
Over half of the survey respondents (52.08%) underwent PCR testing or antigen testing to
detect SARS-CoV-2. Results were negative in 92% of tests performed. Almost all prison
staff (98.95%) reported limiting their social interactions during the pandemic.

With respect to the p-values, we observed that having or not having COVID-19 disease
(0.5113), and whether or not an acquaintance had died from this infectious disease (0.9169),
was not related to the response variable. In practical terms, this means that there is no sta-
tistically significant association between having had COVID-19 or having an acquaintance
who died and professionalism among inmates and prison staff. However, the variables re-
lated to having undergone quarantine (<0.001), having taken a diagnostic test (<0.001) and
having reduced social interactions (<0.001) were related to the response variable. Therefore,
these do depend on whether one is a prisoner or prison staff; for example, with respect to
the last variable there is a clear difference in that prisoners are negligent in continuing to
have social contact.
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Table 2. COVID-19 disease in prisoners and workers surveyed (1 = 1304).

Prisoners Prison Staff Value Total
1 (%) 1 (%) P 1 (%)
1016 (77.91) 288 (22.08) 1304 (100)

Have you had COVID-19 disease?
Yes 100 (9.84) 24 (8.33) 0.5113 124 (9.5)
No 916 (90.15) 264 (91.66) 1180 (90.5)
Have you had to quarantine for contact with a COVID-19 case?
Yes 708 (69.68) 70 (24.30) <0.001 778 (59.66)
No 308 (30.31) 218 (75.69) 526 (40.33)
Has a family member or friend died from COVID-19?
Yes 192 (18.89) 53 (18.40) 0.9169 245 (18.78)
No 824 (81.10) 235 (81.59) 1059 (81.21)

Have you had any diagnostic tests, antigen tests or PCRs to detect SARS-CoV-2 at any time
during this pandemic?

Yes 685 (67.42) 150 (52.08) <0.001 835 (64.03)
No 331 (32.57) 138 (47.91) 469 (35.96)
What were the results of the antigen test or PCR test to detect SARS-CoV-2?

Positive 100 (14.59) 12 (8) 0.04384 112 (13.41)
Negative 585 (85.40) 138 (92) 723 (86.58)

Have you reduced your social interactions (visits, contacts with other groups, etc.) during
the pandemic?

Yes 330 (32.48) 285 (98.95) <0.001 615 (47.16)
No 686 (67.51) 3 (1.05) 689 (52.84)

3.3. Variables Related to COVID-19 Vaccine Acceptance and Attitude towards Vaccination

As depicted in Table 3, 88.72% of the prisoners and prison staff who responded to
the survey reported that they would accept COVID-19 vaccination, and 89.64% would
recommend the vaccine to others. However, recommending the vaccine to children was
reported only by 67.71% of study participants. Approximately 89% believe that the benefit
of undergoing COVID-19 vaccination is greater than the risk, and 70.55% reported that
vaccination should be mandatory for prisoners and staff to participate in some activities.
It is important to note that vaccine acceptance for the seasonal influenza vaccine during
the 2019-2020 season was low, resulting in 86.71 prisoners and 44.44% prison staff not
receiving the influenza vaccination.

Most prisoners who were vaccinated (97.24%) received Jcovden® and prison staff who
were vaccinated (88.89%) received mostly Vaxzervria®.

We can see that all questions were associated with the response variable, since the
p-values were below the significance level (p-values < 0.05). All of these significant values
collectively point to the fact that there are pronounced differences between inmates and
prison staff in their attitudes and behaviors related to COVID-19 vaccines.

3.4. Relative Risk Ratios from the Multinomial Logistic Regression Model and Odds Ratios from
the Logistic Regression Model by Age, Sex and Comorbidity

Important factors to evaluate for our study are sex, gender and comorbidity. We can
see that in most cases all three are related to the questions based on COVID-19 vaccine
acceptance. For a more comprehensive interpretation of these relationships, we focused on
the RRRs and ORs of those statistically significant cases, i.e., when the p-values were less
than 0.05 (Table 4).
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Table 3. COVID-19 vaccine acceptance and attitude toward vaccination (1 = 1304).

Prisoners Prison Staff Val Total
1 (%) 1 (%) p-vatue 1 (%)

1016 (77.91) 288 (22.08) 1304 (100)
If the COVID-19 vaccine were available to you, would you get vaccinated?
Yes 885 (87.10) 272 (94.44) <0.001 1157 (88.72)
No 117 (11.51) 4 (1.38) 121 (9.2)
I would wait a few more months 6 (0.59) 7 (2.43) 13 (0.99)
I would wait for others to try it before 8 (0.78) 5(1.73) 13 (0.99)
Would you vaccinate your children when the COVID-19 vaccine is available for them?
Yes 659 (64.86) 224 (77.77) <0.001 883 (67.71)
No 106 (10.43) 23 (7.98) 129 (9.89)
I would wait a few more months 92 (9.05) 25 (8.68) 117 (8.97)
I would wait for others to try it before 159 (15.65) 16 (5.55) 175 (13.42)
Would you recommend the COVID-19 vaccine?
Yes 891 (87.70) 278 (96.53) <0.001 1169 (89.64)
No 125 (12.30) 10 (3.47) 135 (10.35)
Do you think the benefit of getting vaccinated outweighs that of not getting vaccinated?
Yes 879 (86.52) 278 (96.53) <0.001 1157 (88.73)
No 137 (13.48) 10 (3.47) 147 (11.27)
Would it seem appropriate to be required to be vaccinated for certain activities?
Yes 711 (69.98) 209 (72.57) 0.4368 920 (70.55)
No 305 (30.02) 79 (27.43) 384 (29.45)
Did you get the flu vaccine during the 20192020 vaccination campaign?
Yes 135 (13.29) 160 (55.56) <0.001 295 (22.62)
No 881 (86.71) 128 (44.44) 1009 (77.38)
Have you received the COVID-19 vaccine?
Yes 988 (97.24) 256 (88.89) <0.001 1244 (95.39)
No 28 (2.76) 32 (11.11) 60 (4.61)
If you have received it, what vaccine did you receive?
Pfizer/BioNTech Comirnaty® 91 (9.21) 66 (25.78) <0.001 157 (12.62)
Spikevax® by Moderna 12 (1.21) 38 (14.84) 50 (4.01)
Vaxzevria® by AstraZeneca 86 (8.70) 151 (58.98) 237 (19.05)
Jeovden® Janssen 799 (80.87) 1(0.39) 800 (64.30)

Males were 67% less likely to choose “yes” (getting vaccinated) compared to females.
The p-value (p = 0.0015) indicates that the difference is statistically significant, so there
is strong evidence that being male is associated with a lower probability of choosing to
be vaccinated.

The extreme values associated with the “>60" category of the age variable were
due to the presence of zero cell counts, since all participants in this category responded
affirmatively, which caused calculation problems.

Being in the “40-<60" age group did not significantly affect the likelihood of choosing
to be vaccinated or waiting a few more months; however, individuals aged over 60 were
more likely to choose “yes” compared to those in the “18-<40” age group.

Individuals with a chronic disease were 1.86 times more likely to be willing to be
vaccinated than those without a chronic disease, where the p-value = 0.008 indicates that
the association between having a chronic disease and being willing to be vaccinated is
statistically significant. Having chronic diseases appears to be associated with an in-
creased likelihood of answering “yes” to all questions related to COVID-19 vaccine accep-
tance, except in the case of agreeing that it would seem appropriate to be required to be
vaccinated for certain activities, where the difference may not be statistically significant
(p-value = 0.06).
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There was no statistical difference in the willingness to vaccinate their children be-
tween males and females; however, there were statistically significant differences in pref-
erences for waiting periods, since males were significantly less likely (0.21 times and
p-value < 0.001) to prefer waiting a few more months compared to females.

Age appeared to be significantly associated with preferences regarding waiting times
for vaccination among children. Individuals aged “40-<60" were significantly less likely to
prefer waiting a few more months (0.29 times and p-value < 0.001) or waiting for others to
try the vaccine (0.48 times and p-values = 0.002) before vaccinating their children compared
to those aged “18-<40”. However, the age group “>60" showed no significant differences
in these preferences compared to the “18-<40” group.

The OR = 0.36 with p-value = 0.0015 suggests that gender had a significant influence
on the recommendation of the COVID-19 vaccine, with females being more likely to
recommend it than males.

The analysis suggests that gender is strongly associated (p-value < 0.001) with the
perception of the benefit of COVID-19 vaccination. Females were more likely to believe
that being vaccinated is beneficial. The OR = 0.71 (p-value = 0.035) indicates that gender
appears to have a significant effect on the perception of whether vaccination should be
required for certain activities, with males being less likely to agree with such a requirement
compared to females.

Individuals in the “40-<60" age group were more likely, compared to those in the
“18-< 40" age group, to hold the belief that the benefits of vaccination outweigh those of
not vaccinating, as indicated by the OR of 1.76 (p-value = 0.0015). The odds of agreeing
that it would seem appropriate to be required to be vaccinated for certain activities were
6.54 times the odds for the “18-<40" age group. However, the difference in the “40-<60”
age group may not be statistically significant.

Finally, being female, being in the “40-<60” or “>60" age groups, and having a chronic
disease were associated with higher odds of having received the flu vaccine during the
2019-2020 vaccination campaign. These associations were statistically significant.

3.5. Reasons for COVID-19 Vaccines Acceptance or Refusal

The reasons for the acceptance or rejection of the COVID-19 vaccine are shown in
Figure 1. The main reasons for accepting a COVID-19 vaccine were associated with
individual protection against the disease. Likewise, the reasons for acceptance referred to
by most prisoners and workers were: (1) Protection of oneself. (2) The benefits of vaccines.
(3) Return to normal. (4) For work reasons or protection towards the family. Regarding
prisoners, self-protection and a return to normality predominated over the benefits of the
vaccine and work or family protection reasons. On the other hand, in the case of prison
staff, the majority reported accepting COVID-19 vaccination for all four stated reasons
and benefits.

3.6. Beliefs and Occurrence of Adverse Effects after the Administration of the COVID-19 Vaccine

Table 5 shows that both prisoners (83.17%) and prison staff (66.67%) reported that
COVID-19 vaccination is not associated with more adverse effects than other vaccines, but
on the contrary, they believed that there were unknown adverse effects (71.06% prison-
ers and 57.99% prison staff). Approximately 61.11% reported that the accelerated pace
of vaccine production had no effect in reducing its safety and 81.82% reported to trust
recommendations made by public health authorities. Regarding the adverse effects suf-
fered by the administration of the vaccine, 56.11% reported having suffered them, with
prison staff reporting a higher frequency than prisoners; 69.92% and 52.53%, respectively.
The most frequent adverse effects reported were pain at the injection site (69.91%), gen-
eralized muscle aches (59.45%) and chills (57.59%). In addition, the column associated
with the p-values suggests that there was a statistically significant association between
each variable (questions) and the response variable. This result implies that the groups
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(prisoners and prison staff) do not have the same views about adverse effects following the
COVID-19 vaccination.

75.49%
64.96%
59.72%
49.30%
44.09%
0,
29.92% 29.23% I 26.73%
Prisoners Workers

M Protection ® Benefit ™ Normality Work/Family

Figure 1. Acceptance of COVID-19 vaccines in prisoners and prison staff of the Alicante II
Penitentiary Center.

Table 5. Beliefs and occurrence of adverse effects following COVID-19 vaccine.

Prisoners Prison Staff Val Total
1 (%) 1 (%) p-vatue 1 (%)
1016 (77.91) 288 (22.08) 1304 (100)
Do they produce more adverse effects than other vaccines?
Yes 171 (16.83) 96 (33.33) <0.001 267 (20.47)
No 845 (83.17) 192 (66.67) 1037 (79.52)
Are there any unknown adverse effects from the COVID-19 vaccine?
Yes 722 (71.06) 167 (57.99) <0.001 889 (68.17)
No 294 (28.94) 121 (42.01) 415 (31.82)
Does the accelerated pace of vaccine production reduce its safety?
Yes 376 (37.01) 131 (45.49) 0.01119 507 (38.88)
No 640 (62.99) 157 (54.51) 797 (61.11)
Do you trust the recommendations of the health authorities?
Yes 817 (80.41) 250 (86.81) 0.01656 1067 (81.82)
No 199 (19.59) 38 (13.19) 237 (18.17)
After vaccination, have you experienced adverse effects? (n = 1244)
Yes 519 (52.53) 179 (69.92) <0.001 698 (56.11)
No 469 (47.47) 77 (30.08) 546 (43.89)
Which side effects have you experienced? (n = 698)
Pain site of administration 350 (67.43) 138 (77.09) <0.001 488 (69.91)
Fatigue 270 (52.02) 119 (66.48) 389 (55.73)
Fever 165 (31.79) 97 (54.10) 262 (37.53)
Generalized muscle aches 304 (58.57) 111 (62.01) 415 (59.45)
Headache 279 (53.75) 88 (49.16) 367 (52.57)
Chills 303 (58.38) 99 (55.30) 402 (57.59)
Inflammation 11 (2.11) 13 (7.26) 24 (3.43)
Vomiting 17 (3.2) 6 (3.35) 23 (3.29)
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4. Discussion

The COVID-19 pandemic substantially impacted congregate facilities such as jails and
prisons. Correctional facilities concentrate large populations of incarcerated individuals,
and many of them have underlying chronic medical conditions that predispose them to
negative clinical outcomes during outbreaks of highly transmissible infectious pathogens.
As such, it is crucial to implement interventions to reduce the impact of infectious out-
breaks among prison staff and incarcerated individuals from a medical and public health
perspective. In this regard, vaccination against COVID-19 offers the possibility to reduce
medical complications associated with SARS-CoV-2 infections for incarcerated individuals
and staff working in correctional facilities.

To our knowledge, this study is the first conducted on the acceptance of the COVID-19
vaccine among incarcerated individuals and prison staff in Spanish prisons. Most reports
are from the United States, the country with the highest number of incarcerated individuals
worldwide. Our results are similar to those reported in other carceral settings [5,11,12,22-24].
According to studies conducted in carceral settings in the U.S. the incidence of COVID-19
infections in prisons was identified in some jails and prisons to be 5.5 times higher than
in the community [4,25,26]. Prior to the start of the COVID-19 vaccination campaign in
prisons, the pandemic forced the adoption of a series of restrictive measures to prevent
infections in prisons [27]. However, there is evidence to suggest that, in the prison settings,
with the implementation of COVID-19 vaccinations, the number of cases and fatalities due
to COVID-19 were reduced substantially, demonstrating the effectiveness of COVID-19
vaccination in incarcerated individuals and prison staff [22,27].

Ismail, N et al. in their review study concluded that conducting more empirical
research on the acceptability of COVID-19 vaccination would help to reduce the impact
of COVID-19 on the prison population, prevent community transmission, improve vac-
cine acceptance in prisons, encourage political accountability and inform future decision-
making [10].

Our study highlights the high acceptance of COVID-19 vaccination by Spanish prison-
ers and prison staff, which almost reached the levels of vaccination coverage in the general
population, as it has been reported in the United Kingdom and Wales [28]. Among prisons
in Catalonia, full vaccination against COVID-19 was achieved in 72.9% of their prison
populations, in contrast to that achieved in Alicante, of 95.39%. There was a variability of
COVID-19 vaccination acceptance, leading to highly susceptible populations being unpro-
tected in other settings. For example, studies carried out in jails and prisons in the United
States show lower vaccine acceptance, similar to the overall low vaccination acceptance in
the larger community [11,12,22,24,29].

Our study shows that at the time of administration of the COVID-19 vaccine, accep-
tance was higher than that reported by prisoners initially. Other studies have shown that
among prisoners who initially declined the first dose of the vaccine, a significant fraction ac-
cepted it when it was reoffered, so vaccine hesitancy is not permanent [11,22,24]. According
to our study, one of the main reasons for accepting the COVID-19 vaccine among Spanish
prisoners was the desire to return to normality after the institution of social distancing and
restrictive measures, which highlights the trust of this population in recommendations
made by health authorities. This last point turned out to be a determining factor in the
acceptance or not of the vaccine against COVID-19, as can be seen in other, similar stud-
ies, in which a lack of trust in health personnel was a key factor in accepting or refusing
vaccination [12,30,31].

On the other hand, we observed that vaccination among Spanish prison staff was
slightly lower than that of prisoners. This fact was also reflected in studies carried out in the
U.S. [11,22,32]. Among our findings, nearly half of prison staff believe that the accelerated
pace of vaccine production reduced their safety; this belief was also reported as the main
reason for COVID-19 vaccination refusal among prison staff in Massachusetts [29].
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Currently, in Spanish prisons, high vaccination coverage against COVID-19, along
with immunity generated from natural infections, allows us to consider that the majority of
the prison population is currently protected against COVID-19 [33,34].

5. Conclusions

The SARS-CoV-2 pandemic has highlighted the vulnerability of incarcerated individu-
als and prison staff. The high levels of acceptance and vaccination against COVID-19 in
Spanish prisons are a measure of responses to public health needs of incarcerated indi-
viduals and prison staff. The results of this study demonstrate that vaccine acceptability
was high in a prison system during a public health emergency such during a pandemic.
While we cannot extrapolate these results to other settings, to prevent relegating these
vulnerable populations to not receiving vaccination based on assumptions that vaccina-
tion acceptability would be low, the results of this study are promising, encouraging the
implementation of vaccination not only during public health emergencies, but also as part
of routine immunization catch-up programs in prisons. Improving vaccination coverage in
adults residing in prisons reduces health inequities among marginalized populations.
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Abstract: After 40 years of its appearance, human immunodeficiency virus (HIV) infection remains
a leading public health challenge worldwide. Since the introduction of antiretroviral treatment
(ART), HIV infection has become a chronic condition, and people living with HIV could have life
expectancies close to those of the general population. People with HIV often have an increased
risk of infection or experience more severe morbidity following exposure to vaccine-preventable
diseases. Nowadays, several vaccines are available against bacteria and viruses. However, national
and international vaccination guidelines for people with HIV are heterogeneous, and not every
vaccine is included. For these reasons, we aimed to perform a narrative review about the vaccinations
available for adults living with HIV, reporting the most updated studies performed for each vaccine
among this population. We performed a comprehensive literature search through electronic databases
(Pubmed—MEDLINE and Embase) and search engines (Google Scholar). We included English peer-
reviewed publications (articles and reviews) on HIV and vaccination. Despite widespread use and
guideline recommendations, few vaccine trials have been conducted in people with HIV. In addition,
not all vaccines are recommended for people with HIV, especially for those with low CD4 cells
count. Clinicians should carefully collect the history of vaccinations and patients” acceptance and
preferences and regularly check the presence of antibodies for vaccine-preventable pathogens.

Keywords: HIV; vaccination; preventable diseases; HBV; HPV; HAV; SARS-CoV-2; MPox

1. Introduction

After 40 years of its appearance, human immunodeficiency virus (HIV) infection re-
mains a leading public health challenge worldwide. Since the introduction of antiretroviral
treatment (ART), HIV infection has become a chronic condition, and people living with
HIV (PWH) could have life expectancies close to those of the general population [1,2]. This
implies that PWH are becoming older, with an increase in the comorbidity burden that
HIV specialists have to manage [3-12]. However, despite ART, many people do not have a
complete CD4 recovery [13-16], and PWH with low CD4 cell count have an estimated life
expectancy of 30 years lower than the general population [1].

People with HIV often have an increased risk of infection or experience more severe
morbidity following exposure to vaccine-preventable diseases. Therefore, it is fundamental
to prevent non-communicable and infective diseases [17,18]. Nowadays, several vaccines
are available against bacteria and viruses. Different vaccinal technologies have been
developed over the years (e.g., live-attenuated, whole inactivate vaccine, virus-like particles,
polysaccharide, mRNA), with varying routes of administration (e.g., oral, subcutaneous,
nasal) [19,20]. However, not all vaccines could be administered in PWH, particularly in
those people with a low CD4 cells count. For example, the use of a trivalent live-attenuated
vaccine against measles, mumps, and rubella is contraindicated in PWH with a CD4 cell
count <200 cell/mm? for the high risk of developing the disease [21-23]. Therefore, it is
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clear that focusing on the vaccination of PWH is mandatory, balancing the pros and cons of
each available vaccine.

National and international vaccination guidelines in PWH are heterogeneous, and
not every vaccine is included [22-27] (Tables 1, 2, 5-7 and 9). For these reasons, we aimed
to perform a narrative review about the vaccinations available for adults living with HIV,
reporting the most updated studies performed for each vaccine among this population.

2. Vaccines
2.1. Hepatitis A Virus

Hepatitis A is an acute infectious disease transmitted through contaminated food or
water by fecal-oral route. Hepatitis A virus (HAV) has an icosahedral structure, and human
beings are the only reservoir in its biological cycle. Therefore, it is a cosmopolitan infection.
However, its circulation is influenced by hygiene and socioeconomic condition; thus, it
is an endemic disease in developing countries commonly acquired during childhood. In
non-endemic countries such as Europe, HAV infection is acquired in adulthood. Risk
factors include travel to an endemic country, intravenous drug use, or homelessness and
being men who have sex with men (MSM) [28].

No specific disease manifestations in immunocompromised hosts or PWH have been
described. However, Lin et al. showed that people with HIV are more infectious and for
a more extended period than people without HIV [29]. Therefore, the normalization of
transaminase levels may also be prolonged in these patients [30]. However, some cases of
fibrosing cholestatic hepatitis in PWH with severe immunodeficiency have been described,
with severe jaundice, coagulation deficit, and encephalopathy with rapid evolution until
death [31].

Specific treatment for HAV is not available. Hospitalization is mandatory only in
fulminant hepatic failure, requiring a liver transplant. Predictors of disease evolution are
age (<10 or >40 years old), creatinine >2-3 mg/dl, and prothrombin time >50 s. Otherwise,
supportive care and symptomatic treatment are sufficient [32].

Prevention measures for HAV infection include vaccination, immunoglobulin admin-
istration, and careful personal hygiene. Vaccination of high-risk adults such as travellers in
super-endemic countries, MSM, patients with chronic liver disease, and individuals with
one year or more of HIV infection is recommended. The HAV vaccine contains purified and
inactivated viruses boosted by an aluminium salt as an adjuvant. Two doses are required in
a range of six to eight months [33]. The vaccine is safe and immunogenic in 97-99% of the
cases two weeks after the second dose. However, the efficacy is inferior in HIV co-infected
patients, and the seroconversion rates range from 52% to 94% [34]. Recommendations of
the different guidelines are summarized in Table 1.

Patients with CD4 cells count <200 cells/mm?3 and those with detectable HIV-RNA
have a higher risk of poor response to the vaccine. For these reasons, some authors suggest
an additional dose of the HAV vaccine to improve the durability of seroprotection in PWH
with low CD4 cells count [29]. Chen et al. found that PWH who have lost their anti-HAV
antibodies after primary vaccination had a faster and better serological response to a
single dose of HAV revaccination than PWH who received the first dose [35]. Regarding
the durability of HAV response, Jablonowska and Kuydowicz evaluated 234 PWH, of
which about 30% had anti-HAV antibodies [36]. Of the 83 PWH who received a complete
vaccination, 79.5 had a good response (anti-HAV-T >20 IU/L after one month since the
booster dose). In addition, they confirmed that having less than 200 CD4/mm?® and
HIV/HCV coinfection were associated with a worse response [36].

The most common adverse events are fever, injection site reaction, rash, and headache [37].
In addition, severe events, such as Guillain-Barre syndrome, have been reported, although
their relationship with vaccination is uncertain. No difference regarding safety has been
seen in PWH [34]. Finally, Crisinel et al. reported a 100% seroconversion rate after two doses
of HAV vaccination in children living with HIV without severe symptoms or immuno-
suppression. Despite a high seroconversion rate, children with CD4 counts of <750/mm3
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have lower anti-HAV antibodies, which could reflect less lasting protection. For this rea-
son, serological monitoring and additional boosting doses should be considered for these
children [38].

Table 1. Comparison of five HIV guideline recommendations for the HAV vaccine administration.

BHIVA [22,25]

EACS [24]

NIH [23]

SIMIT [27]

WHO [26]

According to risk
profile (travel, close
contact with

According to risk
profile (travel, close
contact with

According to risk
profile (travel,
close contact with

children, MSM, children, MSM, children, MSM,
Who to IVDU, active IVDU, active Any person without  IVDU, active No specific
vaccine? hepatitis B or C hepatitis B or C evidence of hepatitis B or C recommendation
’ infection, chronic infection, chronic immunity to HAV infection, chronic
liver disease), and liver disease), and liver disease), and
with a negative with a negative with a negative
anti-HAV IgG anti-HAV IgG anti-HAV IgG
antibodies antibodies antibodies
<200 CD4 with risk
factors: do
vaccination and
>350 CD4/mm?3: check antibodies
Difference for two vaccines doses response after
. at 0 and 6 months 1-2 months. If No specific
people with 3. No . . No .
low CD4/mm3 <350 CD4 / mm>~: negative, revaccinate recommendation
three vaccines doses when CD4 are >200.
at0, 1, and 6 months <200 CD4/mm°
without risk factors:
waiting for
CD4 > 200/mm3
The cited BHIVA’s
recommendation
Boosting? Every 10 years NP NP of performing a NP

booster every
10 years in
high-risk people

NP: not present.

Although vaccination against HAV is essential for HIV-infected patients, the uptake of

HAV vaccine is reported to be very low [39]. For this reason, further efforts are needed to
improve HAV vaccine offer and acceptance.

2.2. Hepatitis B Virus

Hepatitis B virus (HBV) is one of the principal causes of chronic viral liver disease
worldwide. As for HIV, no definitive cure is currently known.

Hepatitis B virus could be transmitted by blood, semen and other bodily fluids, or
through vertical transmission [40-43]. People with HIV are less likely to develop a clinical
recovery after acute infection, given the lower HBV surface antibody (HBsAb) production
rates. For this reason, these patients are more likely to develop a chronic infection, with liver
cirrhosis, end-stage liver disease, and hepatocellular carcinoma (HCC) than the general
population [44-49].

HBV surface antibody production is less commonly observed with low CD4+ cell
counts, high HIV viral loads, HCV co-infection, and other comorbidities [50].

Even in the ART era, there is evidence of higher mortality among PWH with HBV
infection [51]. For this reason, achieving long-term immunity protection is still challenging,
and vaccination remains one of the most important weapons for HBV prevention [52].
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Consequently, targeted interventions for assessing immunity and primary prevention
with vaccines should be prioritized, especially for those people who need to switch to a
dual-regimen treatment without an active drug against HBV.
Regarding vaccination, there available different effective formulations. They consist

of recombinant, combined, or mammalian cell-derived vaccines.

(i)

(ii)

Recombinant HBV vaccines include Recombivax HB® [containing 10 mcg HBV surface

antigen (HBsAg)/mL], Engerix-B® (containing 20 mcg HBsAg/mL), and Heplisav-B®
(HepB-CpG; containing 20 mcg HBsAg/0.5 mL). Recombivax HB® has been available
since 1983 and is widely available [53]. It typically requires three doses. Engerix-B®
has been available since 1989 and usually requires three doses. Finally, HepB-CpG
(an adjuvanted vaccine) was approved in 2017, only in adults. It is administrated in
two separate doses at one month of distance [54-56].
Combined vaccines: The combined vaccine (Twinrix®) contains 720 enzyme-linked
immunosorbent assay units of inactivated hepatitis A virus and 20 mcg of recombinant

HBsAg [57].

The different recommendations are summarized in Table 2.

Table 2. Comparison of five HIV guideline recommendations for the HBV vaccine administration.

BHIVA [22,25]

EACS [24]

NIH [23]

SIMIT [27]

WHO [26]

Who to
vaccinate?

All if seronegative

All if seronegative

All if seronegative

All if seronegative

All if seronegative

Type of vaccine

Yeast-based: 40 pg
Adjuvanted: 20 pg

According to

Yeast-based: 40ug
Adjuvanted: 20 pg

Yeast-based: 40 pg
Adjuvanted

Suggest using

and doses Four doses: 0,1,2,6 national guidelines Three doses (preferred): 20 pg double doses
months Three doses
>10 mIU/mL
Target IgG 100 UI/L 8 weeks ;6 177, 8 weeks after the >100 UI/L >100 UI/L
after the last doses
last doses
petmerche
later: if HBsAb two weeks
Occult HBV* ’ NP NP later; if NP
HBsAg <101U/L, HBsAg < 10 TU/L,
offer full -/
L offer full vaccination
vaccination
For people with No difference in No difference in
No differences in partjcularly low doses. doses.
. CD4”, consider a For non-responder For non-responder
Differences for ~ doses; repeat . .
le with HBsAb screening double dose people with people with NP
pbeop 5 > (40 pg)orusea CD4/mm3 < 200: CD4/mm? < 500:
low CD4/mm®  more frequently if S o
3 more delay re-vaccination  delay re-vaccination
CD4 cell/mm?® <350 . . . R
immunogenetic until until
vaccine CD#4 > 200/mm?3 CD#4 > 500/mm?3
Non-responder:
People with People with gﬁadcglsréite with People with People with
HBsAg <10 UI/L: HBsAg <10 UI/L: HBsAg <10 UI/L: HBsAg < 10 UI/L:
For people whose
three more doses three more doses three more doses three more doses
. . . HBsAg level fall . .
Boosting People with People with below 10 UL/L: People with People with
HBsAg <100 UI/L  HBsAg <100 UI/L ne dose if n t. HBsAg <100 UI/L HBsAg <100 UI/L
but >10 UI/L: but >10 UI/L: one dose 1t no but >10 UI/L: but >10 UI/L:
receiving
one dose one dose : one dose one dose
tenofovir-based
regimen

* HBsAg negative, HBcAb positive, and HBsAb negative. NP: not present.
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According to all national and international guidelines, PWH should be assessed for
HBYV infection before choosing vaccination. In particular, every patient should be screened
for HBsAg, HBsAb, and HBV core antigen—antibody (HBcAb) [23-26,58]. Depending on
the results of this test, we could face different situations:

People with HIV who never received HBV vaccine and who have never encountered the virus
(anti-HBs, HBsAg, anti-HBc negative)

In this case, HBV vaccination is recommended for all PWH regardless of HIV viral
load (VL) and CD4+ cells count, given their HBV susceptibility.

Four randomized controlled trials (RCTs) on PWH were conducted from 2005 to 2013,
analyzing various schedules [59-62]. In almost all cases, there was an advantage to a
higher dose of vaccine in this population. Interestingly, Cornejo-Juarez et al. showed no
relevant differences when comparing a 10 ug to a 40 ug schedule [60]. Furthermore, an
RCT conducted by Chaiklang et al. in 2013 highlighted no statistical differences between
the study groups; they also observed a higher response rate in classic schedules than
in every previous study [63]. However, results showed a response ranging from 16%
to 18.2% lower at 12 months in the group receiving the standard dose (Table 3). Even
if not statistically significant, this result could be considered clinically relevant when
coming to practice. Finally, in 2013, a meta-analysis carried out by Ni et al. confirmed the
advantage of higher doses to increase response rates (pooled OR for increased dose = 1.96
(95% CI1.47-2.61)) [64].

Table 3. Randomized controlled trials on HBV vaccination among PWH who never received vaccine.

Study Year Included Patients ~ Schedule Rates of Response  p-Value
20 ug vs. 40 ug o o
Fonseca et al. [61] 2005 210 Month 0-1-6 34% vs. 47% 0.07
- 10 ug vs. 40 ug o o .
Cornejo-Suarez et al. [60] 2006 79 Month 0-1-6 60% vs. 61.5%
20 pg Month 0-1-6 65% -
Launay et al. [62] 2011 437 40 pg Month 0-1-2-6 82% <0.01
4 mg ID Month 0-1-2-6 77% 0.02
20 pg Month 0-1-6 70.4% -
Chaiklang et al. [64] 2013 132 40 pg Month 0-1-2-6 86.4% 0.119
4 mg ID Month 0-1-2-6 88.6% 0.062

People with HIV who did not respond to a vaccine cycle (anti-HBs, HBsAg, anti-HBc
negative with a known history of vaccination)

People with HIV who did not respond to a vaccine cycle are considered susceptible to
HBV. For this reason, a new vaccine cycle should be considered for this population to obtain
an acceptable serological response. However, there are no univocal indications regarding
revaccination or the schedule to use. For example, in the United States and in France, a
second series is recommended [23,65]. Instead, British recommendations consider three
vaccines with high doses [25].

Over the years, several non-randomized studies have been conducted, but only a
few RCTs.

In 2010, Psevdos et al. analyzed the response differences between supplementary
double or standard doses among 101 PWH non-responders to the first HBV vaccine sched-
ule [66]. They found a difference of ~30% in response rates in favor of double dose
(p =0.000).

In 2015, Rey et al. conducted a study on 178 PWH assessing the efficacy of a double
vs. standard dose vaccine among non-responders to a 20 pg booster after the first vaccine
cycle [67]. As a result, they found a significant difference at week 72 of follow-up (54% vs.
31%, respectively; p = 0.01).
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Recently, Vargas et al. compared the efficacy of a high-dose vs. standard-dose HBV
revaccination schedule in an RCT including 107 PWH. From December 2013 to March 2018,
they enrolled patients with HBs-Ab titers <10 IU/L after the first HBV vaccination regi-
men [68]. The high-dose group received three doses of 40ug recombinant HBV vaccine; the
other one received 20 pg at 0, 1, and 2 months. At one year of follow-up, they demonstrated
40% higher response rates among people receiving a 40 pug dose (80% vs. 39.1%; p = 0.01)
(Table 4).

All this considered, a double-dose revaccination seems to be the best practice among
PWH who did not respond to the first vaccine cycle.

Table 4. Randomized controlled trials on HBV vaccination among PWH who did not respond

to vaccine.
Study Year Included Patients  Revaccination Schedule Rates of Response  p-Value
Psevdos etal. [67] 2010 101 40 g (3 doses) vs. 20 g (3to 8 doses) g5, o 590, 0.006
after classic schedule
Rey et al. [68] 2015 178 Double vs. standard schedule 54% vs. 31% 0.001
Vargasetal. [69] 2021 107 20 ug vs. 40 ug 80% vs. 39.1% 0.01

Month 0-1-2

People with HIV with positive HBcAb

Literature data showed how up to 20% of PWH tested positive for HBcAb [69-73]
However, there is no international consensus about vaccination in this case. For example,
the European AIDS Clinical Society (EACS) guidelines report that “vaccination is not
recommended in this population” [21], while the National Institute of Health (NIH) suggest
performing one standard dose of HepB (Table 2).

Unfortunately, few studies about this population are present. In 2003, Gahndi et al.
found that among 42 PWH positive only for HBcAb, one had a positive HBV-DNA, sup-
porting the idea that occult hepatitis B viremia may occur even after apparent clearance
of infection [74]. In 2016, Piroth et al. conducted a clinical trial in this population, en-
rolling 54 PWH with isolated HBcAg positivity. All people received one dose (20 pug) of
the recombinant HBV vaccine. At 4 weeks, only 25 (46%) patients were responders, and
only 14/24 (58%) maintained an anti-Hbs level >10 mIU/mL at 28 weeks (one LTFU).
Those who at 4 weeks were non-responders (anti-HBs level of <10 mIU/mL) received three
additional double doses. Among them, 24/27 (89%) and 81% (21 of 26) had an anti-HBs
level of >10 mIU/mL at week 28 and month 18, respectively. The authors concluded,
“All of the patients with an isolated anti-HBc profile who did not have an anti-HBs titer
of >100 mIU/mL 4 weeks after a single recall dose of HBV vaccine should be further
vaccinated with a reinforced triple double-dose scheme” [75]. Finally, from 2005 to 2016,
some prospective studies aimed to evaluate response rates with different schedules, and
vaccine success was reported in up to 89%. For this reason, we agree with NIH guidelines
since the HBV vaccine represents an added value among these patients, reducing the risk
of new infections [74-77].

HBYV surface antigen positive

In this case, vaccination is not recommended, and patients should be treated with a
triple-drug regimen containing two Nucleoside Reverse Transcriptase Inhibitors (NRTI), as
suggested by guidelines [23-25].

In conclusion, the management of HBV vaccination is still debated in the literature,
and further studies with longer follow-ups are needed. In the meantime, the suggestion is
to monitor the HBsAg title yearly and use a tiple-drug treatment containing tenofovir in
the non-responder subjects.

69



Vaccines 2023, 11, 896

2.3. Human Papillomavirus

Human papillomavirus (HPV) is the most common sexually transmitted disease
worldwide. Among the >200 identified genotypes so far, most can cause anogenital
warts and respiratory papillomatosis, whereas about 40 genotypes have been associated
with premalignant and malignant lesions of the cervix, anus, vulva, vagina, penis, and
oropharynx [78]. Worldwide, genotypes 16 and 18 cause about 70% of cervical cancers (the
fourth most common cancer in women), while HPV-6 and 11 are the most frequent causes
of benign lesions [78,79].

People with HIV, even on effective ART, have increased risk and rate of HPV ac-
quisition, persistence, and re-infection after clearance, higher carriage of multiple HPV
genotypes, and a more rapid progression to HPV-associated malignancies [80-82]. Fur-
thermore, HIV-positive MSM have the highest HPV-related anal warts and cancer risk.
At the same time, women with HIV show a six-fold greater incidence of cervical cancer
than HIV-negative women [83]. The worse epidemiology of HPV infection in PWH is
due to behavioral habits and immunological reasons related to HIV-induced NK, B, and
T-cell dysfunction, chronic inflammation, and persistent mucosal/epithelial alterations [84].
Furthermore, HPV infection can increase by two-fold the likelihood of HIV acquisition [85].
HPV vaccination may have a relevant impact in settings featured by low HIV prevention
coverage, where mathematical models showed that the cumulative number of HIV infec-
tions that could be averted by HPV vaccination over 50 years could reach up to 27,812 cases
in women and 14,693 cases in men [86].

Four types of prophylactic recombinant vaccines based on virus-like particles are
currently available: two bivalent (Cervarix®, Glaxosmith-Kline, UK, and Cecolin®, Xiamen
Innovax Biotech, China), the quadrivalent, and the nonavalent (Gardasil® and Gardasil-9%,
Merck, Rahway, NJ, USA). The two bivalent vaccines protect against HPV-16 and 18, while
Gardasil® and Gardasil-9® protect against HPV-6, 11, 16, and 18, and against HPV-6, 11, 16,
18, 31, 33, 45, 52, and 58, respectively.

In the general population, HPV vaccines showed outstanding safety and effectiveness
against vaccine-included genotypes, anogenital warts, and high-grade intraepithelial neo-
plasia up to 14 years after vaccination [87]. As a result, vaccination regimes for young girls
and boys (9-14 years) have moved from the original licensed 3 doses to 2 doses. In addition,
there is growing interest in evaluating whether one shot is insufficient for long-lasting
protection [88].

Despite HPV vaccination being also recommended for immunocompromised subjects,
including PWH, robust consolidated evidence on its efficacy and safety is missing in PWH.
Several studies suggest these vaccines are safe and immunogenic. Still, there has been
no formal assessment of the influence of vaccine type, number of doses, baseline HPV
serostatus, nor of the age and timing of vaccination along the course of HIV infection stages.
Guideline recommendations are summarized in Table 5.

A 2022 meta-analysis of 18 longitudinal studies, including about 3900 participants,
evaluated HPV vaccines immunogenicity, safety, and efficacy in PWH according to baseline
HPV status [89]. Overall, their findings support that PWH develop a valid immune
response following HPV vaccination and that all the vaccines are as well tolerated and safe
as for HIV-negative populations. Nevertheless, the pooled follow-up was 1-2 years, no
study assessed the effects of one or two doses only, and only one reported on Gardasil-
9® and none on Cecolin®, recently licensed [89]. Furthermore, most of the participants
included in the meta-analysis were relatively healthy but also more representative of old
HIV-positive cohorts compared to PWH attending clinics nowadays: they presented an
average long duration of infection off ART and old ART regimens.

As for immunogenicity, among PWH who were seronegative for HPV-16 and -18 prior
to vaccination, seroconversion rates were high (>94%) at 7 months from the first dose
across all vaccines [89]. Seropositivity after the third dose remained high despite some
decline over time, which was more pronounced in PWH as compared to HIV-negative
participants and greater for HPV-18 and with the quadrivalent vaccine; consequently,
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increases in seropositivity after a fourth dose was more pronounced for this genotype and
with Gardasil® [89]. Due to heterogeneity and limited statistical power, there was only
modest evidence suggesting that antibody titers and seroconversion rates were lower in
PWH with lower CD4+ counts or detectable plasma viremia. Therefore, no conclusion was
drawn for the potential contributions of ART [89]. Previously, lower antibody titers and
seroconversion rates after HPV vaccination in PWH with CD4+ count <200 cells/mm?3,
positive correlations between CD4+ count and antibody titers, no difference in antibody
titers by CD4 nadir, and higher antibody titers in PWH on ART (vs. off ART) and in those
virally suppressed (vs. non-suppressed) were reported [90-94]. Interestingly, genotype-
and timing-specific differences in seropositivity between HIV-negative and PWH after
three doses could also occur [89].

Table 5. Comparison of five HIV guideline recommendations for HPV vaccine administration.

BHIVA [22,25] EACS [24] NIH [23] SIMIT [27] WHO [26]
Girls aged between
9 and 14; females
aged > 15 years or
males are
<
All aged < 26 yo; ?li aged e 26 All aged < 26 recommended only
MSM and women orpeop’e For people with if this is feasible,
Who to All people aged between 27 and
. aged < 40; more than 26 years  affordable,
vaccinate? Defer if between 9 and 45 45 years old, evaluate cost-effective, and
CD4 < 200/mm? depending on risk risk /benefit does not divert

factors

resources from
vaccination of the
primary target

population
. If available, prefer .
If available, prefer the available, prefe If available, prefer
. the 9-valent
9-valent vaccine; . . the 9-valent .
. vaccine; otherwise, . . Depending on
. otherwise, use the vaccine; otherwise, . .

Type of vaccine . Prefer the 9-valent  use the 4-valent which is available

4-valent vaccine . . use the 4-valent .
and doses vaccine vaccine Performing

For both, perform
three doses: 0, 1-2,
and 6 months

For both, perform
three doses: 0, 1-2,
and 6 months

vaccine
For both, perform
three doses

three doses

Differences for Igg:i gggr;l;x;th
people with . NP NP NP NP
low CD4/mm? deferred until the
ART starts
. Perform vaccine
People with Perform vaccine despite age to
HPV disease despite age to reduce reduce risk of NP NP NP

risk of recurrences

recurrences

NP: not present.

To date, no reliable estimate of any biological effect of HPV vaccination in PWH has

been carried out; thereby, most evidence relies on immunological responses with no robust
and unbiased data about the clinical counterpart of such responses, such as post-vaccination
cytology results or rates of HPV infection and anogenital warts and cancers [89]. For
instance, and partially differing from the results in adult PWH, among perinatally infected
youths receiving Gardasil®, viro-immunological parameters were marginally associated
with abnormal cytology but not with antibody titers or vaccine doses [95]. Eventually, the
2022 meta-analysis concluded that PWH who have not been vaccinated prior to acquiring
HIV can still benefit from receiving the vaccine. However, the higher likelihood of HPV-
positivity in PWH may hinder the net benefit of vaccination independently from other
determinants, such as immune competence [89].
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More data are also required to confirm the alleged superior immunogenicity of
Cervarix® compared to the other HPV vaccines in PWH [81,88,96]; this observation could
be potentially explained by the fact that among the licensed vaccines, only Cervarix® con-
tains AS04. This peculiar adjuvant is a detoxified form of lipopolysaccharide that acts as a
Toll-like receptor 4 (TLR) agonist. Previous evidence about anti-HBV vaccination suggested
that TLR agonist adjuvant-based vaccines can improve PWH immunogenicity by overcom-
ing T follicular helper dysfunctions [81,97]. However, considering the greater prevalence
of infections by concurrent multiple HPV genotypes in PWH, the cross-protection towards
a wider spectrum of genotypes induced by Cervarix® may be lower compared to quadri-
and nonavalent vaccines. Therefore, mixed vaccination regimens may be regarded with
interest in PWH. However, the general population still has limited data supporting this
approach [98].

In conclusion, further research is warranted to detail the influence of prior HPV
exposure, the role of immune suppression, HIV infection stages, the timing of ART initiation
and its duration, and the age of vaccination, as all could potentially affect the efficacy and
duration of protection in PWH.

