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Preface

In the face of unprecedented global challenges brought forth by diseases like COVID-19,

influenza, Varicella virus, and HPV, the scientific community finds itself at the forefront of a battle

against ever-evolving pathogens. The advent of effective vaccines has undoubtedly marked a

significant triumph in the realm of medicine, saving countless lives and preventing the spread of

debilitating illnesses. Yet, this momentous achievement does not signal the end of our journey but

rather a new beginning—a clarion call for continuous exploration and innovation.

This reprint emerges as a beacon guiding researchers, scientists, and medical professionals

through uncharted territories. In this volume, we delve deep into the intricate world of immunization,

where the fusion of bioinformatics and network medicine reshapes our understanding of vaccines’

efficacy, safety, and immunogenicity.

The papers presented in this reprint serve as testaments to the power of interdisciplinary

collaboration. By synergizing the analytical prowess of bioinformatics with the holistic approach of

network medicine, we uncover novel avenues for advancing vaccine research. The critical importance

of this synergy lies not only in enhancing the quality of existing vaccines but also in propelling the

development of groundbreaking ones.

One of the central themes explored within these pages revolves around the pressing need to

sustain vaccine-induced protection against variant strains and breakthrough infections. The urgency

of this matter cannot be overstated. Thus, the contributors to this volume have meticulously studied

existing vaccines and probed into the creation of prioritization campaigns. By understanding the

complex interplay between pathogens, immune responses, and human networks, we pave the way

for more targeted, efficient, and adaptable immunization strategies.

Moreover, this reprint is a testament to our commitment to inclusivity. By examining

age- and sex-based differences in vaccine responses, we aim to ensure that our advancements

in medicine benefit diverse populations equitably. In doing so, we recognize that the quest

for comprehensive healthcare extends beyond scientific innovation—it encompasses societal

responsibility and compassion.

As the editors of this volume, we are profoundly inspired by the dedication and brilliance of the

contributors who have embarked on this intellectual odyssey. Their tireless efforts have illuminated

the path ahead, reminding us that our pursuit of knowledge is boundless. We extend our deepest

gratitude to these trailblazers and to you, our readers, for joining us on this expedition.

Pietro Hiram Guzzi, Marianna Milano, and Jayanta Kumar Das

Editors
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Expression of Toll-like Receptors on the Immune Cells in
Patients with Common Variable Immune Deficiency after
Different Schemes of Influenza Vaccination
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and Mikhail Petrovich Kostinov 1,4

1 Federal State Autonomous Educational Institution of Higher Education I.M. Sechenov First Moscow State
Medical University of the Ministry of Health of the Russian Federation (Sechenov University), Trubetskaya
Str. 8/2, 119991 Moscow, Russia; arseniypoddibikov@gmail.com (A.A.P.); monolit.96@mail.ru (M.P.K.)

2 National Research Center—Institute of Immunology Federal Medical-Biological Agency of Russia, Kashirskoe
Shosse, 24, 115478 Moscow, Russia; tvlat@mail.ru (T.V.L.)

3 Pirogov Russian National Research Medical University, Ostrovitianov Str. 1, 117997 Moscow, Russia
4 Russian Federal State Budgetary Scientific Institution «I.I. Mechnikov Research Institute of Vaccines and

Sera», Malyi Kazenniy Pereulok, 5a, 105064 Moscow, Russia; kate.khromova@mail.ru (E.A.K.)
5 Federal State Budgetary Educational Institution of Higher Education “Samara State Medical University” of
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Abstract: Background: for the first time, the effect of one and two doses of adjuvanted influenza
vaccines on toll-like receptors (TLRs) in patients with common variable immunodeficiency (CVID)
was studied and compared (primary vaccination with one vs. two doses, primary vs. repeated
vaccination). Materials and methods: Six patients received one dose of quadrivalent adjuvanted
influenza vaccine during the 2018–2019 and 2019–2020 influenza seasons, and nine patients with
CVID received two doses of trivalent inactivated influenza vaccine during 2019–2020. Expression
of TLRs was measured by flow cytometry. Results: The expression of toll-like receptors in patients
with CVID was noted both with repeated (annual) administration of the influenza vaccine and in
most cases was accompanied by an increase in the proportion of granulocytes (TLR3 and TLR9),
lymphocytes (TLR3 and TLR8), and monocytes (TLR3 and TLR9). When carried out for the first time
as a simultaneous vaccination with two doses it was accompanied by an increase in the proportion
of granulocytes, lymphocytes expressing TLR9, and on monocytes—TLR3 and TLR9. Conclusion:
in CVID patients, the use of adjuvanted vaccines is promising, and research on the influence of the
innate immunity and more effective regimens should be continued.

Keywords: quadrivalent adjuvanted influenza vaccines; toll-like receptors; influenza; CVID; azoximer
bromide

1. Introduction

Inborn errors of immunity (IEI; primary immunodeficiencies (PIDs)) encompass a
heterogeneous group of orphan diseases (prevalence 1 to 5 in 1000), which are based
on approximately 500 currently known genetic defects of the immune system [1]. The
most common clinical manifestation of IEI is an increased risk of recurrent and potentially
life-threatening infections due to defects of immunological defense mechanisms and its
critical pathway. Immunodeficiencies affecting humoral immunity (antibody synthesis)
engage more than 50% of all diseases in the structure of IEI. The main treatment for
patients with impaired antibody synthesis is lifelong replacement therapy with intravenous
immunoglobulin (IVIG), containing a wide variety of donor class G immunoglobulins that

Viruses 2023, 15, 2091. https://doi.org/10.3390/v15102091 https://www.mdpi.com/journal/viruses
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reduce susceptibility to infectious agents. However, this treatment is not expected to protect
recipients from all currently circulating infections as antibodies to rare or highly variable
infectious agents are often absent in donor plasma [2].

Nowadays many patients with IEI survive into adulthood, and regular and effective
therapy allows them to have a high quality of life that does not differ from healthy people:
they work and study, have hobbies, make friends, and have families. But at the same time,
this active lifestyle in the community leads to frequent contact with respiratory viruses, and
the high susceptibility of IEI patients contributes to exacerbations of chronic sinopulmonary
diseases. That is why we can say that the prevention of infections is particularly acute.

Vaccination is recognized in the whole world as the most effective means of protec-
tion against infectious diseases. Most countries have already implemented vaccination
programs for the population against respiratory infections that help to reduce the risk of
contamination and morbidity, both through the direct protection of each vaccinated indi-
vidual and through the development of herd immunity [3]. However, vaccination coverage
among immunocompromised people still remains below the WHO recommendations, even
in developed countries [4]. This is facilitated by many socially significant factors, such as
the influence of the media, existing misconceptions about the effectiveness and safety of
vaccination, low awareness of medical workers, and the doctor–patient relationship [5].
Additionally, certain features of the pathogens themselves, for example, high mutational
variability, contributes to the risk of pandemics even nowadays.

Over the past 100 years, four influenza pandemics have occurred on the planet, with
the 1918 pandemic, caused by the influenza A/H1N1 virus, being the most devastating
as it claimed the lives of more than 40 million people [6]. The last influenza pandemic
“engulfed” the world in 2009–2010. Therefore, vaccination against the influenza virus still
remains actual and relevant.

Immunization is the only way to form protection against seasonal influenza, not only
in healthy people but also in patients with IEI. In order to reduce morbidity and mortality
from vaccine-preventable infections in immunocompromised patients, for the first time
in 2013 in the guidelines of the American Society of Infectious Diseases and in the world
in 2015, patients with IEI were recommended to undergo annual vaccination against the
influenza virus regardless of the type of the immune defect [7,8]. However, currently
available data on the formation of post-vaccination immunity in this cohort of patients
are limited and in some cases contradictory. It is not only due to different vaccination
schemes, the use of different vaccines, but also because of the various examined parameters
of the immune system. Considering that in patients with IEI there is a need to increase the
effectiveness of vaccines, adjuvant vaccines which enhance a specific immune response are
preferable [9,10].

However, no study has been conducted comparing both immunogenicity of different
influenza vaccination regimens in patients with impaired humoral immunity and the
clinical significance of immunization on the course of the underlying disease of patients
for the purposes of practical health care, and not only from the standpoint of scientific
research. Approximately 10–20% of patients from the most common group of patients with
a defect in the humoral immunity—common variable immune deficiency (CVID)—have a
residual response to vaccination against protein antigens and, to a lesser extent, against
polysaccharide antigens. However, post-vaccination immunity in patients with CVID
has not been sufficiently studied, which is due to the different use of various vaccine
preparations, immunization regimens, determined markers, research methods, and the
lack of clear standards for many indicators of innate immunity. Moreover, the effect
of quadrivalent adjuvant influenza vaccines on the parameters of innate and adaptive
immunity has not been studied.

Innate immunity is the first line of the immune system defense, both in evolutionary
terms and in terms of time response, which develops in the first hours and days after
exposure to a pathogen. The speed of the response is realized through the involvement of
already existing stereotypical mechanisms for recognizing specific molecular structures
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of pathogens. It is the recognition of molecular structures of microbial origin that is the
key component of the immune response that initiates inflammation [11]. This response
is mediated by a special family of receptors that recognize the most common molecular
patterns (PAMPs—pathogen associated molecular patterns) of microorganisms (viruses,
bacteria, parasites, etc.) and are called PRRs (pattern recognition receptors) [12]. PRRs
are genetically stable. Functionally, they can be divided into two groups: endocytic and
signaling. Endocytic PRRs (mannose receptors and scavenger receptors) have been known
in immunology for a long time and provide phagocytosis processes with subsequent
delivery of the pathogen inside the phagosome to lysosomes, providing the start of an
adaptive immune response. Among signaling PRRs are three families of great importance:
toll-like (TLR), nod-like (NLR), and rig-like receptors (RLR). TLRs were the first PRRs to be
identified, and that is why they are the most studied.

Fifteen TLRs have been described in mammals and humans. They are located on
the membrane, in endosomes, or in the cytoplasm of cells that serve as the first line of
defense (neutrophils, macrophages, dendritic, endothelial, and epithelial cells of the skin
and mucous membranes) from pathogens.

TLR1, TLR2, TLR4, TLR5, and TLR6 are expressed on the extracellular surface and
recognize microbial wall components including lipopolysaccharides, lipopeptides, and
flagellin. TLR3, TLR7, TLR8, and TLR9 are mostly located in endosomal compartments; this
arrangement allows these receptors to recognize the DNA and RNA breakdown products of
viral and bacterial origin. TLRs are expressed in a variety of cell types, including monocytes,
phagocytes, dendritic cells, and B cell subpopulations. TLR1, TLR2, TLR6, TLR7, TLR9,
and TLR10 are expressed on human B cells.

While B cells are traditionally considered to play a key role in adaptive immunity
due to their ability to produce antibodies, activation of innate immune receptors also
expressed on B cells provides a co-stimulatory effect that promotes both their function and
survival [13] and the coordination of innate and adaptive immune signals, resulting in a
wide range of cellular responses. Memory B cells are usually formed in germinal centers
in response to T-dependent or T-independent antigens. Like other antigen-presenting
cells, B cells express various TLRs [14,15]—conservative membrane proteins which provide
alternative ways to activate B cells [16].

One of the most powerful stimulators of B cell activation and maturation are endoso-
mal TLRs in connection with single-stranded RNAs or various synthetic agonists (TLR7)
and unmethylated CpG motifs in microbial DNA (CpG DNA) (TLR9) [17]. Binding of
TLR9 by CpG DNA has been shown to activate normal B cells, increase the expression of
costimulatory molecules, trigger the secretion of IL-6 and IL-10, and mediate T independent
isotype switching and production of specific antibodies independent of B cell receptor
(BCR) binding [18–22]. Cross-linking of the B cell receptor (BCR) leads to rapid activation
of their expression. Naive B cells express low levels of TLR while memory B cells constitu-
tively express TLR7, TLR8, and TLR9 at higher levels [23–26]. These differences between
naive and B memory cells are connected with different adaptive functions: memory B
cells express higher levels of TLR and have a more ability to differentiate into plasma cells
via TLR stimulation compared to naive B cells [27]. On the contrary, it is suggested that
prolonged PAMP activation has undesirable consequences for the organism since the TLR
signaling pathway is controlled by a variety of feedback mechanisms [28].

Both in vivo and in vitro experiments have shown that switching of B cells to IgG
isotypes requires the simultaneous presence of at least two signals along with BCR in-
volvement: TLR activation and the involvement of CD40 and/or IFN-alpha [29]. These
observations have led to studies suggesting that TLR activation may provide a long-lasting
stimulus important for maintaining memory B cell proliferation and differentiation into
mature antibody-secreting cells, which are initially induced by BCR and by T cells [30,31].
Binding and activation of TLR7 and TLR9 can serve as a signal for the start of B cell differ-
entiation after antigen stimulation via BCR. However, there are data reporting defects in
TLR7 and TLR9 on B cells from patients with CVID [17]. Since TLR activation seems to be
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an essential mechanism for the activation and subsequent survival of memory B cells [32],
a study of TLR9 defects in patients with CVID revealed that their B cells were not activated
by the CpG ODN ligand even upon costimulation of BCR, as well as by secretion of IL-6
and IL-10; thus, there was no TLR activation, low proliferation of B cells, absence of their
maturation, isotype switching, and production of IgG and IgA [17].

Thus, the exact role of TLRs in B cell biology is not clear: are they necessary for
the development of some normal humoral immunity pathways, or does stimulation of
TLRs serve more as an adjuvant to existing functions? It is believed that TLR signaling
pathways may provide secondary stimuli for B cell development, but other molecular
mechanisms may compensate for defective signaling through these innate receptors [33]. A
more detailed understanding of the innate immune status upon ligand-activated TLRs is
needed to identify specific defects in innate immune responses in CVID patients that may
explain the likely variability in clinical symptoms.

2. Materials and Methods

In an open-label, single-center, non-randomized, prospective, cohort, controlled study
the effect of influenza tetravalent inactivated subunit adjuvanted vaccine on the expression
of endosomal toll-like receptors on immunocompetent cells in healthy volunteers and
patients with CVID using different influenza vaccination schemes were investigated.

2.1. Participants

In 2018, from the registry of the Institute of Immunology that includes all adult patients
with IEI from the whole Russian Federation, 297 outpatient records of patients with IEI
were analyzed, and 203 patients were selected with a diagnosis of CVID, which was
established in accordance with the criteria of the European Society on Immunodeficiency
Disorders (ESID). However, due to the comorbidity of patients and in accordance with strict
criteria for inclusion in the study, as well as the need to relieve exacerbations when patients
were hospitalized, the annual change in the strain composition of influenza vaccines, and
the limited timing of influenza vaccination (autumn–winter period), immunization was
administered to only 15 patients with CVID.

2.2. Inclusion Criteria

• Confirmed diagnosis of CVID in accordance with diagnostic criteria established by
the European Society for Immunodeficiency Diseases and the American Academy of
Allergy, Asthma and Immunology for the diagnosis and treatment of IEI.

• IVIG therapy no later than 28 days before vaccination and no earlier than 21 days after
it; that is, there was a break between two subsequent administrations of immunoglob-
ulins of at least 7 weeks.

• Signed informed consent.
• Excluded causes of secondary hypogammaglobulinemia.
• No symptoms of flu or flu-like illness in the past six months.
• No glucocorticosteroid or other immunosuppressive therapy admission at the time of

the study and 3 months before the start.
• The absence of symptoms of protein-losing enteropathy as well as any suspicion

of oncological or lymphoproliferative disease in patients with CVID at the time of
the study.

• No level of specific antiviral antibodies in protective titers (>1:40) in pre-vaccination
blood samples.

• Individuals with cognitive or behavioral impairments, psychiatric disorders, or alcohol
abusers that could preclude participation in the study were excluded.

• Vaccination against any other infections within 1.5–2 months prior to enrollment in
the study.
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• All contraindications for use in accordance with the instructions (a history of allergy
to egg whites or any component of the study vaccine, symptoms of acute infection at
the time of vaccination, pregnancy, etc.) were followed.

2.3. Vaccination Schemes

Thus, in the 2018–2019 influenza season at the Department of Immunopathology in the
National Research Center—Institute of Immunology Federal Medical-Biological Agency
of Russia and in the laboratory of the Mechanisms of Immune Regulation in Mechnikov
Research Institute of Vaccines and Sera of the Ministry of Health of the Russian Federation
in Moscow, 6 patients with a diagnosis of CVID were involved in the study. They received a
single dose (0.5 mL) of a quadrivalent subunit adjuvant vaccine (aQIV) against the influenza
virus “Grippol Quadrivalent” (NPO Petrovax Pharm LLC, Moscow, Russia). Exactly one
year later 5 out of these 6 patients were re-vaccinated with the trivalent subunit adjuvant
influenza virus vaccine Grippol Plus (NPO Petrovax Pharm LLC, Russia) from the Grippol
family of vaccines. The mean age of patients with CVID was 36.6 ± 2.03 years. In the next
2019–2020 influenza season 9 more patients with CVID were immunized simultaneously
with a double dose (2 × 0.5 mL) of the trivalent subunit adjuvant influenza virus vaccine
(aTIV) Grippol Plus.

Thirty-two healthy volunteers aged 19 to 48 years (32.56 ± 1.67 years) in the 2018–2019
season were also vaccinated with a single dose of aQIV according to the same schemes as
patients with CVID and served as a control group to determine the working concentrations
for immunological parameters. All participants had not been vaccinated against influenza
in the previous two seasons (2016–2017, 2017–2018), nor were there any confirmed cases of
influenza reported.

2.4. Used Vaccines

Grippol Quadrivalent (NPO Petrovax Pharm LLC, Moscow, Russia) and Grippol
Plus (NPO Petrovax Pharm LLC, Moscow, Russia) vaccines were available for immu-
nization of people aged 18 to 60 years during the 2018–2019 and 2019–2020 flu season,
respectively, and included strains that met the 2018–2019 WHO recommendations for the
northern hemisphere for quadrivalent vaccines (A/Michigan/45/2015 (H1N1)pdm09-like
virus; A/Singapore/INFIMH-16-0019/2016 (H3N2)-like virus; B/Colorado/06/2017-like
virus (B/Victoria/2/87lineage); B/Phuket/3073/2013-like virus (B/Yamagata/16/88 lin-
eage)), and in 2019–2020 for trivalent vaccines (A/Brisbane/02/2018 (H1N1)pdm09-similar
virus; A/Kansas/14/2017 (H3N2)-like virus; B/Colorado/06/2017-like virus (lineage
B/Victoria/2/87)). The vaccines contained 5 μg of hemagglutinin of each included in-
fluenza strain and 500 μg of azoximer bromide (without preservative). The key benefit
of the vaccine is a three-fold decreased amount of hemagglutinin protein as compared to
traditional technologies due to the use of Polyoxidonium (azoximer bromide)—a water-
soluble, high-molecular immune system adjuvant that enhances the immune response
to vaccination.

2.5. Methods

The expression of TLRs on granulocytes (CD45+CD15+), lymphocytes (CD45+CD19+),
and monocytes (CD45+CD14+) in the peripheral blood in patients with CVID and healthy
patients before vaccination and 24 ± 3 days after was studied in vitro by flow cytometry
using mAbs to TLR3-PE, TLR8-FITC, and TLR9-PE (e-Bioscience, San Diego, CA, USA) on
the Cytomix FC 500 flow cytometer (Beckman Coulter, Indianapolis, IN, USA) according to
the method described in the manufacturer’s instructions.

The study was conducted according to the Russian Federation National Standard
Protocol ГOCTP 52379-2005 Good Clinical Practice and International GCP standards [34].
The study was based on the ethical principles and recommendations of the WHO and the
Russian Ministry of Health.
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2.6. Statistics

Checking the normality of the distribution of signs was carried out by the Shapiro–
Wilk normality test. As a result, significant deviations from the normal distribution were
revealed in the distribution of signs. Analysis of the dynamics of signs and comparison
between study groups was carried out using the construction of a robust linear mixed
effects model (RLMEM) [35]. The statistical significance of the model coefficients was
determined using Satterthwaite’s degrees of freedom approximation [36]. A posteriori
comparisons (between groups at control points and between control points for each group)
were carried out by constructing the corresponding contrasts based on the calculated model
using the emmeans package [37].

When comparing the formation of post-vaccination immunity after the primary vac-
cination with one and two doses, the time after the introduction of the vaccine prepara-
tion (24 ± 3 days) and one or two doses of the vaccine were determined as fixed factors,
individual patients were set as accidental factors. When comparing the formation of post-
vaccination immunity after primary and after re-vaccination with a single dose of the
drug, the time after the introduction of the vaccine drug (24 ± 3 days), and the stage of
vaccination (primary/revaccination), individual patients were determined as fixed factors
(the associated nature of the samples was taken into account both in time and stages of
vaccination) were given as random factors. Comparison of delta cell number changes
between study groups was performed using the Mann–Whitney test for unrelated samples
(one and two doses of vaccine) and using the paired Wilcoxon test for related samples
(primary and revaccination with one dose).

Differences were considered statistically significant at p ≤ 0.05 and insignificant
at p ≥ 0.10; in intermediate cases (0.05 < p < 0.1), trends towards differences were dis-
cussed [38]. Calculations and graphical constructions were made using the GraphPad
Prism program (v.9.3.0 licensed GPS-1963924) and the statistical environment R (v.3.6, GNU
GPL2 license).

3. Results

No one in the control nor the CVID groups came down with influenza virus infection
within the 24 days post-vaccination in the 2018–2019 and 2019–2020 seasons.

3.1. Comparing the Content of TLR3, TLR8, and TLR9 in Patients with CVID after the Primary
Vaccination and a Year Later with One Dose of the Quadrivalent Vaccine
3.1.1. Granulocytes

The proportion of granulocytes expressing TLR3 and TLR9 after the primary vacci-
nation decreased statistically significantly—from 93.8 (91.3–95.0)% to 89.5 (81.9–91.1)%
(p = 0.03) and from 93.6 (92.4–96.9)% to 86.0 (81.0–91.4)% (p = 0.001), respectively. A year
after the primary vaccination, these indicators remained statistically significantly lower
than the initial values: 87.0 (69.4–89.0)% for TLR3 (p < 0.001) and 87.1 (80.0–88.3)% for TLR9
(p = 0.001). After the second vaccination one year after the primary, there was a statistically
significant increase in the percentage of granulocytes expressing TLR3 and TLR9, in relation
to the values before the second vaccination—up to 92.2 (84.4–93.9)% for TLR3 (p = 0.02)
and 94.2 (86.5–98.0)% for TLR9 (p = 0.001). Thus, as a result of the primary vaccination
and repeated vaccination one year after, the proportion of granulocytes expressing TLR3
(Figure 1a) and TLR9 (Figure 1b) did not change statistically significantly relative to the
initial level.
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(a) 

 

(b) 

Figure 1. Percentage of granulocytes expressing TLR3 and TLR9 in patients with CVID at different
stages of vaccination with a single vaccine dose (individual values as well as the median and
interquartile range are given). p-value for comparing TLRs expression at different stages of vaccination
(before vs. 24 ± 3 days after immunization with one vaccine dose during primary vs. a year later
vaccination). * Statistically significant differences between different stages of vaccination at p ≤ 0.05
level. ** statistically significant differences between different stages of vaccination at p < 0.01 level.
*** statistically significant differences between different stages of vaccination at p < 0.001. A robust
linear mixed effects model was used for calculations.

However, it is worth noting the changes in these indicators after primary and second
vaccination: a decrease after the primary vaccination (5.6 [17.8; 0.1]% for TLR3 and 8.8 [12.9;
3]% for TLR9) and growth after the second vaccination (+6.4 [6.7; +24]% for TLR3 and +8.3
[5.9; +21.1]% for TLR9), p = 0.04 and p = 0.02, respectively), compared with changes after
the primary vaccination (Figure 2a,b).
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( ) (b) 

Figure 2. Delta (Δ—difference between the parameters before and 24 ± 3 days after vaccination) of
the percentage of granulocytes expressing TLR3 and TLR9 in patients with CVID vaccinated with
a single vaccine dose (individual values as well as the median and its 95% confidence interval are
given). p-value for comparing delta of the percentage of granulocytes expressing TLR3 and TLR9
during primary and a year later vaccination. *—statistically significant differences between changes
after primary and second vaccination at p ≤ 0.05 level. Mann–Whitney test was used.

The percentage of granulocytes expressing TLR8 (data not shown) did not show
statistically significant changes during the primary vaccination and repeated vaccination
one year after and was 93.7 (85.2–96.0)% initially and 89.4 (88.2–93.0)% 24 ± 3 days after
repeated vaccination.

3.1.2. Lymphocytes

The percentage of B-lymphocytes expressing TLR3 and TLR8 shows similar dynamics
during immunization: no changes after the primary vaccination (p = 0.51 for TLR3 and
p = 0.41 for TLR8) and an increase after the second vaccination (Figure 3a,b). The proportion
of lymphocytes expressing TLR3 increased by 2.7 [1.04; +12.7]% in relation to the level
before the second vaccination (from 0.60 (0.25–1.85)%, p < 0.001) and by 2.6 [0; +13.9]% in
relation to the initial level (from 0.25 (0.09–1.73)%, p < 0.001). The proportion of lymphocytes
expressing TLR8 increased by 1.8 [9.6; +10.2]% comparatively to the level before the second
vaccination (from 0.48 (0.30−5.66)%, p = 0.08) and by 1.9 [1.4; +8.6]% comparatively to the
initial level (from 0.25 (0.10−1.85)%, p = 0.02).

( ) 

Figure 3. Cont.
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(b) 

(c) 

Figure 3. Percentage of lymphocytes expressing TLR3, TLR8, and TLR9 in patients with CVID at
different stages of vaccination with a single vaccine dose (individual values as well as the median
and interquartile range are shown). p-value for comparing TLRs expression at different stages of
vaccination (before vs. 24 ± 3 days after immunization with one vaccine dose during primary
vs. a year later vaccination). � Differences between different stages of vaccination at the p < 0.10
trend level. * Statistically significant differences between different stages of vaccination at p ≤ 0.05
level. ** Statistically significant differences between different stages of vaccination at p < 0.01 level.
*** Statistically significant differences between different stages of vaccination at p < 0.001. A robust
linear mixed effects model was used for calculations.

Thus, changes in the proportion of lymphocytes expressing TLR3 and TLR8 after
primary and after the second vaccination differ (p = 0.05 for TLR3 and p = 0.08 for TLR8):
there is no change after the primary vaccination and an increase after the second vaccination,
one year later (Figure 4a,b).
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( ) (b) 

 

Figure 4. Delta (Δ—difference between the parameters before and 24 ± 3 days after vaccination) of
the percentage of lymphocytes expressing TLR3 and TLR8 in patients with CVID vaccinated with
a single vaccine dose, at various stages of vaccination (individual values are given, median and its
95% confidence interval). p-value for comparing delta of the percentage of lymphocytes expressing
TLR3 and TLR8 during primary and a year later vaccination. �—differences between changes after
primary and second vaccination one year later at the p < 0.10 trend level. *—statistically significant
differences between changes after primary and second vaccination one year later at p ≤ 0.05 level.
Mann–Whitney test was used.

The percentage of lymphocytes expressing TLR9 (data not shown) shows slightly
different dynamics—no changes after the primary vaccination, but a statistically significant
increase after a year (by +5.9 [+0.8; +16.4]% to 5.70 (0.70–11.45)%, p = 0.01 compared to
initial) (Figure 3c). After the second vaccination one year later, the proportion of lympho-
cytes expressing TLR9 did not change statistically significantly (p = 0.15 relative to the level
before revaccination) and remained higher than the initial level (p < 0.001).

3.1.3. Monocytes

The proportion of monocytes expressing TLR3 and TLR9 after the primary vacci-
nation decreased statistically significantly: by 25.1 [71.3; +0.4]% from 53.1 (22.8–75.6)%
to 7.3 (2.7–44.0)% for TLR3 (p = 0.01) and by 23.2 [66.7; 5.5]% from 66.1 (35.3–80.8)% to
6.3 (1.6–73.0)% for TLR9 (p < 0.001). One year later, the proportion of monocytes express-
ing TLR3 and TLR9 increased slightly (up to 22.1 (5.1–35.7)% for TLR3 and up to 32.9
(22.6–44.1)% for TLR9) but still remained below the initial levels (p = 0.05 and p = 0.04,
respectively). A statistically significant increase was observed after the second vaccination
(relative to the level before the second vaccination): by +20.9 [1.6; +62.4]% to 45.4 (28.7
62.8)% (p = 0.04) for TLR3 and by +12.6 [8.6; +30.2]% to 50.2 (33.2 64.6)% for TLR9 (p = 0.05).
As a result of the increase after the second vaccination, the percentage of monocytes ex-
pressing TLR3 and TLR9 became comparable to the initial level (p = 0.89 for TLR3 and
p = 0.40 for TLR9) (Figure 5a,b).
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( ) 

 

(b) 

(c) 

 
Figure 5. Percentage of monocytes expressing TLR3, TLR8, and TLR9 in patients with CVID at
different stages of vaccination with a single vaccine dose (individual values as well as the median
and interquartile range are shown). P-value for comparing TLRs expression at different stages of
vaccination (before vs. 24 ± 3 days after immunization with one vaccine dose during primary vs.
a year later vaccination). � Differences between different stages of vaccination at the p < 0.10 trend
level. * Statistically significant differences between different stages of vaccination at p ≤ 0.05 level.
*** Statistically significant differences between different stages of vaccination at p < 0.001. A robust
linear mixed effects model was used for calculations.
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The proportion of monocytes expressing TLR8 also decreased 24 ± 3 days after
the primary vaccination: by 34.9 [78.7; +1.6]% from 67.5 (13.9–87.4)% to 7.4 (4.6–24.7)%,
p < 0.001. But a year after the primary vaccination (before the second vaccination), there was
an increase to 41.9 (25.4–58.2)% (p = 0.07 relative to the level after the primary vaccination).
A total of 24 ± 3 days after the second vaccination, the proportion of monocytes expressing
TLT9 was 55.6 (42.3–60.9)%; there were no significant changes compared to the level before
the second vaccination (p = 0.82); it remained comparable to the initial level (p = 0.82)
and was statistically significantly higher than the value after the primary vaccination
(p = 0.02) (Figure 5c).

The percentage of lymphocytes expressing TLR9 (data not shown) shows slightly
different dynamics—no changes after the primary vaccination, but a statistically significant
increase after a year (by +5.9 [+0.8; +16.4]% to 5.70 (0.70–11.45)%, p = 0.01 compared to
initial) (Figure 3c). After the second vaccination one year later, the proportion of lympho-
cytes expressing TLR9 did not change statistically significantly (p = 0.15 relative to the level
before revaccination) and remained higher than the initial level (p < 0.001).

It is worth noting the statistically significant multidirectional nature of changes af-
ter the primary and after the second vaccination for all examined TLRs on monocytes
(p = 0.02 for TLR3, p = 0.01 for TLR8, and p = 0.006 for TLR9): a decrease after the pri-
mary vaccination and increase (or no change, as in the case of TLR8) after the second
vaccination (Figure 6a–c).

(a) 

 

  

(b) (c) 

Figure 6. Delta (Δ—difference between the parameters before and 24 ± 3 days after vaccination) of
the percentage of lymphocytes expressing TLR3, TLR8, and TLR9 in patients with CVID vaccinated
with a single vaccine dose at various stages of vaccination (individual values are given as well as the
median and its 95% confidence interval). p-value for comparing delta of the percentage of monocytes
expressing TLR3, TLR8, and TLR9 during primary and a year later vaccination. �differences between
changes after primary and second vaccination one year later at the p ≤ 0.10 trend level. *—statistically
significant differences between changes after primary and second vaccination one year later at
p ≤ 0.05 level. Mann–Whitney test was used.
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3.2. Comparing the Content of TLR3, TLR8, and TLR9 in Patients with CVID after
Administration of One Dose and Simultaneously Two Doses of the Adjuvanted Influenza Vaccine
3.2.1. Granulocytes

After vaccination with one dose, there was a statistically significant decrease in the
proportion of granulocytes expressing TLR9, from 93.6 (92.4–96.9)% to 86.0 (81.0–91.4)%
(p = 0.05) and at a borderline level of significance expressing TLR 3, from 93.8 (91.3–95.0)%
to 89.5 (81.9–91.1)% (p = 0.08) (Figure 7a,b). While after vaccination with two doses, the
proportion of granulocytes expressing TLR9 was statistically significantly higher than after
vaccination with one dose—96.7 (90.4–98.1)% vs. 86.0 (81. 0–91.4)% (p = 0.02). The delta
change in the proportion of granulocytes (relative to the initial level) expressing TLR3 and
TLR9 was 5.6 [9.8; 1.0]% and 8.8 [12.2; 3.2]% with one dose of the vaccine and +3.5 [2.9;
+19.4]% and +4.5 [0.7; +26.5]% after vaccination with two doses (p = 0.11 for TLR3 and
p = 0.03 for TLR9 compared with one dose) (Figure 8a,b).

(a) 

(b) 

Figure 7. Percentage of granulocytes expressing TLR3 and TLR9 in patients with CVID after ad-
ministration of single and double doses of adjuvanted influenza vaccine initially and 24 ± 3 days
after immunization (individual values as well as the medians and interquartile range are given).
p-value for comparing TLRs expression at different stages of vaccination (before vs. 24 ± 3 days
after immunization with one vs. two vaccine doses. #—statistically significant differences between
vaccination with one and two doses at the p ≤ 0.05 level. •—differences before and after vaccination
at the p < 0.10 trend level. *—statistically significant differences before and after vaccination at
p ≤ 0.05 level. A robust linear mixed effects model was used for calculations.
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( ) (b) 

Figure 8. Delta (Δ—difference between the parameters before and 24 ± 3 days after vaccination) of
the percentage of granulocytes expressing TLR3 and TLR9 in patients with CVID vaccinated with
single and double doses (individual values as well as the median and its 95% confidence interval).
p-value for comparing delta of the percentage of granulocytes expressing TLR3 and TLR9 after one
vs. two vaccine doses administration. *—statistically significant differences between vaccination with
one and two doses at the p ≤ 0.05 level. Mann–Whitney test was used.

The percentage of granulocytes expressing TLR8 (data not shown) did not change
significantly before or after vaccination and did not depend on the number of doses; it
showed comparable dynamics for one and two doses. The medians were (before and
after vaccination, respectively) 93.7 (85.2–96.0)% and 88.9 (85.7–91.0)% after one dose, 94.5
(82.7–99.1)% and 89.8 (84.8–97.9)% after two doses of the vaccine.

3.2.2. Lymphocytes

After vaccination with two doses, there was a statistically significant increase in the
proportion of lymphocytes expressing TLR9, from 2.70 (0.40−6.60)% to 15.40 (1.90−26.75)%
(p = 0.02). No such changes were observed after vaccination with one dose. A total
of 24 ± 3 days after vaccination with two doses, the proportion of lymphocytes express-
ing TLR9 was higher than after vaccination with one dose: 15.40 (1.90–26.75)% vs. 0.30
(0.05–1.28)% (p < 0.001) (Figure 9).

Figure 9. Percentage of lymphocytes expressing TLR9 in patients with CVID after administration of
single and double doses of adjuvanted influenza vaccine initially and 24 ± 3 days after immunization
(individual values as well as the medians and interquartile range are given). *—statistically significant
differences before and after vaccination at p ≤ 0.05 level. #—statistically significant differences
between vaccination with one and two doses at the p ≤ 0.05 level. A robust linear mixed effects
model was used for calculations.

14



Viruses 2023, 15, 2091

The change in the proportion of lymphocytes expressing TLR9 as a result of vaccination
with two doses was +11 [+1.5; +29.4]%, and as a result of vaccination with one dose it was
0.1 [0.3; +0.3]%, in which the differences were statistically significant (p = 0.05) (Figure 10).

 
Figure 10. Delta (Δ—difference between the parameters before and 24 ± 3 days after vaccina-
tion) of the percentage of lymphocytes expressing TLR9 in patients with CVID vaccinated with
single and double doses (individual values as well as the median and its 95% confidence interval).
*—statistically significant differences between vaccination with one and two doses at the p ≤ 0.05
level. Mann–Whitney test was used.

The percentage of lymphocytes expressing TLR3 and TLR8 did not change statisti-
cally significantly during vaccination, was independent of dose, and showed comparable
dynamics for one and two doses.

3.2.3. Monocytes

As a result of vaccination with two doses, the initial level of monocytes expressing
TLR3 and TLR9 increased by +10.7 [2.7; +29.2]% from 16.2 (9.3–27.8)% to 31.2 (17.3–39.1)%
(p = 0.05) and by 21.4 [+7.0; +51.3]% from 38.4 (16.0–42.6)% to 49.2 (30.8–73.0)% (p = 0.04),
respectively, while after vaccination with one dose the decrease in these parameters was
25.1 [45.6; +0.2]% from 53.1 (22.8–75.6)% to 7.3 (2.7–44.0)% (p < 0.001 for TLR3) and by
23.3 [57.6; 7.8]% from 66.1 (35.3–80.8)% to 6.3 (1.6–73.0)% (p = 0.01 for TLR9) (Figure 11a,b).
The rate of change in the proportion of monocytes expressing TLR3 and TLR9 as a result
of vaccination between the one- and two-dose groups differed statistically significantly
(p = 0.01 in both cases) (Figure 12a,b).

As a result of vaccination with both one and two doses, the proportion of mono-
cytes expressing TLR8 decreased statistically significantly—by 34.9 [67.0; 15.4]% from 67.5
(13.9–87.4)% to 7.4 (4.6–24.7)% (p < 0.001) in the single-dose group and by 39.0 [58.3; 10.3]%
from 59.4 (26.2–62.2)% to 7.2 (1.5–23.1)% in the two-dose group (Figure 12c).

The intensity of the reduction (delta of the percentage) was not statistically significantly
different between the one-dose and two-dose groups (p = 0.96).
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( ) 

 

(b) 

 

(c) 

 
Figure 11. Percentage of monocytes expressing TLR3, TLR8, and TLR9 in patients with CVID after
administration of single and double doses of adjuvanted influenza vaccine initially and 24 ± 3 days
after immunization (individual values as well as the medians and interquartile range are given).
p-value for comparing TLRs expression at different stages of vaccination (before vs. 24 ± 3 days
after immunization with one vs. two vaccine doses). #—statistically significant differences between
vaccination with one and two doses at the p ≤ 0.05 level. *—statistically significant differences
before and after vaccination at p ≤ 0.05 level. ***—statistically significant differences before and after
vaccination at p < 0.001 level. A robust linear mixed effects model was used for calculations.
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(b) 

( ) 

 

  

Figure 12. Delta (Δ—difference between the parameters before and 24 ± 3 days after vaccination) of
the percentage of monocytes expressing TLR3, TLR8, and TLR9 in patients with CVID vaccinated with
single and double doses (individual values as well as the median and its 95% confidence interval).
P-value for comparing delta of the percentage of monocytes expressing TLR3, TLR8, and TLR9 after
one vs. two vaccine doses administration. *—statistically significant differences between vaccination
with one and two doses at the p ≤ 0.05 level. Mann–Whitney test was used.

To summarize, after vaccination with one dose there was a decrease in most indicators
(the proportion of granulocytes expressing TLR3 and TLR9 and the proportion of monocytes
expressing TLR3, TLR8, and TLR9), while after vaccination with two doses, on the contrary,
an increase in some indicators was observed (the proportion of lymphocytes expressing
TLR9, and the proportion of monocytes expressing TLR3 and TLR9).

3.3. Comparing the Content of TLR3, TLR8, and TLR9 in Healthy Volunteers after Vaccination
with One Dose of the Quadrivalent Vaccine

On the granulocytes there were no dynamics in the level of TLR expression: TLR3
was 91.65 (88.13–96.63)% and after vaccination it became 93.35 (90.7–95.53)% (p = 0.57);
TLR9 was 92.7 (87.3–95.3)% and after vaccination it became 91.55 (88.65–95.3)% (p = 0.67);
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and TLR8 was 86.5 (79.9–92.4)% before and became 85.03 (80.3–86.5)% (p = 0.27) after
vaccination (Figure 13).