2.4. Influenza Virus

Human Influenza A and B viruses cause annual outbreaks of Influenza in temperate
climates during winter. Influenza C virus is less common and causes milder diseases, while
Influenza D virus does not affect humans. Seasonal Influenza symptoms include dry cough,
fever, myalgia, arthralgia, headache, and malaise [99]. Most people recover without medical
attention; however, high-risk individuals can develop severe illnesses and death. Mortality
is estimated to be between 290,000 and 560,000 deaths per year. People at greater risk of
disease progression are pregnant women, children under 59 months of age, people with
chronic morbidities, elderly people, and people affected by immunosuppressive conditions,
including PWH. Transmission easily occurs through droplets and can be prevented with
face masks and frequent hand hygiene [100].

A safe and constantly updated inactivated vaccine is available, and its administration
is recommended to all people aged >6 years, with high priority among at-risk individuals.
A trivalent vaccine containing two strains of virus A and one of virus B was first introduced;
in 2013-2014, a fourth component targeting B strain was added. The vaccine is not always
consistent with the circulating virus due to the high variability of Influenza virus. However,
it is updated twice yearly. Even if not perfectly matching, it can still confer protection
against severe illness and hospitalization [101].

People with HIV have always been at higher risk of disease progression, even if
hospitalization due to Influenza has decreased since the introduction of ART. Still, PWH
are considered at higher risk of disease complications and severe illness; thus, annual
vaccination with a tetravalent vaccine is recommended [102-104].

A systematic review by Remschmidt et al. conducted in 2014 aimed to assess Influenza
vaccine safety and efficacy among PWH. Overall, they collected two randomized clinical
trials, three cohort studies including adults with HIV, and one trial including children.
All data collected refer to the trivalent vaccine, the only one available at the research
time. Authors highlighted that the vaccine prevents Influenza in adults, but no evidence
regarding pneumonia, hospitalization, and mortality was reported. No difference according
to CD4+ cells count and HIV viral load was encountered.

On the contrary, effectiveness among children under six years old was not demon-
strated. This group reported an inferior antibody response compared to its healthy counter-
parts. However, few data are available among children with and without HIV [105].

A cohort study conducted during seasonal Influenza 2013-2014, 2014-2015, and
2015-2016 involving PWH and HIV-negative subjects grouped by age showed a lower
prevalence of vaccine responders among PWH. No clinical outcome was evaluated [106].
An analysis from the same cohort shows that dysfunctional peripheral antigen-specific T
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helper cells are associated with this impaired response and may be affected by ageing and
HIV infection [107].

Regarding the tetravalent inactivated vaccine, no data regarding PWH are available.
However, encouraging data from the trivalent vaccine among PWH and data regarding
the tetravalent vaccine among the general population support safety and efficacy of the
tetravalent vaccine among PWH [108,109].

Regarding safety, no differences have been seen in the adverse events in PWH and the
general population. On the impact of vaccination on HIV viral load and CD4 cell count,
controversial results have been published. Some authors showed HIV viral load rebound
and a decrease in CD4 cell count after vaccination for Influenza. The HIV rebound has
been attributed to the activation of quiescent HIV-infected CD4 cells. However, most of
these studies were conducted between 1995 and 2010, when Integrasis inhibitors were
unavailable [110].

The available literature pushes towards promoting vaccination among PWH. However,
further studies are needed to assess the safety and efficacy of the quadrivalent inactivated
Influenza vaccine among children and adults living with HIV.

2.5. Measles Morbillivirus

Measles is a severe disease caused by a Morbillivirus. It is highly contagious and partic-
ularly threatening for immunocompromised individuals [111-114]. Its incidence has been
decreasing since the introduction of an effective vaccine; however, the reluctance to vaccine
uptake is undermining the achievement of herd immunity in many countries [115,116].
Measle vaccination is part of the routinely administered vaccines during childhood. Its im-
munogenicity and safety among children living with HIV and exposed uninfected children
have been studied in past years.

A systematic review published in 2019, including only randomized control trials and
cohort studies with HIV-negative children matching cohort, reported good immunogenicity
with greater waning in children with HIV [117]. This is consistent with what was reported
for other vaccines given before immune recovery. Immunologic recovery, intended as
the recovery in the CD4 cell count, in children, is achieved through naive cells; thus,
immunity acquired with vaccines administered before immunologic recovery cannot be
re-established (differently from what we can see in adults PWH). These findings support
the administration of a booster vaccine after immunologic recovery.

Interesting data emerged from another review from the same period, including cross-
sectional studies, case reports, and case series. The Authors reported pooled data suggest-
ing a better response to the vaccine from children on ART and with rapid ART initiation. In
comparison, a poorer response was recorded when ART was differed or not prescribed. De-
spite the small sample size and the numerous confounders, these data reinforce the need to
start treatment promptly in children living with HIV [118]. In addition, confirmation came
from a recently published prospective study; during a two-year follow-up, Bruzzese et al.
reported an 87% coverage among children with HIV on stable ART, with better response
among children who received the vaccine after starting ART [119]. Regarding safety, no
serious adverse events were reported in the two reviews. However, long follow-up data on
immunogenicity and long-term efficacy are missing [117,118].

Regarding adults and adolescents, Loevinsohn et al. published a systematic review
in 2019, including 9607 PWH. Immunogenicity was highly variable across the studies,
significantly improving after ART introduction. However, despite complete ART coverage,
the waning of immunity reaching 50% was also reported. Nevertheless, no severe adverse
events were reported [120]. In this regard, only a case of vaccine-strain severe pneumonia
in an HIV-infected young adult is well known; in this case, the CD4+ cell count was “too
few to enumerate” when receiving the vaccine [121].

Studies reported are widely variable, and the characteristics of people included are
heterogeneous; thus, more rigorous investigations regarding immunogenicity, efficacy,
and safety of the measles vaccine among adults PWH are advocated. Despite the lack of
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punctual data on long-term immunogenicity and efficacy, based on severe outcomes of
Morbillivirus infection and safety and immunogenicity data from cohort studies and ran-
domized trials, the measles vaccine is recommended by HIV guidelines in PWH with CD4+
count >200 cells/mm? and on stable ART [102,104]. Given the low rate of Morbillivirus
antibodies among the population [122-124], far from reaching herd immunity, the pros and
cons of recommending vaccination should be considered when evaluating a new patient.

2.6. Mpox Virus

Mpox virus (MPV) is a zoonotic orthopoxvirus that is in the same genus as variola
virus (causative agent of smallpox), vaccinia, ectromelia, camelpox, and cowpox viruses. In
particular, MPV is considered the most important orthopoxvirus infecting human beings
since the eradication of smallpox, confirmed by WHO in 1980 [125].

MPV was identified in 1958; however, the first documented human infection was
described in 1970 in a 9-year-old child from the Democratic Republic of Congo [126].

Since 1970, monkeypox has continued spreading in central and western Africa, which
is now endemic. The first outbreak in Western countries was in the United States in 2003.
Since then, sporadic outbreaks have been reported in several countries [127]. The most
recent outbreak dates to May 2022 and is still ongoing; in this case, however, the person-to-
person transmission would seem to be the main route of contagion, unlike the previous
outbreaks [128].

The disease caused by MPV infection is usually characterized by a febrile prodrome
with lymphadenopathy, headache, and fatigue (typically O to 5 days) followed, after 1 to
3 days, by a vescicopapular rash with lesions that generally start on the face and then
spread to the whole body (including palms and soles). In addition, many atypical cases
have been reported during the current outbreak, with skin lesions mainly localized at oral
and anogenital levels, probably due to the sexual transmission route [129].

In most cases, the infection progresses benign, with complete healing after 2—4 weeks.
However, cases of severe disease and complications have been described. The risk of
developing a more serious disease also correlates with the patient’s immune status.

From preliminary data regarding the current outbreak, it seems to be a connection
between MPV infection and HIV. Thornhill et al. reported that of 528 people infected
between April and June 2022, 41% had HIV infection [130].

Even before 2022, data from Africa had shown that in people with uncontrolled
HIV, especially when they presented with AIDS features, the course of monkeypox was
more severe (e.g., more extensive lesions, more significant complications, and increased
mortality) [131]. On the contrary, this discrepancy has not been highlighted for PWH on
ART [132].

Currently, there are two types of vaccines against smallpox and MPV: a replication-
deficient modified vaccinia Ankara (MVA) vaccine and a replication-competent smallpox
vaccine (ACAM2000).

The MVA vaccine is a second-generation smallpox vaccine. It represents the first choice
due to its excellent safety profile, even in immunocompromised people. It is administered
subcutaneously in two doses, 28 to 35 days apart. However, intradermal administration
might be considered in outbreak situations if supplies are limited, as it requires a lower
dose [133].

Greenberg et al. evaluated the safety and immunogenicity of MVA as a smallpox
vaccine with a phase I/1I clinical study comparing the safety and immunogenicity of
MVA in 91 vaccinia-naive HIV-infected subjects (CD4+ T-cell counts, >350/ mm3) and
60 uninfected subjects [134]. To measure the potential efficacy of MVA, the ability to boost
the memory response in people previously vaccinated against smallpox was evaluated by
enrolling vaccinia-experienced HIV-infected and HIV-uninfected subjects in two additional
groups [134]. They found that MVA was well tolerated and immunogenic in all subjects,
with an antibody response comparable between people without HIV (PWoH) and PWH.
In 2020, Overton et al. conducted a phase II trial on PWH, enrolling 87 participants [135].
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They were divided into three groups: (i) people who received two standard doses on weeks
0 and 4; (ii) people who received two standard double doses on the same schedule in the
double dose; (iii) people who received standard doses on weeks 0 and 4 weeks, plus a
standard boosted dose at week 12. No differences in safety and immune response have
been reported in the three groups. Therefore, the authors concluded that a booster dose
does not appear necessary.

On the contrary, Pugliese et al. propose to perform the third dose for people with a
CD4 cells count below 200 cells/mm? or 15% [136].

Agunbiade et al. recently conducted a cohort study of 10,068 (including also PWH)
high-risk people who received MVA-BN vaccination [137]. They registered only 15 cases of
Mpox, and 3 were HIV-positive. To note, the median time between vaccination and Mpox
occurrence was 4 days (IQR 3-9).

The ACAM2000 vaccine, approved in 2007 to replace the original Dryvax vaccine used
to eradicate smallpox, is a replication-competent vaccine with high immunogenic power.
However, it can only be used in specific cases due to the frequent occurrence of severe ad-
verse events secondary to the injection (acute vaccinia syndrome, postvaccinal encephalitis,
progressive vaccinia, eczema vaccinatum, generalized vaccinia, and cardiac complications).
The risk of developing these adverse events is particularly high in people with immunode-
ficiency and chronic skin diseases; therefore, these vaccines are contraindicated in PWH
and diagnosed with atopic dermatitis [138].

Adverse events occurring after vaccination with replication-competent vaccines seem
to be closely related to the immune status of the subject. In a study by Tasker et al. of
10 individuals with undiagnosed HIV-1 infection and CD4 counts >200 cells/mm?3 at the
time of smallpox vaccination, none developed adverse events [139]. On the other hand, in
a case report by Redfield et al., the patient who developed disseminated vaccinia had a
CD4 cells count below 25 cells/mm?3 and active cryptococcal meningitis [140]. Therefore,
in the interim Guidance for Prevention and Treatment of Monkeypox in Persons with HIV
Infection, O’Shea et al. do not recommend using ACAM2000 in PWH for the risk of severe
adverse effects [141].

In conclusion, the development of third-generation vaccines such as MVA has made it
possible to expand the subjects to whom smallpox and MPX vaccines should be adminis-
tered, including PWH.

2.7. Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2)

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) belongs to the coro-
navirus family and shares 79% sequence with SARS-CoV [142]. The main symptoms
of Coronavirus Disease 19 (COVID-19) are fever, cough, and dyspnoea; a low propor-
tion complains of gastrointestinal symptoms, anosmia, dysgeusia, headache, and skin
lesions [143-149]. Most people develop asymptomatic or paucisymptomatic forms of
infection [150,151]. However, the disease can evolve into a life-threatening systemic inflam-
mation, respiratory failure, and multiorgan dysfunction [152-155]. Several studies have
been conducted to evaluate if having an HIV infection represents a risk factor for devel-
oping severe disease. People with HIV with low CD4 cells count or detectable HIV-RNA
seem to have an increased risk of severe COVID-19, while people with an undetectable
HIV-RNA and a CD4 count higher than 200 cells/mm? appear to have the same risk as
people without HIV [156-158]. For these reasons, having HIV was considered among the
conditions prioritized for receiving a vaccination and eligible for early antiviral treatment
against SARS-CoV-2 [159,160].

In addition, some studies showed that HIV treatments could act against
SARS-CoV-2 [161,162]; in particular, treatment with tenofovir disoproxil fumarate
(TDF)/emtricitabine (FTC) seems associated with a lower risk of infection and disease
progression [163,164].

At the end of 2020, the first vaccine against SARS-CoV-2 was already available.
Currently, nine vaccines have been approved by the WHO and administered world-
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wide [165-174], with many others approved only in one country (e.g., EpiVacCorona
fully approved in Turkmenistan) or whose trials are still ongoing [175].

Several studies have evaluated the vaccine acceptance, efficacy, and safety in PWH.

Efficacy

Only one trial to investigate the efficacy of SARS-CoV-2 vaccination in PWH has been
conducted, particularly on the AZD1222/ChAdOx1 vaccine. In the interim analysis, they
presented data about 103 PWH (52 received vaccine, 51 received placebo) and 58 PWoH
(29 received the vaccine, 29 received placebo). All PWH had an undetectable HIV-RNA
and a CD4 cells count above 350 cells/mm?3. In the interim analysis, the authors compared
54 PWH with 50 PWoH who received two vaccine doses. They found that PWH showed
cross-reactive binding antibodies to the beta variant and wild-type Asp614Gly. High
responders retained neutralization against beta [176]. In the final analysis, they compared
54 PWH who received two doses with 50 PWoH. They have not found a correlation between
the magnitude of anti-spike IgG and CD4 cell count, and there is no difference between the
two cohorts [177].

More studies have been conducted on mRNA vaccines BNT162b2 and mRNA-1273.
Schmidt et al. found a significantly lower level of SARS-CoV-2-specific IgA in PWH
than in PWoH, indicating a moderately lower functionality of the humoral vaccine re-
sponse [178,179]. Likewise, Hefdtal et al. and Xu et al. showed that PWH had a lower level
of IgG than PWoH [179,180]. Several studies confirmed these data [178,181].

Other studies found a significant difference in neutralizing antibody responses be-
tween PWH with a CD4:CDS8 ratio < 0.5 or less than 200/250 CD4 cells/mm? [182-186].
On the contrary, Portillo et al. found no evidence of poorer viral neutralization in PWH
compared to PWoH [187].

Many of these studies, and we agree with them, concluded that PWH might become a
target population for prioritization to receive booster vaccinations.

Regarding Ad26.COV2.S, Khan et al. enrolled 73 PWoH and 26 PWH, and as a
comparison group, they included unvaccinated participants (28 PWoH and 34 PWH) with
prior documented SARS-CoV-2 infection. They found a similar neutralization response in
both groups [188].

About the inactivated vaccine, Coronavac and BBiBP CorV, Netto et al. conducted a
cohort study including 215 PWH and 296 PWoH. They found that people with less than
500 CD4/mm? had a lower antibody level than people with more than 500 CD4/mm? [189].
In addjition, they found lower S-RBD-IgG antibody seropositivity rates and levels in PWH
than in PWoH. Similar results were found by Zeng et al. and Liu et al. [190,191]; however,
they found a lower antibody level in people with less than 350 CD4 cells/mm?3.

Regarding the other inactivated vaccine, WIBP-CorV, Zou et al. found a delayed and
low immunogenicity peak in PWH compared to PWoH; however, no significant difference
was found in six-month immunogenicity between the two groups [192].

Finally, Gushchin et al. reported data about the Sputnik vaccine, including 24,423 PWH.
Of them, 2543 (10.4%) were fully vaccinated, 17,592 (72.0%) were unvaccinated, and
4288 (17.5%) received only one dose. They found a general vaccination efficiency of 76.3%,
while in PWH with more than 350 CD4 cells/mm3, it was 79.4%. In addition, vaccination
avoided hospitalization in 90.1% of cases and gave protection from moderate or severe
disease in 97.1%. For the delta variant, they observed a reduction in action (efficiency 65.3%,
avoided hospitalization 75.7%, and protection from moderate/severe disease 93.1%) [193].

Safety

Most of the studies present in the literature have not reported notable adverse events.
In the AZD1222 trial, the authors have not reported any serious adverse events. At the same
time, local and systemic reactions occurred during the first seven days after vaccination.
The most common were pain at the injection site (49%), fatigue (47%), headache (47%), and
malaise (34%) [176]. However, some studies reported a detectable HIV-RNA in a part of the
vaccinated subject in the following months [187]. In the Gianserra et al. study, one patient
vaccinated with BNT162b2 developed a reversible sensorineural hearing loss 24 h after
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boosting [185]. Finally, Chaabouni et al. reported a case of herpetic meningoencephalitis
after having received one dose of inactivated vaccine [194]. Atiyat et al. reported a case of
a 36-year-old man with HIV that had a Varicella-Zoster Virus (VZV) reactivation two days
after he received the second dose of BNT162b2 vaccine. To note, he had a low CD4 cell
count (158 cells/mm?), and he was not on ART (HIV-RNA 20600 copies/mL) [195].

In conclusion, many studies have been published on SARS-CoV-2 vaccination in PWH.
The majority agree that the neutralizing antibodies level was lower in PWH than in PWoH,
especially when a low CD4 cell count was present. However, the sample size in many
studies is small; for this reason, we believe that other studies are needed, with larger sample
sizes, to better understand the different vaccines’ efficacy. Until then, PWH represents a
high-risk population, and they should have priority in receiving the boosting doses.

2.8. Varicella-Zoster Virus

Varicella-Zoster Virus is one of the known herpes viruses which infect humans. The
infection confers life-long immunity; however, the virus remains latent in the ganglia and
can reactivate. It can provoke two different clinical diseases. The first infection (Varicella or
chickenpox) leads to a vesicular rash that usually spreads to the whole body, particularly
affecting the face and trunk. While it is usually a self-limited disease, complications such
as soft tissue infection, pneumonia, hepatitis, and encephalitis may affect at-risk individu-
als (e.g., immunocompromised and pregnant women). Herpes Zoster (HZ) reactivation
(shingles) usually involves one or two contiguous dermatomes with a painful vesicular
rash; among its complications, postherpetic neuralgia is common in older and immuno-
compromised patients; eyes, visceral, and neurological involvement are also possible. In
pregnant women, HZ may cause foetus injuries [196].

Herpes Zoster has always been common among PWH before the introduction of
ART. Ever since, its incidence has been declining [197]; however, PWH are still at higher
risk of HZ and its complications compared to the general population [198]. Moreover, in
people with VZV or HZ, the treatment must be promptly started to be effective. However,
even in the best conditions, it is unlikely to protect from post-herpetic neuralgia and other
complications alone [199]. Thus, prevention remains the best chance to reduce the burden
of the disease, especially on immunocompromised patients.

Regarding chickenpox prevention, two vaccines are available in Europe: Varivax
and Varilrix, both live-attenuated vaccines. After reconstitution, one dose (0.5 mL) of
Varivax contains no less than 1350 UFP VZV live-attenuated Oka/Merck strain. After
reconstitution, one dose (0.5 mL) of Varilrix contains no less than 1033 PFU VZV live-
attenuated Oka/Merck strain. Guideline recommendations are summarized in Table 6.

Several data regarding the safety and efficacy of these vaccines among the general
population are available. On the contrary, few data about using live-attenuated VZV
vaccines among PWH can be found in the literature. A systematic review including all
published literature up to 2013 conducted by the World Health Organization (WHO) con-
firmed their efficacy in preventing disease of any severity in immunocompetent individuals.
The same review reported a possible benefit for HIV-infected children; nonetheless, more
evidence was warranted to clarify its role in this population [200]. While further studies
were later published regarding safety and efficacy among children living with HIV [201],
there are almost no data on adult PWH. One study conducted to assess the role of at-
tenuated VZV vaccine as a booster to prevent HZ among adult PWH suggests its safety
and good tolerability among this population [202]. Nonetheless, given the high risk of
a possible fulminant or complicated chickenpox course and relying on safety and effi-
cacy data among children, vaccination is recommended in seronegative individuals with
>200 CD4+ cells/mm? [102,104].

Regarding HZ reactivation, live-attenuated VZV vaccines have been used as boost-
ers in children and adults living with HIV [201,203]. Weinberg et al. enrolled 82 sub-
jects with positive serology for VZV; the first group included PWH on stable ART and
with >400 CD4+ cells/mm?, and the second included PWH with CD4 cells count between
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201 cells/mm3 and 400 cells/mm? at study entry, and one cohort of HIV-negative sub-
jects. In each cohort, subjects were randomized to Varivax or placebo: the study reported
excellent tolerability and moderate immunogenicity in PWH enrolled.

Table 6. Comparison of five HIV guideline recommendations for the Varicella-Zoster vaccine administration.

BHIVA [22,25] EACS [24] NIH [23] SIMIT [27] WHO [26]
VZV
Who to ﬁilcglt:};;ﬁz‘foafvgfor All with a negative All with a negative g;l ;\Sg;a All if
vaccinate? chickenpox or s}*}llingles serology serology sel:gology seronegative

:ﬁ:’céo S]Sitﬁimtlge Only HIV without a
IgG testing Sceptibrey - Yes history of prior varicella NP NP

primary infection and ) ..

L7 or varicella vaccination

reactivation
Differences for i b Only in people
people with Only in people with CD4 count Only in people with wi tlr? peop NP

3 o, 3

low CD4,/mm? CD4 > 200/mm ;21(210/311;{151]5 (14%)  CD4>200/mm CD4 > 200/mm?
Zoster prevention

VZV IgG seropositive -
th to with more than NP V.ZV 18G seropositive NA NP
vaccinate? 60 years with more than 18 years

No data identify the
optimal vaccination

Differences for Onlv in people with timing for persons with a
people with CDZ,> 250 /pmm3 NP CD4 < 200/mm3. Some NA NP
low CD4/mm?3 experts would administer

the RZV vaccination series
after CD4 count recovery

NA: not available at the moment of guidelines publication. NP: not present.

In 2006, the first vaccine against HZ was licensed (Zostavax)—a live-attenuated vac-
cine. After reconstitution, one dose (0.65 mL) contains no less than 19,400 PFU VZV live-
attenuated Oka/Merck strain. Due to its characteristic, few studies are available among
immunocompromised patients, including PWH. Therefore, a randomized, double-blind,
placebo-controlled, multicenter study has been conducted to assess the efficacy and safety
of the heat-attenuated formulation among PWH with less than 200 CD4+ cells/ mm?3 within
90 days before the first dose administration; four doses were administered approximately
30 days apart. Although the vaccine was safe and well-tolerated, results were unsatisfactory
regarding immunogenicity, with a weak immunogenic response unlikely to be protective
against VZV reactivation [204]. More encouraging results were reported from PWH with a
better immunologic profile. A randomized, double-blind, placebo-controlled trial in virally
suppressed PWH, and with at least 200 CD4+ cells/mm® demonstrated the safety and
immunogenicity of HZ live-attenuated vaccine even though the 24-weeks follow-up could
not guarantee the durability of this effect [205]. However, being a live-attenuated vaccine,
some concerns exist about its use in an immunocompromised population.

The recently approved recombinant, adjuvanted HZ vaccine (Shingrix) may be a more
suitable alternative. The adjuvanted VZV glycoprotein E subunit vaccine was recently
authorized for immunocompromised adults [102,104]. Results from older adults demon-
strated efficacy and tolerability [206—208]. A phase 1/2a, randomized, observer-masked,
placebo-controlled, multicenter trial conducted among PWH confirmed Shingrix’s effec-
tiveness in soliciting an immune response. A two-doses course was associated with a
significant increase in cellular and humoral immunity compared with a single dose, while a
third dose was reported as not significantly beneficial [209]. The same study reported excel-
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lent tolerability, with pain at the injection site and fatigue as the most reported symptoms;
no vaccine-related severe adverse event leading to withdrawal was reported [209].

Safety and tolerability among immunocompromised individuals were confirmed by a
review of six trials addressing this wide population. Data from oncologic, transplanted,
and seropositive patients were reported, confirming the clinically acceptable profile of the
vaccine [210]. In addition, real-life data from the Medicare population (n = 15.589.546) con-
firmed the beneficial impact of Shingrix among immunocompromised individuals. Izurieta
et al. reported significantly higher immunogenicity following the second dose, despite
lower effectiveness than reported among the general population (64.1% vs. 70.9%) [211].
However, the authors did not provide which were the underlying conditions of the subjects
involved. In addition, the study was published only two years after licensure; thus, further
surveillance data should follow to confirm preliminary results.

In conclusion, we have different strategies to address Varicella and Zoster reactivation
among a fragile population such as PWH. The newest vaccine (Shingrix) seems promising,
effective, and well-tolerated. However, long-term, real-life data are needed to better inform
vaccination campaigns.

2.9. Neisseria Meningitidis

Neisseria meningitidis is a gram-negative, facultatively anaerobic diplococcus that
exclusively infects humans. It was first isolated in 1887 from observing the cerebral spinal
fluid of patients with meningitis [212].

It is the etiologic agent of severe meningitis and systemic infections that primarily
affect children and young adults, named invasive meningococcal disease (IMD). Five main
serogroups cause IMD: A, B, C, W, and Y. According to the last ECDC report, updated
in 2018, the notification rate remained relatively stable in the last three years. Serogroup
B is confirmed to be responsible for most cases (51%), followed by serogroups W and C;
Serogroup A is more common in Africa, Asia, South America, and ex-Soviet Republics;
Serogroup Y accounts for about one-third of cases in the United States [213].

Fever, myalgias, nausea, vomiting, and headache characterize the initial symptomatol-
ogy of IMD. Subsequently, loss of consciousness, confusion, meningism, and hemorrhagic
rash may onset. Treatment should not be delayed more than one hour to reduce the
mortality risk; thus, a prompt diagnosis is crucial [214,215].

People with HIV are at increased risk of developing invasive N. meningitidis disease,
regardless of sexual habits [216]. Some factors appear to be associated with an increased
risk of IMD in PWH. Among these, the higher risk of bacteremia compared to patients
without HIV infection is relevant [217]. The mortality rate seems directly proportional
to the CD4 cell count, suggesting that the elevated risk for IMD among PWH is at least
partially a result of HIV-related immune suppression [216]. In addition, atypical infections
due to N. meningitidis, such as septic arthritis, have been described in PWH [217,218].

Three types of vaccine are available: the tetravalent MenACWY, against the serogroups
A, C, W, and Y; the monovalent vaccine against B serogroup (MenB); the monovalent
glycoconjugate-vaccine against meningococcal C vaccine (Menjugate) [219].

The tetravalent vaccines are as follows: (i) MenACWY-D (Menactra), that it is a
conjugate vaccine with polysaccharide diphtheria [220]; (ii) MenACWY-CRM (Menveo), a
conjugate vaccine with the oligosaccharide diphtheria CRM;g7 [221]; (iii) MenACWY-TT
(MenQuadfi), a conjugate vaccine with polysaccharide tetanus toxoid [222].

The available vaccines against serogroup B are as follows: (i) MenB-FHbp (Trumenba)
consists of two purified recombinant lipidated FHbp antigens, one from each FHbp subfam-
ily (A and B) [223]; (ii) MenB-4C consists of three recombinant proteins (neisserial adhesin
A [NadA], factor H binding protein [FHbp] fusion protein from subfamily B, and neisserial
heparin-binding antigen [NhbA] fusion protein), and outer membrane vesicles (OMVs)
containing outer membrane protein porin A (PorA) serosubtype P1.4 [224].

All guidelines suggest vaccination for N. meningitidis in PWH; however, each guideline
suggests a different approach. For example, EACS suggests performing the quadrivalent
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vaccination every five years according to the risk factors and does not recommend the MenB
vaccine [24]. NIH suggests vaccinating all PWH over 18 years old with the quadrivalent
vaccine, while MenB is not routinely indicated [23] (Table 7).

Table 7. Comparison of five HIV guideline recommendations for the Neisseria meningitidis vaccine

administration.
BHIVA [22,25] EACS [24] NIH [23] SIMIT [27] WHO [26]
All aged < 25 if not already
vaccinated or if they received 5 .. 4in g to the
the last MenC doses below the risk profile:
age of 10 years; ) All aged > 18 vears Recommended
Who to Presence of specific risk - Trave as y for children in
. . . - MSM if not already All people S
vaccinate?  factors: asplenia or persistent . . some high-risk
compl - Contactwith Vvaccinated ¢
plement component hild populat1ons
deficiency; Children
Risk of exposure
through travel
MenC, MenACWY, Men B in
people < 25 years . .
Type of MenC, MenB, and/or MenACWY; . MenACWY; MenACWY;
. . . MenB according to  MenB not NP
vaccine MenACWY for high-risk national euidelines  indicated MenB
people; MenACWY: exposed &
to travel
MenACWY:
two doses with
Interval Two doses with 2 months Two doses with Two doses with .2_3 months
. . . interval NP
doses interval 2 months interval 2 months interval
MenB: two doses
with at least
one-month interval
Considerer repeat
MenACWY every five years if Repeat vaccination  vaccination with
Booster ongoing risk through travel or = NP every 5 years MenACWY every NP

due to underlying condition throughout life 5 years to keep

high immunity

NP: not present.

However, few studies have been conducted among PWH to assess the immunogenicity
in this specific population. Siberry et al. conducted a Phase I/1I trial among children and
youth with HIV (11-24 years old). One dose of quadrivalent Polysaccharide Diphtheria
Toxoid Conjugate Vaccine was administered to all participants (317). Then, all people with
CD#4 cells < 15% received a second dose at 24 weeks; the other participants were randomized
to receive or not a second dose. They found that immunogenicity was weaker than in the
general population, especially for people with low CD4 cells count and detectable viral
load [225]. These data were confirmed by Lujan-Zilbermann et al. [226]. Frota et al., in their
study among children and young PWH, found that one dose of the quadrivalent vaccine
was insufficient and suggested performing the second dose [227,228]. These studies also
showed the excellent safety of the vaccines with a very low incidence of adverse events [225-
228].

Regarding the MenB, no studies have been conducted on PWH to assess immuno-
genicity and safety. Of interest, in a recent study, Raccagni et al. evaluated the incidence
of Neisseria gonorrhoea in MSM living with HIV with a recent history of sexually trans-
mitted infections [229]. They observed how, during the follow-up (median 3.8 years),
people who received two doses of MenB vaccination had a 44% reduced risk of gonor-
rhoea, confirming what was described by Paynter et al. and Petousis-Harris in the general
population [230,231].
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Further studies are needed to assess these vaccines’ efficacy in adult PWH. However,
due to its high efficacy, vaccination should be recommended for all PWH, especially those
with an increased risk of infection [232,233]. A recent review conducted in the United
States shows a relatively low vaccination rate, even in newly diagnosed patients [234]. In
this regard, we believe that informing people about the cross-efficacy of the vaccine for
gonorrhoea could be an incentive for vaccination and an opportunity for counselling about
meningitis and sexually transmitted infections [235].

2.10. Pertussis, Diphtheria, and Tetanus

Pertussis (Whooping cough) is a highly contagious bacterial infection caused by
Bordetella pertussis and mainly affects the high respiratory tract [236]. It is effectively pre-
ventable by inactivated vaccine, although it does not confer life-long immunity. Whooping
cough is considered a childhood disease; however, its prevalence among adults may be
underreported. Studies among adult PWH are anecdotal, but a cross-sectional seropreva-
lence study conducted in the United States showed a 1000-fold higher prevalence among
PWH than the general population [237]. In addition, case reports show a severe course of
the diseases among people with AIDS [238,239].

Diphtheria is caused by Corynebacterium diphtheriae and Corynebacterium ulcerans; it
affects the high respiratory tract and skin [240]. It is preventable thanks to the toxoid vaccine.
Data regarding disease prevalence and severity among PWH are lacking, as are vaccine
safety and efficacy among this population; however, it seems that PWH, especially with
low CD4 cell count, develop a lower antibody titre than the general population [241,242].

Tetanus is caused by neurotoxins released by Clostridium tetani. It causes general
rigidity and spasms, leading to respiratory and cardiac failure and death [243]. It is
preventable through a toxoid vaccine, with a long, although not lifelong, lasting immunity;
reinforcing doses are recommended every 10 years. It is not known if the clinical course
and mortality rate differ in PWH compared to the general population; however, data
regarding immunogenicity suggest a poorer immunological response in PWH. A trial
published in 2019 reported a lower memory response in children with HIV not on ART,
while a similar kinetic was reported in children with HIV on ART and children unexposed
to HIV [244]. In addition, there was a greater waning in immunity; thus, earlier booster
doses should be considered in children with HIV [245]. A study conducted in Senegal
confirmed a lower immunogenic response in PWH than in the general population [246].
Dauby et al. estimated the durability of tetanus toxoid-specific seroprotection, finding a
half-life of 9.9 years. In addition, in their analysis, people born outside Europe had a shorter
half-life (4.4 years), probably due to their low CD4 cell count at the time of immunization
and the low CD4 nadir. They concluded that longer intervals of booster vaccination, as
recommended in the general population, might not be appropriate in this subgroup of
PWH [247]. Regarding safety, no data regarding increased adverse events are reported.

Pertussis, diphtheria, and tetanus vaccines are often administered together in a pedi-
atric (DTPa) or adult (>7 years old) formulation with a reduced component of diphtheria
and pertussis (dTpa). They can also be found combined with the polio vaccine in a tetrava-
lent formulation (dTpalPV).

In conclusion, all guidelines reported that the indication for these three pathogens is
no different in people with HIV and suggested following standard recommendations.

2.11. Streptococcus Pneumoniae

Streptococcus pneumoniae is a Gram-positive bacteria with alfa- and beta-hemolytic
features in aerobiotic and anaerobiotic conditions. It causes a broad spectrum of infections,
such as pneumonia, meningitis, otitis, bronchitis, conjunctivitis, sepsis, osteomyelitis, and
others [248,249].

HIV-related immunological deficiency exposes PWH to an increased risk of pneumo-
coccal infections and severe manifestations [250,251]. The risk of pneumococcal infection
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is from 10- to 100-fold higher in PWH receiving and not receiving ART; the risk increases
with a lower CD4 cell count (<350 cells/mm?) [250,252].

To date, four different vaccines are available: 23-valent unconjugated purified polysac-
charide vaccine (PPSV23), 13-valent vaccine conjugate vaccine (PCV-13), 15-valent pneu-
mococcal conjugate vaccine (PCV15), and the 20-valent pneumococcal conjugate vaccine
(PCV20). The first conjugate vaccine, PCV-7, is no more used (Table 8).

Several studies about the pneumococcal vaccine in PWH have been conducted with
variable results.

Table 8. Comparison between the four available vaccines for Streptococcus pneumoniae.

PPSV-23 PCV-13 PCV-15 PCV-20

Year of introduction 1983 2010 2021 2021

1,2,3,4,5,6B,7F 8, 9N, 1,3,4,5,6A,6B,7F8,

9V 10A, 11A, 12F, 14, 1,3,4,5,6A,6B,7F 9V, 1,3,4,5,6A,6B, 9V, 10A,

Serotypes included 155175 8¢ 19, 194, }g’FlfgCA - 35%9;/&;42’;52;%' 11A, 12F, 14, 15B, 18C, 19F,
20, 22F, 23F, 33F T e 19A, 22F, 23F, 33F
Longer lasting
Low Cost; . immunity; High
. Longer lasting )
High number of . P number of serotypes; .
Advantages . immunity; Trial . . High number of serotypes
serotypes; Trial conducted in PWH Trial conducted in
conducted in PWH PWH only for
immunogenicity
No clinical data about
. Need of re-vaccinations No clinical data on efficacy; Lack of
Disadvantages Few serotypes covered . . S
every 3-5 years the efficacy immunogenicity in

immunocompromised hosts

The recommendation for the general population is to utilize either PCV20 alone or
PCV15 in association with the PPSV23 [253]. However, HIV guidelines have different
suggestions due to the lack of data in PWH. For example, EACS suggest administering one
dose of any PCV vaccine [13,15,20] to all PWH according to national guidelines, even if
they already received PPSV-23 [24]. In addition, they recommend one dose of PPSV-23 in
those who received PCV-13 or PCV-15. NIH, on the contrary, suggests PPSV-23 in all people
with more than 200 CD4/mm?. In those who received PCV-13, NIH suggests administering
one dose of PPSV-23 [23] (Table 9).

It was suggested that PPSV-23 might not be the appropriate vaccination strategy for
PWH because of some characteristics of this vaccine. Specifically, it contains purified
polysaccharide antigens of the pneumococcal capsule and produces immunity through
activating B-cells without T-cells involvement. Because of this, no immune memory is
produced, and adjunctive doses do not elicit an additional immune response [254]. On the
other hand, conjugated vaccines like PCV stimulate B- and T-cell activation, providing a
sustained immune memory.

Lesprit et al. enrolled 213 adults infected with HIV and randomized them to receive
either one dose of PCV-7 followed by one dose of PPSV-23 after four weeks or one dose of
PPSV-23 at week four. The two-dose group showed higher immune responses than those
receiving only one PPV dose at weeks 8 and 24 [255]. Similar results were obtained by
Feikin et al. in a randomized trial where they found a better immune response in those who
received two doses of PCV-7 or one of PCV-7 and one of PPSV-23 versus a third group that
received one dose of placebo and one of PPSV-23 [256]. In addition, Bhorat et al. conducted
a trial on PWH by administering three doses of PCV-13 followed by one dose of PPSV-23
at 1-month intervals with good tolerability and showing that PWH achieved a significant
immune response after the first dose of PCV-13, with only modest increases in antibody
titres following the other doses.
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Table 9. Comparison of five HIV guideline recommendations for the Streptococcus pneumoniae vaccine

administration.
BHIVA [22,25] EACS [24] NIH [23] SIMIT [27] WHO [26]
PCV-13  All once (PVC-13) If P.CV_15 s not Non more recommended All once NP
available
Only in people previously One dose in those
vaccinated with PCV-13; previously vaccinated
At-risk individuals, Booster dose after five years in with PCV-13 with
At-risk individuals, according to those previously vaccinated with 2 months interval;
PPV-23 according to national plan: one ~ PCV-13 or PPV-23; Two doses in those NP
national plan dose of PPSV-23 If the second PPV-23 dose is never vaccinated with
after PCV-13 or 15  performed before 65 years, a one-year intervals, and
third dose with 5 years interval a third dose after
should be offered five years
All once (except those vaccinated
PCV-15 All once with PCV—ZQ), mcludl.ng those NA NP
already vaccinated with
one PPV-23 dose
All once (except those vaccinated
PCV-20 All once if not with PCV-15), including those NA NP

vaccinated before already vaccinated with

one PPV-23 dose

NA: not available at the moment of guidelines publication. NP: not present.

The only clinical efficacy study was performed by French et al. from 2003 to 2007,
involving both people with CD4 cell count lower and higher than 200 cells/ mm?; among
the 439 PWH enrolled in the study, only 13% were receiving ART. Nevertheless, they found
that in the group vaccinated with PCV-7, the one-year efficacy was 85% [257]. A meta-
analysis by Garrido et al. conducted in 2020 concluded that the combination of PCV-13 and
PPSV-23 has good immunogenicity; however, the durability of this vaccination remains
unknown. In addition, data suggested delaying the PCV administration until the CD4 cells
count is above 200 cells/mm>.

In 2022, Mohapi et al. published a randomized, double-blinded clinical trial to compare
the immunogenicity and safety of PCV-15 and PCV-13; they included 302 PWH. PCV-15
was generally well tolerated; immune responses were elicited for all 15 pneumococcal
serotypes. However, no clinical data about this vaccine are available.

In conclusion, there is scarce clinical evidence about the efficacy of PCV in PWH.
Further studies are needed both for clinical efficacy and to assess the immunogenicity of
the new PCV vaccine in this specific population. However, considering the severity of
pneumococcal pneumonia among immunocompromised individuals, physicians should
recommend the combination of PCV-PPSV, according to international guidelines. Special
attention should be given to PWH with <200 CD4 cells/mm?.

2.12. Vaccines for Travel

The immunization of international travelers is mandatory to prevent the spread of
infections between countries and reduce the risk of severe disease and death [258]. How-
ever, these vaccines” acceptance is low [259-262]. Below, we briefly report the suggested
vaccination for travelers and the available information and recommendation for PWH.

- Cholera: it could be present in the area without a clean water supply or mod-
ern sewage system or in case of environmental changes due to natural disasters
(such as tsunamis) or human-driven events (such as wars or massive migrations).
People with HIV have a higher risk of contracting the infection and suffering se-
vere consequences [263]. Many vaccines are available for cholera. CVD103-HgR
(replicating—live-attenuated) has been proven safe and immunogenetic in PWH;
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however, it is not currently available worldwide [264]. According to the NIH, it could
be administered in at-risk PWH with more than 200 CD4 cells/mm?. If CVD103-HgR
is unavailable, according to BHIVA guidelines, WC/rBS vaccine (inactivated) could
be administered. It is essential to know that PWH with less than 100 CD4/mm? may
be expected to respond poorly to it [265].

Flu Vaccine: see paragraph “Influenza”.

HAV: see paragraph “HAV”.

HBYV: see paragraph “HBV”.

Japanese encephalitis (JEV): it is caused by a Flavivirus transmitted by mosquito bites.
This virus is present only in Asia. In most people, it is asymptomatic; however, it is
symptomatic in approximately 1 patient out of 250 infections. The severity of infection
ranges from flu-like to encephalitis, which could be life-threatening in 20-30% of cases.
Many vaccines for JEV are available worldwide (inactivated, live-attenuated, and
live-recombinant) [266]. For PWH, the inactivated vaccine (IXARO®) is suggested.
However, no study in adult PWH have been conducted, and only BHIVA guidelines
provide recommendations regarding this vaccine [25].

N. meningitidis: see paragraph “Neisseria meningitidis”.

Rabies: it is transmitted by infected animals (present worldwide), generally with
a bite or a scratch. It causes acute encephalomyelitis, sometimes associated with
ascending flaccid paralysis. If not rapidly treated with immunoglobulins, patient
death is very likely, with only a few reported survivors [240]. The vaccine against
rabies is inactivated and administered in three doses. The vaccine induces satisfactory
antibody production in more than 95% of vaccinated subjects. However, in PWH,
the immunogenicity is influenced by CD4 count and viral load; in particular, low
or absent antibody responses were reported in some patients with CD4 cell counts
<250 CD4/mm?3 [267,268].

Polioviruses: three serotypes of polioviruses could infect humans. They spread
through the fecal-oral and respiratory routes. They usually cause gastrointestinal
symptoms, but in some cases, they could give severe neurological manifestations,
including meningitis, encephalitis, and poliomyelitis syndrome with acute onset of
flaccid paralysis. Two vaccines against polioviruses are available [269]; however, the
live-attenuated oral poliovirus vaccine is not used anymore in many countries due
to its side effects since it could cause vaccine-associated paralytic polio, especially
in immunocompromised people, including PWH [270]. The trivalent inactivated
poliovirus vaccine is the most used, combined with tetanus and the diphtheria toxoid
(Td/IPV). People with HIV should receive three doses if they are not vaccinated or
have an uncertain vaccination history, followed by two booster doses after 5 and
10 years. Then, a booster every 10 years is suggested.

Tuberculosis: it is present worldwide, with a higher incidence in Asia, Africa, and
South America. In most people, it remains latent; however, latent TB could reactivate
in 5-15% of immunocompetent adults [271,272]. In PWH, the risk of activation is
higher, especially in those people with a low CD4 cells count. The Bacille Calmette-
Guerin (BCF) vaccine is a live-attenuated vaccine from Mycobacterium bovis strains.
Its efficacy is controversial since the protection rate varies widely among different
trials [273]. According to HIV guidelines, the BCG vaccine is contraindicated in PWH
regardless of CD4 cells count, ART, viral load, and clinical status since some studies
described a higher risk of local and systemic complications among this population,
including disseminated BCG [21,25].

Typhoid Fever: it is a cosmopolitan infection; however, higher-risk areas are character-
ized by poor sanitation and hygiene (Africa, India, South-East Asia, and South Amer-
ica). Three vaccines are available: (i) Vi (polysaccharide vaccine—one intramuscular
dose); (ii) Ty21a (live-attenuated—tablets); (iii) Combined with HAV (polysaccharide
vaccine—intramuscular). Ty21a is not recommended in PWH, especially in those with
less than 200 CD4 cells/mm?3, since it contains live samples of Salmonella typhi. On
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the contrary, VI vaccination is recommended in all PWH and should be performed at
least one week before exposure [274].