  

Figure 13. Percentage of granulocytes expressing TLR3, TLR8, and TLR9 in healthy volunteers after
vaccination with one dose of the quadrivalent vaccine (individual values as well as the median and
interquartile range are shown). Wilcoxon test for related samples was used.

On lymphocytes there was a statistically significant increase: TLR3—from 0.10 (0–0.2)%
up to 0.15 (0.1–0.225)% (p = 0.03), TLR8—from 0.1 (0–0.2)% up to 0.2 (0.1–0.3)% (p = 0.05),
and TLR9—from 0.1 (0–0.1)% up to 0.15 (0.1–0.3)% (p = 0.02) (Figure 14).

   

Figure 14. Percentage of lymphocytes expressing TLR3, TLR8, and TLR9 in healthy volunteers after
vaccination with one dose of the quadrivalent vaccine (individual values as well as the median and
interquartile range are shown). *—p ≤ 0.05. Wilcoxon test for related samples was used.

On monocytes there is also a statistically significant increase: TLR3—from 8.6 (4.7–23.7)%
to 23.6 (12.5–32.15)% (p = 0.03), TLR8—from 6.2 (2.8–17)% up to 15.25 (8.3–25.3)% (p = 0.05),
and TLR9—from 12.45 (4.15–24.98)% up to 19.25 (9.7–43.98)% (p = 0.04) (Figure 15).
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Figure 15. Percentage of monocytes expressing TLR3, TLR8, and TLR9 in healthy volunteers after
vaccination with one dose of the quadrivalent vaccine (individual values as well as the median and
interquartile range are shown). *—p ≤ 0.05. Wilcoxon test for related samples was used.

4. Discussion

Immunodeficiencies affecting humoral immunity represent a heterogeneous group
of diseases, of which CVID is the most common. Common variable immune deficiency
(CVID) is a primary immunodeficiency, a rare disease, diverse in clinical manifestations
(phenotypes), and characterized by hypogammaglobulinemia [9]. Despite the fact that
variants of monogenic forms of CVID have already been described, the mode of inheritance
is mainly polygenic [9,39]. Clinical manifestations of CVID include primarily recurrent
sinopulmonary infections, but patients also have an increased susceptibility to developing
cancer, autoimmune, or inflammatory diseases. Autoimmune disorders are diagnosed in
approximately 20–25% of patients with CVID [40].

The main laboratory sign of CVID is the inability of B cells to produce antibodies, and
the main therapy is immunoglobulin replacement therapy to fight infections. Decades ago,
Hermans et al. [41] were the first to describe the absence of vaccine-specific antibody syn-
thesis in a cohort of patients with CVID. Subsequently, inadequate response to vaccination
became one of the key diagnostic criteria.

At the moment, it is not completely known whether vaccination with inactivated
vaccines against viral infections can have a sufficient preventive effect in patients with
CVID, since large cohort studies have not been conducted due to the rare occurrence of this
pathology in the population, as well as the delay in diagnosis for decades [42].

However, data obtained in recent years have led to a revision of the position on
vaccination of patients with IEI. Currently, vaccination against respiratory infections is
recommended for all patients by the same scheme as in the healthy population [7]. There is
currently no reliable data on whether the immune response in patients with CVID will be
sufficient (protective), and therefore the study of the feasibility of vaccination specifically
against viral infections becomes even more relevant.

Our study compared the effectiveness of influenza vaccination in patients with CVID
with one dose of quadrivalent adjuvanted and two doses of trivalent adjuvanted influenza
vaccine without IVIG immunotherapy for 7 weeks. An immune response was expected
due to the presence of an adjuvant in the vaccines that activates innate immune factors, as
well as the expanded spectrum of antigens in the vaccine, in contrast to the study using the
monovaccine Pandemrix [43].

Toll-like receptors (TLRs) play an important role in the formation of the post-vaccination
immune response. TLRs are pattern recognition receptors (PRRs) that play a key role in the
elimination of microbial agents. They initiate a series of signal cascades, constituting the
primary line of defense against microorganisms through the recruitment of phagocytes or
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activation of dendritic cells [13,14,44]. Additionally, these signals trigger the maturation of
dendritic cells, thereby orchestrating the secondary immune response known as acquired
immunity. These are conserved membrane proteins that provide alternative modes of
B cell activation. TLRs are expressed in a variety of cell types, including monocytes,
phagocytic cells, dendritic cells, and B cell subsets. TLRs have established roles in the
physiological regulation of pro-inflammatory cytokine production, essential for mounting
immune responses against bacterial, fungal, and viral infections [45]. For example, TLR3
plays a pivotal role in cross-priming naive CD8 T cells, which subsequently differentiate into
the cytotoxic T cells crucial for eliminating virus-infected cells [46,47], and the stimulation
of TLR2, TLR4, and TLR9 results in respiratory burst and altered expression of adhesion
molecules [48,49].

Dendritic cell activation is primarily associated with TLR2, TLR3, TLR4, TLR7, and
TLR9. TLRs significantly contribute to the activation of antigen-presenting cells, not only
by inducing pro-inflammatory cytokine production but also by enhancing the expression
of various co-stimulatory molecules necessary for effective antibody recognition [50,51].
Furthermore, TLRs govern the dendritic cell maturation and antigen-presenting func-
tion [52] that is very important and plays a crucial role in susceptibility of patients with
CVID toward infections. Studies have reported that influenza vaccines activate innate
effectors—comprising both myeloid and lymphoid lineages of dendritic cells, which con-
stitute the first line of defense against infections [53].

Besides its beneficial effects on a host’s innate immune responses, the influenza vaccine
also includes enhancement of phagocytosis and its anti-toxic effects, such as the reduction
in free radicals [54].

In 2022 there was an analysis conducted of the safety and immunogenicity profile
of an azoximer bromide polymer-adjuvanted subunit influenza vaccine, which included
trials performed between 1993 and 2016 and comprised 11,736 participants aged between
6 months and 99 years [55]. It showed that Grippol family vaccines induced antibody
production in both children and adults up to 60 years at levels similar to vaccines with the
standard amount of HA. In another study of the influence of adjuvanted vaccines with
azoximer bromide on the effectors of inborn immunity it was shown that all evaluated (split,
subunit, and adjuvanted) influenza vaccines elicited a statistically significant (p < 0.05)
increase in the counts of granulocytes expressing TLR2, TLR6, TLR8, and TLR9 in peripheral
blood mononuclear cell (PBMC) cultures when compared to unstimulated cells [56]. But
unlike “classic” vaccines, adjuvanted vaccine showed high induction potential on TLR9-
and TLR8-expressing cells, compared to the subunit vaccine (p = 0.012 and p < 0.001,
respectively) and split vaccine (p = 0.003 and p < 0.001, respectively) possibly because of
the co-stimulating effect of the adjuvant in the adjuvanted vaccine.

We studied expressions of TLR3, TLR8, and TLR 9, which like TLR7, are mainly
located in the endosomal compartment; this location allows these receptors to recognize
DNA and RNA breakdown products of viral and bacterial origin. TLR9 is expressed on
human B cells. Activation of TLR3 on peripheral blood mononuclear cells, which include
lymphocytes (T, B, and NK cells), monocytes and dendritic cells, as well as fibroblasts in
CVID, leads to normal production of IFN-α and IFN-β, potentially providing adequate
protection against viruses.

Our study also obtained data on the activation of TLR3 expressed on granulocytes
and lymphocytes after repeated administration of one dose of adjuvanted influenza vac-
cine (as is recommended according to present guidelines—annually) and on monocytes
upon administration of two doses simultaneously and, conversely, the absence of TLR3
activation upon the first vaccination with one dose. Consequently, annual vaccination
against influenza using the same adjuvanted vaccine contributes to temporary nonspecific
prevention of respiratory infections [57–63]. Simultaneous administration of two doses of
vaccines also contributes to TLR3 expression which is observed only on monocytes, and,
probably, the protective effect against other respiratory infections may be less pronounced.
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One of the most powerful stimulators of B cell activation and maturation are endoso-
mal toll-like receptors, the agonists of which are single-stranded RNA or various synthetic
agonists (TLR7) and unmethylated CpG motifs in microbial DNA (CpG DNA) (TLR9),
respectively [64]. Binding of TLR9 by CpG DNA has been shown to activate normal B cells,
enhance the expression of co-stimulatory molecules, trigger the secretion of IL-6 and IL-10,
and mediate T independent isotype switching and the production of specific antibodies
independent of B cell receptor (BCR) binding [18–22]. Our study also found significant
expression of TLR9, both one year after repeated vaccination with one dose and with the
simultaneous administration of two doses of adjuvanted influenza vaccines, which was
not observed after the first year of vaccination of patients with CVID with one dose. The
role of TLR8, according to the results of our study, is less significant in the mechanisms of
formation of post-vaccination immunity in patients with CVID, although one cannot fail to
note the increase in its expression on lymphocytes a year after repeated vaccination with
one dose of the study cohort of patients.

Moving on to the analysis of the data on TLR receptors in patients with CVID, it is
necessary to indicate the results of studying similar indicators in healthy people, who
were vaccinated as a control group and showed a statistically significant increase in the
expression of all toll-like receptors, types 3, 8, and 9, on all studied immunocytes, except
for granulocytes. While in patients with CVID there is an increase in the expression
of intracellular receptors TLR3 and TLR9 also on granulocytes. On lymphocytes the
dynamics of the expression of TLR3 and TLR8 is similar to that in healthy participants
and is partially observed at the trend level after repeated vaccination a year later as well
as with TLR9 after administration of two doses. On monocytes from patients with CVID,
regardless of the immunization regimen, completely comparable results were obtained
on the expression of all intracellular receptors, which probably indicates the activation of
innate immune parameters and nonspecific protection against pathogens and an enhanced
immune response.
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Abstract: In this article, we first assessed peste des petits ruminants (PPR) antibodies in vaccinated
pregnant ewes of Kazakh breed fine-fleeced immunized with the PPR vaccine and the duration
of maternal immunity in their lambs. Ewes in the last trimester of pregnancy and gestation were
immunized with a vaccine from the Nigeria 75/1 strain of the PPR virus (PPRV) produced by the
Research Institute of Biological Safety Problems (RIBSP), Kazakhstan. Serum samples from lambs
born from vaccinated and unvaccinated ewes were collected a week after birth and at intervals of
7 days for 18 weeks after birth. Serum samples collected from lambs were tested for PPR antibodies
using competitive ELISA and virus neutralization test (VNT). Maternal antibodies (MAs) in lambs
born from vaccinated ewes were detected for up to 18 weeks, with a tendency to decrease starting at
week 14, and by the end of the experiment receded below the protective level (<1:8). In the blood
serum of a 14-week-old lamb with MAs (1:8), post vaccination with a field dose (103 TCID50) of the
vaccine against PPR, the titers of protective antibodies against PPRV increased to 1:16 on day 14 post
vaccination, and the lamb was protected from infection with the field PPRV. A lamb of the same
age with MAs in the 1:8 titer was 100% protected from infection with the field PPRV. Therefore, it is
recommended that lambs of the Kazakh fine-wool breed be immunized from the age of 14 weeks or
older to avoid a period of susceptibility.

Keywords: peste des petits ruminants; ewes; lambs; vaccination; passive immunity

1. Introduction

Peste des petits ruminants (PPR) is a highly contagious, infectious viral disease of
small ruminant species that is caused by the peste des petits ruminants virus (PPRV),
the prototype member of the Morbillivirus genus in the Paramyxoviridae family [1]. The
disease is currently endemic in most of Africa, the Middle East, South Asia and China [2].
Despite strict control measures including statutory regulations along with the availability
of vaccines and diagnostics, PPR remains a constant threat [3]. Currently, PPR is not
an endemic disease for the Republic of Kazakhstan. However, it should be noted that
the results obtained by Lundervold et al. in 1997–1998, when conducting a study on the
detection of antibodies in sheep, goats and cattle in Central Kazakhstan, showed that PPRV
could circulate in the country unnoticed [4]. Five years later, in 2003, an outbreak of PPR
occurred in the Turkestan region in small ruminant livestock [4,5]. Since then, until the end
of 2014, the OIE has not received official reports of cases of infection with the PPRV from
Kazakhstan. However, more than 10 years later, PPR caused three outbreaks in individual
farms at the end of 2014 in Southern Kazakhstan (Zhambyl region). Based on partial N
gene sequencing, the identified strains showed high similarity to PPRV strains from China
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from 2013/2014, suggesting PPR transboundary spread between the two countries. The
three outbreaks did not have any obvious epidemiological linkages, suggesting that PPRV
may have been persistently present at a subclinical level despite vaccination efforts [6,7].
These data are of the greatest concern because Kazakhstan is home to the world’s three
largest populations of Saiga antelope, which are susceptible to the PPR virus. However, a
serological study conducted in Kazakhstan in the period from 2012 to 2014 did not reveal
Saiga antelopes seropositive for PPR [6].

To date, due to the outbreak of PPR in Mongolia, the regions of Eastern Kazakhstan
are at risk of PPR infection.

To achieve PPR eradication, which is targeted for 2030, a PPR Global Control and
Eradication Strategy (PPR GCES) was developed, based on a progressive reduction in PPR
incidence and spread through targeted vaccination [8].

Within the territory of the Republic of Kazakhstan, annual routine vaccination of small
ruminants against PPR is carried out in border regions in order to prevent the introduction
of PPR from neighboring countries that are disadvantaged by this disease. In Kazakhstan,
live attenuated vaccines are mainly used for the prevention of PPR, which create 1-year
immunity against PPR.

To increase the immunogenicity of the PPR vaccine, we developed a live vaccine based
on the Nigeria/75/1 strain. The live vaccine from the Nigeria/75/1 strain is the most
widely used PPR vaccine approved by the OIE [9]. It has been reported that the Nigeria
75/1 strain of the PPRV causes persistent immunity in once-immunized animals for up to
3 years [10].

There are few reports on the duration of persistence of maternal antibodies in lambs/kids
born from ewes vaccinated against PPR [11]. Maternal antibodies transmitted to lambs from
vaccinated ewes through colostrum protect newborn lambs from infection for a certain period.
However, maternal antibodies can negatively affect the effectiveness of vaccination with live
vaccines. Therefore, before starting vaccination, it is recommended to check the immunological
status of lambs.

To avoid negative consequences when immunizing young lambs and to determine the
optimal age of lambs for vaccination against PPR, we studied the persistence of maternal
antibodies in lambs born from ewes of Kazakh breed fine-fleeced vaccinated against PPR.

2. Materials and Methods

2.1. Animals

In the southern regions of Kazakhstan, sheep mating occurs more often in the months
of October and November, and lambing occurs most often in March and April. In this
regard, in September, we purchased sheep of Kazakh breed fine-fleeced of either sex
(3 males and 15 females aged 12–12.5 months). All animals were dewormed by oral
administration of albendazole. Food and water were available in unlimited quantities
throughout the experiment. The animals were labeled and kept in isolation in the RIBSP
quarantine zone for 30 days. Body temperature was regularly measured in the animals,
and blood serum was collected to determine the presence of specific antibodies to PPRV.
Detection of antibodies to PPRV in sheep sera was performed using a virus neutralization
test (VNT) [12]. The animals were not found to have specific antibodies to the PPRV, and
they had not previously been vaccinated against this disease.

Ewes in the third trimester of pregnancy were used for the research. Pregnancy periods
in ewes were determined using ultrasonography. Estrus synchronization in ewes was not
performed; therefore, as soon as the lambs were born, they were included in experimental
studies. Newborn lambs were kept together with their mothers so that they could suck
colostrum freely.

Experimental studies were conducted in compliance with international and national
ethical standards. The protocol was approved by the Ethics Committee for Animal Experi-
mentation at the RIBSP (Permission number: 2908/22).
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2.2. Vaccination

Out of 15 females, 10 became pregnant. Ewes (n = 6) in the 3rd trimester of preg-
nancy were immunized with PPR vaccine (Nigeria 75/1 strain) produced by the RIBSP,
Kazakhstan. Ewes were immunized subcutaneously with a single field dose of the vaccine
(1.0 × 103 TCID 50/mL). Four healthy ewes in the 3rd trimester of pregnancy were used
as control animals (unvaccinated). All of the vaccinated and unvaccinated ewes were
monitored daily for clinical signs of PPR, and rectal temperature was measured for 21 days
post vaccination (dpv).

2.3. Blood Sample Collection

Blood samples of vaccinated and control ewes taken on days 0, 7, 14 and 21 were
tested for the presence of antibodies in blood sera. Blood samples were taken from newborn
lambs at the age of 1 week with an interval of 7 days for 18 weeks. The obtained blood sera
of experimental animals were inactivated at a temperature of 56 ◦C for 30 min and placed
in freezers with a storage temperature of −20 ◦C.

2.4. Serology Tests
2.4.1. VNT

PPRV antibodies were detected using VNT [12] and ELISA [13]. The titer of virus
neutralizing antibodies (VNA) was calculated by the Reed and Muench method [14]. The
viral neutralizing activity of the serum was expressed in the neutralization index, which
is the difference in the logarithms of the titer of the virus in the presence of specific and
normal serum.

The highest serum dilution was taken as the antibody titer, which was able to suppress
the activity of the virus injected at the specified dose in 50% of the infected culture.

VNT was carried out in two repetitions, and the average value of the two tests was
used when analyzing the results of the study.

2.4.2. Competitive ELISA (c-ELISA)

Blood sera of experimental animals were additionally examined for the presence
of antibodies in c-ELISA. As an additional test for detecting anti-PPRV antibodies to
nucleoprotein (NP) in the blood sera of experimental animals, a c-ELISA kit (ID Screen®PPR
Competition (PPRC-4P), ID.vet, Montpellier, France) was used [13]. The ELISA test was
performed according to the manufacturer’s instructions. The results of the ELISA analysis
were read using a spectrophotometer at a wavelength of 450 nm. The test results were
considered reliable if the average value of the ODc− > 0.7 and the ratio of the average
values of the ODc+/ODc− < 0.3. The S/N percentage (S/N%) value was calculated for
each sample using the formula sample OD/ODc− ×100%. Samples showing a ratio of
S/N% = 50% were considered positive, whereas S/N > 60% were considered negative.
Samples with a ratio of 50% < S/N% ≤ 60% were considered doubtful.

2.5. Molecular Test
Real-Time RT-PCR

Total RNA was isolated from the collected blood samples and swabs using a kit (ID
Gene™ Mag Fast Extraction Kit (IDvet, Grabels, France). Aliquots of RNA were stored in a
freezer at a temperature of −70 ◦C until tested.

All types of samples were analyzed by real-time RT-PCR to detect the presence of viral
nucleic acid with the RT-qPCR kit (ID Gene Tempeste des Petits Ruminants Duplex, IDvet
genetics, Grabels, France), using the Applied Biosystems 7500 system (Carlsbad, CA, USA).

2.6. Evaluation of the Protective Effectiveness of Passive Immunity

When the first two newborn lambs reached the age of 14 weeks, they were used for
research to assess the effectiveness of passive immunity. Before starting the study, the
lambs’ blood sera were tested for the presence of maternal antibodies in c-ELISA. The titer
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of maternal antibodies circulating in the blood sera of these lambs was 1:8. One of them
was subcutaneously immunized with a vaccine at a dose of 1.0 × 103 TCID50/mL. On 0, 7,
and 14 dpv, blood samples were collected to determine the titer of serum antibodies.

The second 14-week-old lamb was used to assess protective passive immunity.
As unvaccinated animals, 2 lambs of 14 weeks of age were used, born first from

unvaccinated ewes.