- Yellow fever: it is caused by a virus transmitted through the bite of an infected
Aedes aegypti mosquito. It is present in tropical and subtropical regions of Africa
and South America. The infection is often symptomatic [275]; however, it sometimes
causes severe hepatitis, jaundice, and bleeding, with high mortality rates. It is not
known if PWH have an increased risk of severe forms. The vaccine contains a replicat-
ing live-attenuated virus. A single dose protects around 90% after 10 days and 99%
after 30 days [276]. In 2014 a systematic review investigated the immunogenicity and
safety of the yellow fever vaccine in PWH. They found that PWH (compared with
PWoH) developed significantly lower concentrations of neutralizing antibodies in the
first year post-immunization; however, the decay patterns were similar for recipients
regardless of HIV infection. Furthermore, no study patient with HIV infection suf-
fered serious adverse events due to vaccination [277]. However, since it contains a
replicating live-attenuated virus, this vaccine is suggested only in PWH with more
than 200 CD4/mm? and aged <60 years old.

In conclusion, many vaccines are not recommended in PWH with low CD4 counts.
A thorough analysis of the pros and cons is needed for these patients. In addition, we
recommend postponing travels, when possible, until immunological recovery.

3. Conclusions

Vaccinations represent a powerful tool to avoid vaccine-preventable infectious diseases
also in PWH. Therefore, clinicians should carefully collect the history of vaccinations in all
new patients and regularly check the presence of antibodies for each vaccine-preventable
pathogen, especially in people with low CD4 numbers, who have a higher antibody-waning
rate. Although vaccinations for PWH are strongly recommended, data on immunogenicity,
tolerability, and clinical efficacy are limited for this specific population. For this reason,
further studies are needed to assess these features and harmonize different guidelines. In
addition, the acceptance rate can and must be improved.
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Abstract: This systematic review synthesizes the findings of quantitative studies examining the
relationships between Health Belief Model (HBM) constructs and COVID-19 vaccination intention.
We searched PubMed, Medline, CINAHL, Web of Science, and Scopus using the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines and identified 109 eligible
studies. The overall vaccination intention rate was 68.19%. Perceived benefits, perceived barriers,
and cues to action were the three most frequently demonstrated predictors of vaccination intention
for both primary series and booster vaccines. For booster doses, the influence of susceptibility slightly
increased, but the impact of severity, self-efficacy, and cues to action on vaccination intention declined.
The impact of susceptibility increased, but severity’s effect declined sharply from 2020 to 2022. The
influence of barriers slightly declined from 2020 to 2021, but it skyrocketed in 2022. Conversely, the
role of self-efficacy dipped in 2022. Susceptibility, severity, and barriers were dominant predictors
in Saudi Arabia, but self-efficacy and cues to action had weaker effects in the USA. Susceptibility
and severity had a lower impact on students, especially in North America, and barriers had a lower
impact on health care workers. However, cues to action and self-efficacy had a dominant influence
among parents. The most prevalent modifying variables were age, gender, education, income, and
occupation. The results show that HBM is useful in predicting vaccine intention.

Keywords: health belief model; HBM; COVID-19; vaccination intention; primary series vaccines;
boosters; systematic review

1. Introduction

The outbreak of COVID-19 has affected the world severely. As of 9 March 2023, over
759 million global cases and over 6.8 million deaths have been reported [1]. The virus still
poses serious health threats, especially to older adults and those with underlying comor-
bidities. People’s acceptability and demand for COVID-19 vaccines and their intentions to
take the COVID vaccine are slowly fading away, and this trend is even worse in the case of
booster doses.

Since vaccination intention is pivotal to the success of mass vaccination campaigns as
well as to the attaining of herd immunity, it is essential to understand the health beliefs
that influence vaccination intention against COVID-19. Some reviews have been conducted
focusing on the factors associated with COVID-19 vaccination intention. These reviews an-
alyzed COVID-19 vaccination intentions across genders [2] and healthcare workers [3], and
between healthcare workers and the general adult population [4]. Two studies conducted
rapid reviews, a simplified approach to systematic reviews [5,6]. Two studies performed
scoping reviews to explore broad factors such as demographic, social, and contextual
factors that influenced the intention to use COVID-19 vaccines [7,8]. Wang et al. [9] and
Chen et al. [10] estimated the COVID-19 vaccine acceptance rate and identified predictors
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associated with COVID-19 vaccine acceptance. However, these studies did not focus on
the health belief model (HBM) and its constructs (i.e., perceived susceptibility, perceived
severity, perceived benefits, perceived barriers). To date, only one study has systemat-
ically reviewed the extant literature on HBM [11], but it focused on vaccine hesitancy.
In conclusion, prior systematic reviews have focused on narrow topics and rapid and
scoping reviews. As of yet, no systematic review has addressed HBM’s utility in predicting
COVID-19 vaccination intention.

Hence, the purpose of the current systematic review was to analyze the research
that used the HBM as a theoretical framework for understanding vaccination intention
against COVID-19. We reported the prevalence of HBM constructs influencing COVID-19
vaccination intention. These results were further broken down by vaccine type (primary
series versus booster doses), data collection year, country, continent, and sample type.
In addition, we provided an up-to-date and comprehensive review of the literature by
including articles published during 2020-2023, and those studies covering booster/third
dose and parents” or caregivers’ vaccination intention to vaccinate their young children for
COVID-19. Finally, we reported the prevalence of HBM modifying variables, including
demographic variables (e.g., age, gender, race, ethnicity, education, income, marital status)
and structural variables (e.g., knowledge about a given disease, prior contact with the
disease) that were significantly associated with COVID-19 vaccination intention.

2. Methodology

This systematic review was carried out in accordance with the guidelines of the
Preferred Reporting Items for Systematic Review and Meta-Analysis (PRISMA) [12,13].
The ROBIS (Risk of Bias in Systematic Reviews) tool [14] was used to evaluate the quality
of included studies and the risk of bias.

2.1. Eligibility
2.1.1. Inclusion Criteria

We included quantitative studies that used the HBM framework and statistical meth-
ods to examine associations between HBM constructs and COVID-19 vaccination intention
for both primary series and booster doses. To ensure the quality of scientific investigation,
we included only studies published in peer-reviewed journals. Other inclusion criteria
were articles published in English between December 2019 and February 2023.

2.1.2. Exclusion Criteria

We excluded (1) studies that reported only vaccination intention against COVID-
19 without applying HBM constructs; (2) studies that reported vaccination intention
against COVID-19 with HBM constructs but which did not perform a quantitative analysis;
(3) qualitative studies, non-peer reviewed studies, and conference proceedings; (4) reviews,
comments, case reports, editorials and letters; and (5) grey literature.

2.2. Search Strategy

A comprehensive search for published literature was conducted in the selected
databases: PubMed, Web of Science, CINAHL, and Scopus using various key words
such as “health belief model” or “HBM”, “vaccination intention” or “vaccine acceptance”,
“COVID-19” or “coronavirus” or “SARS-CoV-2”, “first or second dose” or “primary series”,
“booster shot or dose” or “third dose”.

The search was conducted from 1 January 2022 to 28 February 2023. Full length
papers published between December 2019 and February 2023 were retrieved for analysis.
Initially, the titles and abstracts of all articles identified by the search were screened by
two researchers independently in line with the inclusion criteria; any disagreements were
resolved by consensus. The titles and abstracts of non-quantitative studies and studies
that did not apply the health belief model framework to predict vaccination intention
were excluded. Full-text articles were obtained for studies whose titles and abstracts met
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inclusion criteria. All full-text articles were then evaluated to confirm if they reported
necessary statistics of HBM constructs—vaccination intention relationships.

A PRISMA flow diagram was drawn to demonstrate the study selection process,
the number of records identified, screened, and excluded, and the reasons for exclusion
(see Figure 1). A total of 539 records were retrieved from the four electronic databases.
Of them, 312 records were removed for duplicates, systematic reviews, and studies not
using HBM constructs. A total of 82 articles were excluded after screening the abstracts
as they were irrelevant or did not study vaccination intention or qualitative studies. The
remaining 145 full-text papers were further assessed for eligibility. We included 109 studies
that met all inclusion criteria after excluding studies not reporting vaccination intention or
acceptance, reporting vaccination uptake (behavior) and hesitancy, not reporting required
statistics, or not meeting other criteria.

Records identified through database searching (n = 539)
5 PubMed (n =126)
b= CINAHL (n=28)
-:.E Web of Science (n = 224)
';:: Scopus (n =161)
=
Studies excluded (n = 312)
»| ©Duplicates
o Systematic reviews
o0 o HBM constructs not used
= o Not relevant studies
§ Studies after removal and
3 screening (n =227)
Studies excluded after screening
abstracts (n = 82)
o Did not study vaccination intention
> oFull text not available
o Qualitative studies
2 v o Not relevant studies
g Full text articles accessed for
= eligibility (n = 145)
=
Papers excluded (n = 36)
o Studies reporting vaccination
uptake (behavior) and hesitancy
o Required statistics not reported
o Measurement not appropriate
g ! o Studies not appropriate
e Studies included in this
% systematic review (n =109)
o Primary series (n = 96)
o Boosters (n =13)

Figure 1. PRISMA flow diagram illustrating literature search.
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2.3. Data Extraction and Analysis

The same two researchers extracted data from the studies independently. The infor-
mation extracted consist of the author’s name, data collection year, publication year, study
objective, study design, population, sample size, sampling method, measure, statistical
analysis technique, the country where the study was conducted, and vaccination rate. We
also extracted information on HBM constructs associated with vaccination intention (sus-
ceptibility, severity, benefits, barriers, cues to action, self-efficacy, and modifying variables).
The outcome variable was COVID-19 vaccination intention.

Data were analyzed using IBM SPSS Statistics 27. First, the characteristics of studies
included in the review were summarized using frequencies and percentages. Next, we re-
ported average vaccination intention rates by country, data collection year, and population.
Finally, the prevalence of HBM constructs significantly related to vaccination intention
was presented by data collection year, population, and geographic locations (country and
continent).

2.4. Risk of Bias

To ensure the methodological quality as well as to evaluate the level of bias and
to assess specific concerns about potential biases in the database search, selection, data
extraction, and synthesis, the ROBIS tool was used as per the guidelines of Whiting
et al. [14]. The ratings were used to judge the overall risk of bias. The signaling questions
were answered as “yes”, “probably yes”, “probably no”, “no”, or “no information”. The
subsequent level of concern about bias associated with each domain was then judged as
“low”, “high”, or “unclear”. If the answers to all signaling questions for a domain were
“yes” or “probably yes”, the level of concern was judged as low. If any signaling question
was answered “no” or “probably no”, then bias exists.

The same two researchers independently used the ROBIS tool to evaluate risk of bias
and to identify studies to be included in the present investigation. Any disagreements were
resolved through discussion or a decision made by an expert, a third umpire. Similarly, the
selection of databases or digital libraries was also decided with consensus.

3. Results
3.1. Characteristics of the Included Studies

This systematic review included 109 studies comprising 96 primary series vaccines
and 13 booster vaccines. Fifty-seven articles were published in 2022, forty-two in 2021, eight
in 2023, and three in 2020 (see Table 1). Thirty-three (33%) were published in Vaccines, a
peer-reviewed journal, and eight studies appeared in Human Vaccines & Immunotherapeutics.
Over half of the studies (58/109) collected data in 2021, thirty in 2020, eight in 2022, and
eight in 2020-2021. Fifty-nine studies were conducted in Asia, nineteen in North America,
fourteen in Europe, and ten in Africa. These studies represent 21 countries, with twenty-one
studies from China and eighteen from the USA.

All studies were cross-sectional in design. The studies included in this review con-
sisted of 174,490 respondents with a sample size ranging from 110 to 18,201 (mean = 1601,
SD = 2234.20). Sixty-six articles studied general adult populations, fourteen health care
workers, nine parents, and nine college students. Other populations included patients,
teachers, employees, and travelers. All studies recruited participants aged 18 years and
above. The vast majority of the studies (87.16%) used non-random sampling (convenience
sampling); the remaining fourteen used random sampling techniques. Except for two stud-
ies that conducted experiments, all other studies collected data using the survey method.
Forty-nine studies used SPSS to analyze their data, twenty-three used STATA, and seven
used R. Most studies (70%) used regression analysis and ten used structural equation
modeling.
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Table 1. Basic characteristics of the studies included in this systematic review.

Year of Vaccine . Sample
Author(s) Publication Journal Country Intention % Population Size
Al-Hasan et al. [15] 2021 Frontiers in Public NR* 75 General 372
Health population
Al-Metwali et al. [16] 2021 Journal of Evaluation Iraq 62 HCW 1680
in Clinical Practice
Almalki et al. [17] 2022 Frontier in Public Saudi Arabia 38 Parents 4135
Health
Journal of General
Alobaidi [18] 2021 Multidisciplinary Saudi Arabia 72 lation 1333
Healthcare popuiatio
Alobaidi and Hashim [19] 2022 Vaccines Saudi Arabia 71 HCW 2059
Alobaidi et al. [20] 2023 Vaccines Saudi Arabia 78 Patients 179
Anetal. [21] 2021 Heallltl}s‘izirt‘;mes Vietnam 81 Patients 462
Aoetal. [22] 2022 Vaccines Malawi 61 General 758
population
Journal of Asian and L General
Apuke and Tunca [23] 2022 African Studies Nigeria 55 population 385
Research in Social and General
Arabyat et al. [24] 2023 Administrative Jordan - . 3116
population
Pharmacy
Banik et al. [25] 2021 BMC Infectious Bangladesh 66 General 682
Diseases population
Barattucci et al. [26] 2022 Vaccines Ttaly 84 Genler.al 1095
| | pcg)u atul)n
. Translationa enera
Berg and Lin [27] 2021 Behavioral Medicine USA 71 population 350
Berni et al. [28] 2022 Vaccines Morocco 71 General 3800
population
Australia, Canada, General
Burke et al. [29] 2021 Vaccine England, New Zealand, 73 © le a 4303
USA population
Journal of Human
Cahapay [30] 2022 Behavior in the Social Philippine - Teachers 1070
Environment
R General
Caple et al. [31] 2022 . Peer] | Philippines 63 population 7193
Chu and Liu [32] 2021 Patient Education and USA 80 General 934
Counseling population
Research in Social and General
Coe et al. [33] 2022 Administrative USA 63 . euf;t?m 1047
Pharmacy pop
Duan et al. [34] 2022 Vaccines China 80 Patients 645
Dziedzic et al. [35] 2022 Frontiexs in Public Poland 75 HCW 443
Ellithorpe et al. [36] 2022 Vaccine USA 60 Parents 682
Argentina, Australia,
Brazil, Canada, Croatia,
France, Germany,
Health Greece, Hungary, Italy, General
Fnea etal. [37] 2022 Communication Malaysia, Netherlands, 73 population 6697
Romania, Russia, South
Africa, Spain, Turkey,
Ukraine, UK, USA
Getachew et al. [38] 2022 Frontier in Public Ethiopia 36 HCW 47
Getachew et al. [39] 2023 BM]J Open Ethiopia 55 Patient 412
Ghazy et al. [40] 2022 IJERPH EMR 75 General 2327
population
Goffe et al. [41] 2021 HVI UK 62 General 1660
population
Goruntla et al. [42] 2022 Asian Pacific Journal India 89 General 2451
of Tropical Medicine population
. American Journal of General
Guidry et al. [43] 2021 Infection Control USA 60 population 788
International Journal
. of Environmental .
Guidry et al. [44] 2022 Research and Public USA 80 Evangelicals 531
Health
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Table 1. Cont.

Year of Vaccine . Sample
Author(s) Publication Journal Country Intention % Population Size
Guillon and Kergall [45] 2021 Public Health France 31 Genergl 1146
population
Handebo et al. [46] 2021 PLOS ONE Ethiopia 67 Teachers 301
International Journal Bangladesh, India, General
Hawlader etal. [47] 2022 of Infectious Diseases Pakistan, Nepal o8 population 18,201
Hossian et al. [48] 2022 PLOS ONE Pakistan 73 Students 2865
Hu et al. [49] 2022 Vaccines China 84 General 898
population
Journal of General
Huang et al. [50] 2023 Environmental and China 92 lation 525
Public Health popuiatio
Asian Pacific Journal .
Huynh et al. [51] 2022 of Tropical Medicine Vietnam 76 HCW 410
Tacob et al. [52] 2021 Frontiers in Romania 45 General 864
Psychology population
Jahanshahi-Amjazi et al. 2022 JEHP Iran 7 Gener.al 2365
[53] population
Jiang et al. [54] 2021 HVI China 72 HCW 1039
Jin et al. [55] 2021 Vaccines Pakistan Gener'al 320
population
Kasting et al. [56] 2022 JMIR Public Health USA 80 General 1643
and Surveillance population
. . . General
Khalafalla et al. [57] 2022 Vaccines Saudi Arabia 84 . 1039
population
Kabir et al. [58] 2021 Vaccines Bangladesh 69 Gener%ﬂ 697
population
Lai et al. [59] 2021 Vaccines China 85 Genergl 1145
population
Le An et al. [60] 2021 HVI Vietnam 77 Students 854
Leetal. [61] 2022 BMC Public Health Vietnam 58 HCW 911
Lee et al. [62] 2022 JHCPF Hong Kong 29 General 800
population
Li, J.-B. et al. [63] 2022 Vaccine Hong Kong - Parents 11,141
Health Services
Li, G. et al. [64] 2022 Research and Thailand 67 HCW 226
Managerial
Epidemiology
Liao et al. [65] 2022 Vaccine Hong Kong 61 Gener'al 4055
population
Lin et al. [66] 2020 PLOS Neglected China 83 General 3541
Tropical Diseases population
Lin et al. [5] 2021 HVI China 78 Parents 2026
Liu et al. [67] 2022 IJERPH China 63 General 3389
population
Lopez-Cepero et al. [68] 2021 HVI Puerto Rico 83 General 1911
population
Lyons et al. [69] 2023 Vaccines Trinidad 60 Patients 272
Mahmud et al. [70] 2021 Vaccines Saudi Arabia 58 General 1387
population
Mahmud et al. [71] 2022 Vaccines Jordan 84 Generél 2307
population
Maria et al. [72] 2022 Vaccines Indonesia 89 HCW 1684
Research in Social and General
Mercadante and Law [73] 2021 Administrative USA 67 enera 525
population
Pharmacy
Miyachi et al. [74] 2022 Vaccines Japan 91 Students 1776
Mohammed et al. [75] 2022 Vaccine Iraq, Jordan, UAE, 56 Parents 1154
Oman, Yemen
Morar et al. [76] 2022 IJERPH Romania 51 General 110
population
Risk Management .
Nguyen et al. [77] 2021 and Healthcare Policy Vietnam 78 Students 412
Okai and General
Abekah-Nkrumah [78] 2022 PLOS ONE Ghana 63 population 362
Okmi et al. [79] 2022 Cureus Saudi Arabia 73 General 1939
population
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Table 1. Cont.

Year of Vaccine . Sample
Author(s) Publication Journal Country Intention % Population Size
International Journal
Okuyan et al. [80] 2021 of Clinical Pharmacy Turkey 75 HCW 961
Otiti-Sengeri et al. [81] 2022 Vaccines Uganda 98 HCW 300
Patwary et al. [82] 2021 Vaccines Bangladesh 85 Gener.al 543
population
Qin et al. [83] 2022a Vaccines China 94 General 3119
population
Qin et al. [84] 2022b Fro““g:allrt‘hpumm China 88 Parents 1724
. Frontiers in Public .
Qin et al. [85] 2022¢ Health China 83 60 or older 3321
Qin et al. [86] 2023 HVI China 81 General 3224
population
Philippine Journal of
Quinto et al. [87] 2021 Health Research and Philippine 93 Teachers 707
Development
Rabin and Durta [88] 2021 Psychology, Health & USA 76 General 186
Medicine population
Expert Review of
Reindl and Catma [89] 2022 Pharmacoeconomics USA 66 Parents 30
& Outcomes Research
Reiter et al. [90] 2020 Vaccine USA 69 General 2006
population
Rosental and Shmueli [91] 2021 Vaccines Israel 82 Students 628
Rountree and Prentice [92] 2022 IrlSh. J ourn.al of Ireland 32 Gener%ﬂ 1995
Medical Science population
Seangpraw et al. [93] 2022 Frontiers in Medicine Thailand Genergl 1024
population
Risk Management . General
Seboka et al. [94] 2021 and Healthcare Policy Ethiopia 65 population 1160
; : General
Shah et al. [95] 2022 Vaccine Singapore - . 1009
population
Shmueli [96] 2021 BMC Public Health Israel 80 General 398
population
Shmueli [97] 2022 Vaccines Israel 65 General 461
population
Short et al. [98] 2022 Families, Systems and USA 37 Students 526
Health
Sieverding et al. [99] 2023 Psychology, Health & UK and Germany 88 Genergl 1425
Medicine population
Spinewine et al. [100] 2021 Vaccines Belgium 58 General 1132
population
Stefinut et al. [101] 2021 Frontiers in Romania 45 Students 432
Psychology
Su et al. [102] 2022 Frontiers in China 73 General 557
Psychology population
Suess et al. [103] 2022 Tourism Management USA 71 Travelers 1478
Tran et al. [104] 2021 Pharmacy Practice Russia 4 General 876
population
Ung et al. [105] 2022 BMC Infectious Macao 62 General 552
Diseases population
VatChara[Vﬁ)I;%"a“ etal. 2023 Vaccine Thailand 90 Parents 1056
Wagner et al. [107] 2022 Vaccines USA 38 General 1012
population
Walker et al. [108] 2021 Vaccines China 36 Students 330
Wang [109] 2022 c Health China 80 General 460
ommunication population
Wang et al. [110] 2021 HVI China 64 Students 833
o Asia Pacific Journal of . General
Wijesinghe et al. [111] 2021 Public Health Sri Lanka 54 population 895
. . . General
Wirawan et al. [112] 2022 Vaccines Indonesia 56 . 2674
population
Wong et al. [113] 2020 HVI Malaysia 94 General 1159
population
Xiao et al. [114] 2021 Vaccines China 56 General 2528
population
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Table 1. Cont.

Year of Vaccine . Sample
Author(s) Publication Journal Country Intention % Population Size
Yan et al. [115] 2021 Vaccines Hong Kong 42 Genergl 1255
population
Yang et al. [116] 2022 IJERPH China 82 General 621
population
Youssef et al. [117] 2022 PLOS ONE Lebanon 58 HCW 1800
Yu et al. [118] 2021 HVI China 72 HCW 2254
Journal of
. Pharmaceutical
Zakeri et al. [119] 2021 Health Services USA 62 Parents 595
Research
Zampetakis and Melas Appl Psychol Health
[120] 2021 Well-Being Greece 44 Employees 1165
Zhang et al. [121] 2023 Vaccines China 86 Genergl 1472
population
Zhelyazkova et al. [122] 2022 Vaccines Germany 84 HCW 2555

NR* = Country is not reported, but the regions are (North America, the Middle East, Europe, Asia); HCW = Health
care workers; IJERPH = International Journal of Environmental Research and Public Health; HVI = Human
Vaccines & Immunotherapeutics; JHCPF = INQUIRY: The Journal of Health Care Organization, Provision, and
Financing.

3.2. Vaccination Intention Rate by Country, Population, and Year

Overall COVID-19 vaccination intention rate was 68.19% (Std. = 17.58), which ranged
from 31% to 97.6%. Average vaccination intention percentages for COVID-19 by country
were: Malaysia (94.3%), India (89.3%), Puerto Rico (82.7%), Philippines (77.50%), China
(76.34%), Israel (75.72%), UK (74.23%), Vietnam (73.48%), Bangladesh (73.17%), Saudi
Arabia (66.18%), USA (65.21%), Ethiopia (55.64%), Sri Lanka (54%), and Romania (46.95%).
The overall acceptance rate for the COVID-19 vaccine across all studies increased from
63.68% in 2020 to 70% in 2021 and then remained flat in 2022 (69%). As shown in Figure 2,
average vaccination intention rate was highest among teachers (80%), followed by patients
(75%), health care workers (72%), and general adults (68%). Only 60% of the parents
intended to get their children vaccinated against COVID-19.

o 0 s 79.59
70 -
g 59.79
-g 60
E 50
= 40
2
g 30
5 20
o
S 10
0
General HCW Parents Students Patients Teachers Others
Adults
Population

Figure 2. Vaccination intention rate by population.

3.3. HBM Constructs Associated with Vaccination Intention

Table 2 presents the studies that reported significant associations between HBM con-
structs and COVID-19 vaccination intention. As shown in Figure 3, perceived benefits of
COVID-19 vaccination, the most commonly demonstrated HBM construct, predicted vacci-
nation intention in eighty-seven studies (90.59%) for primary series vaccines. Perceived
barriers to accepting the vaccine against COVID-19 were found to be inversely associated
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with vaccination intention in seventy-seven studies (85.19%). Cues to action were found to
be positively associated with vaccination intention in fifty-eight studies (84.61%), perceived
susceptibility to develop COVID-19 infection in fifty-five studies (63.22%), perceived sever-
ity of COVID-19 infection in fifty-one studies (56.63%), and self-efficacy in twenty-nine
studies (77.78%). Surprisingly, thirty-six studies (43.37%) reported insignificant associa-
tions between perceived severity and vaccination intention. Similarly, over one-third of the
studies (36.78%) that examined perceived susceptibility and over one-fifth of the studies
(22.22%) that examined self-efficacy were not significant predictors of vaccination intention.

Only thirteen articles used the health belief model to explore the predictors of COVID-19
booster vaccination intention. As presented in Figure 4, perceived benefits, the most
commonly demonstrated HBM factor, predicted booster vaccination intention in eleven
studies (91.67%). Perceived barriers were negatively related to booster vaccination intention
in nine studies (81.82%). Susceptibility was positively associated with booster intention in
seven studies (70%). On the contrary, Hu et al. [49] found a negative effect of susceptibility
on booster acceptance. Of the eleven studies that examined severity, only four reported
perceived severity as a significant determinant of booster intention; however, such an effect
was not evident in seven articles (63.64%). In addition, self-efficacy was not significantly
associated with booster intention in three out of four studies. Similarly, cues to action did
not predict booster intention in three studies (42.86%).

Table 2. Health belief model constructs significantly associated with vaccination intention.

HBM Construct Studies

[17-19,22,25,26,28,29,31,33,34,37-40,42,43,46-48,50,57-59,62,63,66-68,70-72,75,78-85,87—

Perceived susceptibility 96,98,100,104,105,109,111,113,115,118,120,122]

[5,15,17,18,22,24,28,29,31,33-36,38-42,47,48,50,57,58,61,64-68,70,71,74,75,79,80,87,89,90,92,93,97—

Perceived severity 100,102,107,113,118,120-122]

Perceived benefits [5,15-22,24,25,28,29,31-35,39,41-55,57-63,66,68-80,82-91,96,97,99-104,106,108-122]

[5,15-23,25,27-32,34,35,39,40,42-59,61-63,66,68,70,71,73-75,77—

Perceived barriers 80,82,83,85,87,89,91,92,95,98,99,101,102,104-106,108,110,112-117,119-121]

Self-efficacy [5,17,21,22,28,34,43,53,55-57,61,71,75,76,79,82,89,90,92,93,95,96,105,109,114,115,118,121]

[15-18,20-24,28,29,31,34,42,45-49,51,54,57,58,60-63,66,68-71,75,77,79,82,83,85-87,89,91—

Cues to action 94,96,97,100,104,106,108,110,113,115-119,122]

M Sig % ® Not Sig %
100
90.59
90 85.19 84.62
30 77.78
70 632
60 56.63
50
40
30
20
10 I I
: [l
Susceptibility Severity Benefits Barriers Self-efficacy ~ Cues to action
HBM Constructs

Figure 3. Health belief model constructs predicting primary series vaccination intention.
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W Sig. % ®NotSig. % mSig. Negative %
100 91.67
% 81.82
80
70
70
60 57.14
50
40 36.3 333
30
20
10 I l
0 [
Susceptibility Severity Benefits Barriers Self-efficacy =~ Cues to action
HBM Constructs

Figure 4. Health belief model constructs predicting booster vaccination intention.

In conclusion, the influence of perceived severity, self-efficacy, and cues to action on
vaccination intention declined for boosters. However, the impact of perceived susceptibility
slightly increased for boosters.

3.4. Modifying HBM Constructs Associated with Vaccination Intention

As shown in Figure 5, the most prevalent modifying variable significantly associated
with COVID-19 vaccination intention was age (39 studies), followed by gender (38), edu-
cation (31), income (23), occupation (23), region (17), race (13 studies), and marital status
(12). Other frequently explored modifying variables significantly influencing vaccination
intention were religion, nationality, political leaning, history of flu or COVID-19 vaccina-
tion, history of COVID infection, knowledge of disease or COVID-19, trust in healthcare
system, science or media, sources of information, and health status.

M Sig. m Not Sig.
45
40
FRES
E
& 30
S
° 25
4
E o0 17
z
15 12
10
5 [
0
ge Gender Education Income Occupation  Race Marital Region
Status
HBM Modifying Variables

Figure 5. Major HBM modifying variables associated with vaccination intention.
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3.5. HBM Constructs Associated with Vaccination Intention by Data Collection Year, Country,
Continent, and Sample

3.5.1. Data Collection Year

While the effects of perceived susceptibility on vaccination intention increased signifi-
cantly from 2020 to 2022, the influence of perceived severity declined sharply (see Figure 6).
The significant association of perceived barriers with vaccination intention slightly declined
from 2020 to 2021, but it skyrocketed in 2022. Conversely, the effect of self-efficacy dipped
in 2022. In addition, the role of perceived benefits declined from 2020 to 2021 but remained
flat in 2022. Conversely, the influence of cues to action increased in 2021, but slightly
declined in 2022.

Significance (%)

e SUSCePLibility e Severity Benefits Barriers s Self-efficacy e Cues to action

100

90

80

60

50

40
2020 2021 2022

Year

Figure 6. Health belief model constructs associated with vaccination intention by data collection year.

3.5.2. Geographic Location

Figure 7 presents the associations between HBM factors and vaccination intention
by continent with five or more studies. All other HBM constructs, except perceived
susceptibility, were associated with vaccination intention less frequently in Africa compared
to Asia, Europe, and North America. In addition, perceived susceptibility was a less
prevalent significant predictor in North America and Europe, compared to Africa and Asia.

Figure 8 presents the relationships between HBM dimensions and vaccination in-
tention by countries with five or more studies. Perceived susceptibility and perceived
severity were more common determinants of vaccination intention in Saudi Arabia than in
China and the USA. Perceived severity was the least frequently demonstrated predictor
of vaccination intention in China. Self-efficacy and cues to action were less frequently
demonstrated predictors in the USA than in China, Saudi Arabia, and Vietnam. Perceived
barriers were the more dominant factor influencing vaccination intention in Saudi Arabia
than in other countries.
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Figure 7. Health belief model constructs associated with vaccination intention by continent with five
or more studies.
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Figure 8. Health belief model constructs associated with vaccination intention by country with five
or more studies.

3.5.3. Study Population

Figure 9 shows the associations between HBM constructs and vaccination intention
by the study population. The effects of perceived susceptibility and perceived severity
on vaccination intention were lower among students. Perceived barriers were the least
frequently demonstrated predictor among health care workers. Cues to action and self-
efficacy had a dominant influence among parents.
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Figure 9. Health belief model constructs associated with vaccination intention by study population.

4. Discussion and Implications

The results suggest that perceived benefits of receiving the COVID-19 vaccine was
the most common HBM construct predicting vaccination intention. Other dominant HBM
constructs were perceived barriers to receiving the vaccine and cues to action (i.e., in-
formation, people, and events that guided them to be vaccinated). However, perceived
susceptibility to developing COVID-19 infection, perceived severity of COVID-19 infection,
and perceived self-efficacy of receiving the COVID-19 vaccine were weaker determinants of
vaccination intention. The findings of this systematic review provide some support for the
health belief model as a useful framework for understanding the facilitators and barriers to
COVID-19 vaccination intention. This finding is consistent with previous studies, which
suggested similar evidence in the context of influenza vaccination [123-125].

Our results indicate that perceived benefits, perceived barriers, and cues to action were
the three most frequently demonstrated HBM constructs predicting vaccination intention
for both primary series and booster vaccines. Hence, COVID-19 vaccine promotional cam-
paigns should emphasize the benefits of vaccinating against COVID-19. Providing truthful
and up-to-date information about the benefits of vaccines can encourage individuals to
get vaccinated. Therefore, COVID-19 vaccination communication campaigns may need to
progressively shift emphasis from addressing risk perceptions and concerns to stressing
the benefits of vaccination for the individual and the community [126].

The results also highlight the importance of identifying the barriers to vaccination
(e.g., lack of trust in the government or healthcare system, insufficient knowledge about the
benefits of vaccines, misinformation about the coronavirus and vaccines, lack of affordabil-
ity or shortage of vaccines) and ensuring a course of action to overcome them. In addition,
making the vaccine easily accessible (e.g., offering walk-in clinics and mobile vaccination
units) can reduce barriers to vaccination and increase uptake. Similarly, offering incentives,
such as free or discounted products or services, can motivate individuals to accept vaccines.

The results also show that increasing the vaccination cue to action is crucial. For exam-
ple, vaccine recommendations or reminders by trusted authorities, government agencies,
public health officials, and healthcare experts can effectively persuade people to accept
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vaccines. In addition, social media and the social influence of celebrities, politicians, friends,
family members, or community leaders can play a crucial role in educating, persuading,
and influencing people’s vaccination decisions.

This review reveals that the influence of susceptibility on vaccination intention in-
creased from 2020 to 2022 and was higher for booster doses than for primary series vaccines.
On the contrary, severity was a less common predictor of vaccination intention for boost-
ers. These results imply that people were increasingly concerned about being infected by
COVID-19. Simultaneously, an increasing number of individuals perceived COVID-19 as a
less severe disease. One reason is that the virus might have infected several people after
receiving primary series vaccines, and they might have experienced mild systems, similar
to traditional viruses such as the common cold and influenza. These counterintuitive
beliefs pose a significant obstacle to vaccination. Therefore, the government and other
concerned parties promoting vaccines should focus on increasing people’s perceptions of
the seriousness of COVID infections.

In conclusion, to combat the ongoing pandemic and to increase vaccine uptake against
COVID-19, agencies such as the government, policymakers, and the WHO should take
account of health beliefs when designing interventions and public health campaigns encour-
aging vaccination. However, such initiatives should take into account not only the HBM
constructs but also geographic (e.g., country, regions), socioeconomic status (e.g., income,
education), and other demographic (e.g., age, gender, and occupation) factors that can
influence an individual’s vaccination decision.

5. Directions for Future Research

This systematic review synthesized the literature that investigated the relationships
between HBM constructs and vaccine intention against COVID-19. However, the findings
are mixed. Several studies reported strong correlations between HBM constructs and
vaccination intention, but others did not; this is true for both primary series and booster
doses. These contradictory results may have been due to several limitations (e.g., research
design, study population, data collection approach, measures, analytical approach, and
theoretical frameworks) that can be addressed by future studies.

Our results show that the vast majority of studies that utilized theoretical models were
based on HBM and the Theory of Planned Behavior. Hence, future research can examine the
applicability of other theories such as the Theory of Reasoned Action, Protection Motivation
Theory, Social Cognitive Theory, Self-Determination Theory, Information-Motivation—
Behavioral Skills Model, Cognitive Behavioral Theory, Theory of Triadic Influence, Social
Network Theory, Diffusion of Innovation Theory, and Social Support Theory.

All the studies included in this systematic review used cross-sectional data. Thus,
future research should apply a longitudinal approach because people’s opinions and health
beliefs on COVID-19 and vaccines may change over time [127].

Furthermore, this review shows that the vast majority of the studies included in this
review used a descriptive/correlational study design and relied on survey methodology.
Hence, we recommend causal research and experiments to establish cause-and-effect rela-
tionships between the predictors and outcomes. In addition, machine learning techniques
and secondary data can be utilized. Finally, qualitative methods such as focus group studies,
in-depth interviews, and case studies can provide important insights into vaccine hesitancy
and help understand the nuances of vaccination intention across different populations and
geographic regions [128].

The studies included in this review used various measures to assess people’s intentions
and hesitancy using a slider or a Likert scale. Some of them were dichotomized into vaccine
intention and hesitancy. These measures can be misleading and unreliable as they can
oversimplify complex attitudes and behaviors related to vaccination against COVID-19. In
addition, these measures may not capture the nuances of individuals’ vaccine intentions
and hesitancy. Hence, alternative measures (e.g., multiple-item scales that assess different
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aspects of vaccination attitudes and behaviors) can be developed and used for future
research.

A vast majority of studies included in this systematic review used regression anal-
ysis, especially logistic regression using dichotomous dependent variables. Thus, we
recommend using other statistical analyses (e.g., SEM, linear regression) with a continuous
outcome variable.

Our results indicate that the HBM has been primarily applied to study vaccine inten-
tions of the general adult population, parents, students, and health care workers. Future
research should focus on specific and under-represented populations such as deprived
communities, ethnic and racial minorities, rural and aged populations, and people with
multiple chronic conditions. Likewise, more research is needed to explore understudied
regions or countries, especially Australia, Oceania, South America, and African coun-
tries. Similarly, comparing high-income versus low-income countries, Western versus
non-Western countries, and developed versus developing regions/countries may provide
additional insights into the conflicting literature.

Finally, it is also essential to consider the cultural and social context in which vaccine
intention and hesitancy are assessed. Different cultures and social groups may have unique
beliefs, values, and experiences related to COVID-19 and vaccination, and these factors
can influence attitudes and behaviors towards vaccination. Therefore, it is crucial to use
culturally sensitive and culturally appropriate measures when assessing vaccine intention
and hesitancy.

6. Conclusions

This systematic review synthesizes the findings of quantitative studies examining
the associations between HBM constructs and vaccination intention against COVID-19.
Our results indicate that perceived benefits, perceived barriers, and cues to action are the
most common determinants of vaccination intention. However, perceived susceptibility to
developing COVID-19 infection, perceived severity of COVID-19 infection, and perceived
self-efficacy of receiving the COVID-19 vaccine were weaker predictors of vaccination
intention. In addition, the associations between HBM factors and vaccination intention
differed across vaccine type, study year, geographic location, and study population. The
results show that the health belief model can be helpful for understanding the facilitators
and barriers to COVID-19 vaccination intention.
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Abstract: This review evaluates the financial burden of current treatments for triple-
negative breast cancer (TNBC) and projects potential financial scenarios to assess the
feasibility of introducing a peptide-based neoantigen cancer vaccine (NCV) targeting the
disease, using the UK as a healthcare system model. TNBC, the most aggressive breast
cancer subtype, is associated with poor prognosis, worsened by the lack of personalised
treatment options. Neoantigen cancer vaccine therapies present a personalised alternative
with the potential to enhance T-cell responses independently of genetic factors, unlike ap-
proved immunotherapies for TNBC. Through a systematic literature review, the underlying
science and manufacturing processes of NCVs are explored, the direct medical costs of
existing TNBC treatments are enumerated, and two contrasting pricing scenarios for NCV
clinical adoption are evaluated. The findings indicate that limited immunogenicity is the
main scientific barrier to NCV clinical advancement, alongside production inefficiencies.
Financial analysis shows that the UK spends approximately GBP 230 million annually on
TNBC treatments, ranging from GBP 2200 to GBP 54,000 per patient. A best-case pricing
model involving government-sponsored NCV therapy appears financially viable, while
a worst-case, privately funded model exceeds the National Institute for Health and Care
Excellence (NICE) cost thresholds. This study concludes that while NCVs show poten-
tial clinical benefits for TNBC, uncertainties about their standalone efficacy make their
widespread adoption in the UK unlikely without further clinical research.

Keywords: neoantigen cancer vaccine; triple-negative breast cancer; cancer vaccine
manufacturing; cost analysis; pricing strategy

1. Introduction

Breast cancer represents the most commonly diagnosed cancer in the UK, with an an-
nual incidence of 60,000 cases [1]. The disease is classified into four immunohistochemical
subtypes based on receptor expression on the tumour surface. Among these, two express
oestrogen and progesterone receptors, while the third subtype expresses human epidermal
growth factor receptor 2 (HER?2). In contrast, triple-negative breast cancer (TNBC), lacking
the expression of hormone receptors, accounts for 15% of breast cancer cases and is known
for its aggressive nature, resulting in a poorer prognosis [2]. Specifically, only 10% of
metastatic TNBC patients survive beyond 5 years, compared to 30% in other metastatic
breast cancer subtypes [3]. Furthermore, TNBC patients are twice as likely to develop
metastases compared to non-TNBC subtypes [4]. Limited treatment options contribute to
the dismal prognosis, with chemotherapy as the sole standardised approach. However,
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TNBC exhibits high immunogenicity, making it amenable to cancer immunotherapy strate-
gies [5,6]. Despite the established role of immunotherapy in oncology, the development
of TNBC-specific agents, like immune checkpoint inhibitors (ICIs), has been constrained
by the complex and heterogeneous nature of TNBC tumours [7]. Consequently, attention
has shifted to alternative immunotherapies, notably therapeutic cancer vaccines, aimed
at augmenting tumour-specific immune responses [8]. Unlike conventional vaccines that
establish prophylactic immune memory by administering pathogenic antigens, cancer
vaccines seek to enhance the immune response against pre-existing tumour antigens within
the body [9].

Several outcomes are needed to enable the successful rollout of new clinical inter-
ventions. The primary is an indication of clinical effectiveness by a clinical trial. But, it is
also important to evaluate cost effectiveness and affordability to healthcare systems. The
study of these aspects in parallel will help to enable a rapid rollout of clinically effective
interventions.

As no personalised neoantigen cancer vaccine has been commercialised to date, this
review offers a comprehensive outlook on the prospects and hurdles associated with
the therapy.

The principal aim of this review is to analyse the physiological properties and the
proposed manufacturing process of a peptide-based neoantigen cancer vaccine (NCV)
for TNBC, identify the direct medical costs of TNBC treatments, and project two NCV
pricing schemes using the UK as a model healthcare system. Our analysis shows that the
potential clinical adoption of an NCV for TNBC is highly contingent upon the successful
identification of key neoantigens and the definitive pricing model brought forward. We
propose a multi-neoantigen setting with a TLR agonist that ought to be investigated for
TNBC. Combination therapies may result in an opportunity to lower the current high
TNBC therapy costs by leveraging the positive financial impact that an NCV could bring
by enhancing clinical outcomes under such a therapeutic framework.

2. Immunotherapy Indication for Triple-Negative Breast Cancer

TNBC represents a group of heterogeneous tumours and currently lacks specialised
treatment options, with chemotherapy representing the standard of care despite several lim-
itations. It was reported that over 27% of breast cancer patients undergoing chemotherapy
experience life-threatening adverse events, like severe diarrhoea and shortness of breath [1].
Moreover, TNBC patients frequently develop chemotherapy resistance, underscoring the
critical need for novel therapeutic interventions. Prognostic outcomes for TNBC are mainly
influenced by breast cancer stage (Table 1). Chemotherapy has been shown to be effective
for TNBC in stages I and II, but stage III patients had an average survival time of 40 months,
while metastatic patients had only 13 months [10,11] (for cancer stage overview, refer
to Table 1). Pogoda et al. [12] observed a 35% recurrence rate within six years among
metastatic TNBC patients initially diagnosed in stages II and III. These findings underscore
the limited efficacy of chemotherapy in managing TNBC and emphasise the pressing need
for targeted, personalised therapeutic strategies over generalised approaches.

Immunotherapy offers promise in customising TNBC therapies, particularly in rela-
tion to the distinct features of the tumour microenvironment. Compared to other breast
cancer subtypes, TNBC exhibits higher levels of tumour-infiltrating lymphocytes (TILs),
programmed cell death-ligand 1 (PD-L1) expression, and increased tumour mutational
burden (TMB) [13] (refer to Figure 1).
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Table 1. Biological definition of breast cancer stages. The prognosis of breast cancer is influenced by
its stage, with advancing stages correlating with poorer outcomes. Created from Srimuninnimit et al.
[11] and Pogoda et al. [12].

Stage 0 Stage I Stage 11 Stage II1 Stage IV
No tumour cells Localised tumour Lymph nodes, Tumour cells have
. . Lymph nodes .
spread outside the with some cells affected muscles, and skin spread to any part of
tumour escaping the tumour affected the body

Tumour-
Infiltrating
Lymphocytes

Triple-
Negative
Breast
Cancer

Tumour
Mutational
Burden

Programmed
Cell Death-
Ligand 1

Figure 1. Implications for immunotherapy in TNBC treatment. These three TNBC features (white
circles) allow for cancer immunotherapy agents.

Studies have demonstrated a strong association between higher levels of TILs and
reduced metastasis [6,14,15], with low TIL levels correlating with higher relapse rates in
stage I and II TNBC patients [15]. PD-L1, a protein overexpressed on cells that binds to
programmed death protein 1 (PD-1) on immune cells, plays a crucial role in stimulating
immune responses. High PD-L1 expression is strongly correlated with improved survival
rates in TNBC patients, with TNBC exhibiting the highest PD-L1 expression among all
breast cancer subtypes [13,16,17]. Additionally, TNBC’s TMB, reflecting the number of
antigens presented to immune cells, further drives the exploration of immunotherapy
applications. Numerous studies have demonstrated that TNBC cases with high TMB
derive greater benefits from immunotherapy [18,19]. The described features of the TNBC
tumour microenvironment highlight the significance of immunotherapy in tailoring TNBC
therapy options.

Presently, approved immunotherapy agents for TNBC include immune checkpoint
inhibitors (ICIs), atezolizumab, and pembrolizumab. For a comprehensive review of
ICI therapy for TNBC, refer to Keenan and Tolaney [20]. Atezolizumab is indicated for
administration alongside chemotherapy in stage Il and IV TNBC, while pembrolizumab,
also approved for combination therapy, is prescribed for stage II and III disease [21,22].
Patient eligibility for either agent depends on PD-L1 expression status in TILs. However,
studies have shown varying results regarding the prevalence of PD-L1 expression in
TNBC patients, ranging from 21% to 53% [23,24]. While the limited patient pool poses a
significant constraint on targeted ICI therapy, it also presents an opportunity for alternative
cancer immunotherapies that are not reliant on genetic predisposition, such as therapeutic
cancer vaccines.
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3. Neoantigen Cancer Vaccines

Tumour cells express two types of peptide antigens capable of triggering an immune
response: tumour-associated antigens (TAAs) and mutation-derived antigens (neoantigens).
TAAs, originating from overexpressed normal cellular proteins, are self-antigens aberrantly
expressed in multiple patients [25]. In contrast, neoantigens are patient-specific non-
self antigens resulting from unique genetic alterations not shared among patients [26].
Neoantigens are immunogenic peptides representing the key component of peptide-based
neoantigen cancer vaccines (NCVs).

Current cancer vaccines are classified into four categories: peptide based, cell based,
virus based, and nucleic acid based (Table 2). While all aim to enhance the cancer-immunity
cycle (CIC) (refer to Liu et al. [26] for a detailed CIC description), they differ in antigen
presentation, irrespective of antigen type. Peptide-based vaccines directly deliver anti-
gen epitopes, initiating the CIC through APC processing. Despite the challenge of weak
immunogenicity of peptide-based vaccines, the platform is favoured in research and devel-
opment (R&D) due to its straightforward manufacturing process correlating with lower
vaccine costs [27] and potential for optimisation through the incorporation of adjuvants,
offering a practical approach to cancer immunotherapy. Neoantigens formulated in peptide-
based cancer vaccines could offer a personalised approach to improve the survival rates of
TNBC patients. While there is considerable industry interest in such vaccines, most studies
are still in the early stages, with two ongoing investigations focusing on peptide-based
NCVs for TNBC (Table A1). However, this platform faces significant challenges in terms of
poor immunogenicity, often resulting from the inherently small size of neoantigens [28].

Table 2. Overview of cancer vaccine platforms. While each platform presents distinct advantages
and challenges, peptide-based cancer vaccines offer practical optimisation techniques, like adjuvants.

Peptide Based Cell Based Virus Based Nucleic Acid Based
Known or predicted . Antigen Tumour antigen
. . DCs containing .
Main Component tumour antigen antigens [29] encapsulated in a encoded DNA/
epitopes [27] & viral vector [30] RNA [31]
Autologous Neoantigens for
. . Tumour antigen . & Antigens in an DNA, TAAs and
Antigen Delivery . antigen-loaded S .
epitopes [27] oncolytic virus [30] neoantigens for
bCs [29] mRNA [31]
Broad antigen
immune response Ak Simple and fast
Main Advantage Fase of due to containing Long-lasting vaccine

production [27] immunity [30]

whole tumour
antigens [29]

preparation [31]

. - . . Poor
R Low Expensive Limited multi-dosing . .
Main Disadvantage . . . immunogenicity and
immunogenicity [28] development [32] regimens [33] stability [31]

3.1. Research and Methodology

Research and methodology are organised into three sections: (1) a literature review
of the underlying science of peptide-based neoantigen cancer vaccines (NCVs), (2) direct
medical cost calculation of TNBC treatment in the UK, and (3) the evaluation of two pricing
strategies for the clinical adoption of NCVs in treating this cancer subtype.
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3.2. Literature Search

The literature search process shown in Figure 2 was conducted using PubMed and
Google Scholar. PubMed was chosen to screen research papers and pre-clinical and clinical
study reports, providing a comprehensive view of the neoantigen cancer vaccine (NCV)
landscape, and Google Scholar was used to fill in information gaps. EndNote Library was
instrumental in categorising publications into folders. The search inclusion criteria were
the publication period (2004-2024) and the incorporation of keywords in the titles. The
most important primary and secondary keywords used for the search are shown in Figure 2.
Any papers published before 2004 were excluded from the review due to the fast-paced
nature of the research area. Only peer-reviewed publications were included in this study,
and manual quality control checks were carried out to ensure the reliability of data. Clinical
trial data were sourced from ClinicalTrials.gov, verifying sources, sponsors, and eligibility
criteria to ensure unbiased data. All clinical trial study identification numbers are listed in
Table Al.

Open search PubMed Filter papers from Identify titles of
search engine ESerkeynos 2004-2024 interest
Perform secondary
v Ri:::md:n? _| Save to EndNote in search on Google Save to EndNote in
= “| the correct folder Scholar to fill in the the correct folder
BSES) information gaps
Immunogenicity Manufacturing
Keywords Keywords
PRIMARY PRIMARY
"neoantigen "manufacturing of
cancer vaccine neoantigen
immunogenicity" cancer vaccines"
SECONDARY SECONDARY
"neoantigen selection" "toqls for. peqantigen
identification

"immun m activation" . Y
Aine:systen;activatio "neoantigen purification"

"cancer vaccine novel

: - r vaccini li
adjuvants” cancer vaccine quality

control"

Figure 2. Literature search process and primary and secondary keywords. This method was used
to perform a systematic literature review in “Immunogenicity of Neoantigens” and “Proposed
Manufacturing of Neoantigen Cancer Vaccines”.

3.3. Direct Medical Cost Data Extraction

The first step in calculating direct medical costs was to determine the annual number
of TNBC patients diagnosed in the UK, as shown in Figure 3. Data from the National Audit
of Breast Cancer Patients (NABCOP) served as the primary source to quantify patients
over 50 years, assuming that 15% of all breast cancer cases were TNBC [34,35]. Numbers of
stage 0 and metastatic stage breast cancer patients were directly derived from the NABCOP
report. The figures were further adjusted to include younger women, considering TNBC’s
higher prevalence among this demographic, which was not covered in the NABCOP data.
A study reporting that only 34% of TNBC patients are above 50 years old was adopted
as the status quo to calculate the total number of TNBC patients [4]. The application of
Figure 3 is demonstrated in Figure 4, illustrating the distribution across the cancer stages.
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Number of
diagnosed breast

cancer patients over
50 years
[NABCOP 2022]

34% TNBC patients
over 50 years & 66%
below 50 years
[Sharma et al. 2016]

Number of TNBC
patients in the UK per
year

Number of TNBC
patients over 50 years
diagnosed per year

15% of all breast
cancer cases are
TNBC
[Orrantia-Borunda et
al. 2022]

Figure 3. Method for the calculation of annual TNBC patients diagnosed in the UK. Assumptions
outlined in the figure were used to calculate the total annual number of TNBC patients [4,34,35].

[ Stage 0 ] [Early Invasive] [ Metastatic ]

23,901 patients 55,562 patients 9641 patients
over 50 years over 50 years over 50 years
diagnosed diagnosed diagnosed
between January between January between January
2014 and 2014 and 2014 and
December 2020 December 2015 December 2020
[NABCOP 2022] [Sun et al. 2020] [NABCOP 2022]

(" 513TNBC | ( 4168TNBC ) ( 207TNBC
patients over 50 patients over 50 patients over 50
years diagnosed years diagnosed years diagnosed

\__peryear ] |\ peryear ] {_ per year )

! l I

( 1507TNBC ) [ 12,259TNBC ) ( 608TNBC )

patients patients patients
diagnosed per diagnosed per diagnosed per
_ year ) _ year ) U year )

Figure 4. Annual distribution of TNBC patients per cancer stage. The calculation method is applied
from Figure 3. The numbers of patients per breast cancer stage were directly derived from the cited
sources [35,36]. Stage 0 and metastatic stage patients were adjusted to an annual number of new
breast cancer stages, and the values were further adjusted to extract the TNBC proportion of patients.
The final number accounted for TNBC patients below 50 years since the primary data did not contain
these patients. Notably, the data used to quantify patients in the early-invasive subgroup are limited
to the year 2015, compared to more recent data available to quantify patients in stage 0 and metastatic
subgroups. This implies a limited degree of accuracy of the estimated numbers.

3.3.1. Conventional Therapies

The costs of conventional therapies for each cancer stage were calculated using various
methodologies. Note that all subsequent costs were adjusted to January 2024 Great British
Pounds using the UK and US Consumer Price Index. Since no data on stage 0 therapy
procedures are publicly reported within the NHS, we calculated the cost per patient
following the rationale outlined in Figure 5. An equal distribution between stages I to 111
was then assumed for the early-invasive stage. Lastly, the known proportions of patients
receiving treatment per stage were used to identify the real number of patients requiring
treatment presented in Table 3. However, limitations to the process are associated with the
assumptions made, as these numbers are not provided by the NHS.
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Figure 5. Method for calculating the cost per stage 0 TNBC patient in the UK. This approach was
taken due to a lack of stage 0 therapy cost information in the UK [36,37].

Table 3. Proportions of treated TNBC patients. Only certain proportions of patients receive the stan-
dardised treatment, and the numbers shown are directly derived from the cited source. Subsequently,
the highest percentages were extracted and are shown in this table. N.A. means that a specific therapy
option is not provided to the TNBC stage patients. Created from NABCOP [35].

Stage 0 Early Invasive TNBC Metastatic TNBC
Total Number of TNBC Patients per Year 1507 12,259 608
Surgery 92% (1387) 89% (10,911) N.A.
Radiotherapy 58% 87% N.A.
Chemotherapy N.A. 53% 25% (152)

The cost values discussed in the financial burden of the triple-negative breast cancer
section were adopted from the literature as outlined in Table 4.

Table 4. Cost values per TNBC stage. The referenced values were extracted directly from the cited
sources and adjusted to January 2024 Great British Pounds. Equal distribution of early-stage TNBC
(stage I-III) numbers of patients was assumed due to no other data being available in the UK.

Stage 0 Stage I Stage I1 Stage II1 Stage IV
Cost per Patient GBP 2200 GBP 6800 GBP 10,000 GBP 17,500 GBP 22,000
Orieinal Cost Value USD 11,070 in USD 5167 in USD 7613 in USD 13,330 in USD 12,500 in
8 2019 [38] 2015 [36] 2015 [36] 2015 [36] 2014 [39]
NI‘,‘“‘."“ of 1387 3637 3637 3637 152
atients

3.3.2. Immune Checkpoint Inhibitor Therapy

The direct medical costs for treatment regimens with atezolizumab and pem-
brolizumab were obtained from publicly available documents (Table 5). Additionally,
the number of patients eligible for immune checkpoint inhibitor therapy depends on pro-
grammed cell death-ligand 1 expression levels in tumour-infiltrating lymphocytes, with
an assumed calculated mean of 37% representing the range of 21% to 53%, as reported in
studies [23,24] (Table 6).

Table 5. Administration of cost specifications for atezolizumab and pembrolizumab. Atezolizumab
cost was calculated by multiplying its price by 2 to obtain the cost per one cycle and was then
multiplied by 6 cycles. Similarly, pembrolizumab costs GBP 2630 x 2 per dose since one dose is
200 mg, multiplied by 4 cycles. Created from NICE [40,41].

Immune Checkpoint

Inhibitor Dosage (mg) Frequency Price Total Cost per Patient
Atezolizumab 840 Day1and 5 every GBP 2665.38 per GBP 32,000
4 weeks, 6 cycles 840 mg solution
Pembrolizumab 200 Onceevery 3 weeks, GBI 2630 per 100 mg GBP 21,000
cycles solution
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Table 6. Number of eligible patients for atezolizumab and pembrolizumab. The number of patients
per stage was adopted from Table 4. An assumed calculated 37% mean of eligible patients was
assumed due to the required genetic predisposition.

Immune Checkpoint Inhibitor TNBC Stage Number of Patients Eligible Patients (37%)
Atezolizumab III and IV 3789 1402
Pembrolizumab IT and IIT 7274 2692

3.4. Pricing Scenarios

An identical vaccine formulation and regimen, outlined in Table 7, was assumed for
two pricing scenarios—the best-case decentralised government-sponsored therapy model
and the worst-case privately owned therapy model with in-house production.

Table 7. Assumed regimen of the neoantigen cancer vaccine administration. A multi-neoantigen
formulation in an 11-dose regimen that prolongs a patient’s life by 5.6 months was adopted from
publications in the table due to the lack of late-stage trials for an NCV for TNBC.

Number of Neoantigens in a Single Vaccine

per Patient 5142]
Dose of a Single Peptide in a Single Vaccine 75 ug [43]
Number of Doses 11 [44]
Total Amount Required. of a Single Peptide 1mg ~75 ug x 11 doses
per Patient
Progression-Free Survival Gained 5.6 months [45]

Figure 6 illustrates the best-case scenario which assumes the same process steps as
discussed in the section “Proposed Manufacturing of Neoantigen Cancer Vaccines”, and
the worst-case scenario, which assumes additional costs to recover initial investments.

Best-case scenario Worst-case scenario

Whole Exome £850
Sequencing [Bayle et R&D Costs £100,000,000
Neoantigen al. 2021] Pollack 2024]
Prediction

Al Algorithm £0 Annual r
TNBC
: Patients Table 4 £12,450
Peptide 2
. Diagnosed
Synthesis Outsourced £100
98% Purity [GenScript
Custom Peptide Custom
Synthesis of 5 Peptide Total 12520
Neoantlger;s, 1 Services Number of Patients x 11 £135,000
mg eacl i
S g 2024] Vaccines doses

Buffer [Merck 2024]

R&D Cost £100,000,000/
per 11 135,000 doses £8000
Formulation Adjuvant & £125 Doses x 11

Personnel £14,000
iliti [Ten Ham
Quality & Facilities 2020]
Control N.A.
] £2200
Equipment [Ten Ham
2020]

Figure 6. Cost per manufacturing step of the best-case scenario (left) and worst-case scenario costs
(right). The left figure follows the manufacturing process proposed in this review [46-48].The right
figure shows a calculation based on assumptions of heavy investments and mirroring costs outlined
for another personalised therapy [32,49]. The value is associated with major assumptions due to the
novelty of NCVs. Both costs represent the total cost per patient, as detailed in Table 7. Quality control
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is not applicable for the best-case scenario based on the assumption that the neoantigens have been
tested in production and this cost is included in the previous steps.

4. Results and Discussion
4.1. Triple-Negative Breast Cancer Vaccine Clinical Trials

Following an analysis of the different types of cancer vaccines for triple-negative
breast cancer (TNBC), it was decided to prioritise peptide-based neoantigen cancer vaccines
(NCVs). The data presented in Appendix A, summarised in the accompanying Figure 7,
support this decision, highlighting the prevalence of ongoing clinical trials investigating
peptide-based vaccines in the context of TNBC. Furthermore, TNBC tumours compared
to other cancer types have a high mutational burden, resulting in large proportions of
individual mutations (neoantigens). Therefore, the focus of this paper is on neoantigen
formulations rather than tumour-associated cancer vaccines [50,51].

20=-
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10=
B
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1 1 1 |
Peptide DCs Viral DNA/RNA

Figure 7. Breakdown of TNBC cancer vaccine platforms. The analysis demonstrates the significant
industry interest in peptide-based cancer vaccines. The data are detailed in Table Al. Created from
clinicaltrials.gov.

4.2. Immunogenicity of Neoantigens
4.2.1. Physiological Properties of Neoantigens

Neoantigens are typically categorised into short and long peptides based on their
structural characteristics. Short peptides, however, often fail to induce an anti-tumour
effect [52]. In contrast, long peptides, ranging from 13 to 18 amino acids, trigger both
cytotoxic T-cells and CD4+ immune responses. This dual activation is attributed to the
internalisation of long peptides by DCs, followed by presentation via both MHC I and II
molecules, thereby bypassing immune tolerance mechanisms [53]. Synthetic long peptides
(SLPs) are noteworthy for their ability to induce robust immune responses, including
cytokine production and direct tumour elimination by CD4+ T-cells. Research highlights the
pivotal role of CD4+ T-cells in initiating neoantigen-specific T-cell responses, emphasising
the importance of utilising SLPs in cancer vaccine formulations [54]. These findings
underscore the importance of researching SLPs to prolong antigen cross-presentation,
thereby enhancing anti-tumour immune responses.

4.2.2. Vaccine Formulation Solutions

Further immunogenicity enhancement can be achieved by incorporating immunos-
timulatory adjuvants. Among the most frequently utilised agents are toll-like receptor
(TLR) agonists, with polyinosinic-polycytidylic acid-poly-l-lysine carboxymethylcellulose
(poly-ICLC) employed in a significant number of TNBC peptide-based NCV clinical trials
highlighted in Figure 7. Studies have demonstrated that poly-ICLC can evoke robust
T-cell and antibody responses, while also facilitating DC maturation and enhancing the
anti-tumour efficacy of cancer vaccines [55,56].
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Enhancing the immunogenicity of NCVs can also be achieved by incorporating multi-
ple neoantigens into a single vaccine. Zhang, et al. [57] demonstrated the effectiveness of
this method by successfully incorporating 11 neoantigens per vaccine per patient, resulting
in a durable immune response and validating the viability of this approach. Moreover,
employing a multi-neoantigen strategy promotes epitope spreading, wherein additional
neoantigen-specific T-cells are generated against neoantigens not contained within the vac-
cine [58]. This approach shows promise in addressing the poor prognosis associated with
high tumour heterogeneity in TNBC, as the expanded immune landscape may facilitate
overcoming this challenge [59].

These findings outline the potential neoantigen cancer vaccine (NCV) formulation,
i.e., a multi-neoantigen setting with poly-ICLC adjuvant, used to project pricing scenarios
later in the review.

While peptide-based NCVs are a promising approach, their limited immunogenicity
poses a challenge compared to other platforms. This can be addressed by incorporat-
ing immunogenic long-peptide neoantigens with adjuvants in a multi-neoantigen setup
(Figure 8). This strategy extends neoantigen presentation on DCs, stimulating robust CD8+
and CD4+ T-cell responses and enhancing overall immune activation [54]. Incorporating
toll-like receptor (TLR) agonists as adjuvants is recommended to stimulate the immune
response; hence, poly-ICLC (TLR agonist) will be used in projecting the following NCV
pricing scenarios.

Multiple Long-Peptide Toll-Like Receptor,
Neoantigens Agonist

Figure 8. Recommended formulation of an NCV. To address NCVs’ low immunogenicity, a for-
mulation with multiple neoantigens and adjuvants as immunostimulators and delivery systems is
proposed. Created with Biorender.

4.3. Proposed Manufacturing of Neoantigen Cancer Vaccines

Building on the findings from the previous section, an ideal TNBC NCV should fea-
ture multiple accurately identified neoantigens with high-affinity binding to HLA class II,
determined through next-generation sequencing (NGS) methods. Challenges persist in
identifying highly immunogenic and soluble neoantigens, necessitating further develop-
ment of bioinformatic tools. Established and scalable approaches to neoantigen synthesis
positively impact NCV production time. Intravenous administration of the vaccine is
recommended, but further research is needed to determine optimal dosage and vaccination
schedules. Quality controls (QCs) encompass safety, immunogenicity, and efficacy screen-
ing and testing, employing standard oncology endpoints and analytical assays. Overall,
NCV manufacturing presents a viable aspect of launching NCVs for TNBC (illustrated in
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Figure 9), yet further advancements are necessary in neoantigen prediction, formulation,
and QC processes due to the early-stage R&D of NCVs.

Patient Biopsy Neoantigen Prediction Peptide Synthesis

p

Peptide

{ rs ) PHE ) LY }@

HOOWAMHAMY |,
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Quality Control Formulation

Figure 9. The proposed manufacturing process of an NCV. The process begins with obtaining a
patient sample to predict immunogenic neoantigens and the arrows show the subsequent steps. The

first step can utilise next-generation sequencing (NGS) tools, including whole exome sequencing,
and validate the results by HLA typing, peptide processing, and peptide-MHC binding prediction.
Next, the identified neoantigens synthesis will be outsourced to protein synthesising companies,
significantly driving the low-cost dynamics of the process. The peptide purification will be outsourced
as well, and the neoantigens will be delivered with 98% purity [47]. The proposed formulation of an
NCV is an intravenous injection to stimulate a strong anti-tumour response. The quality control (QC)
for an NCV will determine safety, immunogenicity, and efficacy by performing immunogenic assays
and analysing adverse events and standard oncology endpoints. Created with Biorender.

4.3.1. Neoantigen Prediction

The initial phase in selecting optimal neoantigens for an NCV involves neoantigen
identification, commencing with patient biopsy and tissue analysis through comparative as-
sessment of single nucleotide variants (SNVs) between tumour and non-tumour DNA [60].
Clinical evidence shows that SNV-derived neoantigens in NCVs can induce disease regres-
sion and enhance T-cell responses [61]. Despite various genome analysis toolkits available,
like whole exome sequencing, a manual review of matched tumour-normal samples is
recommended due to screening tool limitations [62], potentially prolonging the turnaround
time from biopsy to vaccine formulation. Research indicates multiple possible neoantigen
categories, including tumour-specific fusion proteins resulting from gene translocations,
which exhibit considerable genetic instability within chromosomes and can generate highly
immunogenic neoantigens [63]. While research on fusion genes in TNBC is limited, the
available data appear promising. Wang et al. [64] identified 22 recurring fusion proteins
in TNBC patients, identifying a novel fusion biomarker. Although no other fusion pro-
teins have been identified for TNBC, research on fusion neoantigens in other cancers has
shown their ability to enhance T-cell responses and eliminate tumour cells [65]. Therefore,
while additional validation of genome analysis toolkits is necessary, these findings high-
light encouraging strategies for clinical application, as successfully demonstrated in the
TNBC context.
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Validation steps in neoantigen prediction include HLA typing, peptide processing,
and peptide-MHC binding prediction. Precise HLA identification is crucial due to MHC
molecule polymorphism, with over 12,000 allele modifications [66]. While next-generation
sequencing (NGS) has achieved high accuracy for MHC class I, further development for
class I HLA sequencing is required [67,68]. Peptide processing prediction focuses on
the binding affinity between the patient’'s MHC molecule and the given neoantigen, with
challenges, such as peptide cleavage, potentially hindering successful peptide loading
onto APC [69,70]. MHC binding prediction, based on HLA typing, is considered the
most selective step but results in inaccurate neoantigen predictions due to factors such
as peptide immunogenicity and gaps in HLA allele datasets [68,71]. Only 20% of in
silico-predicted neoantigens exhibited immunogenicity, and 55% of in vitro-predicted
immunogenic neoantigens elicited an immune response after binding to HLA [72,73].
One strategy to address these challenges involves a scoring system that considers factors,
including HLA mutation frequencies, neoantigen transcription abundance, and MHC
binding likelihood, showing a 95% accuracy in predicting the immunogenicity of selected
neoantigens [74]. Developing methods for accurately identifying the most immunogenic
neoantigens is imperative, given an average of 60 neoantigen mutations per patient [73].
These findings suggest that bioinformatic tools can accurately predict neoantigens, but
additional validation of the methods is needed to establish the process.

4.3.2. Peptide Synthesis

Upon completing the neoantigen identification, two primary methods are available for
neoantigen production: peptide synthesis and genetic engineering. Peptide synthesis offers
distinct advantages, notably in terms of cost effectiveness and production efficiency [75].
This process relies on solid-phase peptide synthesis (SPPS), which involves the sequential
addition of amino acids to the growing peptide chain [76]. Various companies offer peptide
synthesis at remarkably low costs, with prices typically in the region of GBP 19 per 4 mg
of a peptide [47]. This affordability significantly influences the cost dynamics of NCV
manufacturing. Mijalis et al. [77] demonstrated an automated SPPS approach capable of
producing an amino acid residue in 40 s. Considering that neoantigens should preferably
be SLPs ranging from 13 to 18 amino acids in length, the production time for a single
neoantigen is approximately 12 min. Consequently, producing the required amount of a
neoantigen can only take several hours. Given a concurrent neoantigen synthesis for a
multi-neoantigen vaccine, the production time would not increase. Thus, peptide synthesis
represents a financially feasible and scalable approach for manufacturing NCVs.

4.3.3. Purification

Once the neoantigen synthesis is completed, purification proceeds via high-performance
liquid chromatography (HPLC). Mass spectrometry is commonly utilised to confirm the
neoantigen structure and has demonstrated accurate sensitivity. Reversed-phase HPLC
has proven effective in eliminating impurities post-neoantigen synthesis, often in combi-
nation with ion exchange or gel filtration chromatography [76,78]. However, a challenge
in purifying SLPs arises from their amino acid sequence insolubility [68]. While studies
have not extensively addressed this issue in neoantigens as SLPs, temporary peptide tags
have demonstrated success in enhancing the solubility of other types of SLPs [79-81].
Additionally, computational tools for neoantigen prediction aim to address the purifica-
tion challenges by identifying hydrophobic sequences. These tools help select the most
viable neoantigen residues, serving as a decision-making tool for correct neoantigen manu-
facture [82]. However, neoantigens fall within the standard frame for peptide synthesis
companies, which often provide peptides at 98% purity, streamlining the purification step
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in the manufacturing process [47]. These findings suggest that challenges related to neoanti-
gen purification warrant further investigation; however, neoantigens as SLPs can achieve
clinical-grade purity through outsourcing to peptide synthesis companies, eliminating the
challenge.

4.3.4. Formulation

Although the formulation of NCVs lacks standardisation, several clinically established
considerations exist. Intravenous administration of NCVs has demonstrated a stronger
immune response compared to subcutaneous routes, with subcutaneous injection leading
to T-cell deletion via chronic T-cell stimulation, resulting in low anti-tumour responses in
clinical trials [83]. Moreover, proper stimulation timing and adjuvant selection are crucial
to induce T-cell response alongside appropriate costimulation and cytokine signalling.
Achieving timely APC maturation alongside neoantigen delivery is also essential for
eliciting a robust anti-tumour response [75]. Another challenge in NCV manufacture is the
turnaround time from biopsy to finalising the vaccine formulation, which typically takes
3—4 months [61]. This extended period may exceed the life expectancy of TNBC patients,
necessitating further investigation into correct intravenous NCV formulation, along with a
pressing need to shorten the vaccine production time.

4.3.5. Quality Control

Industry-standard quality controls (QCs) for NCVs include safety, immunogenicity,
and efficacy (Figure 10). Both trials employ the National Cancer Institute Common Ter-
minology Criteria for Adverse Events (NCI-CTCAE) to assess safety, while efficacy and
immunogenicity are evaluated using enzyme-linked immunospot (ELISPOT) analyses,
multiparametric flow cytometry, and standard oncology trial endpoints, such as the clinical
response rate and overall survival [84,85]. ELISPOT assays objectively assess NCV immuno-
genicity by quantifying the frequency of immune cells producing specific cytokines linked
to tumour-specific immune responses, validated for neoantigen-specific T-cell responses
in cancer patients [86]. Multiparametric flow cytometry assesses cytokine production and
the frequency of neoantigen-specific T-cells, providing a comprehensive view of the cancer
vaccine efficacy [87]. The clinical response rate indicates the proportion of patients with
tumour shrinkage or disappearance, reflecting vaccine efficacy, while overall survival
directly reflects the vaccine’s impact on patients’ lives [88]. Thus, the analysis of the two
NCV trials justifies current QC practices, providing authentic assessments of NCV safety,
efficacy, and immunogenicity.

Safety ‘ ‘ Efficacy | ‘Immunogenicity

National Cancer Institute Multiparametric flow
Common Terminology cytometry Enzyme-linked
Criteria for Adverse immunospot (ELISPOT)
Events (NCI-CTCAE) Oncology trial endpoints

Figure 10. Quality control (QC) requirements for a safe, effective, and immunogenic NCV. These QCs
were adopted from the two NCVs for TNBC trials (Section 3.1), demonstrating industry-accepted controls.

These findings suggest the overall viability of manufacturing NCVs. As a result, the
following sections will focus on two main objectives: firstly, calculating the economic im-
plications of managing TNBC in the UK using current therapies, and secondly, conducting
a financial analysis of two different pricing scenarios for NCVs to assess their potential
introduction to the UK market.
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4.4. Financial Burden of Triple-Negative Breast Cancer

The cost of TNBC holds significant relevance due to the substantial resource utilisation
associated with each TNBC stage, ranging from GBP 2200 to GBP 54,000 annually per
patient, amounting to GBP 230,000,000 annually for the NHS. While attempts have been
made to calculate the cost of TNBC in various countries [89], no studies have yet estimated
the cost of TNBC therapies for the NHS. Although TNBC is associated with indirect costs,
such as productivity losses and reduced quality of life, this review focuses solely on
calculating the direct medical costs. Despite the TNBC financial burden being significant,
it remains a question whether an NCV could alleviate direct costs. A potential for cost
reduction at the advanced stages is in reducing the chemotherapy cycles and the regimen
of immune checkpoint inhibitors.

4.4.1. Direct Medical Costs of Conventional Therapies in the United Kingdom

The calculated cost of conventional therapy ranges from GBP 2200 to GBP 22,000 per
patient annually, depending on the TNBC stage, as demonstrated in Figure 11. Evaluation
of these numbers against reviewed figures is challenging due to a lack of available data.
The most comparable study reported a mean cumulative 15-month cost of GBP 12,595 per
breast cancer patient in the UK, equivalent to GBP 14,000 as of January 2024 [90]. Notably,
the study was conducted before ICIs were available for TNBC treatment, so the reported
value only considered the conventional therapies. For comparison, dividing the total yearly
cost by the number of patients per stage in this review yields GBP 10,400 per patient. The
difference between GBP 14,000 and GBP 10,400 may be due to more costly treatment options
available for other breast cancer subtypes, potentially inflating the reported mean value of
the published study. Numerous limitations are inherent in estimating the financial burden
of TNBC, particularly considering that therapies may extend beyond a year, which is not
factored into the calculations within this review. Additionally, TNBC is more common
among younger women, which might lead to higher therapy rates than those shared by
NABCOP [35], as NABCOP accounted for only women over 50 years who might not be
offered the TNBC treatment due to other factors (age and/or pre-existing health conditions).
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Figure 11. Annual direct medical costs of conventional therapies per patient in the United Kingdom.
This figure demonstrates the cost of surgery, chemotherapy, and radiotherapy per TNBC stage, with
references outlined in Table 4. These data were consolidated from various sources (shown in Table 4)
due to a lack of economical appraisal of TNBC therapy costs in the United Kingdom.

The calculated costs for immune checkpoint inhibitor (ICI) therapy are shown in
Figure 12. Annual pembrolizumab cost per patient was calculated to amount to GBP 21,000
and atezolizumab to GBP 32,000. The ICI therapy cost calculations are more precise due to
available access to official reports, though they are likely overestimated due to discounts
confidentially given to the NHS. Furthermore, as both ICI agents are available for stage III
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TNBC, the more expensive treatment (atezolizumab) was assumed to project the highest
possible costs.

£40,000
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Figure 12. Annual direct medical costs of immune checkpoint inhibitor (ICI) therapies per patient
in the United Kingdom. As no ICI therapy is available for stage 0 and I TNBC patients, the figure
displays the annual cost of pembrolizumab per stage Il TNBC patient. The stage III value represents
the atezolizumab cost, although both ICI agents are available to stage III TNBC patients. Stage IV
represents the atezolizumab cost.

4.4.2. Analysis of All Direct Medical Costs

The costs vary significantly across different disease progression stages, as shown
in Figure 13, with notable escalations in advanced disease stages. Stage 0 and I TNBC
patients typically undergo surgery, with additional chemotherapy and radiotherapy for
stage 1. Moreover, the shorter therapy cycles also contribute to lower associated costs [36].
Costs markedly escalate from stage II onwards due to the inclusion of ICIs, although not all
patients meet the eligibility criteria for these therapies. According to the assumptions in this
paper, nearly two-thirds of patients do not express PD-L1, thus receiving only conventional
treatment. However, the per-patient costs shown in Figure 13 (ranging from GBP 2200 to
GBP 54,000) represent the maximum potential costs per stage, including ICIs. Interestingly,
costs between stages III and IV are relatively comparable (GBP 49,500 and GBP 54,000).
While stage IV TNBC patients have a median survival time of 13 months, the reported
overall survival time for stage III patients is 92 months [10,91]. Therefore, the substantial
costs of stage IV therapy and the reduced quality of life resulting from chemotherapy may
contribute to the low therapy uptake, with only 25% of stage IV patients receiving any form
of treatment, as shown in Table 3 [35].
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Figure 13. Yearly per-patient cost comparison per stage. Although both ICIs are available to stage
III patients, the highest potential costs were assumed; therefore, atezolizumab was included (cost
comparison is shown in Table 5). The cost of conventional therapies was determined from papers,
aside from stage 0, which was calculated as per Figure 5. ICIs were calculated from regimen
specifications from official reports (Table 5).
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The annual expenditure for treating all TNBC patients in the UK is projected to reach
GBP 230,000,000, with conventional therapies representing GBP 130,000,000 (Table A2), and
the proportions are shown in Figure 14. The ICI therapy based on 37% patient eligibility
criteria was calculated to amount to GBP 102,000,000 (Table A3), representing the minor-
ity of annual TNBC therapy costs. Another financial evaluation was performed, which
considered a 50% ICI eligibility of TNBC patients. As shown in Figure 14, this leads to a
significantly higher value of ICI therapy costs, estimated at GBP 138,000,000 (Table A4).
In this case, the ICIs represent most of the annual expenditure of TNBC therapy, which
increases to GBP 268,000,000. These data imply that it is essential to identify the correct
number of eligible patients.

It can be expected that an NCV would not eliminate existing therapy options but
rather serve as an additional option to control the disease more effectively. For this reason,
it is advised that NCV research focuses on the introduction of NCVs to TNBC stage 11
onwards. This could allow for cost alleviations, e.g., by reducing the number of ICI cycles
or decreasing the frequency of ICI administration. Notably, an NCV could also reduce the
need for intensive chemotherapy cycles. Although the chemotherapy costs are not heavily
resource intensive, it could still result in improved therapy tolerability of patients and
improve their quality of life.

The upcoming section will examine the costs of conventional therapies and ICIs in
comparison to two hypothetical pricing models of a TNBC NCV. The analysis will aim to
assess the potential feasibility of introducing the vaccine in the UK and its potential impact
on reducing TNBC treatment costs in the country.

37 % Patient Eligibility for Inmune Checkpoint 50 % Patient Eligibility for Immune Checkpoint
Inhibitor Therapy Inhibitor Therapy

Il 56.03% Conventional Therapies Il 4851% Conventional Therapies

43.97% Immune Checkpoint Inhibitor Therapies
- : v e 1 51.49% Immune Checkpoint Inhibitor Therapies

Figure 14. Annual cost breakdown of treating TNBC in the UK assuming an immune checkpoint
inhibitor patient eligibility of 37% (left) and 50% (right). The left-hand graph demonstrates the
total cost, which equals GBP 230,000,000 annually, with conventional therapies amounting to GBP
130,000,000 and immune checkpoint inhibitor therapies to GBP 102,000,000. The right-hand graph
demonstrates the total annual cost of GBP 268,000,000. The majority of the costs are now associated
with immune checkpoint inhibitor therapies (GBP 138,000,000). Data are shown in Tables A2—-A4.

4.5. Pricing
4.5.1. Incremental Cost Effectiveness Ratios of Approved Therapies

The incremental cost effectiveness ratio (ICER) provides insights into the cost effective-
ness of different treatments in terms of life years gained due to the medication. According to
the literature, the National Institute for Health and Care Excellence (NICE) has established
a willingness-to-pay therapy threshold of GBP 50,000 per life year gained [92]. Hence, the
current TNBC therapies were evaluated against this upper cost limit, as shown in Table 8.
Al ICER calculations were found to be below the threshold, considering that ICI therapies
received a discount for NICE, resulting in even lower costs than depicted in Table 8. No-
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tably, pembrolizumab exhibited the lowest ICER, although the median progression-free
survival (PFS) is not officially confirmed by the manufacturer, given the recent approval
of the therapy and the confidentiality surrounding its details. Therefore, the GBP 50,000
NICE threshold offers a constructive benchmark for evaluating the two hypothetical NCV
pricing scenarios.

Table 8. Incremental cost effectiveness ratio (ICER) per life year adjusted of approved TNBC therapies.
Calculated cost per patient numbers are adopted from Table 5. Progression-free survival (PFS)
represents the time from study initiation until tumour progression. The ICER/life year adjusted was
calculated by 12 months x cost per patient/median PFS. All therapies are below the GBP 50,000 NICE
threshold since the NHS received a confidential discount for atezolizumab.

Cost per Patient Median PFS ICER/.Life Year
(months) Adjusted
Chemotherapy GBP 17,500 5.6 [93] GBP 38,000
Atezolizumab GBP 32,000 7.5 [94] GBP 52,000
Pembrolizumab GBP 21,000 7.6 [95] GBP 34,000

4.5.2. Pricing Scenarios Assuming a Commercialisation of a Peptide-Based Neoantigen
Cancer Vaccine for Triple-Negative Breast Cancer

Should clinical trial studies indicate the usefulness of NCVs, it will be essential to have
models of how these treatments could be effectively implemented by healthcare systems,
such as the UK-NHS. To this end, a best-case and a worst-case scenario were proposed
and analysed to assess the feasibility of a hypothetical NCV. The assumption adopted
for this section is a demonstrated efficacy of the NCV in phase III trials with limited side
effects that are inferior to the benefits generated from the commercialisation of the NCV.
It is important to assume such a scenario due to the currently early phase but promising
research about NCVs for TNBC and to allow for industry preparedness ahead of a real-life
NCV launch. The proposed NCV formulation outlined in Table 7 was applied to both
pricing scenarios, involving a multi-neoantigen vaccine administered in 11 doses with a
PFS of 5.6 months. In the best-case scenario, treatment was assumed to be administered
at cost with a decentralised approach and zero intermediary supply chain. All steps were
assumed to be outsourced, following the proposed manufacturing process described in
this review in Section 4.3 and shown in Figure 9. Vaccine delivery would be facilitated
at existing administration locations, such as hospitals. It was further assumed that no
company owned the vaccine, and no profits were generated. This approach resulted in a
cost of GBP 1100 per patient, with an ICER of GBP 2400, as shown in Table 9. Conversely,
the worst-case scenario assumed a privately funded NCV aimed to recover estimated initial
R&D costs and the establishment of an in-house manufacturing site, albeit without any
profit margin. The total cost per year amounted to GBP 25,000, resulting in an ICER of GBP
55,000, as outlined in Table 9.

Table 9 indicates that the worst-case ICER exceeds the GBP 50,000 NICE willingness-to-
pay threshold. The ICER values were plotted against this threshold (Figure 15), illustrating
the maximum cost of treatment per month gained. The best-case scenario analysed in
this paper falls well below the NICE threshold, accounting for only 5% of the allowable
cost, indicating its high feasibility. Conversely, the worst-case ICER slightly exceeds the
threshold based on the assumed PFS of 5.6 months. While the characteristics of vaccine
administration are based on the relevant literature, these values are approximate estimates,
and the scenarios are contingent on variables that may change. Furthermore, limitations
of the worst-case scenario include the assumed costs outlined in Figure 6. Given the lack
of existing NCVs on the market, the assumed R&D costs amounting to GBP 100,000,000
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remain a rough estimate. Similarly, uncertainties persist regarding the estimated equipment,
personnel, and facility expenses, which were derived from data on the manufacturing of an
autologous DC cancer vaccine due to the absence of the relevant literature on NCVs. Thus,
the analysis revealed that the best-case scenario is highly feasible, whereas the worst-case
scenario, associated with greater uncertainties, exceeds the NICE threshold, implying
its unfeasibility.

Table 9. Costs and incremental cost effectiveness ratios (ICERs) per scenario. The total cost per
regimen was calculated as outlined in Table 5; best-case costs are GBP 850 + GBP 100 + GBP 125,
and worst-case costs are GBP 8000 + GBP 14,000 + 2200. The ICER/life year adjusted was calculated
by 12 months x total cost per regimen/5.6 PFS. The difference in ICER values stems from the
decentralised approach in the best-case scenario, contrasting with the worst-case scenario where a
company aims to recover its investments. While the best-case ICER is well below the GBP 50,000
NICE threshold, the worst-case scenario exceeds it.

Best-Case Scenario Worst-Case Scenario
Total Cost per Regimen GBP 1100 GBP 25,000
ICER GBP 2400 GBP 55,000

The vaccine regimen cost is, therefore, highly sensitive to two main variables: the
number of doses and the PFS. Figure 16 illustrates the cost allowances across three regimen
scenarios: single-dose, five-dose, and eleven-dose administration. For instance, assuming
all scenarios prolong one patient’s life by 5 months, a single dose could cost up to GBP
20,833, while one dose in a five-dose regimen would be GBP 4167, and in an eleven-dose
regimen, GBP 1894 per patient. Therefore, the single-dose regimen allows for the highest
permissible cost per dose. This indicates that fewer doses required for the same PFS result in
higher allowable costs per NCV dose. Furthermore, Figure 16 highlights the cost disparities
among the regimens. Comparing the cost of doses for 5 months versus 12 months of
any regimen underscores the importance of achieving a higher PFS. In the single-dose
scenario, the 5-month regimen could cost GBP 20,833 per dose, while the 12-month regimen
could approach the threshold of GBP 50,000. For the five-dose and eleven-dose regimens,
however, the maximum allowed costs per dose would need to be considerably lower to
be cost effective (Figure 16). These factors underscore the significance of minimising the
number of doses and maximising each patient’s life expectancy to mitigate the risk of
vaccine rejection by NICE.

The main limitations in NCV pricing include the projected PFS and low immuno-
genicity, necessitating multiple doses to achieve an immune response. The assumed NCV
PFS used in this analysis matches chemotherapy but falls short of already established ICls,
compared with Table 8. This could impact NICE approval due to perceived insufficient
benefits. However, NCVs potentially offer advantages, like reduced adverse events and
broader eligibility, compared to chemotherapy and ICls. Based on current data outlined
in this review, it is, however, unlikely that NCVs could be offered as a standalone treat-
ment due to the immunogenicity challenges. For this reason, there is currently no benefit
from comparing an NCV treatment directly with the existing therapies from a financial
perspective. The low immunogenicity rather suggests that further research on combination
therapy with existing treatments is required. Due to the lack of papers on this topic, it
can only be expected that such a strategy would increase treatment costs. Our findings
suggest that R&D should prioritise improving immunogenicity to reduce required doses
and enhance survival outcomes to maximise the possibility of receiving NICE approval. It
is highly unlikely that an NCV for TNBC would receive approval if the vaccine efficacy, i.e.,
immunogenicity, does not significantly improve.
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Figure 15. Cost scenarios plotted against the NICE ICER threshold in a hypothetical scenario of
the commercialisation of an NCV for TNBC. This plot illustrates the maximum allowable cost per
scenario based on the number of months gained by the therapy (PFS). For instance, if a therapy
extends one patient’s life by six months, the cost could be priced at GBP 25,000 per patient because
two such regimens would prolong the life expectancy by twelve months. Therefore, extending one
patient’s life by 6 months would cost GBP 25,000, and extending the life by 12 months would be equal
to two patients receiving such therapy, amounting to GBP 50,000 altogether. Conversely, if an NCV
regimen prolonged one patient’s life by just one month, the maximum allowable cost per patient
would be GBP 4167 to stay within the NICE threshold for twelve months.
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Figure 16. Maximum allowed cost per dose, dependent on PFS. This plot indicates that the fewer
doses per regimen required, and the greater number of months gained by the regimen, the higher the
potential price of a single dose can be. The black line shows the intersection between each regimen at
5 months PFS, demonstrating the maximum allowed cost per dose per scenario, respectively. The
lower the number of doses per regimen, i.e., 1 dose, the greater the possibility of the cost per dose.
Contrarily, the higher the number of doses per regimen, i.e., 11 doses, the smaller the value of cost
per dose.
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5. Conclusions

Neoantigen cancer vaccines (NCVs) offer a promising approach towards targeted
cancer immunotherapy for triple-negative breast cancer (TNBC) treatment. The main
prospect of NCVs is their feasible manufacturing process allowing for notable cost savings.
However, the limited immunogenicity of NCVs is a significant challenge, and from this
review, we conclude that a multi-neoantigen formulation with a toll-like receptor agonist
should be further explored. The current TNBC therapy costs range between GBP 2200 and
GBP 54,000, depending on the cancer stage. An opportunity for decreasing the current costs
would be most impactful from stage Il onwards, though it is contingent upon immune
checkpoint inhibitor eligibility. It remains a question whether an NCV could alleviate some
of these costs or act as an additional agent, further increasing the TNBC therapy costs.
The financial feasibility of NCVs also depends on the operational setting. Calculations
revealed that if the government were to manage the vaccine at cost, approval would likely
be feasible. However, in a worst-case scenario where the therapy is privately owned,
the cost per regimen to extend the patients’ lives exceeds the GBP 50,000 NICE approval
threshold. Crucial variables influencing cost include the number of doses and progression-
free survival (PFS). Analyses reveal that fewer doses and higher PFS allow for higher
approved costs per dose. Therefore, clinical evaluation of dosage and PFS will be critical
for further refining economic appraisal.