2.7. Challenge Study

On 14 dpv, 2 experimental lambs (one unvaccinated and one vaccinated) born with
maternal antibodies and 2 unvaccinated lambs were inoculated with the control strain of
PPRV (Kentau-7) [15] subcutaneously into the subscapular region in a volume of 1.0 mL
(105.0 TCID50). After control infection, experimental and unvaccinated animals were
observed for 14 days with daily measurement of body temperature, sampling of swabs
(nasal, ocular, oral and rectal) and blood, as well as the identification of clinical signs of
PPR. Clinical signs of PPR detected in all animals were evaluated in points [16,17]. During
the challenge study, severely affected lambs were withdrawn from the study and humanely
euthanized.

2.8. Data Analysis

During the statistical analysis, GraphPad Prism software (version 8.0.1.) was used.
Differences between antibody titers and between temperature and clinical parameters of
experimental and control animals after immunization and infection with a control virus
were determined using bilateral ANOVA tests. The value of p ≤ 0.05 indicated that there
was a significant difference between the data obtained. The difference in efficiency between
the groups was compared using a one-sided Fisher exact criterion for two proportions at
an alpha level of <0.05.

3. Results

3.1. Adverse Reaction Monitoring

Post vaccination, the physiological state of pregnant ewes was within normal limits.
The pregnancies of the ewes proceeded without any complications and as a result, healthy
lambs were born. On the 2nd dpv, two ewes had a local reaction in the form of swellings
with a diameter of 0.6 cm2, which disappeared within 4–5 days. During the observation
period (21 dpv), the body temperature of the ewes fluctuated in the range of 38.5–39.8 ◦C
(Figure 1).

Figure 1. Dynamics of changes in rectal temperature of vaccinated and unvaccinated ewes. (#), (##)
Duration of local reactions that occurred in vaccinated ewes post vaccination.
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3.2. Post-Vaccination Titers of Neutralizing Antibodies to the PPRV in Pregnant Ewes

Before vaccination (day 0), all pregnant ewes were seronegative for PPRV antibodies.
In the first week post immunization, the average titers of neutralizing antibodies (NAs)
increased to 1.6 log2. On 14 dpv, the level of NAs to the PPRV in pregnant ewes was 5.6 log2,
and the indicated antibody titer increased to 7.2 log2 on the 21st day post vaccination
(Figure 2). Unvaccinated ewes were seronegative for the PPRV (Figure 2).

 

Figure 2. Accumulation of antibodies in ewes of the experimental and unvaccinated groups post
immunization with the PPR vaccine.

3.3. Post-Vaccination Titers of Antibodies to the PPRV in ELISA in Pregnant Ewes

All samples of blood sera of pregnant ewes were negative before immunization with
the vaccine against PPRV and had a ratio of S/N > 150%. Within 7 dpv, the S/N ratio in
pregnant ewes was 87%. Protective titers of antibodies to the PPRV were found in 43% of
animals. In 32% of animals, the titer of the produced antibodies exceeded the recommended
threshold of S/N values (60%) for positive samples. In the remaining 25% of pregnant
ewes, the results of c-ELISA were doubtful (50–60%). On 14 dpv, judging by the antibody
titers, 92% of pregnant ewes were protected from PPRV, and the S/N ratio was 46%. The
lowest S/N% value in vaccinated ewes (18%) was recorded on 21 dpv (Figure 3).

 

Figure 3. Antibody responses in ewes after vaccination against peste des petits ruminant virus, as
measured by ELISA S/N ratio (%).
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3.4. Titers of Maternal Antibodies in Lambs Born from Vaccinated Ewes

A total of 10 lambs were born from vaccinated ewes at different times. In all lambs
(n = 6) born from vaccinated pregnant ewes, the level of MAs produced was in the range
of 5.5 log2 and 7.2 log2, and provided 100% humoral protection of the offspring from the
PPRV up to the 14th week. Starting from the 14th week, there was a gradual decrease in
MAs titers below the protective level (<1:8), and by the end of the 18th week, the MA titers
in lambs were in the range from 1.0 to 2.25 log2 (Figure 4). Unvaccinated lambs (n = 4)
were seronegative for the PPRV (Figure 4).

 

Figure 4. Dynamics of changes in the level of maternal antibodies in offspring born from vaccinated
ewes.

3.5. Titers of Antibodies to the PPRV in ELISA in Lambs Born from Vaccinated Ewes

Blood serum samples were collected from all lambs a week after birth to assess the
level of MAs. In all collected samples of lambs’ blood serum, the S/N ratio was lower than
<50%, which indicated a high level of passive immunity in newborn lambs.

The level of MAs reproduced in kids persisted until the 14th week, while there was
no significant difference between antibody titers (p > 0.05). At the same time, the average
value of S/N was in the range of 20–55% (Figure 5). The blood sera of unvaccinated lambs
were negative, since all samples had a ratio of S/N > 150% (Figure 5). From the 14th week,
there was a gradual increase in the S/N ratio, which increased to 150% at the end of the
experiment (week 18). Accordingly, by the end of the experiment, the level of produced
antibodies in all lambs exceeded >60%, which indicated a decrease in MA titers in lambs
below the protective level. The serum samples of the unvaccinated lambs were negative,
since all samples had an S/N ratio >150% (Figure 5).

 

Figure 5. Assessment of the level of MAs reproduced in vaccinated and unvaccinated groups of
lambs after birth from vaccinated ewes.
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3.6. Post-Vaccination Titer of Neutralizing Antibodies to the PPRV in a Lamb Born with MAs

Before vaccination (day 0), the titer of NAs in the vaccinated lamb was 4.0 log2. In
the first week post vaccination, the titer of NAs increased to 4.7 log2. At 2 weeks post
vaccination, the level of NAs was 5.4 log2. PPRV antibodies were not found in the blood of
the unvaccinated lambs.

3.7. Assessment of Viral Genomic Load in Blood and Swabs in Lambs

PPRV genome was not detected in blood samples and smears of lambs born with MAs
(Figure 6). Similar results were obtained when testing all types of samples collected from
14-week-old lambs (one vaccinated and one unvaccinated), used to assess the protective
effectiveness of passive immunity (Figure 6).

 

Figure 6. Quantitative determination of viral nucleic acid in blood samples and swabs of vaccinated
and unvaccinated lambs post challenge. PPRV-specific RNA was measured by real-time reverse
transcription PCR (RT-qPCR), and the amount of viral RNA is expressed as a Ct, a value that increases
as the amount of viral RNA increases. Abbreviations: cl, challenged lambs; vl, vaccinated lambs.; vl
with MAs, vaccinated lamb born with MAs; ul with MAs, unvaccinated lamb born with MAs.

In contrast, according to the results of RT-qPCR analysis, all types of samples taken
from challenged lambs turned out to be positive (Figure 6). In challenged lambs, PPRV
genome was detected from 2–3 days in nasal swabs, from 4–5 days in blood and ocular
swabs, from 5–6 days in oral swabs and from 6–7 days in rectal swabs.

3.8. Evaluation of the Resistance of Experimental and Unvaccinated Lambs against Inoculation
with the Field PPRV

Vaccinated at 14 weeks of age, the lamb was not ill with the manifestation of clinical
signs of the PPRV. However, within 2 days (on the 3rd–4th day), he had an increase in body
temperature to 40.0 ◦C, which then normalized (Figure 7); at the same time, the level of
clinical indicators increased to 1 point (Figure 8). Also, the lamb had pink spot of irregular
rounded shape with a diameter of 0.2 cm2 at the injection site of the vaccine, which resolved
within 4 dpc. However, the results of the RT-qPCR analysis were negative.

An unvaccinated 14-week-old lamb born with MAs post challenge with the control
strain had an increase in rectal temperature to 40.2 ◦C on the 3rd dpc, which normalized
on the 6th day of the control test; at this stage (Figure 7), the lamb’s clinical score reached
1 (Figure 8). Also, a pink swelling of irregular rounded shape with a diameter of 0.3 cm2

was observed in the lamb at the injection site of the vaccine, which resolved within 6 dpc.
All types of samples and swabs collected from an unvaccinated lamb as a result of PCR
analysis were negative.
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Figure 7. Dynamics of rectal temperature changes in lambs of the experimental (14-week-old lambs
born with MAs (one unvaccinated and one vaccinated)) and unvaccinated groups after inoculation
with the field strain PPRV. The graph shows the temperature reactions of one vaccinated, one
unvaccinated (14-week-old lambs born with MAs) and two unvaccinated lambs post challenge. (2 e)
On the 10th dpc, two unvaccinated lambs were humanely euthanized. Abbreviations: vl with MAs,
vaccinated lamb born with MAs; ul with MAs, unvaccinated lamb born with MAs; cl, challenged
lambs.

 

Figure 8. Manifestation of clinical signs in experimental (14-week-old lambs born with MAs (one
unvaccinated and one vaccinated)) and unvaccinated groups of lambs after challenge with the strain
Kentau-7. The graph shows the clinical scores of one vaccinated, one unvaccinated (14-week-old
lambs born with MAs) and two unvaccinated lambs post challenge. Abbreviations: vl with MAs,
vaccinated lamb born with MAs; ul with MAs, unvaccinated lamb born with MAs; cl, challenged
lambs. ****, The difference between total clinical scores in experimental and challenged lambs.

On 3 dpc, challenged lambs had an increase in rectal temperature, which reached up
to 40.8 ◦C on 5 dpc (Figure 7). Pyrexia in infected lambs lasted for 8 days. On the 10th day
of the control trial, pyrexia was observed in lambs equal to a clinical score of 4 (41.1 ◦C)
(Figures 7 and 8).

In addition, the challenged lambs had clinical signs characteristic of PPRV (liquid
transparent discharge from the eyes and nose), and a pink spot with a diameter of 2.0 cm2

was observed at the site of vaccine administration. On the 5th–6th dpc in intact lambs,
nasal discharge became thick, purulent and yellow-greenish in color. In both challenged
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lambs, the gums became hyperemic. On the 7th–8th dpc wheezing was heard in the breasts
of the lambs, while they had no appetite and were apathetic and sluggish, and liquid pus
accumulated in the corners of the eyes (acute conjunctivitis). In addition, both lambs had
loose stools, estimated at 3 clinical points (Figure 8). At 10 dpc, due to the deterioration
in the general physiological condition of both challenged lambs, a decision was made on
immediate humane euthanasia. The total clinical score in intact lambs before euthanasia
was 41 points (Figure 8). After euthanasia, both lambs were subjected to necropsy (Figure 9).

 

Figure 9. Pathoanatomic examination of euthanized lambs. (a–c) Enlarged lymph nodes. (d) patho-
logical changes in the intestinal walls of euthanized lambs. (e) Hemorrhages under the serous
membrane of the lungs. (f) A filled gallbladder.

3.9. Necropsy of Euthanized Lambs

During the necropsy and examination of the internal organs of the euthanized lambs,
changes were found in the lymph nodes (mesenteric, pre-scapular, patellar), small intestine
and lungs. The lymph nodes were enlarged (Figure 9a–c). Catarrhal inflammation and
hemorrhages were observed in the mucous membrane of the small intestine (Figure 9d).
Multiple dark red hemorrhages were observed under the pleura of the lungs (Figure 9e).
The gallbladder was filled (Figure 9f).

4. Discussion

It is known that proper vaccination of ewes before mating is of great importance for
the immune system of the offspring, since vaccines stimulate the production of MAs, which
then pass into colostrum and provide newborn lambs with additional passive protection.

Conversely, vaccination of newborn lambs causes an insignificant immune response,
because their immune system is not yet fully developed and cannot produce antibodies
until the third or fourth week of life. In addition, it is known that vaccines administered to
lambs up to 2 weeks of age bind MAs, and the young body remains defenseless.

Therefore, determining the optimal age for vaccination of young animals, which will
come at a time when the level of MAs will significantly decrease and the young body will
be able to develop its own protective adaptive immunity in response to the introduction
of the vaccine with the formation of immunological memory, is of great importance. It
should be noted that the formation of maternal immunity in offspring largely depends on
the breed of the animal and the effectiveness of the strain used in the manufacture of a
vaccine applicable for the immunization of pregnant animals.

Previously, in Kazakhstan, a live attenuated vaccine from the G45-MK strain was used
to prevent PPR, which protected immunized animals from PPR for 1 year. Due to the short
duration of immunity in vaccinated animals after immunization with a vaccine against PPR
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from the G-45MK strain, RIBSP employees decided to use a highly immunogenic strain
(Nigeria 75/1) as the main agent for the development of a vaccine against PPR.

Although the Nigeria 75/1 strain is the main agent recommended by the OIE for the
development of a vaccine against PPR, there is currently limited information on the optimal
age at which lambs should be vaccinated with this vaccine.

These studies were devoted to assessing the duration of maternal immunity in lambs
born from pregnant ewes of Kazakh breed fine-fleeced, immunized with a vaccine from the
attenuated Nigeria 75/1 strain.

The post-vaccination results for pregnant ewes obtained by us proved the effective-
ness of the vaccine used for sheep of the Kazakh breed fine-fleeced, since immunized
pregnant ewes had protective antibody titers formed on day 14 (SN ≥ 1:8) to the PPRV
(Figures 2 and 3). In previous studies, the authors reported that protective antibodies to the
PPRV were formed in Kano brown goats a week post vaccination with a similar vaccine [18].
This difference in the periods for formation of protective antibody titers is probably due to
differences in the types of experimental animals.

Lambs born from sheep of Kazakh breed fine-fleeced immunized with a vaccine from
the Nigeria 75/1 strain after receiving a sufficient amount of colostrum had protective
levels of maternal antibodies against PPR for 14 weeks. From week 14 to the end of the
experiment (18 weeks), a decrease in antibody activity was observed, and at week 18, all
lambs had titers <1:8 (Figures 4 and 5). In this connection, lambs of the Kazakh breed
fine-fleeced are proposed to be immunized at the age of 14 weeks or older, when the
maternal immunity is sufficiently weakened and the lamb can develop its own immune
response to the introduction of the vaccine.

Similar results were reported in a previously published work by Bodo et al. (2006),
where the authors recommend immunizing lambs born from Djallonké ewes in the interval
from 11 to 14 weeks after birth [19].

Markus et al. (2019) and Abdollahi et al. (2023), who conducted similar studies,
recommend immunizing kids born from Kano brown and Saanen goats vaccinated with
the Nigeria 75/1 strain at the age of 10 weeks [18,20], while Olushola S. Olaolu et al. (2021)
suggest vaccinating Yankasa lambs at the age of 9 weeks [21]. In these studies, differences
in the age at which kids should be vaccinated may be related to the types and breeds of
experimental animals used in the studies. It has previously been proven that the same PPR
vaccine can cause different immune responses in different breeds of goats [22].

It is known that for reliable protection of animals from PPR, the level of VNA in the
blood serum of animals should be ≥1:8 [23,24]. Since the lambs were born at different
dates, two lambs of 14 weeks of age with a serum antibody titer of 1:8, born first from
vaccinated ewes, and two lambs of the same age, born first from unvaccinated ewes, were
used to evaluate the effectiveness of passive immunity in lambs. At the same time, in the
blood serum of the vaccinated lamb, the antibody titer increased above 1:16 for 14 days,
and the lamb was 100% protected from the control virus (Figure 7). An unvaccinated lamb
of 14 weeks of age, born with maternal antibodies, was also fully protected during active
infection with the control PPRV (Figure 7).

In a similar study conducted by Balamurugan et al. (2012) in a lamb immunized with
the Sungri vaccine strain, protective titers of antibodies to the PPRV began to increase from
the 21st day post vaccination (21 dpv) [11]. It is possible that the difference in the period of
the formation of immunity in kids in these similar studies is due to the difference in the
vaccine strains used in the two live vaccines, and also, the possible influence of the type
and breed of experimental animals on the obtained research results is not excluded.

The total clinical score calculated by us during the control trial using the field strain
PPRV was for the experimental and control groups of lambs 2 and 41 (Figure 8), respectively.

At the same time, the lambs of the experimental group had a two-day increase in
body temperature and pink spots on the site of the introduction of the vaccine, which
disappeared by themselves within 4 dpc (Figure 7).

34



Viruses 2023, 15, 2054

However, the results of RT-qPCR analysis turned out to be negative when examining
blood samples and swabs collected from an experimental group of lambs after vaccination
and control infection (Figure 6).

The unvaccinated lambs showed pronounced clinical signs of PPRV after the control
test. In addition, all swabs and blood samples collected from the unvaccinated group of
lambs were positive when examined using RT-qPCR (Figure 6). Due to the deterioration in
their general condition, both lambs of the unvaccinated group were euthanized using an
injectable drug belonging to the barbiturate group (Figure 7).

The results of this study once again prove the safety and effectiveness of the vaccine
from the Nigeria 75/1 strain for pregnant ewes, since the vaccine did not affect the course
of pregnancy in ewes of the Kazakh breed fine-fleeced, while all ewes were protected from
PPR from 2 weeks post vaccination. The maternal immunity formed in lambs born from
vaccinated sheep of the Kazakh breed fine-fleeced persisted until 14 weeks after birth, with
slight fluctuations in antibody titers (p > 0.05). Although a minimum number of lambs were
used to determine the effectiveness of the vaccine, the results obtained indicate that lambs
born from a fine-fleeced Kazakh breed should be vaccinated from the age of 14 weeks or
older.

It is important to note that, despite the limited number of animals in our study, the
results offer opportunities for careful design, meticulous data analysis, and collaboration.
By implementing these strategies and viewing this limitation as a stepping stone for future
research, we can work toward eliminating this constraint and gaining more robust insights
in the future.

5. Conclusions

Analyzing the results we obtained in this study, we came to the conclusion that during
routine vaccination against PPR, lambs born from sheep of Kazakh breed fine-fleeced
should be immunized from the age of 14 weeks or older to avoid a period of susceptibility
in lambs to the PPRV. Since the same vaccine against PPR can cause different immune
reactions in different breeds of sheep and goats, it is necessary to conduct further studies on
other breeds of sheep and goats living in Kazakhstan in order to determine the appropriate
period of immunization of small cattle with a vaccine from the Nigeria 75/1 strain.
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Abstract: The COVE trial randomized participants to receive two doses of mRNA-1273 vaccine
or placebo on Days 1 and 29 (D1, D29). Anti-SARS-CoV-2 Spike IgG binding antibodies (bAbs),
anti-receptor binding domain IgG bAbs, 50% inhibitory dilution neutralizing antibody (nAb) titers,
and 80% inhibitory dilution nAb titers were measured at D29 and D57. We assessed these markers
as correlates of protection (CoPs) against COVID-19 using stochastic interventional vaccine efficacy
(SVE) analysis and principal surrogate (PS) analysis, frameworks not used in our previous COVE
immune correlates analyses. By SVE analysis, hypothetical shifts of the D57 Spike IgG distribution
from a geometric mean concentration (GMC) of 2737 binding antibody units (BAU)/mL (estimated
vaccine efficacy (VE): 92.9% (95% CI: 91.7%, 93.9%)) to 274 BAU/mL or to 27,368 BAU/mL resulted
in an overall estimated VE of 84.2% (79.0%, 88.1%) and 97.6% (97.4%, 97.7%), respectively. By binary
marker PS analysis of Low and High subgroups (cut-point: 2094 BAU/mL), the ignorance interval
(IGI) and estimated uncertainty interval (EUI) for VE were [85%, 90%] and (78%, 93%) for Low
compared to [95%, 96%] and (92%, 97%) for High. By continuous marker PS analysis, the IGI and
95% EUI for VE at the 2.5th percentile (519.4 BAU/mL) vs. at the 97.5th percentile (9262.9 BAU/mL)
of D57 Spike IgG concentration were [92.6%, 93.4%] and (89.2%, 95.7%) vs. [94.3%, 94.6%] and
(89.7%, 97.0%). Results were similar for other D29 and D57 markers. Thus, the SVE and PS analyses
additionally support all four markers at both time points as CoPs.

Keywords: binding antibody assay; immune correlates of protection; modified treatment policy;
neutralizing antibody assay; principal stratification; principal surrogate; SARS-CoV-2; stochastic
intervention; stochastic interventional vaccine efficacy

1. Introduction

In the coronavirus efficacy (COVE) phase 3 clinical trial of the mRNA-1273 COVID-19
vaccine, participants were randomized 1:1 to receive mRNA-1273 vaccine (n = 15,209 as-
signed) or placebo (n = 15,206 assigned), administered on Day 1 (D1) and Day 29 (D29) [1,2].
Estimated vaccine efficacy (VE) in baseline negative per-protocol participants against the
primary endpoint of virologically confirmed, symptomatic COVID-19 (hereafter, “COVID-
19”) starting ≥14 days post-D29 through a median follow-up of 5.3 months, corresponding
to completion of the blinded phase, was 93.2% (95% confidence interval (CI), 91.0% to
94.8%) [2]. Vaccine safety was also assessed, with no safety concerns identified during the
trial [1,2]. As part of the United States government (USG)-coordinated effort to identify a
correlate of protection (CoP) for COVID-19 vaccines [3], we developed a “master protocol”
Statistical Analysis Plan (SAP) for harmonizing immune correlates analyses across all of
the USG/COVID-19 Response Team phase 3 COVID-19 vaccine trials [4]. As obtaining
evidence from multiple analysis frameworks is typically needed to establish an immuno-
logic biomarker for applications such as regulatory decisions or immunobridging, the SAP
laid out multiple correlate of risk (CoR) and CoP objectives, each of which addresses a
different question.

In Gilbert et al. [5], we reported the COVE trial results for some of these immune
correlate objectives, for the immune markers IgG binding antibodies (bAbs) against the
SARS-CoV-2 Spike protein (Spike IgG), IgG bAbs against the Spike receptor binding domain
(RBD IgG), 50% inhibitory dilution pseudovirus neutralizing antibody titer (nAb-ID50),
and 80% inhibitory dilution pseudovirus neutralizing antibody titer (nAb-ID80), measured
on D29 and on D57 in all vaccine recipient breakthrough cases and a randomly sampled
immunogenicity subcohort. The IgG markers were measured against the original index
strain and nAb-ID50 against the B.1/B.1.2 lineage (NC_045512.2), which is the index strain
except with the D614G mutation. All four D57 antibody markers correlated inversely
with COVID-19 and impacted mRNA-1273 VE against COVID-19 through ~4 months
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post-D29 [5]. Similar results were obtained for the D29 antibody markers. In additional
analyses of COVE, nAb-ID50 was the strongest independent correlate of risk as determined
by machine learning analyses that evaluated multivariable correlates of risk (CoRs) [6].
However, these studies did not report on all the immune correlate objectives outlined in
the master protocol SAP. In particular, the assessment of CoPs was based on the controlled
VE framework [7] and the natural direct and indirect effects mediation framework [8]. The
former framework considers a hypothetical intervention that assigns all participants to
receive a vaccine and to have a specific immune marker value, estimates COVID-19 risk
under this intervention, and then estimates VE by contrasting this risk with COVID-19
risk under the hypothetical intervention that assigns all participants to receive placebo.
The latter framework estimates the proportion of VE that is causally mediated through the
immune marker, defined by comparing the natural direct effect to the overall VE.

Here, we report the results from additional CoP analyses of the COVE trial, completing
the suite of pre-specified blinded-phase immune correlates analyses of the D29 and D57
antibody markers and COVID-19. Specifically, we evaluated each of the four markers,
Spike IgG, RBD IgG, nAb-ID50, and nAb-ID80, measured at D29 or D57, as a CoP against
COVID-19 defined using two additional causal inference frameworks for CoP assessment
as specified in the master protocol SAP: the stochastic interventional vaccine efficacy (SVE)
framework and principal surrogate (PS) framework (within the principal stratification
framework of causal inference [9]). The SVE approach, like the controlled VE approach,
is based on a hypothetical intervention to modify the immune marker but considers the
more plausible stochastic intervention of shifting each vaccine recipient’s immune marker
value by a fixed amount relative to their observed marker value instead of the static
intervention of deterministically setting the marker level to the same fixed value for all
vaccine recipients; thus, the SVE approach defines a contrast relative to the observed marker
values, which may plausibly arise in future hypothetical scenarios. The PS approach, in
contrast, does not intervene on the immune marker and instead estimates how VE varies
across subgroups defined by the value of the immune marker of vaccine recipients (which is
a counterfactual variable for participants in the placebo arm). Table 1 summarizes the four
statistical frameworks for assessing a correlate of protection from a vaccine efficacy trial.

Table 1. Four statistical frameworks for assessing an immune marker measured at a post-vaccination
time point as an immune correlate of protection (CoP) against a clinical outcome from a vaccine
efficacy trial, all of which were applied to the COVE trial.

Statistical Framework for Assessing a CoP Objective of the CoP Analysis Applied to an Immune Marker in COVE

Controlled vaccine efficacy (VE) [7]
To assess the vaccine efficacy that would be observed under a hypothetical

intervention that assigns all participants to the vaccine arm and to a specific
value of the marker, as opposed to assigning all participants to placebo *

Mediation of VE [8]

To assess the proportion of the overall VE against COVID-19 that is mediated
through the marker, through assessment of the natural direct effect (NDE) of
vaccine assignment on COVID-19 (NDE = the component of VE that remains
after setting (deactivating) the marker to the level it would have if assigned to

the placebo arm)

Stochastic interventional VE [10] To assess how overall VE would change under user-specified shifts of marker
values of vaccine recipients from their observed values

Principal surrogate VE [11] To assess how VE varies over subgroups defined by the marker value if
assigned to the vaccine arm

* This objective/definition attains in studies where all placebo recipients have the same value of the immune
marker. This occurs in COVE, as baseline negative placebo recipients all have antibody levels to SARS-CoV-2
antigens that are below the assay detection limit. For VE trials where placebo recipients have variability in the im-
mune marker (i.e., studies that enroll individuals previously infected with the pathogen), the objective/definition
must be updated: to assess the VE that would be observed under a hypothetical intervention that assigns all
participants to the vaccine arm and to a specific value of the marker, as opposed to assigning all participants to
placebo and to a specific value of the marker.
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2. Materials and Methods

2.1. COVE Trial and Study Endpoint

The COVE trial (NCT04470427), conducted in the United States, enrolled 30,420 adults
age 18 and over at appreciable risk of SARS-CoV-2 infection and/or high risk of severe
COVID-19 disease and randomly assigned them in a 1:1 ratio to receive either vaccine or
placebo [1,2]. The study endpoint used in the correlates analysis, which we refer to as
“COVID-19”, is the first occurrence of acute symptomatic COVID-19 with virologically-
confirmed SARS-CoV-2 infection [1,2]. Virological confirmation refers to a positive SARS-
CoV-2 reverse-transcriptase–polymerase-chain-reaction assay of a nasopharyngeal swab,
nasal, or saliva sample. As in Gilbert et al. [5], COVID-19 endpoints beginning seven days
post-D29 or -D57, depending on whether D29 or D57 markers were assessed, respectively,
through completion of the blinded phase of follow-up were included in the correlates
analyses. The calendar dates of this timeframe were 27 July 2020 to 26 March 2021.

2.2. Ethics Statement

All study participants provided written informed consent before enrollment and the
protocol and consent forms were approved by the central institutional review board.

2.3. Case-Cohort Sets Included in the Correlates Analyses

A case-cohort sampling design [12] detailed in Gilbert et al. [5] was used to sample
participants randomly for measurement of antibody markers on D1, D29, and D57. In all
vaccine recipients with a breakthrough COVID-19 endpoint, antibody markers were also
measured on the same days. As defined in previous studies [1,2], correlates analyses were
conducted in baseline negative (no immunologic or virologic evidence of prior COVID-
19 at enrollment) per-protocol (received both doses without major protocol violations)
participants. The analysis cohort included a randomly sampled immunogenicity subcohort
of size 1010 from the vaccine arm plus all vaccine cases starting 7 days after D29 (for D29
correlates analysis) or starting 7 days after D57 (for D57 correlates analysis). The analysis
cohort also included all baseline negative per-protocol placebo recipients, without making
use of any antibody data because all immune marker values are constant at “zero” (below
assay detection or quantitation limits). See Figure S2 in Gilbert et al. [5] for a schematic of
participant flow from enrollment through to the analysis. The numbers of vaccine arm cases
and non-cases with measured antibody marker data (for each of the four antibody markers)
included in the D29 correlates analyses and in the D57 correlates analyses are provided
in Table S3. There are 1005 vaccine arm non-cases and 46 (36) vaccine arm cases with
D29 (D57) antibody marker data and, hence, they were included for D29 (D57) correlates
analyses. All baseline negative per-protocol placebo recipients were included in the analysis
(13,221 non-cases and 751 (659) cases).

2.4. Pseudovirus Neutralizing Antibody Assay

Serum nAb activity against SARS-CoV-2 was measured in a validated assay utilizing
lentiviral vector pseudotyped with full-length Spike of the D614G strain NC_045512.2 [13].
Assay readouts were calibrated to the World Health Organization 20/136 anti-SARS-CoV-
2 immunoglobulin International Standard [14] and are expressed in international units
(IU50/mL and IU80/mL for nAb-ID50 and nAb-ID80, respectively). The arithmetic mean
calibration factors used to convert assay readouts to international units are provided in
Table S4. Table S5 gives the assay limits, with limit of detection (LOD) 2.42 IU50/mL for
nAb-ID50 and 15.02 IU80/mL for nAb-ID80. Values below the LOD were assigned the
value of LOD/2.

2.5. Binding Antibody Assay

Serum IgG bAbs against Spike and RBD were measured using a validated solid-phase
electrochemiluminescence S-binding IgG immunoassay [5]. Assay readouts were converted
to binding antibody units per ml (BAU/mL) using the World Health Organization 20/136
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anti-SARS-CoV-2 immunoglobulin International Standard [14]. Table S5 gives the assay
limits, with LOD = 0.3076 BAU/mL for Spike and LOD = 1.593648 for RBD. Values below
the LOD were assigned the value of LOD/2.

2.6. Stochastic Interventional VE

For each antibody marker, measured levels were hypothetically shifted along a
grid, (−1.0, −0.8, −0.6, −0.4, −0.2, 0, 0.2, 0.4, 0.6, 0.8, 1.0), on the log10 scale such that
−1.0 represents a 10-fold decrease in geometric mean and 1.0 represents a 10-fold increase
in geometric mean. For each shift, the average risk of COVID-19 in per-protocol baseline
negative vaccine recipients was estimated via the method of Hejazi et al. [10]. Downward
(negative) shifts that would result in more than 10% of participants having counterfactual
values of the marker below the assay’s LOD were omitted. The zero-shift value corresponds
to the observed log10 geometric mean marker level. As described in the SAP, these average
risk estimates can be translated to the VE scale by also estimating the average risk of per-
protocol baseline negative placebo recipients, which are the results that are presented. The
analyses were implemented with the txshift and sl3 packages [15–17] for the R language
and environment for statistical computing [18,19].

2.7. Binary Principal Surrogate Evaluation

For each antibody marker, the method of Gilbert et al. [20] was used to estimate VE
for two principal strata, defined by the immune marker in vaccine recipients being above
vs. below the median marker value, with parameters of interest denoted VE(1) = VE(High)
and VE(0) = VE(Low). That is, let Y(1) and Y(0) be potential outcomes indicating whether
COVID-19 occurs during follow-up if assigned vaccine or placebo, respectively. Let S(1)
indicate the marker value at the time point of interest (D29 or D57) if assigned vaccine
and let sc indicate a specified cut-point value for S(1) (i.e., median value). Then, the causal
estimands of interest are VE(1), VE(0), and RR ratio = (1 − VE(0))/(1 − VE(1)), with

VE(1) = 1 − P(Y(1) = 1|S(1) > sc)/P(Y(0) = 1|S(1) > sc) and

VE(0) = 1 − P(Y(1) = 1|S(1) ≤ sc)/P(Y(0) = 1|S(1) ≤ sc),

where all the probabilities also condition on not experiencing the COVID-19 endpoint by
the marker time point of interest (D29 or D57) under both randomization assignments [20].
The relative VE parameter (relative risk ratio = RR ratio) is the degree to which the vaccine
confers greater risk reduction for the High subgroup compared to the Low subgroup. The
Supplementary Text lists the assumptions needed for the method, which include No Early
Harm (NEH) [20], i.e., there are no individuals who would have a COVID-19 outcome
before the marker was measured under assignment to vaccine, but not under assignment
to placebo. This method relies on user specification of three sensitivity parameters, β2,
β3, and β4, to construct IGI and EUI bounds. These parameters reflect different types and
degrees of post-randomization selection bias, all with a log-odds ratio scale, with details in
the Supplementary Text and in Gilbert et al. [20]. For data analysis, first, each sensitivity
parameter was set to zero, such that the VE parameters were point-identified, and point
estimates and 95% CIs were calculated. Then, each of the sensitivity parameters were set to
vary from log(0.75) to −log(0.75) (medium robustness) and from log(0.5) to −log(0.5) (high
robustness), such that the estimands were partially identifiable, and IGIs and 95% EUIs
were calculated.

Table S6 provides the median cut-points for each of the D29 and D57 antibody markers.
The method was implemented using the psbinary R package [21].

2.8. Continuous Marker Principal Surrogate Evaluation

For each antibody marker measured on a continuous scale, the methods of Huang,
Zhuang, and Gilbert [22] were used to estimate the VE curve, i.e., the curve of VE for
the subgroup of vaccine recipients with immune markers at each specific level s, i.e.,
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VE(s) = 1 − P(Y(1) = 1|S(1) = s)/P(Y(0) = 1|S(1) = s). Specifically, under the NEH assump-
tion, a participant disease-free (i.e., COVID-19 endpoint-free) at the time of marker mea-
surement can belong to either one of the two strata: the “equal-always-at-risk” stratum
(where the participant will be disease-free at the time of marker measurement if assigned
placebo) or the “early-protected” stratum (where the participant will have experienced the
disease outcome by the time of marker measurement if assigned placebo). A model for the
mixing probability of the two strata among all vaccine recipients disease-free at the time of
marker measurement is assumed with a sensitivity parameter β that equals the log-odds
ratio of remaining early-at-risk if assigned placebo for early-at-risk vaccine recipients with
Y(1) = 1 relative to Y(1) = 0. Sensitivity analyses were conducted for estimating the VE
curve for each marker, with the sensitivity parameter β varying from −log(4) to 0. For
comparison, a VE curve estimator was also produced under the EECR assumption, which,
in addition to NEH, also assumes that no individuals would have COVID-19 before the
marker was measured under placebo assignment but not under vaccine assignment.

3. Results

3.1. Stochastic Interventional VE Analysis Supports Each of the Four Antibody Markers as a
Correlate of Protection

For a given immune marker measured at a post-vaccination time point, SVE anal-
ysis [10] posits hypothetical individual-level shifts of the marker’s observed values by
different, user-specified magnitudes [10]. The output of SVE analysis is that of the overall
VE estimates had the vaccine hypothetically elicited marker values increased (or decreased)
as specified by different shift magnitudes. Applying this framework to COVE, estimated
mRNA-1273 VE against COVID-19 increased as each D57 marker was hypothetically in-
creased, and vice versa for hypothetical decreases (Figure 1). For example, the observed
geometric mean D57 Spike IgG concentration in vaccine recipients was 2737 BAU/mL and
the actual cumulative VE from 7 to 100 days post-D57 was 92.9% (95% CI: 91.4%, 93.9%).
Overall estimated VE decreased to 84.2% (95% CI: 79.0%, 88.1%) when shifting D57 Spike
IgG marker values down one log10 (to a geometric mean of 274 BAU/mL), and increased
to 97.6% (97.4%, 97.7%) when shifting D57 Spike IgG marker values up one log10 (to a
geometric mean of 27,368 BAU/mL) (Figure 1A). Results were similar for each of the other
three D57 markers.

Figure 1. Cont.
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Figure 1. Stochastic interventional vaccine efficacy (SVE) estimates against COVID-19 with hypo-
thetical shifts in geometric mean D57 antibody marker level. SVE, with 95% confidence intervals,
for D57 (A) Spike IgG, (B) RBD IgG, (C) nAb-ID50, or (D) nAb-ID80, estimated using the method of
Hejazi et al. [10]. The y-axis plots the estimated vaccine efficacy (VE) for a vaccine that elicits hypo-
thetical D57 geometric mean value indicated on the x-axis. The vertical red line corresponds to the
geometric mean concentration or titer in the COVE study population (baseline negative per-protocol
vaccine recipients in the immunogenicity subcohort) and the horizontal red line corresponds to the
estimated VE in COVE (follow-up time period from 7 to 100 days post-D57) at a shift of 0, i.e., the ob-
served marker level. BAU, binding antibody units; ID50, 50% inhibitory dilution; ID80, 80% inhibitory
dilution; IU, international units; LLOD, lower limit of detection; nAb, neutralizing antibody.

Similar results were obtained for the D29 binding antibody markers (Figure S1A,B),
with the D29 neutralizing antibody markers having less-clear trends with marker GM shifts
(Figure S1C,D). Figure S2 (D57 antibody markers) and Figure S3 (D29 antibody markers)
show estimates of absolute COVID-19 risk of vaccine recipients under the different shift
magnitudes, which are simply the numerators of the estimates of stochastic interventional
vaccine efficacy.

3.2. Binary Principal Surrogate Analysis Supports Each of the Four Antibody Markers as a
Correlate of Protection

For a given immune marker measured at a post-vaccination time point, PS analysis
estimates VE for each of two or many subgroups defined by a participant’s value of the
immune marker if assigned to the vaccine arm (observable in vaccine recipients and a
counterfactual in placebo recipients). PS analysis was applied under the assumption that
vaccination does not cause an increased risk of COVID-19 prior to the time of immune
marker measurement (i.e., the NEH assumption) [20]. First, the approach was applied to
estimate VE for each of two subgroups with High or Low immune marker value using
the median marker value to define High vs. Low. Results are presented using ignorance
intervals (IGIs) and 95% estimated uncertainty intervals (EUIs) [23]. The IGI is a range
of VE point estimates, with each estimate calculated under specific fixed values of the
sensitivity parameters. A 95% EUI is the union of 95% CIs, where each 95% CI is calculated
under specific fixed values of the sensitivity parameters. Whereas 95% CIs only capture
uncertainty due to sampling variability, 95% EUIs capture additional uncertainty due to
partial non-identifiability of the subgroup VE parameters that occurs because the counter-
factual immune marker values if assigned vaccine are not measured for participants who
were actually assigned placebo. Results are presented in three ways by specifying three
possible ranges for each of three user-specified sensitivity parameters β2 = β3 = β4 that are
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defined in Section 5.4 of Gilbert et al. [20]: [log(1.0), −log(1.0) = 0, 0], [log(0.75), −log(0.75)],
or [log(0.50), −log(0.50)], which specify different types and degrees of post-randomization
selection bias (see Methods and Supplementary Text for definitions of the sensitivity param-
eters). For each of the four immune markers at D57, VE point estimates were greater for the
High D57 marker subgroup compared to the Low D57 marker subgroup (Table 2, Figure 2).
In the special case of setting β2 = β3 = β4 = 0, IGIs collapse to point estimates and EUIs col-
lapse to CIs, in which case estimated VE (95% CI) for Low vs. High D57 Spike IgG was 88%
(81, 92%) vs. 95% (92, 97%), and results for the other three immune markers were similar. To
assess whether VE differed between the Low and High subgroups, we also estimated ratios
(1 − VE(Low))/(1 − VE(High)). For example, when setting β2 = β3 = β4 = 0, the point
estimate (95% CI) for D57 Spike IgG was 2.54 (1.31, 4.93), supporting higher VE for the High
marker subgroup. This inference is robust to a moderate amount of allowed uncertainty
(95% EUI 1.11, 5.83 when each sensitivity parameter is specified to range over [log(0.75),
−log(0.75)]), but not robust to the higher amount of allowed uncertainty (95% EUI 0.72,
9.69 for each sensitivity parameter specified to range over [log(0.50), −log(0.50)]). Similar
results were obtained for the four D29 markers (Table S1, Figure S4), with the lower limit
of the IGI for the (1 − VE(Low))/(1 − VE(High)) ratio exceeding one under a moderate
amount of allowed uncertainty for all four markers.