Further research is essential to improve immunogenicity as the main hurdle of NCVs
for TNBC; recommendations in this review include exploring a multi-neoantigen setting
and a combination therapy with existing treatments with the aim to enhance the currently
low vaccine efficacy. Obtaining the latest country-specific data on TNBC patients and
therapies is required to draw accurate conclusions about the current state of the art and
to provide a reliable base for further financial evaluations ahead of the commercialisation
of NCVs.

In conclusion, developing an NCV for TNBC is under current circumstances unfeasi-
ble, primarily due to immunogenicity challenges, hindering the successful development.
However, the NCV cost effectiveness as a standalone factor implies that the commercialisa-
tion of the therapy is possible, and the focus should be on maximising the life prolongation
factor while minimising the number of doses required per patient.
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Appendix A

Table Al. Overview of TNBC clinical trials. NA means the therapy mode was not defined in the
clinical trial description. Data were accessed from clinicaltrials.gov on 22 February 2024.

NCT Number Status TNBC Stage Therapy Mode Phase Platform
NCT03387085 Active All stages Immunotherapy + chemotherapy 1b/2 Viral
NCT02316457 Completed All stages Immunotherapy + chemotherapy 1 RNA
NCT05504707 Recruiting Early stage Chemotherapy 1 DCs
NCT03199040 Terminated Advanced Immunotherapy 1 DNA
NCT03562637 Recruiting Early stage Chemotherapy 3 Peptide
NCT04674306 Recruiting Early stage Immunotherapy 1 Peptide
NCT04634747 Not yet recruiting Advanced Immunotherapy + chemotherapy 2 Peptide
NCT02938442 Completed Early stage Chemotherapy 1/2 Peptide
NCT03362060 Active Metastatic Immunotherapy 1b Peptide
NCTO03674827 Terminated Metastatic Immunotherapy + chemotherapy 1 Unknown
NCT02593227 Completed Advanced Chemotherapy 2 Peptide
NCT04348747 Recruiting All stages Immunotherapy 2a DCs
NCT04024800 Active Advanced Immunotherapy 2 Peptide
NCT02427581 Withdrawn Advanced and Chemotherapy 1 Peptide
metastatic

NCT02348320 Completed All stages Chemotherapy 1 DNA
NCT04105582 Completed Chemotherapy 1 DCs
NCTO00986609 Completed Early stage NA 1 Peptide
NCT02826434 Active Early stage Immunotherapy 1 Peptide
NCT05455658 Recruiting Early stage NA 2 DNA
NCT04296942 Terminated Metastatic Immunotherapy 1 Viral
NCT02018458 Completed Locally advanced Chemotherapy 1/2 DCs
NCT03012100 Active Eaggvs::ﬁ;nd Chemotherapy 2 Peptide
NCT00640861 Completed Early stage NA 1 Peptide
NCT03606967 Recruiting Metastatic Chemotherapy + immunotherapy 2 peptide
NCT04879888 Completed All stages Chemotherapy 1 DCs
NCT05329532 Recruiting Advanced Immunotherapy 1/2 Peptide

Table A2. Conventional therapy costs per TNBC stage. The patient count was calculated from
NABCOP [35], and per-patient costs were derived from research papers. The cost per stage increases
with more advanced stages, resulting in a GBP 130,000,000 annual cost for conventional TNBC

therapy in the UK.
Stage 0 Stage I Stage II Stage III Stage IV
Number of 1387 3637 3637 3637 152
Patients
Cost per Patient GBP 2200 GBP 6800 GBP 10,000 GBP 17,500 GBP 22,000
T"ta;;esag;'f“t GBP 3,100,000 GBP 25,000,000 GBP 37,000,000 GBP 64,000,000 GBP 3,400,000
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Table A3. Adjusted total annual costs of atezolizumab and pembrolizumab for TNBC. Atezolizumab
is for stage III and IV TNBC, while pembrolizumab is for stage II and IIl TNBC. A 37% eligibility
assumption due to genetic predisposition was made.

Immune Checkpoint Inhibitor Eligible Patients (37%) Cost per Patient Total Cost
Atezolizumab 1402 GBP 32,000 GBP 45,000,000
Pembrolizumab 2692 GBP 21,000 GBP 57,000,000

Table A4. Adjusted number of patients eligible for immune checkpoint inhibitor (ICI) therapy. If
50% of TNBC patients exhibited the required genetic predisposition, the costs per ICI would rise
significantly in the UK.

Immune Checkpoint Number of Patients Eligible Patients (50%) Cost per Patient Adjusted Total Cost

Inhibitor
Atezolizumab 3789 1895 GBP 32,000 GBP 61,000,000
Pembrolizumab 7274 3637 GBP 21,000 GBP 77,000,000
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Abstract: Background: Botulinum neurotoxins (BoNTs), produced by Clostridium botulinum,
are potent protein toxins that can cause botulism, which leads to death or neuroparalysis in
humans by targeting the nervous system. BoNTs comprise three functional domains: a light-
chain enzymatic domain (LC), a heavy-chain translocation domain (HCy;), and a heavy-
chain receptor-binding domain (HCc). The HCc domain is critical for binding to neuronal
cell membrane receptors and facilitating BONT internalization via endocytosis. Accordingly,
it may serve as a vaccine candidate, inducing anti-BoNT-neutralizing antibodies in animals.
Here, we aimed to develop a vaccine capable of simultaneously defending against both
BoNT/A and B. Methods: We combined the HC¢ domains of botulinum neurotoxin type
A (BoNT/A) and botulinum neurotoxin type B (BoNT/B) in Escherichia coli to produce
a recombinant protein (tHCcB-L-HCcArHCcB) that offers dual protection against both
toxins by inhibiting their receptor binding. To evaluate the efficacy of the vaccine, mice were
immunized intramuscularly with rHCcB-L-HCcA plus alum thrice at 2-week intervals,
followed by the assessment of immunogenicity and protective efficacy. Results: The
antibody titer in mice immunized with tHC¢B-L-HCcA was significantly higher than that
in mice immunized with alum alone, protecting them from the lethal challenges of BONT/A
(10° 50% lethal dose, LDsp) and B (10° LDsg). Conclusion: These findings suggest that
rHCcB-L-HCcA may simultaneously be an effective vaccine candidate against BONT/A
and B.

Keywords: Clostridium botulinum; botulism; neurotoxin; fusion vaccine; receptor binding
domain

1. Introduction

Botulinum neurotoxins (BoNTs), produced by the bacterium Clostridium botulinum, are
the primary agents responsible for botulism and rank among the most lethal substances
known. These toxins are classified into eight serotypes (A-H), each with a similar structure
but distinct antigenic properties [1-3]. BoNTs are initially synthesized as single polypeptide
chains, which are then post-translationally cleaved into dichains consisting of a 100 kDa

Vaccines 2025, 13, 39 https://doi.org/10.3390/vaccines13010039
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heavy chain (HC) and a 50 kDa light chain (LC) connected by a disulfide bond. The HC is
further subdivided into two functionally independent domains: the N-terminal translo-
cation domain (HCyj) and the C-terminal receptor-binding domain (HCc) [4]. The HCy
(~50 kDa) facilitates the transport of the LC across the endosomal membrane, whereas
the HC¢ (~50 kDa) is essential for binding to specific receptors on cholinergic nerve
cells. BoNTs achieve high affinity and specificity for neurons by binding to two recep-
tors: gangliosides and one of the synaptic vesicle proteins, either synaptotagmin (Syt)
or synaptic vesicle protein 2 (SV2). BoNT/A uses SV2 as its protein receptor, whereas
BoNT/B binds to Syt, specifically the Syt-I and Syt-II isoforms [5,6]. After receptor binding,
the toxin is internalized into endosomes via receptor-mediated endocytosis. LC acts as
a zinc-dependent endoprotease that selectively cleaves three crucial proteins involved
in the docking and fusion of acetylcholine-containing synaptic vesicles with the plasma
membrane. The inactivation of a synaptosomal-associated protein of 25 kDa, synaptic
vesicle-associated membrane protein, or syntaxin by BoNTs prevents acetylcholine release,
leading to neuromuscular paralysis. When exposed to BoNTs, early symptoms may include
ptosis, ambiopia, blurred vision, dysphonia, and a dry, sore throat. High doses of BONT can
cause respiratory muscle paralysis, leading to dyspnea, respiratory failure, and potentially
death [7-9].

Botulism can occur naturally following the colonization of the gastrointestinal tract
by neurotoxigenic clostridia (infant or intestinal botulism), consumption of contaminated
food (foodborne botulism), or anaerobic wound infections (wound botulism) [10]. The
Centers for Disease Control and Prevention (CDC) has reported an average of 208 cases
annually between 2015 and 2019 [11]. While botulism is rare in South Korea, the Korea
Disease Control and Prevention Agency (KDCA) conducts annual diagnostic tests to detect
and confirm cases of the disease. From 2003 to 2024, eleven cases of botulism were reported.
Of these, eight cases were foodborne botulism, one case was infant botulism, and two cases
occurred through an unknown route. Among the eleven patients, serotypes A (three cases)
and B (four cases) were the most common, although these cases occurred in 2003 and 2004,
respectively [12]. Since 2019, one case of each serotype Ab, Bf, and E has been reported.
In the first case of infant botulism, we described the genome of C. botulinum type Ab,
which contains two different toxin genes [13]. In the USA, where bivalent toxins have been
continuously monitored since their discovery in 1976 [14], cases caused by the bivalent
strains Ab, Ba, and Bf account for only 2% (30/1514) of all infant botulism cases [15].
However, three-quarters of patients with bivalent strain-induced botulism experienced
respiratory failure during hospitalization, suggesting that patients with bivalent toxin may
require more urgent treatment.

Pentavalent botulinum toxoid (PBT) is used as an investigational drug by the CDC
for military and research personnel exposed to the toxin. However, PBT has not received
FDA approval because of numerous shortcomings in its existing form. The development of
new-generation recombinant vaccines may alleviate many such problems associated with
toxoids [16]. Due to their extreme toxicity, botulinum toxins have been considered prime
candidates for bioweapons, prompting the KDCA to research vaccines and treatments for
over a decade to prepare for its potential use in terrorism. The threat is increasing world-
wide, and South Korea faces heightened risks as a divided nation. Therefore, developing
and stockpiling vaccines for military personnel, researchers, and other frontline personnel
to prepare them against bioterrorism scenarios as well as natural occurrences is essen-
tial. Therefore, this study aimed to develop a vaccine capable of providing simultaneous
protection against both BONT/A and BoNT/B, addressing the critical need for effective
countermeasures against bioterrorism and natural outbreaks.
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2. Materials and Methods
2.1. Construction of Synthetic Genes and Cloning

Genes encoding the HCc fragments of BONT/A (hccA, strain 19397; GenBank acces-
sion number NC_009697) and BoNT /B (hccB, strain Okra; GenBank accession number
NC_010516), as well as the fused HCc of BONT/B and A (hccB-linker-hccA), were synthe-

sized by Bioneer Co. (Daejeon, South Korea). A (Gly)3 linker was introduced between the

two HCc fragments to facilitate proper folding. After digestion with the restriction enzymes

Ndel and BamHI, the gene fragments were cloned into the pET19b vector for expression

in E. coli. The gene sequences and their predicted structures are shown in Figure 1. Gene

synthesis was conducted in compliance with the national regulations governing experi-

ments involving genetically modified organisms. All the experimental procedures were
performed in a biosafety laboratory and certified by the appropriate authority [17].

(A)

961

1021

141

1201

1261

Figure 1. Gene sequence and predicted protein structure of rHCcB-L-HCcA. (A) The synthetic gene
for rHCcB-L-HCcA expression in Escherichia coli is shown with its translated amino acid sequence
below the nucleotide sequence. The initial codons of each subunit and the (Gly)3 linker codons are
written in bold and marked with arrows. (B) Visualization of the three-dimensional structure of
the rHCcB-L-HCcA construct, comprising rHCcB (violet), (Gly)3 linker (blue), and rHCcA (orange),

Start of the heeB sequence
cat atg aac aaa tac aat agc gag atc ctg aac aac att atc ctc aac ctg cge tat aaa
H M N K Y N S E I L N N I I L N L R Y
gac aac aac ctc atc gac ctg tcc ggc tat gga gea aaa gtc gaa gtg tat gac ggg gtg
D N N L I DL S G Y G A K V E V G Vv
gaa ctg aac gat aag aac caa ttt aag ctg acg ast ag: gcc aa: t:t aaa atc cgt gtt
N Q

acc cag aat cag aac atc att ttt aac agc gtg tt( ctg gat ttt agt gta t:g ttt tgg
T Q N Q NI I F NS V F L D F ¥ § F
att aga ata :cg aag tac aaa aac gac ggt att cag aat tac ata cac aac gaa tac act
I K Y K N D G I Q N Y I H NE Y T
atc atc aac tgc atg aaa aat aac agc ggt tgg aag atc tcc atc aga gga aac agg atc
I N K G W K I S I R G N R I
att tgg acg ctg ata gat att aac ggt aag acc aag tct gtt ttt ttt gaa tac aac atc
I W T L I DI NG K T K S V F F E Y NI
cgt gaa gat atc agc gaa tac atc aac cgt tgg ttt ttc gtt act att aca aac aac ctg
R E DI s E Y I NR W F F V T I N N L
aac aat gct aaa atc tat atc aat ggc aag cta gag agc aat acg gat atc aaa gat att
N N A K I Y I NG K L E S N T D I K D I
cgc gaa gtt ata gog aac gec gaa att atc ttc aaa ctg gac gga gat ata gat cgt aca
E VI AN G E I I F K L D G D I D R T
caa ttt atc tgg atg aaa tac ttt tcg att ttc aac acc gaa ctg tcg caa agc aac atc
Q F I W M K Y F S I F N T E L S Q S N I
gaa gaa cgg tac aag att cag agc tat tca gaa tat ctg aaa gac ttc tgg ggg aac ccg
E E R Y K I Q S Y S E Y L K D F W G N P
ctg atg tat aac aaa gaa tac tat atg ttt aac gcc gga aat aaa aac tcc tac atc aaa
L M N A N S Y I K
ctg aaa aaa gat agc cca gtt ggt gag atc ctg aca cgt tca aag tat aat cag aac agc
L K K Ds PV G E I L TR S K Y NQN
aaa tat atc aac tac cga gat ctg tat att ggc gag aaa ttt atc atc cgc cga aaa agc
K Yy I N Y R D L Y I 6 E K F I I R R
aac agc caa agt att aac gat gat atc gtg cgc aaa gaa gac tac atc tat ctg gat ttc
N S Q S I N D D I V R K E DY I Y L D F
ttc aac ctg aat cag gag tgg cgt gtc tat acc tat aag tac ttt aaa aag gag gag gaa
F N L N Q E W R V Y T Y K Y F K K E E E
aaa ctg ttt ctg gea cct atc tcc gac age gac gag ttt tat aac act atc cag atc aaa
K L F L AP I S D S DEF Y NTTI QI K
gaa tat gac gag cag cct aca tat tcg tgc cag ctg ctg ttc aaa aaa gat gag gaa tca
E Y D E P T Y S C L L F K K D E E S
acg gat gaa ata ggc ctg atc ggg att cat cgg ttc tac gaa agc ggt atc gta ttt gag
T D E I G L I 6 I S 6 I V F E
zaa tat aaa ﬁat tac rtt tgt atc agc aag tzg tat r:tz aaa gaa gtc aaa czg aaa ccz
K
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Linker == Start ofthe heeA sequance
gec ggt gec cge ttg ctg age aca ttt acc gag tat atc aag aac atc att aac act tcc
G 6 G R L L S T F TEYTIKNTITINTS
atc ctg aac ctg cgt tat gag tca aac cat ctg att gat ctc age cge tat geg tct aaa
I L N L RY E S NH L IDULSRY A S K
atc aat att gga agc aaa gtg aac ttc gac cct ata gac aag aac cag att caa ctg ttt
I N I G S K V N F D P I D KN QI Q L F
aac ctg gaa tcc agt aaa att gag gta att ctg aag aac gee atc gtt tat aac age atg
N L E S S K I E V I L K N A I VY N S M
tat gaa aac ttc agc act age ttt tgg att cgt att ccg aaa tat ttc aac agc ata agc
¥ EF mF ST S PR I RITPEY TF NS I
ctg aac aac gaa tat acc atc att aac tgc atg gaa aac aac tcg ggc tgg aag gtt tcc
N N E Y T I I N C M E NN S G W K V S
ctg aac tac gge gag ata att tgg act ctg cag gat a(t caa gag ata aaa cag aza gta
N I W T L Q Q E K
gtg ttt aaa tat agc cag atg ata aac att agc gac tat atc aac cgc tgg atc ttt gtg
V F K Y s Q@M I NTI S DY I NURWTIF V
acg atc acg aac aac cgt ctc aac aac agc aaa att tac att aac ggc cgt ctg att gat
T I T N N R L NN S K I Y I N GR L I D
cag aaa ccc atc agc aac ctg ggt aac att cac gcc agc aat aac atc atg ttt aaa ttg
K P I S N L GG N I H A S N NI M F K L
gat gga tgt cgg gat acc cat cge tat ata tgg att aaa tac ttt aac ctg ttt gat aag
D 6 C R D THRY I W I K Y F N L F D K
gag ctg aac gag aaa gaa atc aaa gat ctg tat gat aat cag tca aac tcg ggt att ctg
E L N E K E L Y DN Q S N S G I L
aaa gat ttt tgg gec gat tat ctg cag tat gat aaa ccg tat tat atg ctt aac ctg tat
K D F W 66 D Y L Q YD K P Y Y M L N L Y
gat cca aat aag tac gtc gat gtg aac aac gta ggt atc cgt ggt tac atg tac ttg aaa
D P N K Y V D K
get ccg cge ggg age gtg atg acc aca aac att tac ctg aat tcc tcg ctg tat cge gec
G P R G S V M T TNTI YL NS S L YR
acc aag ttc atc atc aaa aag tat gct agc ggt aac aaa gat aac ata gtt agg aat aac
T K F I I K K Y A S G N K D N I V R N N
gac cge gtt tat att aac gtc gtg gtc aag aac aaa gaa tac cga ctg gca acg aac gct
R VY I NV V V KNZK E Y R L AT N A
tcc caa gcg ggg gtt gaa aaa atc ctc agc gcg ctg gaa atc cca gac gtg ggt aac ttg
Q K

agc caa gtc gtg gtt atg aaa agc aaa aac gat cag ggg ata aca aac aag tgc aag atg
T

N K K
aac ctt cag gac anc ast ggc aac gac att gga ttt att gec ttc cat caa ttc aac aac
N L QDNNGNTUDTIGTFTIGTFHTGQTFNN
ata gca aaa ctg gta gea tca aat tgg tac aac cgt cag att gaa aga agc age cgg aca
I A K L V A S NUWYNR RGO QTITETRTSSRT

tat aac ctg aaa ctg ggt tgt aac tgg caa ttc atc ccc aag gat saa geg tgg acc zaa 2581 ctg gga tgt age tgg gag ttt atc ccg gtt gac gat ggg tgg get gaa cgg cct ctg taa
Y N L K L G C N W Q F I P K L G C S W EF I PV DD G W G E R P L -
2597 882 tcc
G S
heavy chain c-
terminal of
BoNT/A (hccA)

heavy chain c-
terminal of
BoNT/B (hccB)

predicted using the AlphaFold2 program.
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2.2. Expression and Purification of Recombinant Antigens

Plasmids (pET19b-hccA, pET19b-hceB, and pET19b-hccB-L-hccA) were transformed
into different E. coli strains to optimize expression: pET19b-hccA was transformed into
E. coli BL21(DE3) RIPL Codon Plus cells, pET19b-hccB into E. coli BL21(DE3) pLysS cells,
and pET19b-hccB-L-hccA into E. coli BL21(DE3) SoluBL21 cells. The cultures (400 mL
for each strain) were grown in Terrific Broth, induced with 0.5 mM isopropyl-f3-D-
thiogalactopyranoside at an ODggg of 0.6 £ 0.1, and incubated at 16 °C for 96 h. The
incubated E. coli were harvested by centrifugation and resuspended in lysis buffer (50 mM
Tris-HCl, 1.5 M NaCl, 1 mM PMSEF, 50 ug/mL lysozyme, and 0.1% Triton X100, pH 8.0).
The lysed cells were centrifuged to remove the precipitate and filtered through a 0.45 um
disposable filter. The clear supernatant with rHCcA, rHCcB, and rHCcB-L-HCcA antigens
was loaded onto a 20 mL column of Ni-NTA superflow (Qiagen, Hilden, Germany), which
was equilibrated with 50 mM of Tris-HCl and 1.5 M of NaCl containing 5 mM of imidazole
with pH 8.0. The column was washed with washing buffer of different concentrations
(50 mM of Tris-HCI and 1.5 M of NaCl containing 60 or 80 mM of imidazole with pH
8.0). Bound rHCcA and rHCcB were eluted from the column using imidazole (50 mM
of Tris-HCl and 1.5 M of NaCl containing 100, 200, or 400 mM imidazole with pH 8.0).
The bound rHCcB-L-HCcA protein was similarly eluted (50 mM of Tris-HCl and 1.5 M
of NaCl containing 250 or 500 mM of imidazole with pH 8.0). Each 5 pL protein sample
collected during the purification process was mixed with a loading buffer and loaded onto
an SDS-PAGE gel to assess the samples at each step of purification. The eluted proteins
were subjected to a final purification step using a fast protein liquid chromatography sys-
tem (FPLC, Bioneer, Daejeon, South Korea) equipped with a Superdex 200 size-exclusion
column (Sigma, Darmstadt, Germany). A 1 mL volume of each eluted protein was loaded
onto the column, and fractions containing proteins with a final concentration exceeding
0.5 mg/mL were collected. The eluted rHCcA, rHCcB, and rHCcB-L-HCcA proteins were
subsequently dialyzed in 50 mM of sodium citrate buffer (pH 5.5) using a Slide-A-Lyzer
Dialysis Cassette (Thermo Scientific, Waltham, MA, USA). The purified proteins were
stored at —80 °C until further use.

2.3. Identification of Antigens

The BiolineTM Bioterror Pathogens and Toxins Test Kit (Abbott, Seoul, South Korea)
was used to verify the identity of the purified antigens. This lateral flow assay, designed
for the rapid detection of bioterrorism agents, was adapted to confirm the presence of the
BoNT/A and B antigens. The strips were coated with antibodies specific for BONT/A
and B and designed to allow differential detection of the two toxin types on a single strip.
Purified rHCcA, rHCcB, and rHCcB-L-HCcA antigens were mixed with the sample diluent,
added to the cassette wells, and absorbed. The results were documented after a 30 min
incubation.

2.4. Preparation of Toxins

BoNT/A was harvested from C. botulinum strain ATCC19397 following a 6-day anaer-
obic culture as described previously [18,19]. BONT/B complex was purchased from List
Bio Laboratory Inc. (Campbell, CA, USA). The potencies of the toxins were determined
using standard mouse bioassays with established LDs( values for BONT/A and B. The LDs
values of BONT/A and B in mice were confirmed to be 0.1 ng and 0.18 ng, respectively.

2.5. Vaccination and Challenge of Mice

BALB/c mice (female, 5-6 weeks old, KOATECH, South Korea) were immunized with
the purified antigens adsorbed onto 0.2% aluminum hydroxide (AI(OH)3). A group of
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five mice was vaccinated intramuscularly at 0, 2, and 4 weeks with 1 pug of rHCcA, rHCcB,
rHCcB-L-HCcA, or an antigen mixture, which combined 1 pg of rHCcA and 1 pg of rHCcB,
all mixed with alum (25 pg) in a total volume of 0.2 mL. Mice injected with PBS or alum
were used as negative controls. Two weeks after the last vaccination, mice were challenged
with a 10° LDsq dose of BONT/A or 10° LDsj dose of BONT/B by intraperitoneal injection
and observed for 14 days. All animal procedures were approved by the Institutional Animal
Care and Use Committee of KDCA (KDCA-IACUC-046-17-2A, 2017).

2.6. Measurement of Serum Antibody Titers

Serum samples collected at specified time points were analyzed for antigen-specific
antibodies using indirect ELISA. Briefly, ELISA plates (Corning Incorporated, Corning, NY,
USA) were coated with an optimal concentration of purified rHCcA or rHCcB (1 pug/mL
in bicarbonate, 100 uL./well) overnight at 4 °C. Plates were washed with PBS containing
0.05% Tween 20 (PBST) using a Plate Washer (BioTek, Agilent, CA, USA). The plates were
blocked for 1 h with 5% skimmed milk at 37 °C, then washed as described above. Serum
samples were initially diluted 1:50, followed by five-fold serial dilutions (1:50-1:3,906,250),
and incubated for 2 h at 37 °C. After washing with PBST, a 1:5000 dilution of anti-mouse
IgG-HRP (Jackson ImmunoResearch Inc., West Grove, PA, USA) was incubated for 1 h at
37 °C. After washing with PBST, TMB substrate was added to each well and incubated for
10 min at room temperature (25 °C). The colorimetric reaction was stopped with 2 N sulfuric
acid, and absorbance at 450 nm was determined using a microplate reader (Molecular
Devices, San Jose, CA, USA).

2.7. Statistical Analysis

Statistical significance across groups was assessed using one-way analysis of variance
(ANOVA), followed by the Kruskal-Wallis test and then Dunn’s multiple comparison test
to identify specific group differences. All analyses were conducted using GraphPad Prism 5
(GraphPad, La Jolla, CA, USA). The Kruskal-Wallis test was selected to evaluate differences
among groups due to its suitability for non-parametric data. Post-hoc tests, specifically
Dunn’s multiple comparison tests, were applied to control for type 1 error in multiple
comparisons. Statistical significance was defined as p < 0.05. Asterisks (*) in the figures
indicate p-values less than 0.05, and double asterisks (**) indicate p-values less than 0.01,
denoting significant differences between groups. Data are presented as mean + standard
deviation (SD) unless otherwise noted.

3. Results
3.1. Protein Expression and Verification

Codon optimization was employed to facilitate the high-level expression of recombi-
nant BoNT/A HC¢c (rHCcA), BoONT/B HCc (rHCcB), and rHCcB-L-HCcA. Synthetic genes
for hecA, heeB, and heeB-L-hccA were engineered to target the C-terminal fragment of the
heavy chain in BONT/A and B, as illustrated in Figure 1A. To ensure proper folding of each
HCc domain, a three-glycine linker was incorporated between the hccB and hecA segments.
The recombinant proteins (rHCcA, HeB, and rHCcB-L-HCcA) were purified from 1 L of
the culture using a Ni?* affinity chromatography column. Each purified protein fraction
was verified using SDS-PAGE. The results confirmed that the rHCcA and rHCcB proteins
were approximately 50 kDa (Figure 2A,B), whereas the rHCcB-L-HCcA fusion protein was
approximately 100 kDa (Figure 2C). Thus, the rHCcB-L-HCcA fusion protein exhibited a
higher molecular weight owing to the synthesis of rHCcA and rHCcB. To further enhance
protein purity, the eluted fractions were subjected to additional purification steps using an
FPLC system with Superdex200 column, and the proteins were analyzed by SDS-PAGE
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(Figure 2D). The results showed that all three proteins collected from the elution buffer
possessed a molecular size similar to the 50 kDa of rHCcA and rHCcB proteins and 100 kDa
of rHCcB-L-HCcA fusion protein, with high purity. The next experiment was conducted
to verify the specific binding of each purified protein antigen with its respective antibody,
using a Bioline™ Bioterror Pathogens and Toxins Test Kit developed in previous research
to prepare for biological terrorism scenarios. This rapid antigen detection kit features mem-
brane strips coated with specific polyclonal antibodies against BONT/A and B, enabling the
simultaneous detection of these antigens. The assay results revealed that rtHCcA and rHCcB
were specifically bound to anti-BoNT/A and B antibodies, respectively, which manifested
as purple bands. Remarkably, the rHCcB-L-HCcA fusion protein bound to both antibody
sets and displayed two distinct purple bands (Figure 2E). These results confirmed that
rHCcA, rHCcB, and rHCcB-L-HCcA were specifically bound to their respective antibodies,
demonstrating that each protein exhibited high specificity for its intended target.
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Figure 2. Purification and verification of protein from E. coli BL21(DE3) with pET19b-hccA, pET19b-
heB, and pET19b-hceB-L-hecA. (A—C) SDS-PAGE analysis of samples from the purification process,
showing molecular mass markers (Lane 1), soluble cell fraction (Lane 2), insoluble cell fraction
(Lane 3), flow-through from the soluble cell fraction in the Ni2* column (Lane 4), wash fractions
(Lanes 5-6), and eluted protein (Lanes 7-9). (D) SDS-PAGE analysis of purified proteins rHCcA,
rHCcB, and rHCcB-L-HCcA, showing expected molecular weights of ~50 kDa and ~100 kDa. (E) Ver-
ification of purified proteins using an Antigen Rapid Detection Test Kit (Abbott) based on a lateral
flow assay.
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3.2. Immunogenicity and Protective Efficacy

In the next experiment, we evaluated the immunogenicity induced by the purified
antigens (tHCcA, rHCcB, and rHCcB-L-HCcA) and an antigen mixture (rHCcA and rHCcB).
BALB/c mice (n = 5/group) were immunized with each antigen mixed with alum (25 ug)
thrice at 2-week intervals, as depicted in Figure 3A. One week after the third immunization,
blood was collected from the facial veins of mice and separated into serum samples. Serum
was then used to determine the binding antibody titers for each antigen via ELISA using
plates coated with rHCcA and rHCcB antigens. The experimental results showed that
anti-BoNT/ A-specific titers in mice immunized with rHCcA, rHCcB-L-HCcA, and antigen
mixture were significantly higher than those in the negative controls (mice immunized with
alum alone), with all three antigens showing statistical significance (p < 0.05; Figure 3B). The
results shown in Figure 3C indicate that the anti-BoNT/B-specific titers in mice immunized
with rHCcB-L-HCcA were significantly higher (p < 0.05) than those in the negative control
group. While the rHCcB and antigen mixture groups did not demonstrate statistical
significance, it is noteworthy that three out of five mice in the rHCcB group exhibited
antibody titers comparable to or exceeding those observed antibody titers comparable
to or exceeding those observed in the rHCcB-L-HCcA group (Figure 3C). These results
suggest that rHCcA and rHCcB-L-HCcA antigens have the potential to act as vaccines to
protect against BONT/ A, with a strong immunogenic response. While the rHCcB antigen
exhibited variability among mice, leading to statistically non-significant outcomes, this may
be attributed to the small sample size used in the experiment, which could have limited
the detection of significant differences. Notably, rHCcB-L-HCcA displayed consistent
and robust immunogenicity, indicating its potential to serve as a vaccine candidate for
simultaneous protection against both BONT/A and BoNT/B.

In subsequent experiments, to evaluate the protective efficacy of each antigen, 10° 50%
lethal dose (LDsp) of BONT/ A (equivalent to 10 pg per mouse) and 10% LDsj of BONT/B
(equivalent to 0.18 pg per mouse) were injected intraperitoneally into the immunized
mice, which were then observed for 2 weeks. As shown in Table 1, the groups immunized
with rHCcA, rHCcB-L-HCcA, and antigen mixture exhibited 100% survival against 10°
LDs of BONT/A. Similarly, groups immunized with rtHCcB, rHCcB-L-HCcA, and antigen
mixture showed 100% survival against 10*> LDsy of BoNT/B. Conversely, the groups
immunized with single antigens rHCcA or rHCcB did not survive when challenged with
BoNT/B or BoNT/A, respectively. Through this experiment, we confirmed that there were
no significant differences in the ability of single antigens, fusion antigens, and antigen
mixtures to protect against BoNTs.

Table 1. Survival rate of mice immunized ! with antigen following challenge with BoNT/A or

BoNT/B.
BoNT/A (10° LDsg) BoNT/B (103 LDsp)
Antigens Dose .

% (Number of Survivors/Total)

Alum 25 ug 0(0/5) 0(0/5)

rHCcA 1pg 100 (5/5) 0(0/5)
rHCcB 1ug 0(0/5) 100 (5/5)
rHCcB-L-HCcA 1ug 100 (5/5) 100 (5/5)
rHCcA + rHCcB lpug+1ug 100 (5/5) 100 (5/5)

1 Mice were immunized thrice at weeks 0, 2, and 4 with 1 ug of rHCcA, rHCcB, or rHCcB-L-HCcA, each mixed
with alum as an adjuvant to enhance the immune response. The antigen mixture (rHCcA + rHCcB) was prepared
in the same manner as other antigens by combining 1 ug of rHCcA and 1 ug of rHCcB, then mixing with alum
before administration to mice. Four weeks after the final booster immunization, mice were challenged with
10° LDsg of BoNT/A and 10% LDsg of BoNT/B. Challenge numbers indicate the survival rate as the number of
surviving mice out of the total number of mice in each group.

151



Vaccines 2025, 13, 39

(A)
[ Antigeninjection —
st 2nd 3rd  Toxin challenge
L 1L 1 1 J
0 2 4 4 6 8 weeks
Blood collection
(B) . ©
<3 819 I < 8-
0 50
Q K|
%6 E==3 - - T 6l
2 67 =] o K]
< 2
=44 = o4
Z V4
K + g
- A = 2 - -
é 21 == - é Te» 0O
D I S S SN S D &P
QY A AV AT AT A & ¥
éo“e » ¥ 8 CJ’ Y;\" <« ¥ ce
P &
o &
X
& L
&g

Figure 3. Antibody responses in mice after vaccination with rHCcA, rHCcB, rHCcB-L-HCcA, or a
mixture of rHCcB and rHCcA antigens. (A) Outline of the immunization study to assess antibody
responses post-vaccination in BALB/c mice. (B,C) Evaluation of antibody response in mice injected
with PBS, alum, rHCcA, rHCcB, rHCcB-L-HCcA, or antigen mixture, tested individually using
ELISA. The median values for each group are depicted with a bar. Significance levels are indicated as
*p <0.05, ** p < 0.01; ns indicates no significant difference. Each point on the graph represents an

individual mouse.

We conducted additional studies to evaluate the protective efficacy when mice were
simultaneously challenged with BoNT/A and B. Four mice were immunized with either
the rHCcB-L-HCcA antigen or a mixture of rHCcA and rHCcB, with each mouse receiving
a 5 ug dose mixed with alum (25 ug) and administered intramuscularly at 2-week intervals
for a total of three doses. Two weeks after the final immunization, the mice were challenged
intraperitoneally with a mixture of 10% LD5g of BONT/A and 10° LDsy of BONT/B, as well
as a mixture of 10* LDs; of BONT/A and 10* LD5; of BoNT/B, and were observed for two
weeks. The results showed that the group immunized with the rHCcB-L-HCcA antigen
had a 100% survival rate when challenged with 103 LDs5g of BONT/A + BoNT/B, whereas,
in the mixture group, one out of four mice died, resulting in a 75% survival rate. However,
both groups succumbed to the challenge with 10* LDsy of BONT/A + BoNT/B (Table 2).
These experimental results highlight the unique advantage of the rHCcB-L-HCcA antigen,
which demonstrates protective efficacy comparable to single antigens. Additionally, the
ability of rHCcB-L-HCcA to protect against both BONT/A and B simultaneously at lower
doses than the antigen mixture suggests a significant advantage as a potential vaccine
candidate.
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Table 2. Protective efficacy of rHCcB-L-HCcA and antigen mixture against combined BoNT/A and B

exposure in mice .

BoNT/A (10° LDsg) + BoNT/A (10* LDsp) +
Antigens Dose BoNT/B (10° LDs) BoNT/B (10* LDs)
% (Number of Survivors/Total)
Alum 25 g 0(0/4) 0(0/4)
rHCcB-L-HCcA 5 ug 100 (4/4) 0(0/4)
rHCcA + rHCcB 5ug+5ug 75(3/4) 0(0/4)

1 Mice were immunized with three intramuscular injections of 5 ug of the rHCcB-L-HCcA or antigen mixture,
prepared by combining 5 pg of rHCcA and 5 pg of rHCcB per injection, administered at 2-week intervals.
Following immunization, mice were challenged intraperitoneally with a mixture of BONT/A and BoNT/B at
doses of 10° LDsg and 10* LDs.

4. Discussion

Botulism is a rare disease worldwide; however, in South Korea—a divided nation with
potential bioterrorism risks—the development of a vaccine as part of preparedness mea-
sures is crucial. Given the potential use of botulinum toxins in bioterrorism and the absence
of licensed vaccines, developing an effective dual-protection vaccine remains a pressing
global priority. Vaccination was previously recommended only for high-risk groups, in-
cluding healthcare providers, researchers, first responders, and military personnel at risk
of exposure to BoNTs. In 2011, however, the CDC discontinued the investigational PBT
(ABCDE) vaccine due to its limited efficacy. As a result, no licensed vaccine is currently
available to prevent intoxication caused by the botulinum serotypes most commonly asso-
ciated with human diseases, namely serotypes A, B, E, and F [20,21]. While post-exposure
administration of antitoxins can effectively treat rare cases of life-threatening botulism,
these therapies are insufficient for protecting large populations during a potential bioterror-
ism event involving the dissemination of BoNTs [22]. Thus, there is an urgent need for the
proactive development of new therapies and vaccination strategies to mitigate the risk of
botulinum neurotoxin intoxication.

The objective of this study was to develop a fusion vaccine capable of simultane-
ously protecting against botulinum toxin serotypes A and B, with the aim of establishing
independent domestic vaccine production. To achieve this, we designed a recombinant
fusion protein antigen by combining the heavy chain C-terminal domains of BoONT/A and
B. The fusion protein, named rHCcB-L-HCcA, incorporates a glycine linker ((Gly)3) to
optimize protein folding, enhance production yield, and improve antibody accessibility
(Figure 1). This design aims to overcome common challenges in protein misfolding and
low production efficiency often encountered in vaccine development [23-25]. The synthetic
genes hceB, hecA, and heeB-L-hecA were cloned into the pET19b expression vector, and each
plasmid was transformed into E. coli BL21(DE3) RIPL Codon Plus, pLysS, and SoluBL21,
respectively. Following protein expression, the rHCcA, rHCcB, and rHCcB-L-HCcA anti-
gens were purified using a Ni?>* column. We attempted to express a synthetic gene with
hccA placed upstream, hccA-L-heeB, by cloning the pET19b-hccA-L-heeB plasmid into E. coli
BL21(DE3) SoluBL21; however, a pure protein was not obtained. Therefore, we selected
the rHCcB-L-HCcA fusion protein as a vaccine candidate against BONT/A and B and
evaluated its efficacy.

The final purified proteins were obtained in sufficient quantities (0.5-1 mg) for exper-
imental use. SDS-PAGE analysis confirmed the purity of each protein, revealing single
antigen bands at the expected molecular weights: 50 kDa for the individual proteins
and 100 kDa for the fusion protein (Figure 2A-D). The purified proteins (rHCcA, rHCcB,
and rHCcB-L-HCcA) were further tested for their reactivity using the BiolineTM Bioter-
ror Pathogens and Toxin Test Kit, enabling the detection of immune reactions with anti-
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BoNT/A or anti-BoNT /B antibodies coated in the kit. The results confirmed that the rHCcA,
rHCcB, and rHCcB-L-HCcA proteins specifically bound to anti-BoNT/A, anti-BoNT/B,
and both anti-BoNT/A and anti-BoNT/B simultaneously, respectively (Figure 2E). These
results not only demonstrate the successful purification of the antigens but also suggest the
potential for generating antibodies specifically targeting each single antigen.

The purified protein antigens (rHCcA, rHCcB, and rHCcB-L-HCcA), each at a dose
of 1 ng, along with a mixed antigen containing 1 pg each of rHCcB and rHCcA, were
administered intramuscularly with 25 pg of alum to groups of five mice. Immunizations
were performed three times at 2-week intervals. As a negative control, phosphate-buffered
saline (PBS) as the antigen diluent, combined with 25 pg of alum, was administered under
the same conditions as the antigens (Figure 3A). To assess the immunogenicity of the
antigen—antibody response, blood samples were collected from the mice one week after
the final immunization. The serum was analyzed using ELISA, and the antibody titers for
each antigen were logarithmically transformed and statistically evaluated using GraphPad
Prism 5. The results shown in Figure 3B indicate that the antigens rHCcA, rHCcB-L-HCcA,
and the antigen mixture elicited significantly higher antibody titers when bound to coated
rHCcA compared to alum alone. This finding suggests a strong potential for protection
against BONT/A. Among these, the fusion protein rHCcB-L-HCcA demonstrated the
highest significance, further emphasizing its promise as a viable vaccine candidate.

Figure 3C shows that both the rHCcB and rHCcB-L-HCcA fusion protein antigens
elicited high antibody titers. However, the antigens rHCcB and the antigen mixture did
not show statistically significant differences compared to alum. The antibody titer results
revealed considerable variability among the five mice in the rHCcB-immunized group,
leading to a large standard deviation. One study reported that a small amount of antibodies
targeting the HN domain of BoNT/A could block critical active sites of the toxin [26].
This suggests that the protective efficacy observed in certain antigen groups, despite low
immunogenicity, may result from functional mechanisms independent of antibody titers. It
emphasizes that the structural or functional properties of antigens play a significant role
in determining protective efficacy. Furthermore, even with low titers, existing antibodies
may act as neutralizing antibodies, effectively targeting and neutralizing the toxin’s active
sites [27]. The slightly elevated antibody titer observed in the alum group may have
contributed to the lack of statistically significant differences when compared to rHCcB.
Another consideration is the heterogeneity often observed among mice in immunization
experiments. Small group sizes, such as five mice, can lead to considerable variability in
results. To mitigate this issue, future experiments will increase the group size to at least ten
mice per group, ensuring more robust statistical reliability.

Despite these challenges, the rHCcB-L-HCcA-immunized group showed statistically
significant differences compared to the alum group. These findings strongly suggest
that the rHCcB-L-HCcA antigen has dual protective potential against both BoNT/A and
BoNT/B, further reinforcing its promise as an effective vaccine candidate.