Table 2. Principal surrogate correlates of vaccine efficacy (VE) results by Gilbert et al. method [20] for
High (above median) vs. Low (below median) D57 antibody marker vaccinated subgroups under the
No Early Harm (NEH) assumption with sensitivity analysis scenarios.

VE(0) VE(1) (1 − VE(0))/(1 − VE(1))

Low Marker Vaccine
Subgroup

High Marker Vaccine
Subgroup

Relative Risk Ratio

Marker Sens. *
Ignorance
Interval

95%
Estimated

Uncertainty
Interval

Ignorance
Interval

95%
Estimated

Uncertainty
Interval

Ignorance
Interval

95%
Estimated

Uncertainty
Interval

D57 Spike IgG None (0.88, 0.88) (0.81, 0.92) (0.95, 0.95) (0.92, 0.97) (2.54, 2.54) (1.31, 4.93)
D57 Spike IgG Med (0.85, 0.90) (0.78, 0.93) (0.95, 0.96) (0.92, 0.97) (1.93, 3.35) (1.11, 5.83)
D57 Spike IgG High (0.80, 0.92) (0.70, 0.95) (0.94, 0.96) (0.91, 0.98) (1.30, 5.08) (0.72, 9.69)
D57 RBD IgG None (0.89, 0.89) (0.81, 0.93) (0.95, 0.95) (0.92, 0.97) (2.26, 2.26) (1.17, 4.37)
D57 RBD IgG Med (0.86, 0.90) (0.79, 0.94) (0.94, 0.95) (0.92, 0.97) (1.72, 2.97) (0.99, 5.17)
D57 RBD IgG High (0.81, 0.93) (0.72, 0.95) (0.93, 0.96) (0.90, 0.98) (1.15, 4.50) (0.64, 8.48)
D57 nAb-ID50 None (0.90, 0.90) (0.84, 0.93) (0.95, 0.95) (0.92, 0.97) (2.25, 2.25) (1.14, 4.46)
D57 nAb-ID50 Med (0.88, 0.91) (0.83, 0.94) (0.95, 0.96) (0.92, 0.97) (1.71, 2.97) (0.97, 5.26)
D57 nAb-ID50 High (0.84, 0.93) (0.78, 0.95) (0.94, 0.97) (0.90, 0.98) (1.15, 4.50) (0.63, 8.95)
D57 nAb-ID80 None (0.91, 0.91) (0.86, 0.95) (0.94, 0.94) (0.91, 0.96) (1.46, 1.46) (0.76, 2.82)
D57 nAb-ID80 Med (0.90, 0.93) (0.85, 0.95) (0.93, 0.95) (0.90, 0.97) (1.11, 1.92) (0.64, 3.34)
D57 nAb-ID80 High (0.87, 0.94) (0.80, 0.96) (0.92, 0.95) (0.88, 0.97) (0.74, 2.90) (0.41, 5.37)

* Sensitivity parameter settings were: None, β sensitivity parameters β2, β3, β4 set to zero; Med, β sensitivity
parameters β2, β3, β4 ranging from log(0.75) to −log(0.75); High, β sensitivity parameters β2, β3, β4 ranging from
log(0.5) to −log(0.5).
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Figure 2. Binary principal surrogate vaccine efficacy (VE) against COVID-19 by D57 antibody marker
greater than vs. less than or equal to the designated cut-point (median value). The black dot in each
panel corresponds to the VE estimate for the relevant D57 antibody marker subgroup (Low or High)
for (A) Spike IgG, (B) RBD IgG, (C) nAb-ID50, or (D) nAb-ID80 when β sensitivity parameters are set
to zero. The vertical black line denotes the ignorance interval (IGI) when β sensitivity parameters
range from log(0.75) to −log(0.75), the vertical red dashed line denotes the 95% confidence interval
(CI) when β sensitivity parameters are set to zero, and the vertical blue dashed line denotes the
95% estimated uncertainty interval (EUI) when β sensitivity parameters range from log(0.75) to
−log(0.75). The green histogram on each lower panel denotes the distribution of the D57 antibody
marker, with the vertical black dashed line placed at the cut-point separating a Low D57 antibody
marker response from a High D57 antibody marker response. This cut-point was the median marker
value in baseline negative per-protocol vaccine recipients in the immunogenicity subcohort. (E) For
each antibody marker, cut-point, relative risk (RR) ratio point estimate, IGI, 95% CI, and 95% EUI. RR
ratio = (1 − VE(0))/(1 − VE(1)). BAU, binding antibody units; ID50, 50% inhibitory dilution; ID80,
80% inhibitory dilution; IU, international units; nAb, neutralizing antibody.

3.3. Continuous Principal Surrogate Analysis Supports Each of the Four Antibody Markers as a
Correlate of Protection

Second, the PS method of Huang, Zhuang, and Gilbert [22] was applied to estimate
the VE curve that describes how VE varies by subgroups defined by each possible value
of a quantitative immune marker if assigned to the vaccine arm. Estimated VE curves for
the D57 and D29 markers with s values (hereafter “VE(s)”) ranging from the 2.5th to 97.5th
percentiles are shown in Figures 3 and S5, respectively. Corresponding VE estimates (IGIs
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and EUIs) are presented in Tables 3 and S2, respectively. For all four antibody markers and
both time points, the IGI for VE(s) under each specified value of the sensitivity parameter β
varying over the pre-specified range of [−log(4), 0] (see Methods for a definition of β). For
all D57 markers, the lower 95% EUI limit for VE(s) exceeded 80% for all observed s values
above its 2.5th percentile. For example, the IGI and EUI for VE(s) at the 2.5th vs. 97.5th
percentile of s were [92.6%, 93.4%] (89.2%, 95.2%) vs. [94.3%, 94.6%] (89.7%, 97%) for D57
Spike IgG, and results were similar for the other three immune markers (Table 3).

 
Figure 3. Continuous principal surrogate vaccine efficacy (VE) against COVID-19 by D57 marker
level, with ignorance intervals (dark blue) and 95% estimated uncertainty intervals (light blue) under
the No Early Harm (NEH) assumption shown for the sensitivity parameter β assumed to fall in the
range [−log(4), 0]. Results are shown for (A) Spike IgG, (B) RBD IgG, (C) nAb-ID50, or (D) nAb-ID80.
In each panel, the solid and dashed lines are the estimated VE curve and 95% perturbation confidence
intervals with the Equal Early Clinical Risk (EECR) assumption. The curves are plotted over the
marker range of the 2.5th to 97.5th percentile (Spike IgG: 519 to 9263 BAU/mL, RBD IgG: 638 to
13,794 BAU/mL, nAb-ID50: 33 to 1321 IU50/mL, nAb-ID80: 95 to 2385 IU80/mL). BAU, binding
antibody units; ID50, 50% inhibitory dilution; ID80, 80% inhibitory dilution; IU, international units;
nAb, neutralizing antibody.
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Table 3. Principal surrogate correlates of vaccine efficacy results by the Huang, Zhuang, and Gilbert
method [22] for D57 antibody marker at various levels under the No Early Harm (NEH) or Equal
Early Clinical Risk (EECR) assumption.

Vaccine Efficacy (S_alpha)

Marker Assumption Alpha = 0.025 0.05 0.1 0.5 0.9 0.95 0.975

D57 Spike
IgG

Concentration
(BAU/mL) 519.4 862.1 1224 2926.2 6169.4 7724.8 9262.9

EECR Estimate (%) 91.7 92.5 93 94.2 95.0 95.1 95.2
CI (%) (86.7, 94.8) (88.8, 95) (90.1, 95.1) (91.5, 96) (91.9, 96.9) (91.6, 97.1) (91.2, 97.4)

NEH IGI (%) [92.6, 93.4] [93, 93.7] [93.3, 93.9] [93.9, 94.3] [94.2, 94.5] [94.2, 94.6] [94.3, 94.6]
EUI (%) (89.2, 95.7) (90.1, 95.7) (90.5, 95.7) (91, 96.1) (90.7, 96.6) (90.3, 96.8) (89.7, 97)

D57 RBD
IgG

Concentration
(BAU/mL) 637.9 1093.5 1670.9 4423.3 9361.8 11,560.8 13,793.5

EECR Estimate (%) 90.6 91.8 92.6 94.1 95 95.2 95.4
CI (%) (84.4, 94.4) (87.4, 94.7) (89.4, 94.8) (91.4, 95.9) (91.7, 97) (91.8, 97.2) (91.8, 97.5)

NEH IGI (%) [92.6, 93.2] [93.2, 93.6] [93.5, 93.9] [93.9, 94.7] [94.2, 95.2] [94.3, 95.4] [94.3, 95.5]
EUI (%) (89.3, 95.5) (90.4, 95.6) (90.9, 95.6) (91.1, 96.4) (90.7, 97) (90.5, 97.2) (90.1, 97.3)

D57
nAb-ID50

Titer
(IU50/mL) 33 60.8 88.7 248.1 786.5 1100.8 1320.8

EECR Estimate (%) 91.5 92.3 92.9 94.2 95.2 95.5 95.6
CI (%) (84.6, 95.3) (88, 95.1) (89.5, 95.1) (91.6, 96) (91.2, 97.4) (90.7, 97.8) (90.3, 98)

NEH IGI (%) [90.9, 91.7] [92, 92.7] [92.6, 93.2] [94.2, 94.7] [95.2, 95.7] [95.5, 96] [95.6, 96.2]
EUI (%) (87, 94.2) (88.7, 94.8) (89.6, 95.2) (91.3, 96.4) (91.6, 97.5) (91.6, 97.8) (91.6, 98)

D57
nAb-ID80

Titer
(IU80/mL) 94.7 130.6 161.7 544.9 1248.9 1871.8 2385

EECR Estimate (%) 90.8 91.5 92 94.3 95.2 95.6 95.9
CI (%) (84.4, 94.6) (86.7, 94.6) (88, 94.6) (91.4, 96.2) (91, 97.4) (90.7, 97.9) (90.3, 98.2)

NEH IGI (%) [90.9, 92.1] [91.5, 92.7] [91.9, 93] [94, 94.9] [94.6, 95.8] [94.9, 96.2] [95.1, 96.4]
EUI (%) (86.9, 94.5) (87.8, 94.8) (88.4, 95.1) (91, 96.6) (90.9, 97.5) (90.6, 97.9) (90.4, 98.1)

CI, 95% confidence interval; EUI, 95% estimated uncertainty interval; IGI, ignorance interval. alpha = percentile of
marker in vaccine recipients.

As a comparison, in Figures 3 and S5, Tables 3 and S2, we also present corresponding
analyses under the simpler but less realistic Equal Early Clinical Risk (EECR) assumption,
under which there is no sensitivity parameter β. EECR assumes no vaccine effect on risk of
COVID-19 prior to the time of immune response measurement and is thus not a reasonable
assumption given the observed early vaccine effect in the COVE trial [1,2]. For the two
binding antibody markers, the results under EECR show greater moderation of VE across
the range of marker values than the results under NEH, whereas for the two neutralizing
antibody markers, the results are similar. These results are mostly of academic interest
given that the NEH assumption is well justified, whereas the EECR assumption is violated.
The overall conclusion is that all PS analyses support that VE increases across subgroups
with increasing D29 and D57 binding and neutralizing antibody levels.

4. Conclusions

Results from the stochastic interventional and principal surrogate statistical frame-
works for assessing immune markers as correlates of protection (CoP) supported all four
antibody markers measured at D29 and D57 as CoPs for two-dose mRNA-1273 vaccine
protection against COVID-19 through the COVE blinded phase with a median follow up of
5.3 months post dose two. These findings add to our previous findings supporting CoPs
via the controlled VE and mediation frameworks [7,8], thus adding to the body of evidence
characterizing these markers as CoPs.

The SVE results suggested that the D57 neutralizing antibody markers were potentially
stronger CoPs than the D57 binding antibody markers. For example, there was a greater
increase in VE on the relevant multiplicative scale across the range of hypothetical shifts
(from a 10-fold decrease to a 10-fold increase) for D57 nAb-ID80 compared to D57 Spike IgG:
For D57 nAb-ID80, estimated VE increased from 74.5% (56.5% to 85.1%) to 99.7% (99.6%
to 99.7%) (an 85.0-fold increase in the amount of vaccine protection on the multiplicative
scale), whereas for D57 Spike IgG, estimated VE increased from 84.2% (95% CI, 79.0% to
88.1%) to 97.6% (97.4% to 97.7%) from the lowest to the highest shift (a 6.6-fold increase
in the amount of vaccine protection on the multiplicative scale). This difference between
the D57 neutralizing antibody and D57 binding antibody markers was less pronounced
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for the continuous marker principal surrogate analyses. For example, the IGIs for VE at
the 2.5th and 97.5th percentile of marker values were [90.9%, 92.1%] and [95.1%, 96.4%] for
D57 nAb-ID80 compared to [92.6%, 93.4%] and [94.3%, 94.6%] for D57 Spike IgG. Moreover,
in the binary principal surrogate analysis, there was about a 2-fold multiplicative-scale
increase in the amount of vaccine protection going from the Low to High marker subgroup
for both antibody markers.

For the D29 markers, the SVE results indicated a similar change in VE across shifts
of binding antibody and neutralizing antibody markers, where only shifts upward can be
compared (up to 10-fold higher). For example, for D29 Spike IgG, estimated VE increased
from 92.9% (95% CI: 91.4%, 93.9%) at no shift to 97.3% (96.0%, 98.2%) at the highest shift (a
2.6-fold multiplicative-scale increase), whereas for D29 nAb-ID50, these values were 92.6%
(91.5% to 93.5%) to 96.3% (93.0% to 98.1%) (a 2.0-fold multiplicative-scale increase). By the
binary principal surrogate analysis, the change in VE from Low to High marker subgroups
was also similar for binding and neutralizing antibody markers: 88% (81% to 92%) vs. 95%
(95% CI: 92% to 96%) for D29 Spike IgG compared to 89% (84% to 92%) vs. 95% (92% to
97%) for D29 nAb-ID80 (at sensitivity parameters set to zero).

While we have presented evidence in multiple papers for D29 and D57 antibody
markers as CoPs, these markers do not fully represent the entire repertoire of immune
responses that can provide protection and did not show perfect mediation of the vaccine’s
efficacy against COVID-19. This can be partly seen in the PS analyses where vaccine efficacy
estimates are well above zero at the lowest end of the biomarker level, which implies the
average causal necessity condition for a perfect principal surrogate does not hold. It would
be interesting to pursue the identification of improved CoPs by studying other immune
responses such as Fc effector and T-cell responses. Technical advances for measuring
neutralization more sensitively would also be of interest.

This study shares many of the strengths and limitations of our previous COVID-19
vaccine immune correlates studies, including the constrained scope to a study population
naïve to SARS-CoV-2 who received two [5,6,24,25] vaccine or placebo doses, i.e., no boosters.
Future work is planned to apply the SVE analysis framework to the COVE trial to assess
CoPs for both SARS-CoV-2-naïve and -positive populations and for recipients of a third dose.
Additionally, during the follow-up period for correlates analysis, the study population was
exposed to predominantly ancestral lineage SARS-CoV-2 (i.e., the D614G B.1/B.1.2 strain)
and secondarily to minor genetic drift variants [26]. The antibody markers assessed as
correlates in this and our previous studies were measured against the index strain (binding
antibodies) or the D614G strain (neutralizing antibodies), thus essentially being matched to
the exposing D614G strain viruses. Future work is ongoing to assess these markers and
counterpart markers measured against the Omicron BA.1 strain as correlates of Omicron
BA.1 COVID-19.

The SVE and PS methods have specific strengths and weaknesses distinguishing them
from the previously applied controlled VE and mediation methods. SVE analysis has
advantages over both previously applied frameworks in that its hypothetical interventions
on an immune marker are more conceivable and can be guided by data. For example,
data on how a refined vaccine regimen changes the distribution of an antibody marker
can be used to empirically specify a marker shift of interest, and SVE analysis applied
to estimate how VE would change had the refined vaccine regimen been evaluated in
the VE trial. PS analysis, by not involving any hypothetical intervention on an immune
marker, advantageously avoids any issues with the conceivability of the causal estimand.
However, the absence of an intervention on the marker implies that the PS framework
does not provide results that can be interpreted in terms of an immune marker’s causal
effect on disease risk (fitting one perspective in causal inference on “no causation without
manipulation” [27]); PS analysis is “vanilla subgroup analysis” that obtains separate VE
estimates across a range of subgroups. That is, whereas the previously applied SVE CoP
frameworks rely on the key assumption that the immune marker is randomized after
accounting for other measured participant characteristics, the PS framework does not
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require this assumption. However, PS analysis replaces this challenge with the equally
challenging issue of missing data on the potential immune markers of placebo recipients,
which is generally tackled by crossing over placebo recipients to the vaccine arm and
measuring their immune markers and/or by measuring pre-vaccination characteristics
that predict the post-vaccination immune marker, as well as by specifying pattern mixture
models with sensitivity parameters to express the type and degree of post-randomization
selection bias.

The PS and SVE methods can be generally applied to any vaccine efficacy trial for
which the required immune marker data are available; for instance, the PS framework has
been applied to vaccine efficacy trial data for dengue [28], herpes zoster [29], HIV [30],
RSV [31], and influenza [32], and the SVE framework has been applied to HIV [10]. Both
methods can be readily applied when all participants in the analyzed cohort have no
evidence of prior infection with the pathogen of interest, as in the current analysis. Some
additional considerations for the PS method are needed if the analyzed cohort includes
participants who were previously infected with the pathogen of interest, e.g., the SARS-CoV-
2-non-naïve population. In these scenarios, the need to estimate a VE curve is expanded
to the need to estimate a VE surface conditional on the pair of potential immune markers
under both treatment assignments, to the vaccine and to the placebo [11].

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/v15102029/s1.
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Abstract: People living with HIV (PLWH) remain at high risk of mortality and morbidity from
vaccine-preventable diseases, even though antiretroviral therapy (ART) has restored life expectancy
and general well-being. When, which, and how many doses of vaccine should be administered over
the lifetime of PLWH are questions that have become clinically relevant. Immune responses to most
vaccines are known to be impaired in PLWH. Effective control of viremia with ART and restored CD4+
T-cell count are correlated with an improvement in responsiveness to routine vaccines. However,
the presence of immune alterations, comorbidities and co-infections may alter it. In this article, we
provide a comprehensive review of the literature on immune responses to different vaccines in the
setting of HIV infection, emphasizing the potential effect of HIV-related factors and presence of
comorbidities in modulating such responses. A better understanding of these issues will help guide
vaccination and prevention strategies for PLWH.

Keywords: HIV; PLWH; ART; vaccination; immune responses; CD4; COVID-19; HPV; influenza

1. Introduction

In people living with HIV (PLWH), reduced immune responses to most vaccines are
known [1,2]. Antiretroviral therapy (ART) restores life expectancy and general well-being,
reducing the risk of severe outcomes after infection in PLWH [3,4].

HIV infection induces a profound disruption of both the innate and adaptive immune
systems leading to immunological alterations and persistent immune dysfunction [5].
Primary infection elicits systemic immune activation and inflammation followed by a
progressive loss in CD4+ T-cell count and a persistent expansion of circulating CD8+ T
cells [6]. Furthermore, exhaustion of T cells often recurs, together with an alteration of the
innate immune cell functions [6,7]. Indeed, alterations of B-cell activity such as abnormal
activation and lower antibody responses have been described [8].

ART-induced suppression of HIV replication is associated with a significant increase in
absolute CD4+ T-cell and B-cell counts, including naïve and memory cells that are essential
for humoral and cellular immunity to T-cell-dependent and independent immunogens [9].
However, despite effective virological suppression, chronic activation persists and antigen-
specific T- and B-cell responses, including T follicular helper cell (Tfh) functions, are still
impaired. Furthermore, PLWH continue to have higher levels of inflammatory mediators,
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such as interleukin (IL)-6, tumor necrosis factor-alpha (TNF-a), soluble (s) CD163, sCD14
and C-reactive protein (CRP)-accelerated aging, and some other comorbidities may accom-
pany this therapy [10,11]. Some molecules with immunomodulatory properties have been
shown to have some beneficial effects on this residual inflammation [12].