In the protection assays, mice immunized with each antigen were intraperitoneally
challenged with 10° LD50 (10 ug) of BONT/A and 10% LD50 (0.18 ug) of BONT/B. The
results showed that all mice in the negative control groups (PBS and Alum) succumbed to
the toxin challenge. In contrast, mice immunized with rHCcA, rHCcB-L-HCcA, and the
antigen mixture demonstrated 100% survival, as expected due to their strong protective
efficacy against BONT/A. Furthermore, mice immunized with rHCcB, rHCcB-L-HCcA, and
the antigen mixture also achieved 100% survival against BONT/B despite exhibiting low
antibody titers. As previously mentioned, the results suggest that rHCcB or the antigen
mixture, despite having low antibody titers, may effectively block critical active sites of
BoNT/B. It is also possible that the antigens directly bind to the toxin, thereby neutralizing
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its activity. These findings from the protection assays support the potential of the rHCcB-
L-HCcA antigen as a promising vaccine candidate capable of providing strong protective
efficacy against both BONT/A and BoNT/B. Furthermore, they highlight the importance
of the functional properties of antigens in determining protective efficacy. To investigate
whether increasing the antigen dose could enhance antibody titers and protective efficacy,
the concentrations of rHCcB, rHCcB-L-HCcA, and the antigen mixture were increased
to 5 ug and 10 pg. These antigens were mixed with 25 pg of Alum and administered
intramuscularly to mice at 2-week intervals for three immunizations. After the final immu-
nization, blood samples were collected to assess antibody titers and protective efficacy. The
experimental results showed that increasing the antigen dose to 10 pg resulted in significant
differences in antibody titers for the rHCcB and rHCcB-L-HCcA groups compared to the
Alum group (Figure S1). However, despite the increased dose and significant differences
in antibody titers, mice in all antigen groups succumbed to a higher toxin challenge of
10* LD50 BoNT/B (1.8 ng) (Table S1). These findings suggest that increasing the antigen
dose alone is insufficient to achieve protective efficacy against BONT/B. The literature also
suggests that the lack of protective efficacy, despite high immunogenicity in some antigen
groups, can be attributed to glycosylation [28]. Glycosylated forms of BoNT/B(HC) and
TeNT(HC) failed to induce protective immunity, while their protective capabilities were
restored after undergoing deglycosylation. This indicates that glycosylation can alter the
immunogenicity of protein antigens. In this study, we plan to investigate the immunogenic-
ity and protective efficacy of rHCcB after subjecting it to deglycosylation to further assess
its potential.

Finally, the protective efficacy of the rHCcB-L-HCcA antigen and the antigen mixture
was evaluated against simultaneous challenges with BONT/A and BoNT/B. The results
showed that mice immunized with the rHCcB-L-HCcA antigen survived a mixture of
103 LD50 of BoNT/A and BoNT/B but succumbed to a higher dose of 10* LD50 of the same
toxins. In contrast, mice immunized with the antigen mixture exhibited a 75% survival
rate against 10° LD50 of BONT/A and BoNT/B but did not survive the higher toxin dose
(Table 2). According to the Supplementary Data, both the rHCcB-L-HCcA antigen and the
antigen mixture elicited high antibody titers (Figure S1). However, despite the elevated
antibody titers, both groups were only able to protect mice against up to 103 LD50 of
BoNT/A and BoNT/B. The exact cause of this limitation remains unclear, but as previously
mentioned, the structural or functional properties of the antigens may play a crucial role in
determining protective efficacy. It is necessary to analyze antigen-antibody interactions,
increase the size of the mouse groups, and evaluate immune responses under various
conditions to improve the reliability of the results and clarify the defense mechanisms
against BONT/B. Nonetheless, the rHCcB-L-HCcA antigen is confirmed to be a strong
and promising vaccine candidate capable of protecting against 10° LD50 of BONT/A
and 10° LD50 of BoNT/B. These findings not only highlight the potential of the rHCcB-
L-HCcA antigen but also provide a foundation for further investigations to optimize
its protective efficacy and broaden its application as a dual-protection vaccine against
botulinum neurotoxins.

5. Conclusions

This study demonstrated that the rHCcB-L-HCcA fusion protein is a promising vac-
cine candidate capable of providing dual protection against BONT/A and BoNT/B. The
antigen showed strong immunogenicity and protective efficacy against BONT/A, while the
protective efficacy against BONT /B was achieved despite low antibody titers, highlighting
the potential role of functional mechanisms beyond antibody titers. However, the limited
protection observed at higher toxin concentrations suggests the need for further optimiza-
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tion. Future research should focus on improving the protective efficacy against BoNT/B
through antigen modifications and investigating glycosylation effects and antigen-antibody
interactions. These findings provide valuable insights for the development of effective
vaccines against botulinum neurotoxins.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/vaccines13010039/s1. Table S1: Protective efficacy of rHCcB and
rHCcB-L-HCcA antigens against high-concentration BONT/B exposure in mice. Figure S1: Evaluation
of antibody response in mice injected with PBS, alum, rHCcB, rHCcB-L-HCcA, or antigen mixture,
tested individually using ELISA.
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Abstract: Attenuated and/or genetically modified oncolytic viruses (OV) gain increasing interest
as a promising approach for cancer therapy. Beside the assessment of subject safety, quality and
efficacy aspects of medicinal products for human use, genetically modified viruses are also governed
by EU regulatory frameworks requiring an environmental risk assessment (ERA). An important
element to be assessed as part of the ERA is the incidence of exposure to OV of individuals, other
than the trial subjects, and the environment. The evidence-based evaluation of shedding data is
considered to be decisive in that context, as it may impact the OV capacity to be transmitted. This
is particularly true for OV still able to (conditionally) replicate as opposed to replication-defective
viral vectors commonly used in gene therapy or vaccination. To our knowledge, this article presents
the most extensive and up-to-date review of shedding data reported with OV employed in clinics.
Besides the identification of a topical need for improving the collection of shedding data, this
article aims at providing an aid to the design of an appropriate shedding study, thereby relying
on and further complementing principles described in existing guidelines issued by European and
international institutions.

Keywords: oncolytic virus; shedding; environmental risk assessment; biosafety; clinical trials; cancer

1. Introduction

Oncolytic viruses (OV) are (conditionally) replication competent viruses (with low
pathogenicity) that are designed to be able to selectively replicate in tumor cells, leading
to their destruction by the direct lysis of host tumor cells, while sparing normal cells.
Accumulating evidence in oncovirotherapy demonstrates that OV infection can also trigger
specific antitumor immune effects. Cellular proteins released from OV-lysed tumor cells
elicit an interaction with the innate immune system through the activation of dendritic
cells, which in turn stimulate adaptive immunity (Figure 1).

OV can be naturally occurring viruses that have natural tropism to neoplastic cells,
such as Reoviruses [1], Newcastle disease virus (NDV) [2] and Vesicular stomatitis virus
(VSV) [3]. OV can also be laboratory-adapted attenuated virus strains, such as attenu-
ated Measles viruses, which acquired the ability to use, for viral entry, receptors that are
overexpressed on the surface of malignant cells [4]. Some OV have also been genetically
modified (GM) to enhance their antitumor specificity, safety and immunogenicity, for
example by delivering immuno-stimulatory agents or therapeutic agents or by triggering
novel cancer-specific acquired immune responses against tumor antigens. As reported
by Madeco et al., in 2020, approximately two-thirds of the studies involving OV use GM
viruses [5]. The growing list of virus platforms applied as oncolytic virotherapy or even as
oncolytic immunotherapy illustrates the increasing clinical interest in OV as effective cancer
therapeutics, either as a single-agent therapeutics or in combination with chemotherapy, ra-
diation treatment or immune-based therapeutic regimens. OV under clinical investigation
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include Adenovirus (Ad) (48), Herpesvirus (39), Reovirus (24) and Poxvirus (vacciniavirus
21/22; fowlpox virus 1/22), along with other candidate viruses, such as Measles virus,
Gamma-Herpes virus, Parvovirus, Retrovirus and VSV that have been reported in single
or a limited number of clinical trials (Figure 2). Characteristics of the most widely used
OV such as their structure, virion size and receptor usage, as well as some of the main
advantages and disadvantages, have been reviewed elsewhere [6].

Administration . .

Healthy cell Undamaged

ilg infection healthy cell

- Infection of

other tumor cells
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virus \ '%"
- *-#- o F W
* \QO */ \ T-cell
Tumor cell OV replication Tumor cell .
infection lysis Be \ .

Stimulation of host anti-
tumor immune response Tumor cell
death

Figure 1. Mechanism of action of oncolytic viruses. OV infect healthy cells but cannot replicate. High
infection of cancer cells where OV replicate and package for the production of new viral particles.
A high viral load inside the cell causes tumor cell lysis releasing viral particles and tumor antigens
in the cancer microenvironment. The viral particles” progeny can infect other tumor cells while
the released tumor antigens stimulate the host anti-tumor immune response. TA = tumor antigen;
DC = dendritic cell.
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Figure 2. Type of oncolytic viruses used in oncolytic virus clinical trials. Based on the results obtained
in the Supplementary Table S1 of this article, a graph representing the number of clinical trials that
have been performed by type of oncolytic virus all over the world has been generated. Taken together,
the number of clinical trials with Adenovirus and Herpesvirus represents slightly more than half of
all clinical trials with OV.
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While the approval in the US and Europe in 2015 [7-9] (and later also elsewhere) of
Imlygic®® (also known as talimogene laherparepvec, T-VEC and OncoVex), an oncolytic
Herpes Simplex Virus (HSV), for the treatment of advanced melanoma can be considered
as a milestone in the development of OV therapy;, it should be noticed that three other OV
have been approved for commercialization. A wild-type Enteric Cytopathogenic Human
Orphan type 7 (ECHO-7) Picornavirus, with trade name Rigvir®®, was first approved in
2004 in Latvia for the treatment of melanoma [10]. Earlier in 2019, the distribution of this
medicinal product was stopped due to manufacturing issues and finally suspended for
marketing authorization in mid-2019 [11]. A GM Adenovirus called Oncorine (H101) was
approved in 2005 in China for subjects with head and neck cancer [12]. More recently, in
June 2021, a GM HSV known as Teserpaturev/G47A (Delytact®) received conditional
approval in Japan for the treatment of glioblastoma [13]. Meanwhile, a number of OV have
also reached an advanced stage of clinical development and are used in phase III clinical
trials, such as a Newcastle disease virus to treat colorectal cancer [14,15], a vaccinia virus
called Pexa-Vec (formerly JX-594) for the treatment of hepatocellular cancer [16], a Reovirus,
Reolysin, as part of a combination therapy for the treatment of squamous cell carcinoma of
the head and neck [17], and CG0070 Adenovirus for the treatment of non-muscle-invasive
bladder cancer [18].

The clinical development of investigational products is subject to strict regulatory
requirements concerning, in particular, quality, efficacy and safety aspects. In the case of
GM viruses, these requirements not only pertain to the safety of the subject itself, but also to
the safety of human health at large and the environment. The identification and evaluation
of potential adverse effects on human health and the environment when directly exposed to
the GM viruses are performed within a dedicated environmental risk assessment (ERA) as
part of the regulatory application for clinical trials or marketing applications of medicinal
products containing genetically modified organisms (GMO).

The evaluation of exposure pathways through which GM viruses and viral vectors
with their inserted DNA sequence may interact with humans (other than subjects receiving
treatment with the viral vector), or the environment, is of major importance in the ERA.
Pathways of exposure include leakage upon administration (spreading) of the investiga-
tional product, accidental release during its administration, and shedding of the product
by the trial subject. Shedding corresponds to the dissemination of viral (vector) particles
in any form into the environment via excreta (feces, secreta (e.g., urine, sweat, saliva,
nasopharyngeal fluids, lacrimal fluid, semen)), skin (wounds, pustules, sores) and blood
from the treated subject [19]. Unlike gene therapy with recombinant viruses or viral vec-
tors that are rendered replication-defective, oncovirotherapy is based on the (conditional)
replication competency of the OV. As a consequence, the shedding of OV may be compared
to replication-deficient viral vectors. Collecting information on whether and how OV may
be released into the environment from subjects is therefore a critical step in the ERA. In
addition, the likelihood of the exposure of personnel handling the vaccine or involved
in clinical care (occupational exposure), close contacts of the subjects (living under the
same roof or caregiver at the subject’s home) and the environment (including animals,
plants and micro-organisms) necessitates an evaluation of several aspects, including the
environmental stability of the OV, the person-to-person or person-to-animal transmissibility
of the OV, and their capacity to exchange genetic information with circulating viruses.

While several guidelines are recommending to examine shedding as early as possible
in the clinical development (see hereunder), in practice, rather limited attention is given
to shedding data compared to the relatively extensive collection and assessment of data
supporting the safety, quality and efficacy assessment of the OV.

This paper presents a review of shedding data collected during the clinical
development of OV and aims at providing an aid in the design of an appropriate
shedding study.
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2. Materials and Methods
Literature Review

Based on general reviews on OV recently published in PubMed [5,20], a first list of
manuscripts containing results of clinical trial data using an OV was created. This list was
completed by a literature review in the PubMed database on 8 June 2023. The search for
the keywords “oncolytic virus therapy” was filtered for “clinical trials” and “randomized
controlled trials”. In this second list, only manuscripts written in English and containing
reports of clinical trial data using an OV were kept. Reports of preclinical data, clinical
protocols without data, review manuscripts and retrospective studies were rejected from
the list. Both lists were put together and different manuscripts related to the same clinical
trial were combined as a single entry in a final list.

This final list counts 165 manuscripts representing 165 different clinical trials and each
trial was evaluated for multiple variables. Variables assessed included the phase of the
clinical trial, the number of subjects treated, the type of virus used, the nature of the viral
backbone (i.e., native virus, modified or recombinant virus), the transgene, the type of
cancer treated, the use of single-agent or combination regimens and viral genome shedding
data. With respect to the viral genome shedding, the authors assessed for each of the
studies whether viral genome shedding was assessed and reported, and more particularly,
which body tissues and/or fluids were assessed for viral particles, which detection test was
used, whether viral particles were detected and for how long, and whether shed particles
contained infectious viral particles. This final list of 165 manuscripts can be found in online
Supplementary Table S1.

3. Environmental Risk Assessment

In addition to the regulatory requirements common to all (investigational) medicinal
products, the use of GM viruses for pre-clinical investigation, clinical trials as well as their
marketing as medicinal product is covered by the legislation regulating the use of GMO,
which encompasses an ERA.

The ERA relies on a well-defined methodology and should be conducted on a case-
by-case basis. It starts with the identification and characterization of potential hazards
associated with the GMO on human health, with focus on individuals other than subjects
or those vaccinated, and on the environment at large, including animals, plants and
microorganisms. Concurrently and as part of a second risk component, the probability of
occurrence of potential hazards under the conditions of use is assessed. Both components
led to an estimation of the risk to human health and the environment posed by each
identified hazard of the GMO by combining the probability of its occurrence and the
magnitude of its consequences. An overall risk is then determined by combining all of
the individual risks [21,22]. The ERA is based on a weight of evidence methodology
encompassing both qualitative and quantitative considerations, and is described using
qualitative terms ranging from high to moderate, low and negligible [23]. After overall risk
determination, it is examined whether risk management measures need to be implemented
in order to minimize the likelihood of adverse effects occurring. If no risks are identified
that require management, no risk management strategy need be defined.

Numerous viruses have been used to design and develop OV therapy. The iden-
tification of potential hazards, the first step in the ERA, should take into account the
characteristics of the OV and the properties of the inserted gene sequences and the gene
products. This implies that due consideration of aspects such as the extent of attenua-
tion, the replication capacity, tropism, biodistribution, genetic stability and the capacity
to recombine with other wild-type viruses should be evaluated on a case-by-case basis.
The properties of the parental viruses from which OV are derived may provide valuable
starting information, taking into account that, in general, OV developed for therapeutic
application are less virulent or infectious.

The development of different oncolytic viral systems for cancer therapeutic applica-
tions relies to a major extent on the genetic modification of viruses. Several strategies to
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enhance the therapeutic effect of oncolytic virotherapy involve the genetic “arming” of
replicating viruses with transgenes, such as tumor suppressor genes, immune regulatory
genes, apoptosis inducing genes, angiogenesis inhibitory genes and genes coding for pro-
drug converting enzymes or heat shock proteins. Besides the insertion of transgenes with
an inherent therapeutic effect, other sequences can be inserted or deleted that are involved
in the targeting of OV [24].

Inserted gene sequences and their gene products should be considered for their
potential impact on the viral life cycle alterations (e.g., viral tropism, entry, transcrip-
tion/translation, replication, transmission), on the capacity of recombination of the virus
or on the host (e.g., immune modulation, pathogenesis). All of these elements may al-
ter biodistribution and persistence in the subjects and may impact shedding following
administration of the OV.

In the next section, we will focus on elements that may have an impact on the shedding
properties of OV, based on examples in the clinical field, and elaborate on the assessment
of shedding data as one of the key aspects in the outcome of the ERA of OV.

4. Shedding Analysis
4.1. Definition

As mentioned above, shedding corresponds to the dissemination of viral (vector)
particles in any form into the environment via the excreta or secreta, skin and blood from
the treated subject [19]. While indirectly related, the evaluation of the shedding pattern of
OV addresses issues that are distinct from biodistribution, because the latter focuses on
dissemination and persistence within the host tissues, thereby mainly impacting the subject,
while shedding can be considered as one of the main pathways through which GM OV may
come into contact with individuals other than the treated subject. Another consideration to
be made for the purpose of this article is that blood and related products, like peripheral
blood mononuclear cells, serum or plasma, are not considered as biological fluids that
can spontaneously be shed into the environment. However, blood and related products
could be a source of exposure for personnel in clinical settings (e.g., during intravenous
administration of the product, etc.) or for close contacts of the trial subjects (e.g., direct
contact with open wounds). Addressing the release of OV through secretions and/or
excreta of the subject is a key element to be performed during the ERA of the clinical use of
OV and should be examined as early as possible in the clinical process.

4.2. Detection

From our review of the literature (see Supplementary Table S1), it is observed that
the results of shedding analysis are available in about half of the early phases of the OV
development. Shedding analysis and results were reported in 70 clinical trials (42.4%) (all
phases confounded), while it was not specified whether shedding analysis was conducted
in 95 clinical trials (57.6%) (Figure 3).

The test method used to assess the shedding potential of oncolytic viruses should be
sufficiently sensitive [25-27]. Polymerase chain reaction (PCR) and infectivity are mainly
used for the detection of shed virus/vector. A quantitative PCR assay to detect viral genetic
material is recommended to quantify viral genetic material. Unless full-length complete
genome amplification is demonstrated after a nuclease treatment, it should be emphasized
that the detection of viral genomic material by qPCR or RT-PCR is not suitable to confirm the
presence of infectious viral particles. This is because qPCR or RT-PCR can detect a fragment
of the viral genome even in situations where no complete genomes and/or infectious
viral material are present. To have a better insight into the potential for transmission,
it is recommended to perform infectivity assays involving the in vitro culturing of shed
material with a permissive cell line or growth tests (e.g., plaque assay) if qPCR results
reach a level above the limit of detection (LOD) [25-27]. qPCR or RT-PCR results should
be accompanied with the determination of the LOD and limit of quantification (LOQ) to
enable an evaluation of the sensitivity and the reliability of the assay. Also, the inclusion
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of suitable controls (e.g., spiking with a reference standard or an internal positive control)
should be considered to account for possible effects that could lead to an underestimation
of the level of shedding, for example due to the nature of the matrix of the biological sample.

Clinical trial performing or
not shedding analysis Tests used for the shedding analysis

Figure 3. On the left, the number of clinical trials that reported information on viral genome shedding
(n =70). On the right, the method of detection used during the shedding analyses, reported within
the 70 clinical trials. The method “PCR” includes all types of PCR (quantitative PCR, real-time PCR,
reverse transcription PCR, etc.). The infectivity test includes cell culture and plaque assays. Other
methods include viruria and direct fluorescence hexon protein assay.

Our review of the literature shows that many studies limit the collection of shedding
data by conducting quantitative real-time PCR (qRT-PCR) analyses. Of the 70 clinical trials
mentioning shedding analysis, 4 did not mention the method. In 32 of the clinical trials,
only a PCR test was performed, while 14 of the studies did only perform an infectivity test
such as a cell culture or a plaque assay test. In 17 of the trials, both a PCR and a cell culture
or plaque assay were performed.

In most of the clinical trials that performed infectivity tests alone or in combination
with a PCR, no infectious particles were observed in the various shedding samples analyzed.
However, in a few trials (6/32), the presence of infectious particles was shown by cell culture
or plaque assay in some shedding samples. This was the case for some saliva samples from
metastatic prostate cancer subjects treated with a high dose of the oncolytic Adenovirus
CG7870 [28], and for three subjects with solid tumors repeatedly treated intratumorally
with the oncolytic Adenovirus ONCOS-102 and presenting infectious viral particles in
buccal samples and, for one subject, also in the urine [29]. The presence of shed infectious
particles in samples was also observed with other OV such as the Herpesvirus Imlygic®®,
for which swabs from the surface of injected lesions from subjects with unresectable
recurrent melanoma tested positive for infectivity [30], as well as the Parvovirus H-1, which
was injected in subjects with metastatic pancreatic ductal adenocarcinoma (PDAC) and for
which infectious particles were detected in feces swabs of five of the seven subjects [31]. We
also observed the naturally Picornavirus Seneca Valley Virus (SVV-001), showing infectious
virus in nasal secretions, sputum, blood, urine, and stool in all dose cohorts during the
first weeks after injection [32], and the Vaccinia Virus (GL-ONC1), for which skin rash
swabs were found positive for a virus in 2 out of 19 subjects with locoregionally advanced
head and neck carcinoma [33]. All these examples illustrate that even if the shedding of
infectious viral particles seems to be a rare event, it cannot be excluded.

4.3. Aspects of the ERA Impacting Shedding

A proper ERA of OV addresses several aspects that may impact the release of the viral
particles by the host. This includes among others an examination of the genetic stability,
the conditions under which replication is occurring, replication competence and the route
of administration of the OV. Characteristics from the wild-type virus from which the OV
has been derived, such as the pathogenicity, the tropism, the host range, the natural route
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of transmission and the shedding pattern, may provide valuable information to perform
the ERA of OV. Furthermore, each of these aspects may be altered by the overall design
and the genetic modification proper to a given OV [24,34].

With regard to the type of virus from which OV is derived, the detection of a viral
DNA /RNA genome was observed at least once for all virus families (Figure 4). A rather
clear picture is depicted for Adenovirus vectors, as the detection of the viral genome during
shedding analysis was observed in 89% of the clinical trials with subjects treated with an

adenoviral vector. It remains difficult to retrieve a general consideration for the other OV.

As observed in Table 1, for oncolytic Herpesvirus vectors, the detection of the viral genome
within shedding samples varies depending on the vector. Shedding has been observed only
with the Herpesvirus Imlygic®® [30] and OrienX010 [35]. No shedding has been observed

with the Herpesvirus OH2 [36], G207 [37-39], G47A [40], HF10 [41] or HSV176 [42,43].

Imlygic®® and OrienX010 both express the transgene GM-CSF used to boost the anti-tumor
immune response by promoting dendritic cell recruitment and activation following tumor
antigens’ liberation from lysing tumor cells. Although OH2 also expresses the transgene
GM-CSE, no shedding of viral particles has been observed [36].
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Figure 4. The number of clinical trials (by type of viral vector) for which the detection of viral genome
was observed or was not observed in shedding samples.

Table 1. Overview of different oncolytic Herpesvirus vectors for which shedding analyses have been
performed and the shedding observation.

Herpesvirus Genetic Administration Viral Genome References
Vectors Modifications [44] Route Shedding
Armed recombinant HSV !
. ®® 3
Imlygic with GM-CSF ? transgen = Yes (301
. Armed recombinant HSV
OrienX010 with GM-CSF transgen IT Yes [35]
Armed recombinant HSV
OH2 with GM-CSF transgen T No [36]
G207 Conc.htlonall}.r rephcatlr.lg HSV T No (37-39]
with multiple mutations
GA7A C0n41t10nally rephcatlr}g HSV T No [40]
with multiple mutations
HF10 Conditionally replicating HSV IT No [41]

with multiple mutations
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Table 1. Cont.

Herpesvirus Genetic Administration Viral Genome References
Vectors Modifications [44] Route Shedding
HSV1716 Conc?ltlonall}‘/ rephcatlr}g HSV IT No [42,43]
with multiple mutations
NV1020 Con(:ptlonall}./ rephcatlr}g HSV Hepa?lc a.rterlal Yes and No [45,46]
with multiple mutations injection

1 HSV: Herpes Simplex Virus; 2 GM-CSEF: Granulocyte-macrophage colony-stimulating factor; 3 IT: intratumo-
ral injection.

Differences in shedding pattern have also been observed within the Picornaviruses
class. Shedding of the viral particles from subjects treated with the naturally occurring
replication-competent Picornavirus, Coxsackievirus [47] or Seneca Valley virus [32,48]
has been observed, whereas no shedding has been observed from subjects treated with
the recombinant Poliovirus PVS-RIPO [49,50]. For other types of OV, an analysis of the
shedding pattern does not reveal any general trends, partly due to the relatively low
number of studies reporting shedding analysis results.

In addition to the intrinsic properties of the OV and irrespective of the type of virus,
due account should be given to the interaction of the OV with the host, which may have an
effect on this interaction and hence on the shedding pattern. One should therefore remain
cautious with extrapolating pre-clinical data to human beings. For example, the results of
quantitative real-time PCR (qRT-PCR) indicate that VSV-IFN[3-NIS RNA was detectable in
some early nasal, oral, and rectal swabs of inoculated pigs [51], or in some buccal swabs,
urine or fecal samples of inoculated cancer dogs with detectable VSV-N gene copies close to
or below the limit of detection (LOD) [52], with no infectious virus detected in any collected
samples. These data are consistent with shedding results obtained during a clinical trial
with subjects with hematologic malignancies intravenously injected with VSV-IFN3-NIS.
Quantitative RT-PCR at day 2 revealed a low level of viral genome in the saliva with no
infectious virus detected [53]. Although, in non-clinical studies in non-human primates,
presenting many similarities with humans, gqRT-PCR analysis revealed no detection of viral
genome in shedding buccal swab samples from these animals treated with the oncolytic
virus VSV-IENf [54].

The route of administration used during clinical application usually differs from the
natural portal of entry of the wild-type virus from which the OV are derived, and may also
impact shedding pattern (Figure 5A,B). Intraperitoneal, intratumoral, intravenous or hep-
atic arterial injections are all routes of administration that may change the biodistribution
and the shedding properties of the OV. In a phase I study with subjects with advanced
solid tumors, treated with the replicating Adenovirus ONCOS-102, quantifiable levels
of viral genomes were found in urine and buccal swabs after treatment, among which
three subjects were found positive for infective virus 3 days after the first intravenous
administration with 20% of the dose. However, all samples were found negative when the
entire dose of ONCOS-102 was given intratumorally [29]. In another study investigating
the safety and tolerability of an oncolytic H-1 Parvovirus, subjects were assigned to two
arms differing in the route of administration of the initial virus application consisting either
of a single intratumoral injection or five intravenous virus infusions on days 1 to 5. While
in the intratumorally injected subjects, the viral genome was only detected in fecal samples
at the highest dose, feces samples of all but one of the intravenously injected subjects were
found positive at the lower doses [55]. No shedding of Measles virus MeV-NIS was ob-
served when administrated intraperitoneally in subjects with ovarian cancer [56], whereas
shedding was observed when administrated intravenously to subjects with recurrent or
refractory multiple myeloma [57].

The same observation can be made with two oncolytic Poxvirus GL-ONC1 and Pexa-
Vec. Shedding was observed when GL-ONC1 was delivered intravenously to subjects
with advanced head and neck carcinoma [33], whereas no shedding was observed with
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the intraperitoneal injection of GL-ONCI1 [58]. In a phase I clinical trial with intratumoral
injection of the modified poxvirus Pexa-Vec/JX-594 into subjects with refractory primary
or metastatic liver cancer, no evidence of viral genome shedding was observed by plaque
assay analyses of urine and throat swab samples [59]. However, in a phase IIb clinical trial
with Pexa-Vec given as a single IV infusion followed by up to five IT injections in subjects
with advanced hepatocellular carcinoma, Pexa-Vec was recovered from throat swabs at day
8 post-1V (and before IT injection) in 36% (9/25) of the subjects, but not thereafter. All urine
samples were tested negative at all timepoints [60]. Hence, it is important to consider that
the location of the cancer and the concomitant choice of delivery of the investigated OV
may affect subsequent shedding.

For oncovirotherapy, direct intratumoral injection is a preferred route of adminis-
tration for brain tumors (18/23), despite the fact that it may pose significant challenges.
Intratumoral injection of the OV is also mainly used for easily injectable tumors, such as
melanoma (16/22), or head and neck cancers (6/8) (Figure 5C).

OV are also often administered intravenously in subjects with metastatic tumors. In
this case, OV encounter many physiological barriers before reaching cancer lesions and
repeated doses may be necessary, thereby triggering the recognition and attack by the
immune system and clearance of the OV by neutralizing antibodies. While the latter is a
concern for efficacy reasons, elicitation of a strong immune response may also result in a
shorter duration of shedding.

As has been observed by Dunn et al. [61] and Weil et al. [62], the immune status of
the subject could also have an effect on viral replication and subsequent viral genome
shedding. Therefore, another aspect that could influence the viral vector shedding pattern
is the use of concomitant drugs or treatments (e.g., radiotherapy, chemotherapy). Given
the heterogeneity of cancer types, OV are likely to be administrated as part of combination
regimens involving the modulation of immuno-inhibitory pathways and the T lymphocyte
activation. Roulstone et al. reported that the shedding of RT3D RNA was more frequent
when Reovirus was administrated together with cyclophosphamide than with Reovirus
alone, or with combination regimens of RT3D and conventional chemotherapy [63].

Finally, the reactivation of latent OV, influenced by the immune status of the subject,
could possibly lead to a shedding pattern that is different from what could have been
predicted from former clinical experiences. For oncolytic viruses with the potential for
latency reactivation, the collection of additional samples for shedding analysis when
subjects show signs of infection due to reactivation could be planned.

4.4. Shedding Study Design

Each of the above-mentioned elements contributes to a risk-based approach in the
design and the extent of shedding studies. It may provide insights into the choice of
biological samples to be analyzed, as well as the frequency and the duration of monitoring.

Samples most commonly collected include urine and oral swabs. Other sample types
such as feces, nasal swabs and injection site samples are also collected, but less commonly
(see Figure 6).

The collection of data should also take into account the occurrence of metastasis. For
example, secondary tumors may also be located in the oral cavity, larynx, pharynx or
esophagus, justifying the collection of saliva samples.
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Figure 5. Routes of administration for oncolytic viruses in clinical trials. (a) Route of administration
by type of oncolytic vectors. (b) Most commonly used administration routes in clinical trials. Most
virus deliveries were performed by intratumoral route (n = 84). Other routes include, among others,
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intradermal injection (8/165), intramuscular injection (1/165) and hepatic arterial injection (4/165).
(c) Route of administration by type of cancer. IT = intratumoral; IV = intravenous. Sarcomas also
include soft-tissue sarcoma. Brain cancers include central nervous system (CNS) cancer, glioma and
glioblastoma. Gynecologic malignancies include ovarian cancer, tubal cancer, endometrial cancer
or peritoneal cancer. Abdominal cancers include liver cancer, colorectal cancer, pancreatic cancer,
kidney cancer (renal cell cancer) and stomach cancer (gastric cancer).

Number of clinical trials
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Urine I 57
Oral swabs I 55
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Collected shedding
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Other samples IEEEE—————_ 15
Injection site N 3
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Figure 6. Body fluids collected for the shedding analysis. The numbers reported in the graph
correspond to the number of clinical trials in which the corresponding samples were collected. Other
samples include, among others, dressing swabs, lesion swabs, rash swabs, pustules swabs, etc.

When OV are administrated by the intradermal route, there is a possibility of trans-
mission of the OV through skin contact. Therefore, the collection of skin swabs at the site of
injection, in addition to samples routinely assessed for shedding, should be recommended
in order to determine whether an appropriate occlusive dressing is required as a precau-
tionary measure. According to our analysis, none of the trials performing intradermal
injection reported shedding results. On the other hand, eight trials where the OV were
administrated intratumorally included swabs from the injection site in their shedding
analysis. From these eight trials, shed viral DNA at the injection site was observed in five
trials. Of these five clinical trials, four trials were performed with Imlygic®® [30,64-66] and
one with the Adenovirus Ad.hIFN-beta [67]. Detectable Imlygic®® DNA was observed on
the surface of injected lesions for all treated subjects, and it was still detected for 14% of
subjects during the safety follow-up period. Of the 740 swabs from the surface of injected
lesions, 8 tested positive for infectivity [30]. The Adenovirus Ad.hIFN-beta DNA was
detected and remained in the injection site area for at least 8 days [67].

The duration and frequency of sample collection should be decided on a case-by-case
basis, taking into account the characteristics of the parental virus, the conditionally replica-
tive competence of the OV and the immune status of the subject. As most of the OV are still
replication-competent, the duration of sample collection should also take into account the
possible appearance of a secondary peak of shedding. As one of the numerous examples
of viral replication, it was shown that in subjects treated with the intratumorally injected
HSP70, a telomerase-specific replication-competent oncolytic Adenovirus (telomelysin),
viral DNA was detectable in plasma or sputum at days 7 and 14 post-treatment, despite
being below detectable levels at 24 h post-treatment [68].

4.5. Risk Management Measures

The identification and characterization of potential adverse effects associated with
the use of a given OV and the assessment of their likelihood of occurrence may lead to
the identification of potential risks. It is also possible that the case-specific assessment
reveals remaining uncertainties, precluding any conclusion on the risks for human health
and the environment. In the first case, the set-up and implementation of risk management
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measures aim at minimizing identified risks, while in the second case, these could serve as
precautionary measures.

In cases wherein data support the low likelihood of shedding or where no risk related
to the shedding is identified for human health or the environment, good working practices
involving proper hand hygiene, personal protective equipment (PPE) and proper decontam-
ination and waste procedures at the clinical setting will be effective to limit the inadvertent
exposure of personnel and the possible dissemination of the OV into the environment
(Table 2). The correct implementation of these measures necessitates personnel trained and
experience in handling infectious material.

Table 2. Examples of good working practices for personnel manipulating oncolytic vectors to prevent

or manage risks for human health and/or the environment.

Preventing
Measures

PPE

Always use a lab coat and gloves to avoid any skin contamination during OV preparation
and administration

Workers should wear a mask that conforms with the norm NBN EN 529, a FFP2 type
(EN149:2001) with a P2 filter (EN 143:2000)

Needle
preparation

The needle preparation of vials containing the oncolytic vector may generate aerosols. The
preparation of the OV for administration is recommended to be conducted in a class II
Biosafety Cabinet. Otherwise, the use of goggles and masks should be mandatory during
the puncture of the vial and needle preparation

Removal of the syringe should occur by means of hands-free operation (i.e., hands do not
touch the needle) into a closed container

Spill kits -

Spill kits containing materials for spill clean-up should be on hand (or must be easily
accessible to personnel) before handling the OV

The spill kit should contain liquid disinfectant, personal protective equipment (i.e., gloves,
safety glasses, laboratory coat, shoe covers, mask), absorptive paper towels, tongs or
forceps, a sharp container and biohazard waste bags

Risk
Management
Measures

Skin
contact

Skin contamination through spills should be handled by first placing an absorbent tissue on
the affected area to adsorb all viral particles. An effective disinfectant should then be
applied to the tissue. After removing the tissue, the skin should be washed with soap and
water thoroughly and the tissue should be disposed of as a biohazard material

Mucus -
membrane or
eye
contact -

In the case of accidental contact with open mouth or eye, rinse mouth or eye thoroughly
over a closing basin. The collected washing liquid should be decontaminated with
appropriate disinfectant before disposal

In the case of accidental ingestion, do not induce vomiting

In the case of accidental spills or breakage of a vial containing the GMO:

Accidental
spill

People in the area of the spill should be alerted and asked to leave the area

All personnel involved with the spill should remove contaminated clothes before leaving
the area

The area should be closed to allow aerosols to be carried away and heavier particles to
settle and a message “DO NOT ENTER” should be posted

After 30 min, the area can be entered again by wearing a clean lab coat, disposable gloves,
glasses, disposable shoe covers and a mask

The spill should be covered with towels or other absorbent material starting from the edge
toward the center. Appropriate disinfectant should be poured over the absorbent material
starting from the edge to the center. Sufficient contact time should be allowed so as to
ensure inactivation of the GMO by the disinfectant

After that, the paper towels and broken vials should be removed with tongs or forceps and
discarded in a biohazard waste bag. The PPE should be discarded in the biohazard bag.
The lab coat should be decontaminated before disposal

The medical staff should report the incident to the responsible member on the site
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When shedding by the treated subject cannot be excluded and potential risks for
human health and the environment have been identified, risk management measures
should also focus on minimizing the exposure of third parties outside the clinical setting,
thereby giving particular attention to immunosuppressed or any vulnerable people (e.g.,
pregnant women, newborns, infants, elderly people). A list of possible measures that may
be considered, taking into account the considerations made as part of a case-specific risk
assessment, is provided in a guidance document endorsed by several national competent
authorities involved in the risk assessment GMOs [27] and has been further adapted in
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Figure 7. Possible risk-mitigation measures. The lines indicate observed trends in shedding results
obtained from clinical trials involving OV. The thickness of the lines is proportional to shedding
results per OV type.

Geletneky et al. indicated in their article that glioblastoma subjects treated with the
oncolytic Parvovirus H-1 were obliged to stay isolated in the study center until shed viral
genomes were no longer detected in feces, urine or saliva, or until the first occurrence of
H-1-specific antibodies [55].

It could be hypothesized that OV applications that have entered the market and that
have successfully gone through the several stages of clinical development would rely on
shedding data to determine risk management measures, if deemed relevant according
to a proper risk assessment, and that data on the occurrence of transmission to close
contacts would allow further refinement of risk management measures. In this ideal
scenario, evidence-based data would contribute to a set of management measures that
are as proportionate as possible to the environmental risk. However, the occurrence of
secondary infections is barely addressed during clinical development. Given that these
viral vectors are often derived from infectious viruses, any studies that contribute to the
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assessment of possible secondary infection would further contribute to the ERA of the
medicinal product.

During a phase II clinical trial with modified Herpesvirus Imlygic®®, Andtbacka
et al. reported that some mucosal or skin lesions were observed in close contact, and
investigators all tested negative for T-VEC. However, none of the lesions were tested for
wild-type HSV-1 or HSV-2, leaving an uncertainty as to the origin of the lesion [30].

The precautionary measures that were implemented for the subject during this phase
11 study with Imlygic®® are also found in the current subject brochure for Imlygic®®, which
stipulates measures to be taken by the subject to avoid the direct contact of thirds with
the subjects’ bodily fluids or injection sites, such as covering injection sites with airtight
and watertight dressings, implementing a proper disposal of used dressings and cleaning
material to prevent household contacts from directly touching them [69].

An ongoing post-marketing study of melanoma subjects treated with Imlygic®®,
started in 2017, is among others counting the numbers of herpetic infections, with the
detection of T-DNA among close contacts and healthcare providers as a secondary out-
come [70]. This exemplifies that efforts to collect information on the effective transmission
of Imlygic®® are being pursued.

Finally, if animals may be infected, appropriate measures to limit exposure to suscep-
tible pets or other animals in the immediate surroundings of the treated subject should
be considered. Newcastle disease virus (NDV), for example, is a naturally occurring on-
colytic virus that causes severe illness in birds and poultry, and could therefore pose an
environmental risk even if it is non-pathogenic in humans. In three clinical trials with
intravenously injected NDV-PV701 in subjects with advanced solid cancer [71-73], low
levels of viral genome shedding in urine have been observed up to 3 weeks after injection.
Pecora et al. [73] also observed low and transient levels of viral genome shedding in sputum.
Although, Pecora et al. suggested that the levels of shed PV701 are orders of magnitude
below the standard avian vaccine dose required for an antibody response, appropriate
biosafety measures to prevent environmental spread of the virus should be considered
when administrating high-dose oncolytic NDV. Subjects working with birds and poultry
or subjects having a pet bird or poultry at home could be asked to avoid contact with
these NDV host species for a certain time after injection of the IMP, in order to reduce the
potential environmental impact of viral shedding on the most susceptible host species.

Another example of clinical trials where measures to avoid contact with animals have
been proposed involved the use of a recombinant chimeric Vesicular stomatitis virus, in
which the VSV glycoprotein was replaced to abrogate neurotoxicity and pathogenicity [74].
As the OV were derived from a vector-borne virus causing significant disease in pigs,
cattle and horses, instructions for avoiding contact with livestock for seven days following
administration of the OV have been proposed [75].

5. Discussion and Recommendations

The inventory presented in this paper provides a state-of-the-art of the shedding
analysis of OV in clinical practice, and raises the question: to what extent it is possible to
build upon the experience gained so far with shedding data to draw conclusions for each
of the different types of OV? This may be particularly relevant in cases where historical
shedding data have been obtained for well-characterized OV, of which the designs present
relevant similarities with a novel investigational OV. Our literature search reveals that in
89% of the studies with Adenovirus-derived OV reporting shedding analysis, positive
shedding results were obtained. However, as illustrated above by the several examples
developed in this paper, the shedding patterns remain diverse and complex, as well as
for Adenovirus-derived OV, thereby hindering the development of a standardized study
design. Diversity in shedding patterns was observed even when using OV derived from
the same type of virus. A number of elements may impact the shedding pattern, such as
the specific design of the viral vector and the transgene harbored by the viral vector, the
interaction of the OV with their host organisms, the immune status of the patient or the
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variety of the clinical protocols, such as differences in the administration route or the use of
concomitant drugs.

Valuable information and insights into the toxicity, biodistribution and shedding
pattern of OV could be obtained from non-clinical studies. As compared to clinical studies,
animal studies are more amenable to be conducted in the early stages of the development
of investigational OV. However, it should be taken into account that data are not readily
extrapolable from animals to human, in particular when different routes of administration
are used or no data have been collected in larger animals, such as non-human primates.
Also, an animal model fails to mimic the patient-specific immune status. This means that
an absence of viral shedding in animal studies does not necessarily preclude viral shedding
in humans, as a different host organism may induce a different behavior of the virus (viral
replication, viral clearance, viral tropism).

Because the shedding pattern strongly depends on different factors and because it can
also differ between animals and humans, the collection of shedding data in the earliest
phase of clinical development of investigational OV is strongly recommended regardless of
the OV vector.

The FDA guidance for the design and analysis of shedding studies also recommends
the collection of shedding data on OV in the earliest phase of clinical development (phase
I) and anytime afterwards if the dose, the route of administration, the regimen or the
indication are modified [25]. Likewise, both an EMA guideline on scientific requirements
for the ERA of Gene Therapy Medicinal Products and an EC consideration document specif-
ically addressing the evaluation of shedding with OV recommend addressing shedding
analysis as early as possible in the clinical development, and more particularly during
a phase I study [23,26]. Whilst the time point of sample collection for shedding has not
been further specified in the EC consideration document, the FDA guidance recommends
sampling on days 1, 3, 7 and 10, and then weekly, until the shedding analysis reveals three
consecutive results below the LOD of the assay. Notably, all guidance emphasizes the
need of a case-by-case approach taking into account the properties of the OV (replication
competence, known persistence or possibility of latency reactivation of the parental virus
from which the OV are derived) and the interaction with the host (immune status of the
patient and thirds, single versus multiple round of administration and effect on clearance
by the immune system) [21,23,25,26]. For example, in the case of subsequent rounds of
dose administration, the time point of sampling can be adapted when justified by a proper
shedding analysis obtained with a single-dose administration.

A possible concern, for which we could not find experimental data, is the likelihood of
an in vivo recombination between the OV and endogenous viruses circulating in the trial
participants. This assessment should not be neglected because recombination events could
lead to the formation of uncharacterized variants that could be more virulent and that could
affect the shedding pattern and the potential for transmission. These newly generated
viruses could therefore compromise the environmental safety. In general, the likelihood
of the recombination between viruses significantly increases with the prevalence of co-
circulating viruses in the population, and with their genetic homology. High viral loads,
often a relevant feature of replication-competent OV, increase the chance of exchanging
strands, explaining why, in many cases, recombination is often replication-dependent [76].
Moreover, Buijs et al. [77] mentioned the relevance of assessing the recombination of these
OV with wild-type viruses given the ongoing strategies to use more virulent conditionally
replicating viruses. A possible explanation for the fact that the likelihood of the recombina-
tion of OV has been barely examined is that, unless there is scientific evidence pointing to
recombination, such as in in vitro experiments demonstrating the generation of novel and
uncharacterized recombinants, developers could be hesitant to pursue this research due to
the anticipated low occurrence and the technical hurdles of the lower limit of detection and
quantification associated with the monitoring of viral particles.

Whilst the collection of shedding data undoubtedly supports an evidence-based ERA,
it is important to be aware that the shedding of OV or any other viral vector or virus
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does not necessarily involve a risk. Potential adverse effects for close contacts or the
environment that could arise following shedding do not only result from the presence
of viral particles in the shedding samples, but also depend on the stability of the shed
viral particles under environmental conditions outside the host, the route of transmission
(e.g., spreading through aerosols, fecal-oral route of transmission via direct contact or
contaminated fluids, vector-borne transmission, through parenteral exposure), the capacity
of the shed particles to infect cells of other persons or animals, and, as a last element
in the chain of events for environmental risk to occur, the capacity of the OV to cause
adverse effects in the novel host organism. To possibly alleviate remaining uncertainties in
secondary transmission, it is therefore important to answer the questions of whether the
observed shed particles are only vector DNA /RNA or a remnant thereof, and whether these
shed particles are still infectious. These observations will contribute to a proportionate risk
management by allowing the determination of appropriate precautionary measures.