However, in PLWH, this impairment of the immune system may affects the quantity,
quality and persistence of protective immune responses induced by natural infection or
vaccination, reducing responsiveness to vaccines and their effectiveness [13–15]. In addition,
vaccine-induced antibodies may decline more rapidly than in the general population [16].

As reported in Table 1, guidelines recommend a proactive approach for immunizing
PLWH who are susceptible to vaccine-preventable infections and at risk of exposure,
including those who have received previously contraindicated live attenuated vaccines
such as those against measles, mumps and rubella [17]. On the contrary, the bacillus
Calmette–Guérin (BCG) continues to be contraindicated in PLWH due to its unfavorable
benefit/risk profile [18,19].

Table 1. Recommended PLWH Immunization.

Pathogen Vaccine Platform Absolute CD4+ T Cell Count

<200 >200

HAV Inactivated 2–3 doses (varies by formulation)

HBV Recombinant 2–4 doses (varies by formulation)

HPV Recombinant 3 doses through age 26

Influenza
Inactivated (IIV) 1 dose annually

Recombinant (RIV) 1 dose annually
Live, attenuated (LAIV) not recommended

MPXV Live, attenuated not recommended 2 doses

SARS-CoV-2
mRNA-based 2 doses + booster
Viral vector 2 doses

Recombinant 2 doses

Streptococcus pneumoniae
PCV15
PCV20
PPSV23

1 dose PCV15 followed ≥8 weeks by
1 dose PPSV23 or 1 dose PCV20

VZV
Live, attenuated (ZVL) not recommended

Recombinant (RZV) 2 doses for 18 and older
HAV: Hepatitis A virus, HBV: Hepatitis B virus, HPV: Human Papilloma virus, MPXV: Monkeypox virus, VZV:
Varicella zoster virus, SARS-CoV-2: Severe acute respiratory syndrome coronavirus 2, PCV: pneumococcal
protein-conjugated vaccine, PPSV: pneumococcal polysaccharide vaccine.

In general, the effective viremia control by ART and the improvement in the absolute
CD4+ T-cell counts are correlated with an enhancement in responsiveness to routine
vaccines, although this issue continues to be of concern. Together with current CD4+ T-cell
absolute count, the CD4/CD8 ratio has proved to be an accurate predictor of vaccine
success [20] (Figure 1).

Finally, co-infections represent an additional factor that may influence immune re-
sponses to vaccination, due to their contribution to a persistent immune activation state
and induction of immune senescence [21,22].

Overall, vaccination of PLWH remains challenging and with the present review, we
summarized recent works in the literature on different vaccine responses in the setting of
HIV infection (Table 1).
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Figure 1. Summary of humoral and cellular immunity in PLWH to recommended vaccinations.

2. Hepatitis A Virus Vaccination

Hepatitis A is a viral infection caused by the Hepatitis A virus (HAV), a single-stranded
RNA virus from the Picornaviridae family [23]. HAV is commonly transmitted through
the fecal–oral route (through ingestion of contaminated food or water), person-to-person
contact and men who have sex with men (MSM) [24,25] and may be responsible for forms
of acute hepatitis that may progress to fulminant hepatic failure in non-immune adult
populations [26,27].

Hepatitis A occurs worldwide and is highly endemic in the most precarious areas
of low-income countries [28,29]. It was estimated to have caused, in 2005, apart from
approximately 200 million subclinical and oligo-symptomatic HAV infections, 33 million
cases of symptomatic illness and 35,000 deaths [30,31].

In Europe, the HAV seroprevalence is low and observational data suggest that PLWH,
especially MSM and injecting drug users (IDUs), are at increased risk of contracting
HAV [24,32–34]. Additionally, a small study conducted on 15 PLWH with acute hep-
atitis A showed that the duration of HAV viremia was prolonged compared to the general
population with acute hepatitis A, which may increase the likelihood of contracting HAV
and transmission to others [35]. Overall, older age, IDUs and MSM have been identified as
independent factors associated with HAV seropositivity in PLWH [36–39].

Among the preventive measures to reduce the spread of hepatitis A, vaccination
against HAV remains the most effective [40,41]. Currently, two types of HAV vaccines
are available: the live attenuated vaccine and the inactivated HAV vaccine [42]. Only the
latter is recommended for PLWH [43] including different adult, adolescent and pediatric
formulations [43].

In the literature, several studies have evaluated the effectiveness of vaccination against
HAV in PLWH. A low rate of seroconversion compared to the general population was
observed. Absolute CD4+ T-cell count < 200 cells/μL, viral load, old age, CD4/CD8
ratio, hepatitis C co-infection and gender were identified as factors of poor response after
vaccination [44–47].

Several previous studies evaluating the efficacy of HAV vaccination in PLWH have
shown lower seroconversion rates (vaccine efficacy) than their seronegative counter-
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parts [48–53]. However, a recent prospective observational study in the setting of an
epidemic of acute hepatitis A among MSM in Taiwan observed an overall seroconversion
rate among PLWH MSM of 39.7% and 93.4% after receiving one dose and completing
a two-dose series of HAV vaccination, respectively, and despite the delayed serological
response, HAV vaccination resulted in a 93% reduction in the risk of acute HAV infection
in HIV-positive MSM over the course of the epidemic [43]. Higher absolute CD4+ T-cell
counts were consistently correlated with higher seroconversion rates [43].

In another study evaluating the efficacy of the vaccine against HAV in a group of
29 children, including 6 children living with HIV and having lost their HAV seropositivity
7 years after being vaccinated with an inactivated vaccine against HAV; after revaccination
(two doses), 83% of these PLWH had a seroconversion after the first dose [54].

Other studies evaluating the efficacy of the HAV vaccine according to the increase in
the number of vaccine doses have shown that increasing the number of doses from two to
three increases the rate of seroconversion in PLWH [52,53,55–57].

Various studies evaluating the persistence of immune memory have demonstrated
that in healthy adults following a primary two-dose regimen, anti-HAV antibodies can
persist in >90% of vaccines for 40 years or more [58]. In PLWH, on the other hand, a slight
decrease was observed over time. In other prospective studies investigating PLWH (all with
an inactivated vaccine against HAV), better results of the persistence of immune memory
were observed with a duration of seroprotection in PLWH patients equivalent to 7 years in
79% of 29 adolescents, 94 for 6–10 years in 85% of 116 adults, 117 for 3.7 years in 85% of
52 adults [59], and for 5 years in 75.5% of 49 adults [47].

Different studies assessing the persistence of immune memory have observed that in
healthy adults following a primary two-dose regimen, anti-HAV antibodies can persist in
>90% of vaccines for 40 years or more [58]. In prospective studies of successfully vaccinated
PLWH (all with an inactivated HAV vaccine), there was a slight increase in the persistence
of seroprotection, which in some of these PLWH (both adults and adolescents) oscillated
between 5 and 10 years old [47,54,59,60].

The persistence of immune memory was also confirmed by a recent study comparing
three-dose and two-dose HAV vaccination schedules, where a slightly higher seroprotection
rate of 94% versus 88% was found after 5 years in 155 and 95 adults, respectively [61].

Despite the evidence of efficacy conferred by the HAV vaccine, PLWH remain suscep-
tible to HAV infection in high-income countries, due to low compliance with recommended
HAV vaccination guidelines, at-risk sexual behaviors and injecting drug use.

3. Hepatitis B Virus Vaccination

Hepatitis B is a liver viral infection caused by the Hepatitis B virus (HBV), a DNA
virus belonging to the Hepadnaviridae family [62].

Because HIV and HBV share similar routes of transmission, co-infection with the
two viruses is common [63,64]. HBV infection in PLWH is a global public health prob-
lem [65]. Globally, nearly 10% of PLWH are infected with HBV [66,67]. HBV infection in
PLWH is generally characterized by an increased rate of cirrhosis (10–20%), a higher risk of
hepatocellular carcinoma [63,68–70] and lastly a higher risk of liver-related death [70].

In general, HBV is not cytopathic. It causes damage through the induction of immune
mechanisms. Cytotoxic CD8 cells recognize expressed HBV antigens and destroy infected
hepatocytes, resulting in increased aminotransferases [71]. Thus, HBV establishes a persis-
tent infection with a stable reservoir of genetic material in the form of circularized DNA
in the cell nucleus [65]. The different phases of HBV infection are characterized by the
presence of certain viral and immunological markers allowing the orientation of the thera-
peutic decision and the evaluation of the response to treatment. Surface antigen (HBsAg)
is the first marker detected in serum [72]. Its presence indicates HBV infection [73]. The
disappearance of HBsAg is followed by the appearance of anti-HBs antibodies. Anti-HBs is
considered as a neutralizing antibody and is recognized as a marker of disease protection
and cure [73]. In most patients, anti-HBs persists for life, confirming long-term immunity.
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Anti-HBs is only serological marker in individuals who have an immune response after
vaccination against hepatitis B [74].

HBV vaccination is recommended in PLWH as the most important method of preven-
tion [75]. Despite these recommendations in 2015, only 2/3 of PLWH receive at least one
dose of HBV vaccine [75]. The efficacy rate of this vaccine in terms of immune response
is generally defined by seroconversion with anti-HBs antibodies > 10 μL/mL in these
subjects [76].

The first studies on the efficacy of the vaccine against HBV applying the “classical”
schedule (20 μg of HBs antigen at months 0–1–6) showed relatively low seroconversion
rates in PLWH, with only 20–70% overprotected against 90–95% in the general popula-
tion [77,78]. Nevertheless, in these studies, a low rate of response to vaccination could be
correlated with various risk predictors of poor response, including viral load and absolute
CD4+ T-cell count, CD4/CD8 ratio, co-infection with HCV, poor general health and oc-
cult hepatitis B [79–83]. In addition, the female sex [84,85], younger age [86–88], alcohol
consumption [86] and smoking [88] are all factors of negative response to vaccination.

Recent studies have shown improvements in the effectiveness of the HBV vaccine in
PLWH, particularly with seroconversion rates [89–91]. In Uganda, to assess the efficacy
of HBV vaccines in PLWH, a cohort of 132 participants received both the base dose of the
vaccine and the 1-month dose, and 127 received the 6-month dose. The 132 participants who
entered the study were predominantly female and 52% had received ART for ≥3 months
and 94% had undetectable HIV RNA. The median (IQR) CD4+ T-cell count was 426 cells/μL
(261–583). A high humoral response rate in PLWH was seen. Nevertheless, in this study,
a variation was observed in the immune response of these PLWH to the vaccine, with
86% of participants that were high-level responders with anti-HBs titer levels ≥ 100 IU/L,
while 6% were low-level responders (anti-HBs levels 10 to 99 IU/L) and 10 (8%) were
non-responders (titer levels < 10 IU/L) [89].

This high response rate differs from some studies that have shown suboptimal se-
roconversion rates in response to the standard series of HBV vaccines in PLWH. These
results are like a study in China that also found high response rates to the HBV vaccine in
PLWH. Nevertheless, compared to the general population in China [90], the response to
HB vaccination was diminished in PLWH.

In a study in Thailand, high rates of response to the HBV vaccine were also
observed in PLWH with fully suppressed HIV viral load and absolute CD4+ T-cell
count ≥ 200 cells/μL [88].

Given the importance of immune status in vaccine response, it is possible that partici-
pants’ degree of immune reconstitution differed between studies, despite apparently similar
current absolute CD4+ T-cell counts documented in these studies. On the other hand, in
the literature, we find results of the efficacy of the vaccine against HBV, correlated with
the increase in vaccination schedules against HBV. Launay et al. [92], in one study, found
that PLWH vaccinated with a four-double-dose schedule had higher anti-HBV titers and
stronger immune responses than those vaccinated with the standard three-dose schedule
(82% versus 65%, p < 0.05). Chaiklang et al. compared the immunogenicity and safety of
three standard doses and four double doses versus four standard doses in one RCT [88]. A
large randomized trial evaluating three-dose 20 μg and four-dose 40 μg HB vaccination
regimens in PLWH reported seroconversion rates of 65 and 82%, respectively [92]. Prospec-
tive studies and randomized trials have reported similar response rates of 50–62% [93,94],
while other studies have reported similar or better rates, ranging from 84 to 92% [88,89,95].
However, these studies with higher seroconversion rates exclusively enrolled patients with
absolute CD4+ T-cell counts of 200 cells/μL or higher or included patients regardless of
whether they had received an HBV vaccine in the past.

In another study evaluating the persistence of vaccination, O’Bryan et al. [96] followed
186 HIV patients for 5 years and found that the persistence of the HBV vaccine response
was longer when these patients had an undetectable or low viral load [97].
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These data demonstrate an improvement in the efficacy conferred by the HBV vaccine,
but achieving a long-lasting and protective level of immunity remains a challenge in
patients with detectable HIV RNA or low CD4+ T-cell counts at the time of vaccination.

4. Human Papillomavirus Vaccination

Human papillomavirus (HPV) infection represents the most prevalent sexually trans-
mitted infection in the world [98]. HPV is a small, non-enveloped DNA virus infecting skin
or mucosal cells that belongs to the Papillomaviridae family. The genome encodes for six
early proteins responsible for virus replication and two late proteins, L1 and L2, which are
the viral structural proteins [99]. At least 13 of more than 100 known HPV genotypes can
cause cancer of the cervix and are associated with other anogenital cancers and cancers
of the head and neck [99]. HPV types are divided into high risk, associated with the
development of anogenital cancer, and low risk, rarely associated with the development
of cancers [100]. The two most common “high-risk” genotypes (HPV 16 and 18) cause
approximately 70% of all cervical cancers [99].

In immunocompetent individuals, most HPV infections spontaneously resolve; how-
ever, the persistent infection with oncogenic HPV genotypes is associated with cancers of
the cervix, vulva, vagina, anus, penis and the oropharynx [100]. In immunosuppressed
individuals, including PLWH, HPV infection often becomes chronic [101]. In particular,
PLWH have a higher incidence of HPV infection, abnormal pap smears and persistent
HPV infection due to the less efficient viral clearance, leading to a high risk of HPV-related
cancers [101].

Because of the more common and persistent HPV-related complications in PLWH,
HPV vaccination programs are encouraged in this population. HPV vaccination represents
the main preventive tool for HPV-related cancers as well as other HPV-related diseases [102].
HPV vaccines are based on the recombinant protein virus-like particle (L1 VLP) with a pro-
prietary adjuvant. Currently, there are three licensed prophylactic L1 VLP-based vaccines
that provide protection against two (bivalent, commercialized in 2008), four (quadrivalent)
and nine (nonavalent) HPV genotypes [103]. Given the higher vulnerability of PLWH,
particularly in men who have sex with men (MSM) who are also PLWH, to acquire multisite
infections mostly characterized by various genotype combinations and the ability of the
nonavalent vaccine to prevent 80% of HPV infections, vaccination programs with this
nine-genotype protection should be implemented, especially among MSM [104,105].

HPV vaccines have proved their safety, efficacy and effectiveness in immunocompetent
young persons, leading to a standard vaccination regime for young girls and boys (aged
9–14 years) reduced from the originally licensed three-dose regimen to two doses [106,107].

Serum neutralizing antibodies are thought to be the major protective branch of adap-
tative immunity afforded by L1 VLP-based vaccines, although CD4+ T cells are involved
in the induction and re(activation) of antigen-specific memory B cells, leading to high
antibody levels and, therefore, are critical for long-term vaccine-induced protection [108].

The immune response elicited by the quadrivalent HPV vaccine seems to persist in
vaccinated individuals up to 5 years post-vaccination [109].

Concerning PLWH, licensed HPV vaccines have proven to be generally safe and
well tolerated [110]. Lower rates of antibody levels elicited by similar vaccine constructs
have been observed, raising concern about the efficacy of HPV vaccines in PLWH [111].
However, several studies have reported that the immune response induced in PLWH is
similar to that found in general population, with high rates of seroconversion and a cellular
immunogenicity comparable to that of general population [98,110,112–114]. Furthermore,
antibody levels following vaccination appear to be stable over time [115].

Significant positive correlations between T-cell responses and current absolute CD4+
T-cell count together with negative correlations between such responses and HIV viremia
have been observed [116,117]. Furthermore, higher seroconversion rates among PLWH
with current absolute CD4+ T-cell counts >200 cells/μL compared with ≤200 cells/μL
have also been reported [116,117]. However, a possible decline in B-cell memory responses
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between 2 and 5 years after the last vaccination dose has been described in PLWH [116].
This is consistent with observations focused on the characterization of the immunogenicity
of other vaccines, but few immunogenicity studies of HPV vaccines among PLWH include
participants with low absolute CD4+ T-cell counts, supporting the need to further elucidate
their immune capacity. In addition, to the best of our knowledge, few studies are focused
on the immunogenicity of the nonavalent HPV vaccine, and information is lacking about
the quality of such response.

5. Influenza Vaccination

Influenza is an infectious respiratory disease with annual estimations of approximately
1 billion infections, 3–5 million cases of severe illness and 300,000–500,000 deaths, accord-
ing to WHO [118]. Influenza viruses belong to the Orthomyxoviridae family and account
for three different types: influenza A, B and C. All three types share common charac-
teristics, such as the segmented genome, made of negative-sense single-stranded RNA,
and the presence of an envelope (derived from host cell membrane) with glycoproteins,
essential for viral entry in target cells [119]. Viral particles are enveloped, and surface
glycoproteins hemagglutinin (HA) and neuraminidase (NA) represent the major antigenic
determinants [120]. Influenza viruses are characterized by antigenic variation, based on
two different mechanisms: antigenic drift (present in all influenza types) and antigenic
shift (characteristic of influenza A only) [120].

Influenza B and C have a narrower host range (humans only and humans and swine,
respectively) than influenza A, which can infect humans, swine, equine, other mammals
such as ferrets, felids, mink, dogs, civets, marine mammals and avians [119]. Influenza A
and B viruses are most relevant clinically, since they cause severe respiratory infections
in humans [121]. Sequencing has confirmed that these viruses share a common genetic
ancestry. They have genetically diverged, and an exchange of viral RNA segments between
viruses has been reported occurring within each genus or type, but not across types [120].
Influenza A viruses are further characterized by the subtype of their surface glycoproteins,
the HA and the NA. There are 18 different HA subtypes and 11 different NA subtypes [122].
Unlike influenza A, influenza B is not further divided into subtypes [123].

During infection, the epithelial cells are the primary targets for influenza viruses. These
cells line the respiratory tract and initiate an antiviral immune response upon influenza
virus detection. The first line of defense is represented by the innate immune system and
constituted by physical barriers and the innate immune cellular responses [124]. A critical
role is performed by the adaptive immunity in the clearance of viral pathogens during
the later stages of infection. Furthermore, respiratory mucosal immunity is induced in the
related mucosal tissues during influenza infection and involved in antiviral defense [125].

Generally, infections occur in children, although most of the severe cases involve very
young or elderly individuals and individuals affected by chronic pulmonary or cardiac
conditions, diabetes mellitus or immunocompromising conditions [126]. Considering the
periodical recurrence of influenza infection and the severe complications occurring in the
elderly and in patients with concomitant chronic diseases, the influenza vaccine represents
an essential tool for preventing infection and limiting the burden of the disease. The choice
of relevant antigens remains of paramount importance in developing influenza vaccines
which are formulated every year to match the circulating strains.

Currently, there are three kinds of vaccines, inactivated, live attenuated and recombi-
nant HA vaccines, licensed in different countries [127]. The WHO recommends seasonal
influenza vaccination to children 6 months to 5 years of age, elderly individuals (>65), all
persons with chronic medical conditions and pregnant women. All available influenza
virus vaccines are injected intramuscularly, except for the live attenuated influenza virus
vaccines, which are administered intranasally [128].

Debate is still ongoing on the efficacy and effectiveness of the licensed vaccines,
although most studies find a positive effect of vaccination on vaccinated individuals [129].
The effectiveness of influenza vaccines has been found to be related predominantly to the
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age and immune competence of the vaccinated individual and the antigenic relatedness of
vaccine strains to circulating strains [130].