Indeed, a fundamental question when uncertainties remain regarding the actual risk
associated to the shedding of OV is what level of risk management measures should be
taken, or what level of uncertainty would warrant precautionary measures. If it remains
unclear whether shedding may occur and what risks it may entail for human health and
the environment, a drastic and conservative scenario would be to eliminate any possibility
of release of OV into the environment by keeping patients for several weeks/months
in the hospital setting. However, the implementation of stringent measures may carry
drawbacks, as it may increase costs and time not only for the appropriate training of
personnel, the set-up and follow-up of waste disposal procedures and logistics, but also
for the recruitment of subjects requiring their informed consent and the training of close
contacts if the trial participant is discharged. Ideally, risk management measures should be
as proportionate as possible to the actual risk posed so as not to hinder the development of
research and innovation and to safeguard patient access to innovative treatments, while
ensuring the proper protection of human health at large and the environment. A way
to contribute to proportionate risk management is to continue to gathering data-based
evidence by including within the shedding analysis the determination of the fraction of
infectious particles in early phases of the clinical development of OV.

6. Concluding Recommendations

With the diversity of OV that entered the clinical research and development landscape,
this work demonstrates the current gaps in data-based evidence on shedding and the
challenge of defining risk management measures that are proportionate to the actual
risk posed for human health and the environment. In accordance with GMO legislation
requiring a case-specific and risk-proportionate approach, this paper aims at encouraging
the collection of shedding data as early as possible in the developmental plan in the
rapidly growing area of OV. The demonstration of the shedding of infectious particles may
warrant assessments of the potential of secondary transmission. The collection of real-
world transmission data is expected to provide a better understanding of transmissibility,
which is key to characterizing the risk for the human population and the environment. It
will also benefit future clinical trials developers in establishing a clinical protocol based on
evidence-based risk assessment.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/vaccines11091448 /s1, Table S1: Final list of 165 manuscripts.

Author Contributions: Conceptualization, writing—original draft preparation, writing—review
and editing: S.O., A.B. and K.P. All authors have read and agreed to the published version of
the manuscript.

Funding: This work received support from the Brussels-Capital Region, the Flemish Region, Wallonia
and the Federal Agency for Medicines and Health Products (FAMHP).

Institutional Review Board Statement: Not applicable.

173



Vaccines 2023, 11, 1448

Informed Consent Statement: Not applicable.
Data Availability Statement: Data sharing not applicable.

Acknowledgments: The authors thank Didier Breyer, Amaya Leunda, Emilie Descamps and Fanny
Coppens (Sciensano) for their critical reading of a late phase of the manuscript.

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

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Miiller, L.; Berkeley, R.; Barr, T.; Ilett, E.; Errington-Mais, F. Past, Present and Future of Oncolytic Reovirus. Cancers 2020, 12, 3219.
[CrossRef]

Schirrmacher, V.; van Gool, S.; Stuecker, W. Breaking Therapy Resistance: An Update on Oncolytic Newcastle Disease Virus for
Improvements of Cancer Therapy. Biomedicines 2019, 7, 66. [CrossRef] [PubMed]

Zhang, Y.; Nagalo, B.M. Immunovirotherapy Based on Recombinant Vesicular Stomatitis Virus: Where Are We? Front. Immunol.
2022, 13, 898631. [CrossRef] [PubMed]

Msaouel, P.; Opyrchal, M.; Domingo Musibay, E.; Galanis, E. Oncolytic Measles Virus Strains as Novel Anticancer Agents. Expert
Opin. Biol. Ther. 2013, 13, 483-502. [CrossRef] [PubMed]

Macedo, N.; Miller, D.M.; Haq, R.; Kaufman, H.L. Clinical Landscape of Oncolytic Virus Research in 2020. ]. Immunother. Cancer
2020, 8, e001486. [CrossRef] [PubMed]

Watanabe, N.; McKenna, M.K.; Rosewell Shaw, A.; Suzuki, M. Clinical CAR-T Cell and Oncolytic Virotherapy for Cancer
Treatment. Mol. Ther. 2021, 29, 505-520. [CrossRef] [PubMed]

FDA: USS. Food & Drug Administration: Imlygic. STN: 125518. Available online: https://www.fda.gov/vaccines-blood-
biologics/cellular-gene-therapy-products/imlygic (accessed on 11 July 2023).

European Medicines Agency: Imlygic (Talimogene Laherparepvec). EMEA /H/C/002771. Available online: https://www.ema.
europa.eu/en/medicines/human/EPAR/imlygic (accessed on 11 July 2023).

European Commission: Public Health—Union Register of Medicinal Products—Imlygic: EU/1/15/1064. Active Substance:
Talimogene Laherparepvec. Available online: https://ec.europa.eu/health/documents/community-register/html/h1064.htm
(accessed on 11 July 2023).

Alberts, P,; Tilgase, A.; Rasa, A.; Bandere, K.; Venskus, D. The Advent of Oncolytic Virotherapy in Oncology: The Rigvir®® Story.
Eur. ]. Pharmacol. 2018, 837, 117-126. [CrossRef] [PubMed]

State Agency of Medicines Republic of Latvia: Rigvir Marketing Authorisation Suspended; Information for Current Patients.
3 July 2019. Available online: https://www.zva.gov.lv/en/news-and-publications/news/rigvir-marketing-authorisation-
suspended-information-current-patients (accessed on 11 July 2023).

Wei, D.; Xu, J.; Liu, X.-Y;; Chen, Z.-N.; Bian, H. Fighting Cancer with Viruses: Oncolytic Virus Therapy in China. Hum. Gene Ther.
2018, 29, 151-159. [CrossRef]

Report on the Deliberation Results from the Committee on Regenerative Medicine Products and Biotechnology. Brand Name:
Delytact Injection. 24 May 2021. Available online: https:/ /www.pmda.go.jp/files/000242808.pdf (accessed on 11 July 2023).
Schulze, T.; Kemmner, W.; Weitz, J.; Wernecke, K.-D.; Schirrmacher, V.; Schlag, PM. Efficiency of Adjuvant Active Specific
Immunization with Newcastle Disease Virus Modified Tumor Cells in Colorectal Cancer Patients Following Resection of Liver
Metastases: Results of a Prospective Randomized Trial. Cancer Immunol. Immunother. 2009, 58, 61-69. [CrossRef]

Liang, W.; Wang, H.; Sun, T.-M.; Yao, W.-Q.; Chen, L.-L.; Jin, Y,; Li, C.-L.; Meng, F.-J. Application of Autologous Tumor Cell
Vaccine and NDV Vaccine in Treatment of Tumors of Digestive Tract. World ]. Gastroenterol. 2003, 9, 495-498. [CrossRef]
Abou-Alfa, G.K.; Galle, PR.; Chao, Y.; Brown, K.T.; Heo, ]J.; Borad, M.].; Luca, A.; Pelusio, A.; Agathon, D.; Lusky, M.; et al.
PHOCUS: A Phase 3 Randomized, Open-Label Study Comparing the Oncolytic Inmunotherapy Pexa-Vec Followed by Sorafenib
(SOR) vs. SOR in Patients with Advanced Hepatocellular Carcinoma (HCC) without Prior Systemic Therapy. JCO 2016,
34, TPS4146. [CrossRef]

U.S. National Institutes of Health, ClinicalTrials.gov. Efficacy Study of REOLYSIN®® in Combination with Paclitaxel and
Carboplatin in Platinum-Refractory Head and Neck Cancers. Official Title: Randomized, Double-Blind, Multicenter Two-Stage
Adaptive Phase 3 Study of Intravenous Administration of REOLYSIN (Reovirus Type 3 Dearing) in Combination with Paclitaxel
and Carboplatin Versus the Chemotherapy Alone in Patients with Metastatic or Recurrent Squamous Cell Carcinoma of the Head
and Neck Who Have Progressed on or After Prior Platinum-Based Chemotherapy. Identifier: NCT01166542. Available online:
https://clinicaltrials.gov /study /NCT01166542 (accessed on 11 July 2023).

U.S. National Institutes of Health, ClinicalTrials.gov. An Integrated Phase II/III, Open Label, Randomized and Controlled Study
of the Safety and Efficacy of CG0070 Adenovirus 679 Vector Expressing GM-CSF in Patients With NMIBC With Carcinoma In
Situ Disease Who Have Failed BCG. Identifier: NCT01438112. Available online: https://clinicaltrials.gov/study/NCT01438112
(accessed on 11 July 2023).

Schenk-Braat, E.A.M.; van Mierlo, M.M.K.B.; Wagemaker, G.; Bangma, C.H.; Kaptein, L.C.M. An Inventory of Shedding Data
from Clinical Gene Therapy Trials. ]. Gene Med. 2007, 9, 910-921. [CrossRef]

174



Vaccines 2023, 11, 1448

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Cook, M.; Chauhan, A. Clinical Application of Oncolytic Viruses: A Systematic Review. Int. ]. Mol. Sci. 2020, 21, 7505. [CrossRef]
[PubMed]

EMEA 2008. Committee for the Medicinal Product for Human Use (CHMP)—Guideline on Scientific Requirements for the
Environmental Risk Assessment of Gene Therapy Medicinal Products. EMEA /CHMP/GTMP/125491/2006. Available on-
line: https:/ /www.ema.europa.eu/en/documents/scientific-guideline /guideline-scientific-requirements-environmental-risk-
assessment-gene-therapy-medicinal-products_en.pdf (accessed on 11 July 2023).

Baldo, A.; van den Akker, E.; Bergmans, H.E.; Lim, F; Pauwels, K. General Considerations on the Biosafety of Virus-Derived
Vectors Used in Gene Therapy and Vaccination. Curr. Gene Ther. 2013, 13, 385-394. [CrossRef]

EC Commission Decision 2002/623/EC of 24 July 2002 Establishing Guidance Notes Supplementing Annex II to Directive
2001/18/EC of the European Parliament and of the Council on the Deliberate Release into the Environment of Genetically
Modified Organisms and Repealing Council Directive 90/220/EEC. Official Journal L 200, 30/07/2002 P. 0022-0033. Available
online: http://data.europa.eu/eli/dec/2002/623/0j (accessed on 11 July 2023).

van den Akker, E.; van der Vlugt, C.].B.; Bleijs, D.A.; Bergmans, H.E. Environmental Risk Assessment of Replication Competent
Viral Vectors Applied in Clinical Trials: Potential Effects of Inserted Sequences. Curr. Gene Ther. 2013, 13, 395-412. [CrossRef]
[PubMed]

FDA 2015. Design and Analysis of Shedding Studies for Virus or Bacteria-Based Gene Therapy and Oncolytic Products—Guidance
for Industry. Available online: https:/ /www.fda.gov/media/89036/download (accessed on 11 July 2023).

EMEA 2009. IHC Considerations: General Principles to Address Virus and Vector Shedding. EMEA /CHMP /ICH /449035 /2009.
Available online: https://www.ema.europa.eu/en/documents/scientific-guideline/international-conference-harmonisation-
technical-requirements-registration-pharmaceuticals-human-use_en-10.pdf (accessed on 11 July 2023).

Oncolytic Viruses: Considerations for Evaluation of Shedding. Version 2 January 2022 European Commission. Available online:
https:/ /health.ec.europa.eu/system/files /2022-01/oncolytic_evaluation_en.pdf (accessed on 11 July 2023).

Small, E.J.; Carducci, M.A.; Burke, ].M.; Rodriguez, R.; Fong, L.; van Ummersen, L.; Yu, D.C.; Aimj, J.; Ando, D.; Working, P; et al.
A Phase I Trial of Intravenous CG7870, a Replication-Selective, Prostate-Specific Antigen-Targeted Oncolytic Adenovirus, for the
Treatment of Hormone-Refractory, Metastatic Prostate Cancer. Mol. Ther. 2006, 14, 107-117. [CrossRef] [PubMed]

Ranki, T.; Pesonen, S.; Hemminki, A.; Partanen, K.; Kairemo, K.; Alanko, T.; Lundin, J.; Linder, N.; Turkki, R.; Ristiméaki, A.;
et al. Phase I Study with ONCOS-102 for the Treatment of Solid Tumors—An Evaluation of Clinical Response and Exploratory
Analyses of Immune Markers. J. Immunother. Cancer 2016, 4, 17. [CrossRef] [PubMed]

Andtbacka, R H.I,; Amatruda, T.; Nemunaitis, J.; Zager, ].S.; Walker, J.; Chesney, ].A.; Liu, K,; Hsu, C.-P.; Pickett, C.A.; Mehnert,
J.M. Biodistribution, Shedding, and Transmissibility of the Oncolytic Virus Talimogene Laherparepvec in Patients with Melanoma.
EBioMedicine 2019, 47, 89-97. [CrossRef]

Hajda, J.; Leuchs, B.; Angelova, A.L.; Frehtman, V.; Rommelaere, J.; Mertens, M.; Pilz, M.; Kieser, M.; Krebs, O.; Dahm, M.; et al.
Phase 2 Trial of Oncolytic H-1 Parvovirus Therapy Shows Safety and Signs of Immune System Activation in Patients With
Metastatic Pancreatic Ductal Adenocarcinoma. Clin. Cancer Res. 2021, 27, 5546-5556. [CrossRef]

Rudin, C.M.; Poirier, J.T.; Senzer, N.N.; Stephenson, J.; Loesch, D.; Burroughs, K.D.; Reddy, P.S.; Hann, C.L.; Hallenbeck, P.L.
Phase I Clinical Study of Seneca Valley Virus (SVV-001), a Replication-Competent Picornavirus, in Advanced Solid Tumors with
Neuroendocrine Features. Clin. Cancer Res. 2011, 17, 888-895. [CrossRef]

Mell, L.K.; Brumund, K.T.; Daniels, G.A.; Advani, S.J.; Zakeri, K.; Wright, M.E.; Onyeama, S.-J.; Weisman, R.A.; Sanghvi, P.R.;
Martin, PJ.; et al. Phase I Trial of Intravenous Oncolytic Vaccinia Virus (GL-ONC1) with Cisplatin and Radiotherapy in Patients
with Locoregionally Advanced Head and Neck Carcinoma. Clin. Cancer Res. 2017, 23, 5696-5702. [CrossRef] [PubMed]
Bergmans, H.; Logie, C.; Van Maanen, K.; Hermsen, H.; Meredyth, M.; Van Der Vlugt, C. Identification of Potentially Hazardous
Human Gene Products in GMO Risk Assessment. Environ. Biosaf. Res. 2008, 7, 1-9. [CrossRef] [PubMed]

Cui, C.; Wang, X,; Lian, B.; Ji, Q.; Zhou, L.; Chi, Z,; Si, L.; Sheng, X.; Kong, Y.; Yu, J.; et al. OrienX010, an Oncolytic Virus, in
Patients with Unresectable Stage IIIC-IV Melanoma: A Phase Ib Study. ]. Immunother. Cancer 2022, 10, e004307. [CrossRef]
[PubMed]

Zhang, B.; Huang, J.; Tang, J.; Hu, S.; Luo, S.; Luo, Z.; Zhou, F; Tan, S.; Ying, J.; Chang, Q.; et al. Intratumoral OH2, an Oncolytic
Herpes Simplex Virus 2, in Patients with Advanced Solid Tumors: A Multicenter, Phase I/1I Clinical Trial. J. Immunother. Cancer
2021, 9, e002224. [CrossRef] [PubMed]

Friedman, G.K; Johnston, ].M.; Bag, A.K.; Bernstock, ].D.; Li, R.; Aban, I.; Kachurak, K.; Nan, L.; Kang, K.-D.; Totsch, S.; et al.
Oncolytic HSV-1 G207 Immunovirotherapy for Pediatric High-Grade Gliomas. N. Engl. J. Med. 2021, 384, 1613-1622. [CrossRef]
[PubMed]

Markert, J.M.; Medlock, M.D.; Rabkin, S.D.; Gillespie, G.Y.; Todo, T.; Hunter, W.D.; Palmer, C.A.; Feigenbaum, E.; Tornatore, C.;
Tufaro, F; et al. Conditionally Replicating Herpes Simplex Virus Mutant, G207 for the Treatment of Malignant Glioma: Results of
a Phase I Trial. Gene Ther. 2000, 7, 867-874. [CrossRef] [PubMed]

Markert, ].M.; Liechty, P.G.; Wang, W.; Gaston, S.; Braz, E.; Karrasch, M.; Nabors, L.B.; Markiewicz, M.; Lakeman, A.D.;
Palmer, C.A; et al. Phase Ib Trial of Mutant Herpes Simplex Virus G207 Inoculated Pre-and Post-Tumor Resection for Recurrent
GBM. Mol. Ther. 2009, 17, 199-207. [CrossRef]

Todo, T.; Ino, Y.; Ohtsu, H.; Shibahara, J.; Tanaka, M. A Phase I/II Study of Triple-Mutated Oncolytic Herpes Virus G47A in
Patients with Progressive Glioblastoma. Nat. Commun. 2022, 13, 4119. [CrossRef]

175



Vaccines 2023, 11, 1448

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Kasuya, H.; Kodera, Y.; Nakao, A.; Yamamura, K.; Gewen, T.; Zhiwen, W.; Hotta, Y.; Yamada, S.; Fujii, T.; Fukuda, S.; et al. Phase I
Dose-Escalation Clinical Trial of HF10 Oncolytic Herpes Virus in 17 Japanese Patients with Advanced Cancer. Hepatogastroenterol-
ogy 2014, 61, 599-605.

Danson, S.J.; Conner, J.; Edwards, J.G.; Blyth, K.G.; Fisher, PM.; Muthana, M.; Salawu, A.; Taylor, F.; Hodgkinson, E.; Joyce, P; et al.
Oncolytic Herpesvirus Therapy for Mesothelioma—A Phase I/1la Trial of Intrapleural Administration of HSV1716. Lung Cancer
2020, 150, 145-151. [CrossRef]

Streby, K.A.; Geller, ].I; Currier, M.A.; Warren, P.S.; Racadio, ].M.; Towbin, A.J.; Vaughan, M.R,; Triplet, M.; Ott-Napier, K.;
Dishman, D.J.; et al. Intratumoral Injection of HSV1716, an Oncolytic Herpes Virus, Is Safe and Shows Evidence of Immune
Response and Viral Replication in Young Cancer Patients. Clin. Cancer Res. 2017, 23, 3566-3574. [CrossRef] [PubMed]

Menotti, L.; Avitabile, E. Herpes Simplex Virus Oncolytic Immunovirotherapy: The Blossoming Branch of Multimodal Therapy.
Int. J. Mol. Sci. 2020, 21, 8310. [CrossRef] [PubMed]

Fong, Y,; Kim, T.; Bhargava, A.; Schwartz, L.; Brown, K.; Brody, L.; Covey, A.; Karrasch, M.; Getrajdman, G.; Mescheder, A ; et al.
A Herpes Oncolytic Virus Can Be Delivered via the Vasculature to Produce Biologic Changes in Human Colorectal Cancer. Mol.
Ther. 2009, 17, 389-394. [CrossRef] [PubMed]

Geevarghese, S.K.; Geller, D.A.; de Haan, H.A.; Horer, M.; Knoll, A.E.; Mescheder, A.; Nemunaitis, J.; Reid, T.R.; Sze, D.Y.;
Tanabe, K.K,; et al. Phase I/II Study of Oncolytic Herpes Simplex Virus NV1020 in Patients with Extensively Pretreated Refractory
Colorectal Cancer Metastatic to the Liver. Hum. Gene Ther. 2010, 21, 1119-1128. [CrossRef] [PubMed]

Annels, N.E.; Mansfield, D.; Arif, M.; Ballesteros-Merino, C.; Simpson, G.R.; Denyer, M.; Sandhu, S.S.; Melcher, A.A.;
Harrington, K.J.; Davies, B.; et al. Phase I Trial of an ICAM-1-Targeted Immunotherapeutic-Coxsackievirus A21 (CVAZ21)
as an Oncolytic Agent Against Non Muscle-Invasive Bladder Cancer. Clin. Cancer Res. 2019, 25, 5818-5831. [CrossRef]

Burke, M.].; Ahern, C.; Weigel, B.J.; Poirier, ].T.; Rudin, C.M.; Chen, Y.; Cripe, T.P,; Bernhardt, M.B.; Blaney, S.M. Phase I Trial of
Seneca Valley Virus (NTX-010) in Children with Relapsed/Refractory Solid Tumors: A Report of the Children’s Oncology Group.
Pediatr. Blood Cancer 2015, 62, 743-750. [CrossRef]

Desjardins, A.; Gromeier, M.; Herndon, ].E.; Beaubier, N.; Bolognesi, D.P; Friedman, A.H.; Friedman, H.S.; McSherry, E; Muscat,
AM.; Nair, S,; et al. Recurrent Glioblastoma Treated with Recombinant Poliovirus. N. Engl. |. Med. 2018, 379, 150-161. [CrossRef]
Beasley, G.M.; Nair, S.K.; Farrow, N.E.; Landa, K.; Selim, M.A.; Wiggs, C.A.; Jung, S.--H.; Bigner, D.D.; True Kelly, A,;
Gromeier, M.; et al. Phase I Trial of Intratumoral PVSRIPO in Patients with Unresectable, Treatment-Refractory Melanoma.
J. Immunother. Cancer 2021, 9, €002203. [CrossRef]

Velazquez-Salinas, L.; Naik, S.; Pauszek, S.J.; Peng, K.-W.; Russell, S.J.; Rodriguez, L.L. Oncolytic Recombinant Vesicular Stomatitis
Virus (VSV) Is Nonpathogenic and Nontransmissible in Pigs, a Natural Host of VSV. Hum. Gene Ther. Clin Dev 2017, 28, 108-115.
[CrossRef]

Naik, S.; Galyon, G.D.; Jenks, N.J.; Steele, M.B.; Miller, A.C.; Allstadt, S.D.; Suksanpaisan, L.; Peng, K.W.; Federspiel, M.].;
Russell, S.J.; et al. Comparative Oncology Evaluation of Intravenous Recombinant Oncolytic Vesicular Stomatitis Virus Therapy
in Spontaneous Canine Cancer. Mol. Cancer Ther. 2018, 17, 316-326. [CrossRef]

Cook, J.; Peng, K.-W.; Witzig, T.E.; Broski, S.M.; Villasboas, J.C.; Paludo, J.; Patnaik, M.; Rajkumar, V.; Dispenzieri, A.;
Leung, N.; et al. Clinical Activity of Single-Dose Systemic Oncolytic VSV Virotherapy in Patients with Relapsed Refractory
T-Cell Lymphoma. Blood Adv. 2022, 6, 3268-3279. [CrossRef] [PubMed]

Jenks, N.; Myers, R.; Greiner, S.M.; Thompson, J.; Mader, E.K.; Greenslade, A.; Griesmann, G.E.; Federspiel, M.].; Rakela, J.;
Borad, M.J.; et al. Safety Studies on Intrahepatic or Intratumoral Injection of Oncolytic Vesicular Stomatitis Virus Expressing
Interferon-Beta in Rodents and Nonhuman Primates. Hum. Gene Ther. 2010, 21, 451-462. [CrossRef] [PubMed]

Geletneky, K.; Hajda, J.; Angelova, A.L.; Leuchs, B.; Capper, D.; Bartsch, A.J.; Neumann, J.-O.; Schoning, T.; Hiising, J.;
Beelte, B.; et al. Oncolytic H-1 Parvovirus Shows Safety and Signs of Immunogenic Activity in a First Phase I/Ila Glioblastoma
Trial. Mol. Ther. 2017, 25, 2620-2634. [CrossRef] [PubMed]

Galanis, E.; Atherton, PJ.; Maurer, M.].; Knutson, K.L.; Dowdy, S.C.; Cliby, W.A.; Haluska, P.; Long, H.].; Oberg, A.; Aderca, L; et al.
Oncolytic Measles Virus Expressing the Sodium Iodide Symporter to Treat Drug-Resistant Ovarian Cancer. Cancer Res. 2015, 75,
22-30. [CrossRef] [PubMed]

Dispenzieri, A.; Tong, C.; LaPlant, B.; Lacy, M.Q.; Laumann, K.; Dingli, D.; Zhou, Y.; Federspiel, M.].; Gertz, M.A.;
Hayman, S.; et al. Phase I Trial of Systemic Administration of Edmonston Strain of Measles Virus Genetically Engineered to
Express the Sodium Iodide Symporter in Patients with Recurrent or Refractory Multiple Myeloma. Leukemia 2017, 31, 2791-2798.
[CrossRef] [PubMed]

Lauer, U.M.; Schell, M.; Beil, J.; Berchtold, S.; Koppenhofer, U.; Glatzle, J.; Kénigsrainer, A.; Mohle, R.; Nann, D.; Fend, E; et al.
Phase I Study of Oncolytic Vaccinia Virus GL-ONC1 in Patients with Peritoneal Carcinomatosis. Clin. Cancer Res. 2018, 24,
4388-4398. [CrossRef]

Park, B.-H.; Hwang, T.; Liu, T.-C.; Sze, D.Y.; Kim, J.-S.; Kwon, H.-C.; Oh, S.Y.; Han, S.-Y.; Yoon, J.-H.; Hong, S.-H.; et al. Use of a
Targeted Oncolytic Poxvirus, JX-594, in Patients with Refractory Primary or Metastatic Liver Cancer: A Phase I Trial. Lancet Oncol.
2008, 9, 533-542. [CrossRef]

Moehler, M.; Heo, J.; Lee, H.C.; Tak, W.Y.; Chao, Y.; Paik, S.W.; Yim, H.].; Byun, K.S.; Baron, A.; Ungerechts, G.; et al. Vaccinia-Based
Oncolytic Immunotherapy Pexastimogene Devacirepvec in Patients with Advanced Hepatocellular Carcinoma after Sorafenib
Failure: A Randomized Multicenter Phase IIb Trial (TRAVERSE). Oncoimmunology 2019, 8, 1615817. [CrossRef]

176



Vaccines 2023, 11, 1448

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Dunn, G.; Klapsa, D.; Wilton, T.; Stone, L.; Minor, P.D.; Martin, J. Twenty-Eight Years of Poliovirus Replication in an Immunodefi-
cient Individual: Impact on the Global Polio Eradication Initiative. PLoS Pathog. 2015, 11, €1005114. [CrossRef]

Weil, M.; Shulman, L.M.; Heiman, S.; Stauber, T.; Alfandari, J.; Weiss, L.; Silberstein, 1.; Indenbaum, V.; Mendelson, E.; Sofer,
D. Prolonged Excretion of Type-2 Poliovirus from a Primary Immune Deficient Patient during the Transition to a Type-2
Poliovirus-Free World, Israel, 2016. Eurosurveillance 2016, 21, 30408. [CrossRef]

Roulstone, V.; Khan, K.; Pandha, H.S.; Rudman, S.; Coffey, M.; Gill, G.M.; Melcher, A.A; Vile, R.; Harrington, K.J.; de Bono, J.; et al.
Phase I Trial of Cyclophosphamide as an Immune Modulator for Optimizing Oncolytic Reovirus Delivery to Solid Tumors. Clin.
Cancer Res. 2015, 21, 1305-1312. [CrossRef] [PubMed]

Harrington, K.J.; Hingorani, M.; Tanay, M.A.; Hickey, J.; Bhide, S.A.; Clarke, PM.; Renouf, L.C.; Thway, K.; Sibtain, A.;
McNeish, LA ; et al. Phase I/1I Study of Oncolytic HSV GM-CSF in Combination with Radiotherapy and Cisplatin in Untreated
Stage III/IV Squamous Cell Cancer of the Head and Neck. Clin. Cancer Res. 2010, 16, 4005-4015. [CrossRef] [PubMed]

Hu, J.C.C,; Coffin, R.S.; Davis, C.J.; Graham, N.J.; Groves, N.; Guest, PJ.; Harrington, K.J.; James, N.D.; Love, C.A,;
McNeish, L; et al. A Phase I Study of OncoVEXGM-CSF, a Second-Generation Oncolytic Herpes Simplex Virus Expressing
Granulocyte Macrophage Colony-Stimulating Factor. Clin. Cancer Res. 2006, 12, 6737-6747. [CrossRef] [PubMed]

Senzer, N.N.; Kaufman, H.L.; Amatruda, T.; Nemunaitis, M.; Reid, T.; Daniels, G.; Gonzalez, R.; Glaspy, J.; Whitman, E.;
Harrington, K.; et al. Phase II Clinical Trial of a Granulocyte-Macrophage Colony-Stimulating Factor-Encoding, Second-
Generation Oncolytic Herpesvirus in Patients with Unresectable Metastatic Melanoma. J. Clin. Oncol. 2009, 27, 5763-5771.
[CrossRef] [PubMed]

Chiocca, E.A.; Smith, K. M.; McKinney, B.; Palmer, C.A.; Rosenfeld, S.; Lillehei, K.; Hamilton, A.; DeMasters, B.K.; Judy, K.; Kirn, D.
A Phase I Trial of Ad.HIFN-Beta Gene Therapy for Glioma. Mol. Ther. 2008, 16, 618-626. [CrossRef]

Nemunaitis, J.; Tong, A.W.; Nemunaitis, M.; Senzer, N.; Phadke, A.P; Bedell, C.; Adams, N.; Zhang, Y.-A.; Maples, P.B.;
Chen, S.; et al. A Phase I Study of Telomerase-Specific Replication Competent Oncolytic Adenovirus (Telomelysin) for Various
Solid Tumors. Mol. Ther. 2010, 18, 429-434. [CrossRef]

Imlygic®®Clinical Overview and Handling Guide (USA, 2019). Available online: https://cdn.imlygichcp.com/cdn/917dac5d-
ff46-4382-bble-8a4041ae951b/en/1/20201222t152404z/imlygic-clinical-overview.pdf (accessed on 11 July 2023).

U.S. National Institutes of Health, ClinicalTrials.gov. Postmarketing Prospective Study of Melanoma Patients Treated With
IMLYGIC®® to Characterize Risk of Herpetic Infection. Identifier: NCT02910557. Available online: https://www.clinicaltrials.
gov/study/NCT02910557 (accessed on 11 July 2023).

Laurie, S.A.; Bell, J.C.; Atkins, H.L.; Roach, J.; Bamat, M.K.; O’Neil, ].D.; Roberts, M.S.; Groene, W.S.; Lorence, R.M. A Phase 1
Clinical Study of Intravenous Administration of PV701, an Oncolytic Virus, Using Two-Step Desensitization. Clin. Cancer Res.
2006, 12, 2555-2562. [CrossRef]

Hotte, S.J.; Lorence, R.M.; Hirte, H.W.; Polawski, S.R.; Bamat, M.K.; O’Neil, J.D.; Roberts, M.S.; Groene, W.S.; Major, PP. An
Optimized Clinical Regimen for the Oncolytic Virus PV701. Clin. Cancer Res. 2007, 13, 977-985. [CrossRef]

Pecora, A.L.; Rizvi, N.; Cohen, G.I; Meropol, N.J.; Sterman, D.; Marshall, J.L.; Goldberg, S.; Gross, P; O'Neil, ].D.;
Groene, W.S,; et al. Phase I Trial of Intravenous Administration of PV701, an Oncolytic Virus, in Patients with Advanced Solid
Cancers. J. Clin. Oncol. 2002, 20, 2251-2266. [CrossRef]

Tell, ].G.; Coller, B.-A.G.; Dubey, S.A.; Jenal, U.; Lapps, W.; Wang, L.; Wolf, J. Environmental Risk Assessment for RVSVAG-
ZEBOV-GP, a Genetically Modified Live Vaccine for Ebola Virus Disease. Vaccines 2020, 8, 779. [CrossRef]

European Commission GMO: Deliberate Release into the Environment of Other than Plants GMOs for Any Other Purposes
than Placing on the Market (Experimental Releases). List of SNIFs Submitted to the Member State’s Competent Authorities
under Directive 2001/18/EC (after 17 October 2002). Keyword VSV. Available online: https://webgate.ec.europa.eu/fip/GMO_
Registers/GMO_Part_B_Others.php?Keyword=VSV (accessed on 11 July 2023).

Pérez-Losada, M.; Arenas, M.; Galan, J.C.; Palero, E.; Gonzalez-Candelas, F. Recombination in Viruses: Mechanisms, Methods of
Study, and Evolutionary Consequences. Infect. Genet. Evol. 2015, 30, 296-307. [CrossRef] [PubMed]

Buijs, PR.A.; Verhagen, ].H.E.; van Eijck, C.H.J.; van den Hoogen, B.G. Oncolytic Viruses: From Bench to Bedside with a Focus on
Safety. Hum. Vaccin. Immunother. 2015, 11, 1573-1584. [CrossRef] [PubMed]

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

177



vaccines @\py

Review

Regulatory T Cells (Tregs) and COVID-19: Unveiling the
Mechanisms, and Therapeutic Potentialities with a Special
Focus on Long COVID

Manish Dhawan *, Ali A. Rabaan 3%, Sara Alwarthan ¢, Mashael Alhajri ®, Muhammad A. Halwani 7,
Amer Alshengeti 8%, Mustafa A. Najim ', Ameen S. S. Alwashmi 11, Ahmad A. Alshehri 12,

Saleh A. Alshamrani !, Bashayer M. AlShehail 1>, Mohammed Garout 4, Saleh Al-Abdulhadi 56,
Shamsah H. Al-Ahmed 17, Nanamika Thakur 1® and Geetika Verma 1°

Department of Microbiology, Punjab Agricultural University, Ludhiana 141004, India

Trafford College, Altrincham, Manchester WA14 5PQ, UK

Molecular Diagnostic Laboratory, Johns Hopkins Aramco Healthcare, Dhahran 31311, Saudi Arabia
College of Medicine, Alfaisal University, Riyadh 11533, Saudi Arabia

Department of Public Health and Nutrition, The University of Haripur, Haripur 22610, Pakistan
Department of Internal Medicine, College of Medicine, Imam Abdulrahman Bin Faisal University,
Dammam 34212, Saudi Arabia

7 Department of Medical Microbiology, Faculty of Medicine, Al Baha University, Al Baha 4781, Saudi Arabia
8 Department of Pediatrics, College of Medicine, Taibah University, Al-Madinah 41491, Saudi Arabia
Department of Infection Prevention and Control, Prince Mohammad Bin Abdulaziz Hospital,

National Guard Health Affairs, Al-Madinah 41491, Saudi Arabia

Department of Medical Laboratories Technology, College of Applied Medical Sciences, Taibah University,
Al-Madinah 41411, Saudi Arabia

Department of Medical Laboratories, College of Applied Medical Sciences, Qassim University,

Buraydah 51452, Saudi Arabia

Department of Clinical Laboratory Sciences, College of Applied Medical Sciences, Najran University,
Najran 61441, Saudi Arabia

Pharmacy Practice Department, College of Clinical Pharmacy, Imam Abdulrahman Bin Faisal University,
Dammam 31441, Saudi Arabia

Department of Community Medicine and Health Care for Pilgrims, Faculty of Medicine,

Umm Al-Qura University, Makkah 21955, Saudi Arabia

Department of Medical Laboratory Sciences, College of Applied Medical Sciences,

Prince Sattam Bin Abdulaziz University, Riyadh 11942, Saudi Arabia

Dr. Saleh Office for Medical Genetic and Genetic Counseling Services, The House of Expertise,

Prince Sattam Bin Abdulaziz University, Dammam 32411, Saudi Arabia

17 Specialty Paediatric Medicine, Qatif Central Hospital, Qatif 32654, Saudi Arabia

18 University Institute of Biotechnology, Department of Biotechnology, Chandigarh University,

Mohali 140413, India

Department of Experimental Medicine and Biotechnology, Post Graduate Institute of Medical Education and
Research (PGIMER), Chandigarh 160012, India

*  Correspondence: dhawanmanish501@gmail.com; Tel.: +44-01619287242

A Ul = W N =

11
12
13

14

16

19

Abstract: The COVID-19 pandemic has caused havoc all around the world. The causative agent of
COVID-19 is the novel form of the coronavirus (CoV) named SARS-CoV-2, which results in immune
system disruption, increased inflammation, and acute respiratory distress syndrome (ARDS). T cells
have been important components of the immune system, which decide the fate of the COVID-19
disease. Recent studies have reported an important subset of T cells known as regulatory T cells
(Tregs), which possess immunosuppressive and immunoregulatory properties and play a crucial
role in the prognosis of COVID-19 disease. Recent studies have shown that COVID-19 patients
have considerably fewer Tregs than the general population. Such a decrement may have an impact
on COVID-19 patients in a number of ways, including diminishing the effect of inflammatory
inhibition, creating an inequality in the Treg/Th17 percentage, and raising the chance of respiratory
failure. Having fewer Tregs may enhance the likelihood of long COVID development in addition
to contributing to the disease’s poor prognosis. Additionally, tissue-resident Tregs provide tissue
repair in addition to immunosuppressive and immunoregulatory activities, which may aid in the
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recovery of COVID-19 patients. The severity of the illness is also linked to abnormalities in the Tregs’
phenotype, such as reduced expression of FoxP3 and other immunosuppressive cytokines, including
IL-10 and TGF-beta. Hence, in this review, we summarize the immunosuppressive mechanisms and
their possible roles in the prognosis of COVID-19 disease. Furthermore, the perturbations in Tregs
have been associated with disease severity. The roles of Tregs are also explained in the long COVID.
This review also discusses the potential therapeutic roles of Tregs in the management of patients
with COVID-19.

Keywords: COVID-19; immune response; SARS-CoV-2; T regulatory cells (Tregs); long COVID;
therapeutics

1. Introduction

The so-called COVID-19 pandemic, which has caused severe damage to humankind,
was caused by the novel form of the coronavirus named SARS-CoV-2. The SARS-CoV-2
infection has shown variability in the prognosis of the COVID-19 disease, which can
cause flu-like symptoms, viral pneumonia, multiple organ damage, or acute respiratory
distress syndrome (ARDS) [1-4]. Comparing the SARS-CoV-2 infection to earlier coron-
avirus infections, one may see unique patterns of cellular and humoral immunological
abnormalities [1,4]. In the early and moderate phases, it may cause exhaustion of T cells,
dendritic cells (DCs), and natural killer (NK) cells; however, excessive stimulation of
such immune cells has been reported in severe instances, leading to a cytokine storm [5].
Cytokine storm has been proposed as the leading cause of death in COVID-19-infected
patients [1].

Interestingly, scientists are still unveiling the exact roles of immune cells in deciding
the secretion of a balanced number of cytokines and chemokines, which will be essential to
elicit the only required immune response despite an exaggerated immune response in the
form of uncontrolled release of cytokines and chemokines [4,6]. Numerous researchers hold
the view that adaptive immune responses, particularly cell-mediated immune responses,
are essential for limiting the SARS-CoV-2 infection by regulating the release of essential
cytokines and other anti-inflammatory proteins [6]. Furthermore, the rapid evolution of
SARS-CoV-2 into the diverge variants with a plethora of mutations makes scientists think
about the cell-mediated immune response seriously [7,8].

Strong T-cell responses have been associated with less severe outcomes in numerous
infections. Hyperactivation, however, can potentially have negative effects as the infec-
tion spreads [1,9]. Furthermore, in this context, several studies have linked increased
levels of effector molecules produced by CD8+ T cells with better clinical outcomes in
acute COVID-19 [10,11]. Increased activation of T cells has been linked to a negative
outcome of the SARS-CoV-2 infection [12], despite the fact that polyfunctionality peaks
in moderate sickness [11]. This suggests that excessive stimulation of immune cells may
be deleterious. Virus-specific T-cell responses in asymptomatic infection are character-
ized by balanced secretion of anti-inflammatory and proinflammatory cytokines such as
IL-10 and IL-6 as opposed to symptomatic disease, characterized by more polarized pro-
duction of inflammatory mediators [13-15]. The scientific community is clearly divided
on how many activations of immune cells, such as T cells and NK cells, are required.
Such contradictory disputes still exist even after multiple advancements in the field of
cellular immunology [14,15].
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A fine-tuned immune response is vital in determining the outcome of the SARS-
CoV-2 infection, and regulatory T cells (Tregs) have been proven to be crucial in con-
trolling the immune response, according to recent research on immune cells. Along
with CD4+ and CD8+ T cells, Tregs play a critical role in immunological tolerance and
balance [16,17]. Tregs are significant regulators of the inflammatory response. The
role of Tregs specific to SARS-CoV-2 in the progression of the illness is currently un-
known [17], but systemic inflammation and intense pneumonitis are the major clinical
manifestations of severe COVID-19 disease [17,18]. Additionally, virus-specific T-cell
responses, especially those of Tregs, have been shown to have an impact on tissue injury
in respiratory diseases [18].

Tregs are indeed key subsets of T cells that suppress the immune system. Recent
research has shown that COVID-19 patients have significantly fewer Tregs than the general
population. Such a decline may have an impact on COVID-19 patients in a number of ways,
including diminishing the consequence of inflammatory inhibition, creating an imbalance
in the Treg/Th17 ratio, and raising the risk of respiratory failure [13,19]. Treg-targeted
treatment may help COVID-19 patients with their symptoms and slow down the disease
development [19]. Importantly, it is still not clear whether the decline in Tregs in COVID-19
patients leads to a poor prognosis or whether the increased number of Tregs has beneficial
effects. Many scientists believe that a balanced amount of Tregs number is essential to
containing any adverse effects of severe infection of SARS-CoV-2 [19-21]. Additionally,
there are many ways that viral proteins can activate and change T cells. For example, a
drop in Foxp3 levels can induce the activation of Tregs or the death of Treg cells. The
expression of S-protein on the SARS-CoV-2’s surface is required for the invasion into the
host. Furin, a pro-protein convertase, activates the S-protein, and its T-cell-specific deletion
activity impairs FoxP3 and TBX21, which induce Treg development. CD4+ T cells are
hyperactivated in severe COVID-19 patients, although Foxp3 expression is suppressed.
Before developing into Tregs, a significant fraction of T cells get activated, multiply, and
expire quickly [19]. However, how S-protein and other viral proteins can lead to the
generation of specific Tregs is still unclear.

It is also worth noting that recent research has proposed that the pathophysiology of
COVID-19 may be influenced by changes in Tregs, important regulators of immunological
homeostasis, but how much change is required to induce a controlled secretion of cytokines
is yet to be uncovered. Severely infected patients with COVID-19 have shown unique Treg
phenotype and increased expression of its characteristic transcription factor FoxP3 [20,21].
Such Tregs have shown a distinctive transcriptional profile, with upregulation of a num-
ber of suppressive effectors as well as proinflammatory molecules, including IL-32, and
remarkable similarities to tumor-infiltrating Tregs that inhibit antitumor responses [20].
These characteristics were most obvious during acute, severe illness, and some of them
continued in recovering individuals. IL-6 and IL-18 may each contribute various aspects
of these COVID-19-linked perturbations, according to a screen for potential agents [20,21].
These findings imply that Tregs may have negative effects on COVID-19 by directly pro-
moting inflammation and inhibiting antiviral T-cell responses during the disease’s acute
phase [20-22].

Hence, the immunological cells such as Tregs, which are intended to moderate hyper-
activated immune responses, should be carefully considered to develop the therapeutic
modalities not only against SARS-CoV-2 but also for the other viral infections [1,3,20].
Therefore, this article focuses on the current knowledge of Tregs’ function in the modu-
lation of immune responses to COVID-19. Furthermore, insufficient research has been
conducted on regulatory T cells (Tregs) in patients with long COVID and recovering
COVID-19 patients [20]. Aspects of Treg function, such as cytokine production or sup-
pressive efficacy in long COVID, have not been investigated in any of the current clinical
studies [23]. Due to a dearth of studies addressing Tregs in these aspects, it is hard
to draw clear conclusions on the kind of Treg adaptations in long COVID and their
potential therapeutic involvement in long COVID management. In this context, we have
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uncovered recent information on the therapeutic potential of Tregs in the management
of COVID-19 and long COVID.

2. Immunoregulatory Functions of Tregs

Tregs are required to ensure immunologic homeostasis and self-tolerance and halt
exaggerated immunological responses. All these mechanisms are tightly controlled by the
balanced expression of the FoxP3 transcription factor. In human peripheral blood, Tregs
make up 10% of CD4+ T cells, and these CD4+ cells express specific markers such as FoxP3,
which enable their immunosuppressive activities [24,25]. Through a variety of effector
pathways, Tregs control the stimulation of several innate and adaptive immune system
pathways [20,21]. Additionally, specific “tissue Treg” populations regulate homeostasis in
a number of non-immunological tissues, reducing inflammation and encouraging orderly
tissue regeneration [20,26,27]. However, Tregs may also be harmful. This is best shown
by the fact that they inhibit powerful cytotoxic responses in tumors, where they take on
unique phenotypic characteristics [28]. On antiviral responses, they may potentially have
contradictory effects [20,29,30], which can lead to a higher viral load.

Previously, it has been reported that the co-transfer of Tregs cells can prevent
autoimmune disease in athymic nude mice [31]. Many studies have shown that FOXP3+
Tregs play an important role in maintaining fetal-maternal tolerance, oral tolerance,
transplantation tolerance, and mucosal tissue tolerance via various immune suppressive
pathways [30,32-35].

Before understanding the mechanisms by which Tregs imply their suppression, it is es-
sential to note that Tregs can be majorly divided into two categories, including thymic Tregs
(tTregs) and peripheral Tregs (pTregs) based on their site of morphogenesis or development.
The tTregs develop in the thymus from precursors of CD4+ helper T (Th) cells, whereas
peripheral Tregs (pTregs) differentiate from mature CD4+ Th cells in the periphery. Induced
Tregs (iTregs) are a third form of Treg that could be developed ex vivo using mature CD4+
Th cells by stimulating the T-cell receptor (TCR) and by administering TGF-beta [36]. It is
commonly acknowledged that the characteristic of Treg morphogenesis in humans is the
simultaneous expression of Foxp3 and IL-2 receptor alpha-chain (CD25) with a reduced
IL-7 receptor (CD127) expression [37] [Figure 1]. Surprisingly, numerous researchers have
shown that a low dosage of IL-2 may increase Treg number and function. Some recent
studies have revealed that a low dose of IL-2 may grow autologous Treg cells, which can be
used to treat a variety of inflammatory disorders [38].

The mechanisms by which Tregs suppress the immune response or regulate the
immunological processes can be divided into active and counteractive mechanisms [27].
The active mode involves the production of immune suppressive cytokines by Tregs,
including IL-10, TGF-beta, IL-35, and adenosine. At the same time, the counteractive mode
entails the removal of components essential for the activation and survival of effector
T cells, including peptide-MHC class II, CD80-CD86, and IL-2 [39—41]. Although the
exact immunosuppressive mechanisms that operate in vivo are not well understood, it is
generally agreed that activation of the Treg TCR occurs before suppressive action [27].
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Figure 1. The schematic representation of the morphogenesis and development of Tregs. On the
basis of the development and their functional markers, Tregs have been classified into two major
categories thymic Tregs (tTregs) and peripheral Tregs (pTregs). Additionally, mature CD4+ Th cells
can be induced into Tregs by TCR stimulation.

Additionally, Tregs express CD39, which helps in the metabolism of ATP to AMP,
which in turn prevents dendritic cells (DCs) maturation due to the depletion of ATP [42].
Furthermore, co-expressed CD39 and CD73 on Tregs were able to convert ADP into adeno-
sine, which coupled to the effector T cell’s adenosine A2A receptor and hindered effector
T cells from being activated [43,44]. Consequently, by decreasing the expression of IL-6
and increasing the synthesis of TGF-beta, the stimulation of the adenosine A2A receptor
encouraged the development of Tregs [45]. Furthermore, Tregs may suppress the expres-
sion of the costimulatory molecules CD80 and CD86 on DCs [20,43]. Antigen-presenting
cells (APCs) were unable to get activated as a result of Tregs” production of CTLA-4, which
decreased CD86 via transendocytosis [44,46]. Additionally, by increasing the expression
of indoleamine 2,3-dioxygenase in DCs through CTLA-4-induced signaling, Tregs might
starve effector T cells [47,48], which in turn suppresses the immune response [Figure 2].
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Figure 2. The figure shows various immunosuppressive mechanisms used by Tregs to control the
immune system. Cells of both adaptive and innate immune responses are suppressed by Tregs
via either direct or indirect mechanisms. Tregs have the ability to generate TGF-beta, IL-10, and
IL-35, which have an inhibitory effect on T cells. This can lead to suppressed actions of Th1, Th2,
and Th17 type T cells. Due to the strong expression of IL-2 receptors, i.e., CD25, Tregs can cause
cytokine-deprived death of effector T cells. Additionally, the lack of IL-2 prevents natural killer cells
from multiplying and acting as effector cells. Tregs have been shown to directly affect B cells through
the PDL1/PD-1 interaction. Tregs can inhibit the macrophages by increasing CD80/CD86 expression,
which gets stimulated through CTLA-4. The proliferation of T effectors is decreased by the expression
of CD39 on Tregs, which mediates the conversion of ATP to adenosine and AMP. A2A receptors on
T cells get stimulated by AMP and hinder the activation of effector T cells. Additionally, the usage
of ATP and its conversion into AMP inhibits the activation of dendritic cells. Moreover, Tregs also
produce granzyme and perforin, which damage the T cells” membrane, which in turn leads to cell
death or apoptosis.
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Aside from that, Tregs produced the lymphocyte activation gene 3 (LAG-3), which
competitively bonded to the major histocompatibility complex class II (MHC-II) and
prevented dendritic cells (DCs) from maturing [49]. The cytolysis of CD8+ T cells and
NK cells by Granzymes- and Perforin-dependent means constituted another significant
Treg-mediated suppressive pathway [41]. According to Gotot et al. (2012), in addition
to apoptosis caused by Perforin and Granzymes, programmed death-ligand 1(PD-L1) of
Tregs and programmed death-1 (PD-1) of autoreactive B lymphocytes interfere with the
proliferation and functionality of autoreactive B lymphocytes [50] [Figure 2].

3. Possible Roles of Tregs in COVID-19 Pathogenesis and Disease Severity

While the pandemic was at its peak, numerous studies have discussed the possible
connection between Treg and the severity of COVID-19. According to some studies, the
percentage of Tregs is rising, or their functional markers are being expressed more strongly
in severely infected patients with COVID-19 [51,52]. For instance, one recent research found
that severe COVID-19 patients had greater levels of CD25+ FOXP3+ Tregs among CD4+
T cells, increased FOXP3 expression, and elevated production of activated Treg markers
including KLRG1 and PD-1, all of which returned to normal levels in the recovering
individuals or convalescent patients [51]. Likewise, another recent observation found
that the number, multiplication, and expression of certain proteins of CD25+ CD127+
FOXP3+ Tregs increased, along with their growing suppressive activity, in severely infected
patients with COVID-19 [52]. Scientists discovered increased Tregs and Th17 cells as well as
decreased T-cell numbers in the bronchoalveolar lavage fluid (BALF) of COVID-19 patients
with ARDS [53].

In contrast to the healthy donor population and convalescent patients, the percentage
of CD25+ CD127— Tregs among all CD4+ T cells was found to increase significantly in
patients with persistent SARS-CoV-2 infection. Additionally, the increased expression of
CTLA-4 on Tregs was reported in patients with persistent antigen expression [54]. Intrigu-
ingly, most of the patients have been reported to have an increased number of naive Tregs
(CD45RA+ CCR7+). Additionally, central memory Tregs (CD45RA — CCR7+) with strong
expression of PD-1 were reported in the patients with COVID-19 [55]. Additionally, the
CD4+ FOXP3+ Tregs of the lung and PBMC showed a rising trend on day five after infection
in the nonhuman model of COVID-19 pathogenesis [56]. There has not been much research
done on the composition of T-cell subsets in SARS-CoV-2-infected convalescent patients.
Based on the number of days following RT-PCR confirmation of SARS-Co-V2 infection,
researchers calculated the lymphocyte absolute numbers, the frequency of memory T-cell
subsets, and the plasma levels of common gamma-chain in seven groups of COVID-19
patients. The findings demonstrate that CD4+ naive T cells, regulatory T cells, transitional
memory, and stem cell memory T-cell frequencies decreased from Days 15-30 to Days
61-90 and then remained steady. Conversely, CD4+ naive, transitional, and stem cell
memory T-cell frequencies declined from Days 15-30 to Days 61-90 and then decreased
again. Patients with severe COVID-19 had reduced lymphocyte numbers and frequency
levels; greater naive cells (Tregs); lower frequencies of central memory, effector memory,
and stem cell memory, and higher plasma levels of IL2, IL7, IL15, and IL21. As a result, the
research suggests that convalescent COVID-19 people had altered memory T-cell subset
frequencies, which will be clarified in the future [57]. Further investigations are needed to
confirm this idea, but it is possible that an increase in the cell percentage and the number
of functional indicators would result in higher Treg suppression, which can be detrimental
to COVID-19 patients [54,56] [Figure 3].
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Figure 3. The figure represents the Treg involvement in the pathophysiology of COVID-19. The
increased number of Tregs in severely infected patients can play deleterious effects by limiting the
antiviral effects of effector T cells. Additionally, the overly expressed FoxP3 in Tregs can lead to
excessive immunosuppressive activities, which lead to a poor prognosis of the disease. On the other
hand, the substantial decrease in the number of Tregs cannot alleviate the excessively stimulated
immune response in severely infected patients. Moreover, a balanced number of Tregs compared to
Th1/Th17 T cells and other immune cells can prevent the poor prognosis of the disease.

Considering the biphasic functions of Tregs throughout the SARS-CoV-2 infection, it is
still debatable how the fraction of Tregs in COVID-19 changed. The number of Tregs has
decreased in COVID-19 patients, according to many researchers. For instance, one study
found that the Th17/Treg ratio was substantially enhanced while the number of Tregs in
ICU-hospitalized patients was reduced significantly [58]. It is interesting to note that the im-
munomodulatory and immunosuppressive functions of Tregs isolated from severely infected
COVID-19 patients were found to be compromised. Another study found a comparable rise in
the Th17/Treg ratio in the PBMC of COVID-19 patients, which was associated with a negative
outcome and lower levels of TGF-beta and IL-10, cytokines that are important for Tregs [59]

185



Vaccines 2023, 11, 699

[Figure 3]. Additionally, a single-cell transcriptomic evaluation of viral antigen-reactive CD4+
T cells of patients with SARS-CoV-2 infection found that the percentages of SARS-CoV-2-
reactive Tregs, T follicular helper cells (Tfh), and cytotoxic T helper cells responsive to the
viral infection were enhanced in hospitalized COVID-19 patients [60].

Another comparative analysis reported a reduced number of Tregs in severely infected
patients with SARS-CoV-2 as compared to the patients with mild symptoms. It has been
concluded that the proportion of Tregs was negatively correlated with viral load, indicating
that lower Treg levels can be associated with a higher risk of illness, especially in hospitalized
patients with COVID-19 [61]. According to another study, individuals with severe COVID-
19 had a lower percentage of regulatory T cells (CD3+ CD25+) [62]. Another research that
evaluated the PBMCs of COVID-19 patients found that the Tregs ratio increased as the
disease progressed from moderate to severe but decreased as it progressed to critical [63].
This suggests that the Tregs underwent a dynamic shift as COVID-19 progressed.

Intriguingly, a study that examined the gene expression patterns of CD4+ T cells
of patients with SARS-CoV-2 infection discovered that CD25 was significantly upregu-
lated [63,64]. It is quite interesting to observe that the Tregs of severely infected patients
reported having a reduced level of master transcription factor (FOXP3+). The increased
level of FURIN appeared to be related to the increased level of CD25, which may facilitate
SARS-CoV-2 entry into lung epithelial cells and reduce the immunosuppressive activities
of Tregs in patients with poor disease prognoses. Tregs seem to have decreased during
the acute phase of the SARS-CoV-2 infection in children and returned to baseline after
recovery [64]. Surprisingly, a high-dimensional flow cytometry examination of the airways
of severely infected COVID-19 patients revealed decreased Treg frequency as compared
to healthy individuals [65]. This finding raises the possibility that the functionality of
tissue-resident Tregs, especially residential to lungs, was compromised in severely infected
patients with COVID-19. It is well-established that pro-inflammatory cytokines such as
IL-6 may cause Tregs to lose their stability in vitro [66]. Therefore, under the inflammatory
conditions brought on by COVID-19, high levels of IL-1, IL-6, and IL-23 may promote the
downregulation of FOXP3 [67], resulting in decreased functionality of Tregs.

Additionally, it was shown that COVID-19 patients’ Treg subset composition varied.
For instance, the research found that in adult patients with more severe illnesses, the ratio
of CD39+ Tregs in PBMCs increased, but in young patients, the ratio of CD39+ Tregs
dropped in an age-dependent way [68]. According to another research, only CCR4Hi Tregs
in hospitalized COVID-19 patients elevated, while total Tregs remained unchanged [69].
According to Chen et al. (2020), when compared to moderately infected COVID-19 pa-
tients, the severely infected subjects demonstrated a substantially decreased proportion of
CD45RA+ memory Tregs and a fractionally greater percentage of CD45RO+ naive Tregs,
implying that the proportion of Treg subsets may be able to anticipate the prognosis of the
disease cases [70]. Other research found a similar pattern, particularly in severely infected
patients with COVID-19, as compared to moderately infected ones [20,21].

According to reports, individuals who had COVID-19 and lymphopenia had a worse
prognosis; lower blood lymphocyte percentages suggested this [71]. Multiple possible
processes might be at work in lymphopenia. Additionally, via single-cell RNA-sequencing,
the SARS-CoV-2 RNA was also found in immune cells [72], and it has been postulated
that SARS-CoV-2 may have the capability of infecting Treg through ACE2-independent
receptors [30,73]. This can substantially affect the functionality of Tregs, which needs to
uncover in future studies.

Numerous studies have shown an increase in the percentage or quantity of Tregs in
COVID-19 patients (particularly those with the milder condition), but they have also found
a decrease in the amount of Tregs in the individuals. For instance, it has been shown that
severe COVID-19 patients had significantly fewer Tregs (CD3+ CD4+ CD25hi CD127lo
FoxP3+) in their PBMCs [60,74,75]. Single-cell research revealed that FoxP3 expression was
noticeably lower in severe COVID-19 patients, despite greater expression of CD25 [76]. In
PBMC generated from COVID-19 patients receiving ICU care, recent research looked at
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Tregs and discovered a sharp fall in the proportion of Tregs along with lower production of
FoxP3 and inhibitory cytokines such as IL-10 and TGF-beta [59] [Figure 3].

Furthermore, Mohebbi et al. (2020) also reported the reduced expression of important
markers such as CD25 and FOXP 3 in Tregs of severely infected patients with COVID-19
as compared to healthy donors [75]. It is important to consider that following SARS-CoV-2
infection, the number of Tregs (CD3+ CD4+ CD25+) considerably decreased throughout
the development of infection and symptoms [21]. Scientists are still figuring out the reasons
behind the increase in the number of Tregs in moderate conditions of infection and then rapidly
decreased as the infection progressed. In adults and children with severe COVID-19, the
fraction of Tregs was observed to be lower in other studies as well [60,64]. Such data suggest
that the excessive inflammation and pathophysiology of COVID-19 may be responsible for a
decreased number of Tregs as well as enhanced Th17 responses. Additionally, recent research
found that patients with COVID-19 had higher proportions of Tregs (characterized by the
presence of CD3+ CD4+ CD25+ markers) and higher levels of FoxP3 expression by Tregs,
which were associated with a poor prognosis of the disease [20]. Such Tregs are reported
to secrete a range of immunosuppressive molecules along with inflammatory cytokines
such as IL-32, which in turn can limit anti-viral T-cell responses, simultaneously increasing
inflammatory responses in severely infected patients with COVID-19 [20,21].

It is important to note that certain investigations, such as those in cancer patients
infected with SARS-CoV-2 [77], did not notice any variation in the number of Tregs in the
peripheral blood of COVID-19 patients [78]. Additionally, many other studies could not
conclude the exact change in the number of Tregs in severely and moderately infected
patients with SARS-CoV-2 [20,21]. As a result, there is still debate around recent data on
the absolute and relative numbers of Treg cells in COVID-19 patients [21]. This is likely
due to the various parameters employed to identify Tregs and the fact that the observation
was taken at various phases of the illness [21,22].

Moreover, the patients with reduced or less amount of Tregs along with the low con-
centration of master regulator FoxP3 were reported to have less severe outcomes of the
SARS-CoV-2 infection. Importantly, there are possibilities that these Tregs are advantageous,
especially in regulating the cytokine storm that can be severe without the immunosuppres-
sive activities of such Tregs [21]. Nevertheless, insufficient cell numbers made it impossible
to directly evaluate their immunosuppression capabilities [79]. Contradictorily, the in-
creased number of Tregs and increased expression of FoxP3 and other effector molecules
can interfere with the antiviral response of immune cells such as cytotoxic T cells (CD8+)
in the severe phase of the infection [80] [Figure 3] as compared to the initial phase of
the infection which in turn can lead to the secondary re-expansion of disease [20,79,81].
However, the exact reasons behind such a shift are yet to be resolved clearly. However, this
can be associated with enhanced levels of FoxP3 and other Treg effector molecules along
with phenotypic similarities with the immunosuppressive tumor Tregs [20,21].

It is also quite fascinating since the wide community of scientists suggests that Tregs
during the SARS-CoV-2 infection get activated, suggesting their immunoregulatory or
immunosuppressive activities to prevent immune cells of both innate and adaptive im-
mune response from damaging self-tissues mainly by limiting the excessive release of
pro-inflammatory cytokines and chemokines [20,82]. However, it is also possible that in the
early stages of infection, a greater proportion of activated Tregs might weaken the immune
system’s ability to fight off viruses such as SARS-CoV-2 [9,20]. The excessive production of
pro-inflammatory cytokines that causes ARDS, however, may be caused by a decrease in
the number of Tregs with compromised functions in severe instances or later stages of the
illness [21]. However, a significant amount of research has been done in this field; these
ambiguities are yet to be resolved with non-human or human models to understand the
immunological response to SARS-CoV-2.

4. Perturbations in Tregs and Disease Severity

A significant number of variations in the phenotypic characteristics of Tregs have been
reported in severely infected patients with COVID-19, along with increased FoxP3 expression
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with a unique transcriptional pattern that is very similar to tumor Tregs [83,84]. A broad
range of transcriptional patterns have been observed in Tregs, which includes an elevation
of interferon-stimulated genes, and these changes have been reported in various other viral
infections. However, unusual cell proliferation and heightened effector functions, including
ENTPD1, LAG3, and LRRC32, have been observed in Tregs of severely infected patients
with COVID-19. Among many of the increased “Severe COVID-19 Treg Signature” (SCTS)
transcripts are several members of the tumor necrosis factor (TNF) receptor family, which
play crucial roles in Treg function and homeostasis [84,85]. Additionally, increased expression
of CXCR3 has been observed in the Tregs of severely infected patients with COVID-19 [85].
CXCRS3 receptor for binds to CXCL10 chemokine (member of the CXC chemokine family) to
exert its biological effects. CXCL10 has been shown to be a key biological marker modulating
illness severity and may be used as a prognostic marker for a number of disorders [86].

Recent findings raise two very important questions. First, where do such perturba-
tions/variations come from? They are not brought on by infecting Tregs with viral particles.
Since none of the treatments given to these individuals are correlated with the Treg features,
they seem to be unrelated to therapeutic interventions [20,87]. The immunologic environ-
ment in such individuals is more likely to be the cause of the phenotypic changes, which is
unique to Tregs since Tconvs are much less labeled [87,88]. Additionally, TCR-mediated
stimulation is unlike to stimulate the phenotypic changes, given the extensive impact on
Tregs in the single-cell data [88], which presumably transcends clonotypic specificity, and
the significant loss of Nur77 (NR4A1) [20].

Previous findings indicate that a number of variables are involved, namely IL-6 and
IL-18 (although other variables may also be involved), each of which contributes to a
different feature of the disturbed Treg phenotype. Since IL-6 is often considered a Treg
antagonist and prevents FoxP3 expression by TGF-beta/IL-2 in culture, its effect in this
situation first seems counterintuitive [89]. Recent research has provided a more nuanced
picture of the role of IL-6 in Treg cells, showing that it is necessary for the development
of the RORy+ Treg subsets and may enhance their suppressive properties [90-92]. Tregs
with effective inhibitory functionality is considerably more prevalent in transgenic mice
with persistently higher serum IL-6 concentrations [93], as the recent findings found
perturbations in Tregs of rheumatoid arthritis patients, which might play an important role
in the clinical manifestation of the disease [94]. Hence, direct evaluation of Tregs from the
lungs of COVID-19 patients would have been beneficial.

Additionally, there are other cytokines, such as IL-18, which determine the phenotypic
and functional characteristics of Tregs. IL-18 signaling from epithelial cells to Tregs is
necessary for defense against colitis in the RAG transfer paradigm, and it has been shown
that IL-18 promotes Treg reparative activity through amphiregulin [95,96]. Recent research
suggests that Notch4 and IL-18 signaling work together to regulate pro-reparative effects in
Tregs [97]. A subfraction of Tregs with a preference for thymus-homing exhibits the IL-18
receptor predominantly [98]. Recent research suggests that IL-18 has a larger influence on
Treg cells than only pro-reparative pathways, including a greater range of Treg effector
activities that are represented in module M5 (typical Treg transcripts, such as TNFRSF18
or LRRC32) [20]. Additionally, circulating Tregs from patients with severe COVID-19
exhibit decreased amphiregulin expression, suggesting that some of IL-18’s effects may be
mitigated by other COVID-19 cytokine storm components [20,21].

Second, it is important to note that, these abnormal Tregs contribute to the phys-
iopathology of COVID-19. Patients who had lower levels of FoxP3, fewer Tregs, and less
severe SCTS did better, which brings up the traditional problem of inferring causality from
the association. However, it might be possible that these Tregs are advantageous, regulating
a cytokine storm that would not have been as bad without their extraordinary contribution.
In context to this, a recent investigation on CD8+ T cells from the same patients revealed a
lack of SARS-CoV2-reactive cells in the blood throughout the acute stage, which supports
this theory [51,99]. However, in the absence of FoxP3 expression, Tregs have been shown
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to have pro-inflammatory properties [100], which can be detrimental. Hence, it is difficult
to conclude the exact roles of Tregs’ perturbations during the SARS-CoV-2 infection.
Asymptomatic COVID-19 patients, along with controls, were examined in a recent
study for the expression levels of CTLA4 on the Tregs. CTLA4 is an important immunosup-
pressive activity marker. The research found that CD45RA+FoxP3+ resting Tregs, activated
Tregs, and total Tregs dynamics all were identical [101]. A further investigation examined
the surface expression of the Treg inhibitory marker CD127. When compared to healthy
donors, they discovered that the expression of CD127 was considerably downregulated in
both moderately and severely infected patients with COVID-19. Severely infected patients
who recovered afterward were reported to have decreased levels of CD127 on Tregs [70].
Recently, Benamar et al. (2023) have brought attention to the fact that Multisystem
Inflammatory Syndrome in Children (MIS-C) develops in certain pediatric patients after
acute infection with SARS-CoV-2 via unidentified pathways. They have demonstrated
that Tregs in MIS-C were destabilized through a Notchl-dependent pathway, while acute
COVID-19 severity and outcomes were previously associated with Notch4 expression on
Tregs. Due to dominant-negative mutations in the Notch1 regulators NUMB and NUMBL,
which result in Notchl overexpression, patients with MIS-C displayed enrichment of un-
common detrimental variations impacting the inflammatory and autoimmune pathways,
according to genetic analyses [102]. Tregs that had been stimulated by Notch1 signaling
produced CD22, which was then destabilized by mTORC1 and promoted systemic inflam-
mation. These findings suggest unique immunological checkpoints regulated by individual
Treg Notch receptors that influence the inflammatory outcome in SARS-CoV-2 infection
and reveal a Notchl/CD22 signaling pathway that affects Treg function in MIS-C [102].
These studies suggest that additional studies are required to uncover the vast number of
variations/perturbations in the Tregs of severely infected patients with COVID-19.

5. Tregs Association with Long COVID

According to Guan et al. (2020), the clinical manifestations of SARS-CoV-2 infection
vary from asymptomatic/mild illness to severe pneumonia and respiratory distress syn-
drome, which may eventually result in death [103]. It has been noted that COVID-19
could encompass multi-system comorbidities, such as thrombotic events, vasculitis, and
myocarditis, despite the fact that most patients only perceive mild symptoms such as fever,
sore throat, breathing difficulties, loss of smell and taste, or cough [104,105].

Apart from the above-mentioned manifestations of the COVID-19 disease, severe
immunopathology has been considered an important characteristic in various cases. The
poor prognosis of the SARS-CoV-2 infection or the multiple organ damage is specifically
associated with defective T-cell-mediated immune response, which is characterized by ex-
cessive proinflammatory cytokines, reduced number of lymphocytes, and newly developed
or worsened autoimmune response [23,106]. According to a recent observational cohort
research, one in eight individuals who caught COVID-19 is thought to have symptoms
that last longer than the acute symptomatic period [107]. The World Health Organization
(WHO) describes these sequelae, also known as “long COVID” in common usage today, as
a post-COVID-19 condition that typically manifests three months following a confirmed or
suspected SARS-CoV-2 infection and includes a group of new-onset, prolonged, or varying
ailments that persists for at least two months [108]. According to several studies, the most
prevalent symptoms in this situation include exhaustion, breathlessness, post-exertional
malaise, chronic cough, headache, muscle aches, tachycardia, concentration deficits, and a
decreased quality of life [23,109-111].

Numerous possibilities are now being discussed; however, it is still unclear what patho-
physiological pathways contribute to the emergence and progression of long COVID. More-
over, Merad et al. (2022) proposed that immunopathological mechanisms, including systemic
inflammation with viral persistence, post-viral autoimmune response, microbiome dysbiosis,
and unrepaired tissue damage, may be involved in the pathogenesis of long COVID [112].
Accordingly, it has been shown that impacted individuals show a considerable increase in the
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number of inflammatory markers when compared to those who have recovered, suggesting a
hyperactive and disrupted immune response, especially consisting of T cells [113,114]. But
the interesting fact is that only a few studies have been done on the involvement of Tregs in
patients suffering from long COVID or recovering patients from long COVID. Tregs can be
important components of the immune system that may control and fine-tune autoimmune
responses, promoting immunological homeostasis in the long COVID [23].

Recent investigations examined the percentage of Tregs among CD4+ cells in patients
who still have COVID-19 symptoms and contrasted these to seronegative controls and
COVID-19 survivors [115-117]. The patients who were part of the long COVID group
reported a wide range of symptoms, including headaches, palpitations, insomnia, myalgia,
fatigue, and shortness of breath. It has been postulated that Tregs can play important roles
in the progression of long COVID. Contradictory findings were seen in the two trials that
examined individuals who had persistent symptoms almost a year after the illness. A
recent study found that patients with long COVID have more than two times the number of
Tregs as compared to the fully recovered subjects from COVID-19 [115]. At the same time,
a contradictory observation has recorded a considerable decrease in Tregs concentration in
patients with long COVID [117]. The proportions of Tregs expressing FoxP3 were recorded
in more than 100 patients with long COVID and found to have a reduced number of Tregs
compared to the seronegative controls [116]. However, apart from the change in number,
none of these studies investigated the immunosuppressive activities of Treg cells.

The above studies that collected various samples of blood while recovering from COVID-
19 provide additional evidence for the aforementioned; they found that the intensity of Tregs
displayed by subjects at the second and third follow-ups seemed to be comparable to the
frequency of seronegative subjects than it was during the first analysis [118-120]. In addition,
FoxP3 expression was upregulated in the Tregs obtained from the recovering patients [58].
Although the recruited participants recovered from asymptomatic infections, which may
have initially caused less severe Treg alterations, as suggested by other studies [19,23], the
relevance of this discovery is still unclear. Accordingly, convalescent patients did not exhibit
considerably different Treg levels from acute non-hospitalized subjects [20,121].

The lack of research examining Tregs in a particular cohort makes it impossible to draw
any definitive inferences on the kind of Treg adaptations in long COVID [23]. Nevertheless,
these investigated analyses revealed that Treg dysregulations/perturbations persist in long
COVID patients even years after their original SARS-CoV-2 infection [115]. Furthermore,
other comparative studies found a higher and lower proportion of Tregs among CD4+
cells in patients with residual symptoms compared to recovered subjects [23]. The number
of cells was found to be comparable in terms of the time elapsed from disease onset to
follow-up sampling [23,115].

It is important to keep this in mind while understanding such findings because long
COVID is a heterogeneous and multidimensional condition with a variety of clinical
signs [122]. Previous studies have hypothesized that long COVID may include a num-
ber of symptoms and various sub-diagnoses, many of which have no immunological
basis [123-125]. It is plausible that Treg dysregulation leads to a long COVID-associated im-
munopathology in numerous ways, as a particular pathophysiological mechanism cannot
explain the post-acute consequences of COVID-19 [23,125]. Further, it becomes increasingly
clear that long COVID is not a single diagnosis but rather a group of illnesses with various
pathophysiology components. Therefore, it may be considered that the abovementioned
studies looking at long COVID depicted a mix of distinct illnesses considering the variety of
symptoms shown by the recruited individuals [20,23]. Additional research should explore
whether Treg frequencies and the Th17/Treg ratio are correlated with certain symptom
combinations, as previously suggested, or with laboratory variables like immunological
status, cytokine levels, or autoantibody titers [23].

6. Tregs-Based Therapies and Their Therapeutic Potentials

Many studies have implied that Tregs play a protective role by regulating the ex-
aggerated immune response reported in severely infected patients with COVID-19. The
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deleterious consequences associated with the uncontrolled release of cytokines in severely
infected patients with COVID-19 may be managed by using Tregs’ immunosuppressive
capabilities [21] [Figure 4].
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Figure 4. The figure shows the therapeutic potential of Tregs by suppressing the exaggerated immune
response. SARS-CoV-2 infects the lung epithelial cells by entering through ACE2 receptors. SARS-
CoV-2 infects lung epithelial cells by using ACE2 receptors. As viral RNA enters the cell, it activates
endosomal and cytoplasmic sensors, including TLR3/7 and MAVS. Further, these endosomal and
cytoplasmic receptors activate IRFs and NFkB, resulting in the production of inflammatory cytokines
such as interferons (IFN). Dendritic cells acquire antigen before migrating to lymphoid organs to
activate adaptive immunity. Following the recognition of antigens on antigen-presenting cells (APCs)
or infected cells, CD8 T lymphocytes trigger apoptosis. Additionally, the viral antigens present to
the T cells through antigen processing. Antigen processing is the process through which APCs,
such as dendritic cells and alveolar macrophages, endocytose and kill the SARS-CoV-2 virus. MHC
proteins then express antigen fragments on the cell membrane, enabling T lymphocytes to identify
them. The overstimulated T cells and APCs in severely infected patients lead to excessive secretion of
cytokines/chemokines, which leads to lung damage and ARDS. The balanced concentration of Tregs
can suppress the exaggerated immune response through its immunoregulatory and immunosuppres-
sive activities. In this context, recent studies suggested the beneficial effects of the adoptive transfer
of Tregs in severely infected patients, which is yet to be approved for its clinical safety.
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A potential cellular therapeutic approach for the management of autoimmune dis-
orders and graft-versus-host disease is adoptive Treg transfer [126]. It is crucial to note
that earlier research has shown the efficacy of such an intervention in several preclinical
ARDS models [127]. Additionally, according to mouse models, the transfer of Tregs may
increase the chance that a mouse infected with coronavirus-induced encephalitis would
survive and decrease the amount of cardiac fibrosis that the virus causes [128]. Ex vivo
expanded Treg cells may therefore be able to restore Treg balance in patients with decreased
Treg activity brought along by SARS-CoV-2 infection and subsequently lessen the severity
of life-threatening symptoms by reducing excessive inflammation and suppressing the
uncontrolled release of cytokines/chemokines [21] [Figure 4].

The effectiveness of the adoptive transfer of Tregs derived from allogeneic HLA-
matched umbilical cord was reported, which provided directions for the implementation
of the adoptive transfer of Tregs to manage COVID-19 [129]. In this research, intravenous
allogeneic cord blood-derived Tregs were given to two severely infected patients having
ARDS. The patients were given tocilizumab and vasopressors, while only the first patient
received hydroxychloroquine and broad-spectrum antibiotics before receiving therapy
with Tregs [21,128,129]. The circumstances of both patients significantly improved after
two rounds of cell infusion, which was associated with lower levels of proinflammatory
cytokines such as IL-6, TNF-alpha, IFN-gamma, IL-8, IL-12, and MCP-4 in the blood.
Interestingly, there were no symptoms of an infusion reaction, a resurgence of inflammatory
response, or any additional negative repercussions [129].

Hence, the infusion of Tregs derived from cord blood can be an effective therapeutic
intervention to manage severely infected patients with COVID-19. Another current clini-
cal study (NCT04468971) is evaluating the effectiveness and safety of Tregs usage in the
management of COVID-19 patients [130]. Additionally, hybrid Tregs having characteristics
of TREG/Th2 cells are being investigated in another clinical investigation to alleviate the
inflammatory response in severely infected patients showing the symptoms of multiple or-
gan damage [130]. These hybrid cells have shown the capability to reduce the inflammatory
response and mediate a beneficial impact on respiratory tissues [130,131].

Circulating soluble IL-2 receptor concentrations have been shown to be higher in
severely infected patients with COVID-19 [131,132]. By lowering the bioavailability of IL-2
to Treg cells, soluble IL-2 receptors may limit the development of Treg cells in COVID-19
patients [131]. Previous research has shown that in vivo administration of low-dose IL-2
was able to precisely stimulate Treg expansions in patients with type 1 diabetes and graft-
versus-host disease [133,134]. Such investigations led to the registration of a clinical trial to
examine the effectiveness of low-dose IL-2 in the management of COVID-19 patients with
ARDS [124]. Additionally, a recent study reported that the administration of recombinant
IL-2 (rIL-2) might significantly enhance the frequency of lymphocytes, including Tregs, in
the peripheral blood [135]. Additionally, after receiving rIL-2 therapy, the concentration
of CRP dropped [135], which may contain the deleterious consequences of severe viral
infection.

Additionally, a phase 3 clinical research (NCT04724629) investigating the effectiveness
and durability of treatment using IL-2 or an inhibitor of IL-17 has just been filed for patients
with COVID-19. Nevertheless, clinical observation revealed that patients with severe
and critical conditions had higher levels of soluble IL-2R. This led to the development of
soluble IL-2R as a biomarker for early detection of severe COVID-19 and for estimating
clinical progression [30,136,137]. An elevated concentration of soluble IL-2R may be able to
scavenge IL-2, indicating that low-dose IL-2 therapy was not the best course of action for
treating COVID-19 [138]. According to reports, an anti-human IL-2 (hIL-2) antibody may
change the ratio of effector T cells (Teff) to regulatory T cells (Treg) when it is attached to
hIL-2 [139].

In a mouse model of experimental autoimmune encephalomyelitis (EAE), the IL-2
monoclonal antibody JES6-1 selectively expanded Tregs and reduced inflammation [140].
Autoimmune disorders and inflammatory conditions are caused by an imbalance of Tregs
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vs. other immune cells in living organisms. A JAK 1/2 inhibitor called ruxolitinib has
been shown to boost FOXP3 abundance and Treg frequency while decreasing Th17 fre-
quency [141]. Ruxolitinib therapy in the Phase I/1II study for COVID-19 was finished
in 2021. According to recent research, the transitory breakdown of Treg tolerance may
stimulate DCs and cause them to produce an effective adaptive immune response against
SARS-CoV-2 [142]. Therefore, balancing Tregs and DCs may be a potential approach for
treating COVID-19 [30].

Additionally, several small-molecule-based medications that potentially enhance Tregs
activity may be employed to stave off the cytokine storm brought on by severe viral infec-
tion. Recently, it has been discovered that the GSK3 inhibitor SB216763 might improve the
suppressive effect of hiTregs by increasing the release of IL-10 and reducing proinflamma-
tory iTregs [143]. Another research proposed GSK3 inhibition as a viable treatment strategy
against SARS-CoV-2 [144]. Tregs formation required the PI3K-Akt-mTOR signaling path-
way [145]. In the treatment of Type 1 diabetic patients, rapamycin, an inhibitor of mTOR,
promotes the development of Tregs, simultaneously inhibiting the growth of effector T
cells [146,147]. In this context, rapamycin therapy has the ability to stop the excessive
release of cytokines/chemokines in severely infected patients with COVID-19 [148].

Furthermore, a metabolite of vitamin A called all-trans retinoic acid (atRA) has been
shown to decrease the de novo production of Th17 from naive CD4+ T cells and to pro-
mote the development of Tregs from naive CD4+ T cells [149,150]. AtRA might preserve
the stability and functionality of nTregs in an inflammatory environment in addition to
controlling the balance of Tregs/Th17 [151]. By suppressing 3CLpro activity, AtRA was
also found to have antiviral effects against SARS-CoV-2 [152].

Treg-based treatment has the possibility of using antigen-specific TCR, which might
be guided in the direction of a desired antigen [153]. In animal models of Type 1 diabetes,
arthritis, and transplantation, TCR-Tregs could be grown ex vivo and performed better
than polyclonal Tregs [154-156]. TCR-Treg treatment may offer benefits of a lower dose
but greater effectiveness and has therapeutic benefits in COVID-19 patients by attacking a
distinct antigen of SARS-CoV-2 [30]. Another tactic is the use of CAR-Tregs, which may
attach to tissue-specific self-antigens and focus on suppressive activities on the location
of the illness [157]. In several preclinical models, such as experimental autoimmune
encephalomyelitis and experimental allergic asthma, CAR-Treg treatment has been shown
to be effective [158-160]. CAR-Treg treatment for renal transplantation is currently the
subject of Phase I/1I investigation. Despite receiving a lot of interest in treating tumors
and a number of autoimmune illnesses, COVID-19 has not yet been treated with CAR-Treg
therapy. Potential uses for CAR-Treg in the treatment of SARS-CoV-2 are made possible by
its capacity to generate immunological tolerance [30].

Furthermore, CTLA-4, which is an important functional marker of Tregs, has been
studied to manage COVID-19. The stimulatory receptor CD28'’s ligands CD80 and CD86
interact with CTLA-4 and lessen co-stimulatory signals for T-cells via boosting trans-
endocytosis and the degradation of two ligands [46]. Abatacept, a recombinant Fc-fused
form of CTLA-4 protein, has been used for many years as an immunotherapy for a variety
of autoimmune illnesses since it has been shown to interfere with T-cell signaling and
stimulation [138]. A clinical study using Abatacept for the treatment of COVID-19 patients
was just finished and reported beneficial effects in reducing the inflammatory response.

Recently a clinical study employing the combination of Abatacept and the COVID-19
vaccine was conducted by the University of Alabama. Abatacept may reduce the persis-
tence of viral infection and result in milder symptoms, according to an epidemiological
study [161]. This implies that the use of CTLA-4-based therapy can be an effective ap-
proach to managing patients with COVID-19. TGF-beta, an immunoregulatory molecule
generated from Tregs, is also thought to be a target for SARS-CoV-2 therapy in addition
to CTLA-4. According to Vaz de Paula et al. (2021), TGF-beta may have a role in both the
fluid balance of the lung and the development of lung fibrosis [162]. In order to prevent
the establishment of inflammation in the lungs, inhibiting TGF-beta by neutralizing and
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eliminating TGF-beta using antibodies and/or TGF-beta inhibitors becomes a potential
strategy [163], and this can be employed in the management of COVID-19 patients with
severe lung damage [164].

A range of studies consisting of COVID-19 patients showed that Notch4 expression
was elevated on Tregs and correlated with illness severity, death, and healing. In viral
respiratory illnesses, such as SARS-CoV-2 and influenza, the Notch4-amphiregulin nexus
has been discovered as a presumed target of treatment [165,166]. In order to stabilize
FOXP3 expression and further control the development and function of Tregs, the pathway
of Notch4 and Notch ligand delta-like ligand 4 (DLL4) is discovered to elevate H3K4me3
around the foxp3 locus [167]. The above information shows that disturbing or interfering
along the Notch4-DLL4 axis can be a potential therapeutic approach to treat COVID-19.
It is also important to remember the multiple functions of FOXP3+ Tregs during viral
infection [168,169]. Prior to Treg-based treatment, it is important to thoroughly understand
the continuous fluctuations of Tregs, especially their percentage, suppressive function, and
FOXP3 stability during various phases of COVID-19 [30,170].

7. Conclusions and Future Perspectives

It has been shown that virus-specific T-cell responses, particularly those of regulatory
T cells (Tregs), affect tissue damage in respiratory illnesses. Tregs have been shown to
play an important role in the pathogenesis of COVID-19 because of their wide range
of immunosuppressive activities. Tregs inhibit not only the cells of the innate immune
response, such as dendritic cells, natural killer cells, and macrophages, but also the cells
of the adaptive immune response, including B and T cells. One of the most important
aspects of Tregs in COVID-19 is their capability to limit the excessive release of cytokines
which is the major reason for mortality and morbidity in COVID-19 patients. Increases in
Tregs have been discovered to be a critical feature during the early stages of SARS-CoV-2
infection because they may reduce CD8+ T cells’ ability to mount an effective antiviral
immune response, which can have a negative impact on COVID-19 disease prognosis.
Nevertheless, Tregs have been found to be decreased or non-functional in severely infected
patients with COVID-19. According to many studies, Tregs were elevated in COVID-19
patients and were detrimental to the disease’s development. Contradictorily, cytokine
storm or exaggerated immune response has been linked to lower Treg levels, which leads
to a poor prognosis of the disease. It is currently unclear how the proportion of regulatory
T cells in COVID-19 changed, particularly when taking into account the biphasic roles of
Tregs during the course of the SARS-CoV-2 infection. Tregs are helpful in suppressing
inflammation as the illness advances. Hence, to re-establish antiviral immune responses,
strategies that target Tregs and lessen their suppressive activity may be helpful, particularly
in elderly individuals with immuno-compromised immunity. It is essential to make use of
methods that either induce or enlarge Tregs in these individuals in order to bring down the
level of hyperinflammation and tissue damage.

Severely infected individuals with COVID-19 have also been shown to have alter-
ations in the phenotypic traits of their Tregs, as well as elevated FoxP3 expression and a
distinct transcriptional pattern that is strikingly similar to that of tumor Tregs. In severely
infected patients with COVID-19, typical cell growth and enhanced effector functions,
particularly ENTPD1, LAG3, and LRRC32, have been noted. Scientists are still figuring
out the precise relevance of such perturbations in the Tregs of severely infected patients.
Additionally, why such perturbations arise is yet to be resolved. Interestingly, the roles
of Tregs have been studied in patients with long COVID. Recent analysis has revealed
that Treg dysregulations/perturbations persist in long COVID patients even years after
their original SARS-CoV-2 infection. However, the exact roles are still not clear. However,
there is no doubt that several studies reported the positive results of several Tregs-based
therapeutic interventions. The effectiveness of the adoptive transfer of Tregs has been
reported to alleviate the disease severity. Additionally, a low dose of IL-2 has been found
to be effective in the generation and stimulation of Tregs in severely infected COVID-19
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patients. Many studies have reported the potential uses of CAR-Treg in the treatment of
SARS-CoV-2. Furthermore, many small molecules have been found to induce Tregs, which
can alleviate the cytokine storm. While many studies have shown the therapeutic potential-
ities of Tregs-mediated therapies, it is essential to study the effectiveness of Tregs in detail.
Tregs should be investigated further as possible treatment targets and prognostic indicators
in COVID-19. To draw firmer findings, more research is necessary. This research should
include more patients with moderate and severe disorders as well as proven techniques
for Treg characterization and Tregs’ concentration measurement. Likewise, studies on
individuals who received various COVID-19 immunizations are desperately required to
ascertain if Tregs in blood fluctuate after vaccinations and whether these alterations may
link to the beneficial effects of immunizations.
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ACE2 angiotensin converting enzyme 2

APCs antigen-presenting cells

BCR B cell receptor

BALF bronchoalveolar lavage fluid

COVID-19 coronavirus disease 19

CTLA-4 cytotoxic T lymphocyte associated antigen-4
FoxP3 Forkhead box P3

LAG-3 lymphocyte activation gene 3

MHC major histocompatibility complex

MHC I major histocompatibility complex class II
mAbs monoclonal antibodies

nAbs neutralizing antibodies

pTregs peripheral Tregs

PD-L1 programmed death -ligand 1
SARS-CoV-2  severe acute respiratory syndrome coronavirus 2
Tregs T regulatory cells

tTregs thymic Tregs

TGF-beta transforming growth factor-beta 1

TLRs Toll like receptors

Thl T helper 1

Th2 T helper 2

Th17 T helper 17

TCR T cell receptor
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