Currently licensed influenza vaccines focus on the production of antibodies against
the viral HA, which binds host receptors to mediate viral entry, neutralizing the virus
and preventing the infection [131]. However, the decline in vaccine-specific antibodies
and the antigenic drift of influenza viruses over time leads to the necessity of annual
revaccination. Targeting T-cell responses seems to be a promising technique to ameliorate
influenza vaccines, although it does not prevent infection, but it can reduce the severity of
the infection [131].

Indeed, the role of T-cell immunity was demonstrated during the 2001 H1N1 pan-
demic, where the magnitude of the pre-existing cytotoxic T-lymphocyte (CTL) response
inversely correlated with disease severity in individuals without detectable neutralizing
antibody [132].

PLWH experience prolonged duration of influenza infection and increased severity
of illness, together with higher rates of hospitalizations compared to the general popula-
tion [133]. As a result, annual vaccination against seasonal influenza is recommended by
many national immunization guidelines [134].

Again, the success of influenza vaccination is related to current absolute CD4+ T-cell
count [135]. Indeed, weaker response rates were observed in PLWH with lower current
absolute CD4+ T-cell count, probably due to impaired function of the peripheral blood Tfh
and B-cell functions [136,137].

However, the data are not always in accordance, as demonstrated by the study con-
ducted by Tebas et al. [138], aimed at evaluating safety and immunogenicity of the H1N1
2009 vaccine in PLWH. The authors showed that only 60% of the participants developed
protective antibody titers after immunization [138]. On the contrary, a clinical trial (P1088)
launched by the International Maternal Pediatric and Adolescent Clinical Trials (IMPAACT)
Network evaluated safety and efficacy of a monovalent pandemic H1N1 (pH1N1) vaccine
in perinatally HIV-1-infected children and adolescents, showing that two doses of double-
strength pH1N1 vaccine are safe and immunogenic and may provide improved protection
against influenza in this population [139].

Concerns remain about the efficacy in elderly PLWH, as observed in the general
population. Alternative vaccines, dosing, adjuvants or schedule strategies may be needed
to achieve effective immunization of this vulnerable population.

6. Monkeypox Virus Vaccination

Monkeypox virus infection (MPXV), also commonly known as “monkey pox” or
simian orthopoxvirus, is an infectious disease caused by an Orthopoxvirus (family Poxviridae).
There are two genetically distinct MPXV clades that exhibit different lethality rates. Clade II
comprising the first cases of infections was reported in West Africa and clade I in Central
Africa. Clade IIb was responsible for the global epidemic outbreak in May 2022. Mon-
keypox virus infection presents a clinical picture that can vary according to the clades:
clades I and IIa resemble smallpox and clade IIb is characterized by atypical presenta-
tions. During the 2022 epidemic which raged in countries where the disease was not
endemic, the symptoms were very polymorphic (cutaneous and mucous membrane in-
volvement, painful lymphadenopathy, angina, anitis or proctitis, etc.) which could lead to
more complicated forms (ocular involvement, encephalitis or encephalopathies, multiorgan
involvement in otherwise immunocompromised patients). Transmission to humans occurs
from an animal reservoir or from human to human via direct or indirect physical contact
(contaminated objects).

Despite the announcement of the end of the MPXV epidemic by the WHO in May
2023 [140], questions around MPXV remain topical in the scientific community, especially
in immunocompromised subjects such as PLWH who are considered as a population at
risk [141]. Nearly 957 cases of monkeypox virus (MPXV) infection in Italy and 25,887 cases
of infection in Europe have been reported so far [142].
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Recent studies have described the fatal nature of the MPXV infection in a subpop-
ulation of these PLWH characterized by absolute CD4+ T-cell counts of >200 cells/μL,
presenting a clinical picture marked by massive necrotizing skin and cutaneous, genital
and non-genital mucosal lesions, which can sometimes be accompanied by pulmonary
involvement with multifocal nodular opacities or respiratory failure and severe cutaneous
and blood bacterial sequelae which, in 15% of cases, led to death [141,143,144].

Most cases of MPXV infections reported in Europe and North America since May 2022
were mainly transmitted among men who have sex with men (MSM) with evidence of an
increased prevalence of HIV and other sexually transmitted infections (STIs). Given the
morbidity and lethality in PLWH, a strong evolution of the therapeutic arsenal against
MPXV with many vaccines has been made available to stem the epidemic [145].

The third-generation vaccine contains the live modified attenuated virus of vaccinia
Ankara. MVA-BN is currently the only approved vaccine in areas where sufficient vaccine
stocks are available. Jynneos/MVA-BN is used for pre-exposure prophylaxis to MPXV in
HIV-infected individuals; it is also indicated for the prevention of MPXV in individuals
18 years of age and older who are at high risk of infection [146,147].

To date, there are very few data on an immune response of the MVA-BN vaccine
against MPXV in PLWH. In a study that focused on evaluating the safety and immuno-
genicity of MVA-BN in immunocompromised subjects [148], a phase II trial was conducted
between 2006 and 2009 in the United States and Puerto Rico; a total of 579 volunteers
were recruited into the study: 439 vaccine-naïve subjects (88 immunocompetent subjects,
351 PLWH) and 140 vaccine-experienced subjects (9 immunocompetent subjects, 131 PLWH)
received at least one vaccination. The results of this study demonstrated that the MVA-
BN vaccine presents a better safety and tolerance profile in PLWH with absolute CD4+
T-cell counts < 200 cells/μL than in immunocompetent subjects, regardless of their pre-
vious smallpox vaccination status. In other subsequent studies, the safety profile of the
MVA-BN vaccine in immunocompromised subjects, particularly those infected with HIV,
was comparable or even better in terms of local reactions than in subjects not infected with
HIV [149,150].

The results of the studies showed that the safety profile of the MVA-BN vaccine in
immunocompromised subjects, particularly PLWH, considered at risk for conventional
smallpox vaccination, was comparable or even better in terms of local reactions than in
the general population [148,150]. Antibody responses were also comparable between
immunocompetent subjects and PLWH.

7. SARS-CoV-2 Vaccination

With more than 757 million confirmed cases, the coronavirus disease 2019 (COVID-19),
caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), is the third
coronavirus disease in the past 20 years [151,152].

SARS-CoV-2 is an enveloped, positive-sense, single-stranded RNA virus that belongs
to the Coronaviridae family [153]. Its genome encodes for four major structural proteins,
namely the spike surface glycoprotein (S), which is responsible for the binding to the host
receptor angiotensin-converting enzyme 2 (ACE2), the small envelope protein (E), the matrix
protein (M) and the nucleocapsid protein (N), and other non-structural proteins [154].
Viral transmission can occur by direct, indirect or close contact by infected people through
secretions (saliva or respiratory droplets) [155]. SARS-CoV-2 infects bronchial epithelial
cells, pneumocytes and upper respiratory tract cells in humans, developing into severe,
life-threatening respiratory diseases and lung injuries [156].

Many countries have launched vaccination campaigns to prevent SARS-CoV-2 infec-
tion, and several vaccines have been approved by the World Health Organization (WHO),
although many obstacles to global vaccination remain [157]. Among the vaccines based on
different technologies that have been developed during the health emergency, messenger
RNA (mRNA)-based vaccines have been widely used to contain the pandemic [158].
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In the general population, mRNA-based vaccines have proven to elicit a robust and
protective humoral and cellular response against the SARS-CoV-2 S protein, reducing
mortality and morbidity related to SARS-CoV-2 infection [159–161]. In addition, the specific
T-cell response induced by the vaccine, with the ability to recognize different regions of
the S protein, contributes to the vaccine’s effectiveness against viral variants and protects
individuals from severe forms of COVID-19 [162,163].

It has been estimated that PLWH represent 1% of total hospitalized cases and, dif-
ferently from HIV infection which, in the absence of ART, is invariably fatal, COVID-19
disease is highly variable, ranging from mild to severe and critical forms of illness [164,165].

During the health emergency, vaccination of PLWH became of vital significance and
strongly recommended by health authorities because of the potentially worse outcomes
after SARS-CoV-2 infection, although reports about the increased risk of severe COVID-19
in this population are in some cases contradictory [166]. However, PLWH may experience
a higher burden of various comorbidities, many of which have emerged as risk factors
for severe COVID-19. Key risk factors for severe COVID-19 include both non-HIV co-
morbidities known to be associated with severe disease like older age, diabetes, obesity
and cardiovascular disease as well as HIV-specific risk factors such as low absolute CD4+
T-cell count, viremia and Mycobacterium tuberculosis co-infection [167]. Furthermore, the
suboptimal responses to other vaccines have raised concerns about the efficacy of vaccines
against SARS-CoV-2 in this potentially more vulnerable population.

Some HIV viral blips following mRNA vaccinations have been reported; however,
licensed vaccines have proven to be safe and efficacious in PLWH with stable absolute
CD4+ T-cell counts and well-controlled viremia [168].

In particular, published data on the immunogenicity of mRNA vaccines show values
of anti-S antibodies, neutralizing antibody activity and cellular immune responses in PLWH
on ART and with current absolute CD4+ T-cell counts above 200 cells/μL comparable to
those observed in the general population after a primary vaccination cycle [168–170]. Such a
response was found to be significantly inferior in PLWH with current absolute CD4+ T-cell
count < 200 cells/μL compared to those with >500 cell/mm3 and the general population,
suggesting that the immunogenicity at the time of vaccination is related to the current
absolute CD4+ T-cell count [171,172].

In September 2021, the administration of an additional booster of anti-SARS-CoV-2
mRNA vaccine was approved in Italy to be given after >28 days after completion of the pri-
mary vaccination cycle in PLWH depending on current absolute CD4+ T-cell count and/or
detectable HIV viremia [173]. The third dose improved the responsiveness particularly in
PLWH on ART with current absolute CD4+ T-cell counts < 200 cells/μL, improving both
the rate and the magnitude of the response and supporting the additional dose strategy in
this category of patients with severe immune impairment [172,174].

Some strategies aimed at increasing the tolerability of the mRNA vaccine, such as the
use of pidotimod, which was able to reduce vaccination-related adverse events, could be
useful to encourage people to received vaccination [175].

In PLWH with a current absolute CD4+ T-cell count > 200 cells/μL, T-cell response
elicited by the third dose was like that induced by the primary vaccination cycle, suggesting
that the first two doses were able to achieve full T-cell immunization. Furthermore, the
increased humoral response is consistent with the hypothesis that the third dose is able to
induce a robust B-cell memory response, previously elicited by the primary vaccination
series [176].

However, questions remain about mRNA vaccine’s immunogenicity in PLWH with
ongoing immunosuppression and viremia who represent a particularly vulnerable group
that is poorly represented in vaccine trials. Furthermore, recent studies have shown a lower
polyfunctional capacity in this population, as already described in the setting of other
co-infections, raising issues about the real capability of their immune response [174,177].
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8. Streptococcus Pneumoniae Vaccination

Streptococcus pneumoniae (S. pneumoniae), a Gram-positive bacterium, is the most signif-
icant cause of bacterial disease in humans. A variety of clinical syndromes are related to
its infection, including pneumonia, meningitis, bacteremia, acute otitis media and sinusi-
tis [178]. Despite the availability of a broad arsenal of antibiotics and a vaccine, worldwide,
approximately 14.5 million cases of serious pneumococcal diseases per year have been
reported, leading to approximately 826,000 deaths [179].

In PLWH, invasive pneumococcal disease (IPD) and pneumococcal pneumonia con-
tinue to pose a challenge with high recurrence rates [180], significant public health impact,
morbidity and a high mortality rate of up to 25% [181].

The introduction of pneumococcal vaccines has significantly reduced morbidity, al-
though PLWH still remain at a 30-times-higher risk of IPD as compared to the general
population [182]. Specifically, an absolute CD4+ T-cell count < 200 cells/μL and high levels
of HIV RNA have been strongly associated with the risk of IPD [182].

Four pneumococcal vaccines are currently available: PCV13, PPSV23, PCV15 and
PCV20 [183]. The PCV13 contains protein-conjugated polysaccharides of 13 serotypes of
pneumococci [184]. The PCV15 and PCV20 contain all the PCV13 serotypes, with two ad-
ditional serotypes in PCV15 and seven additional serotypes in PCV20 [183]. The PPSV23
contains 23-valent pneumococcal polysaccharides [185]. The PCV15 is administered as a sin-
gle dose with one PPSV23 follow-up dose given at least 8 weeks later; no additional doses
are recommended after that. The PCV20 requires one dose only; there are no additional
doses needed [183].

There are limited data on the efficacy of pneumococcal vaccination in PLWH. Retro-
spective studies indicate that PPSV23 alone has modest clinical benefit, if any, in reducing
rates of pneumococcal infections [186,187]. The immune response induced by PPSV23 is a
T-cell-independent humoral response, while PCV13 induces a T-cell-dependent response
producing pneumococcal serotype-specific antibodies and memory B cells which provide
long-lasting protection [188]. Sequential vaccination with PCV 13 followed by PPSV23
provides a prime boost effect on inducing and maintaining protective immunity [189].

These vaccines are less immunogenic in PLWH compared to the general population
due to a mitigated immune response. The combination of PPSV23 and PCV 13 has been
shown to be more immunogenic than either of the vaccines alone and is recommended inter-
nationally for prevention of IPD in PLWH [190]. Moreover, other strategies to improve the
immunogenicity of pneumococcal vaccines in PLWH were performed. Indeed, in a double-
blind, placebo-controlled study, the addition of adjuvant CPG 7909, a toll-like receptor
agonist, significantly enhanced the proportion of high responders to the vaccine [191].

According to the Italian Vaccination Plan (2017–2019), the tetanus, diphtheria and
pertussis (Tdap) vaccine is co-administered with PCV and HBV vaccines. For PLWH of
≥11 years old who have never received any vaccine, three doses of Tdap are adminis-
tered, with an interval of 0, 1 month, 6–12 months. In individuals with advanced-stage
HIV, the response is suboptimal for both tetanus and diphtheria, while in subjects with
CD4 > 300 cells/μL, the response against tetanus is optimal, comparable to subjects without
HIV while, for diphtheria, it can remain markedly lower [192].

9. Varicella Zoster Virus Vaccination

The Varicella zoster virus (VZV), a double-stranded DNA ubiquitous human alphaher-
pesvirus [193], causes varicella, establishes lifelong latency in ganglionic neurons and reacti-
vates later in life to cause herpes zoster, commonly associated with chronic pain [193–196].

Varicella and herpes zoster are more common and more severe in the elderly, the
female sex [197] and in people who are immunocompromised, such as PLWH and people
taking immunosuppressive drugs and chemotherapy [198]. The incidence of herpes zoster
is more than 15 times higher in PLWH compared to age-matched immunocompetent
subjects. Herpes zoster can occur in PLWH at any absolute CD4+ T-cell count, but disease
frequency is highest when absolute CD4+ T-cell counts are below 200 cells/μL [199–201].
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Despite the mandatory vaccination of children against chickenpox in the early 1995s
in the United States [202] and from 2003 in Europe [203] (this led to immunization (83%
to 95%) of the general population [204]), the risk of VZV reactivation remains particularly
high in seropositive adults [205,206]. The incidence of herpes zoster is approximately
4–7 cases/1000 person-years and without vaccination, the lifetime herpes zoster risk is
20–30% [207,208].

Vaccination offers an option that could overcome the challenges associated with
conventional antiviral prophylaxis while potentially providing longer-lasting protection
against shingles [209]. The live zoster vaccine (ZVL) is a live attenuated vaccine approved
for people aged ≥60 years [210]. The effectiveness of the ZVL vaccine may decrease with
age and it is generally contraindicated in immunocompromised subjects due to its potential
infection risks [211,212].

Recently, the recombinant zoster vaccine (RZV), an adjuvanted subunit vaccine rec-
ommended for use in adults ≥ 50 years of age since 2017 by the Advisory Committee on
Immunization Practices (ACIP) [213], was also approved by the ACIP for the prevention of
herpes zoster in adults aged 19 and older who have or will have an increased risk of shingles
due to immunodeficiency or immunosuppression caused by diseases or treatment [210].

The efficacy of RZV in immunocompromised subjects is lower than in immunocompe-
tent subjects, reflecting cell-mediated immunodeficiency and a weaker immune response
due to an underlying immunocompromised state [214]. Clinical trial data comparing
memory T-cell responses to both vaccines mentioned (ZVL and RZV) found higher re-
sponses in RZV recipients, and only RZV recipients had five-year persistence of higher
responses [215,216]. The efficacy of RZV is high, even in people aged ≥70 years [217].
Pooled analyses also showed that the vaccine was 91.3% effective against shingles in par-
ticipants over the age of 70 [218,219]. The clinical efficacy of the RZV vaccine has also
been demonstrated in various phase II and III, placebo-controlled, observer-blinded stud-
ies conducted in immunocompromised adults aged 18 years and older with two doses
administered 1–2 months apart [220,221].

Regarding the safety of the RZV vaccine, results from an observational study showed
no difference between immunocompetent and immunocompromised groups, indicating
that immunosuppression may not be a determinant of adverse vaccine effects [221].

These preliminary data confirm the efficacy conferred by the RZV vaccine against
herpes zoster. However, these data should be interpreted with caution and require in-
depth studies.

10. Conclusions

Despite ART-induced virologic suppression, PLWH remain at increased risk of mor-
tality and morbidity from vaccine-preventable diseases, in part because of persistent im-
munopathology, resulting in a compromised response to vaccination, and vaccine-induced
antibodies may fade more rapidly in PLWH than in the general population [1,16].

Moreover, besides the primary response, long-term persistence of protection has been
poorly documented and recommendations on the timing of booster injections are based on
data collected in the general population, although patterns of antibody decay may differ.
In this regard, it is necessary to estimate how seroprotection declines over time among
patients who initially responded to immunization.

Many efforts have been made during the SARS-CoV-2 pandemic to evaluate vaccine
efficacy in PLWH. The findings obtained further confirm the critical role of CD4+ T cells as
a key factor of effective humoral responses and predictor of vaccine success. In addition,
evidence about the complementary role of T cell-specific responses in mediating protection
has emerged, particularly in individuals with low seroconversion rates, reducing mortality
and morbidity related to SARS-CoV-2 infection. However, what constitutes protective
immunity is still discussed, making it difficult to define protective efficacy of vaccines.
In determining vaccine scheduling and efficacy, CD4+ T-cell count, CD4/CD8 ratio and
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viremia should be considered, with the awareness that it will not capture the full immune
profile of this population.

In fact, it is becoming increasingly clear that PLWH represent a diverse population
in terms of immune phenotype, with the consequence that different subgroups require
different vaccination strategies to improve their immunological responses.

Furthermore, the setting of co-infection poses additional concerns, particularly regard-
ing T-cell immunity, since with the intersecting of SARS-CoV-2, HIV and TB epidemics,
SARS-CoV-2-specific CD4+ T cells have shown a lower polyfunctional capacity.

In our opinion, a better understanding of these issues will help guide vaccination and
prevention strategies for PLWH.

We should also consider that male adults living in Europe and in the United States are
the most represented participants in the studies, which poorly reflects the global prevalence
of PLWH, and that, with the pandemic, a reduction in the access to ART and in vaccine
coverage may leave PLWH potentially more vulnerable.

To date, studies assessing long-term immunogenicity, planned with scientific rigor,
are needed. An improvement in the field of vaccine development could bring changes in
the lives of PLWH. In conclusion, the main preventive tool for many infectious diseases
remains vaccination, together with counseling and screening programs. However, greater
attention needs to be paid to PLWH with uncontrolled viral infection and/or low CD4+
T-cell counts and to the effects of aging and comorbidities.
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Abstract: Respiratory syncytial virus (RSV) is a leading cause of acute lower respiratory tract infec-
tions in the elderly and in children, associated with pediatric hospitalizations. Recently, first vaccines
have been approved for people over 60 years of age applied by intramuscular injection. However, a
vaccination route via mucosal application holds great potential in the protection against respiratory
pathogens like RSV. Mucosal vaccines induce local immune responses, resulting in a fast and efficient
elimination of respiratory viruses after natural infection. Therefore, a low-energy electron irradiated
RSV (LEEI-RSV) formulated with phosphatidylcholine-liposomes (PC-LEEI-RSV) was tested ex vivo
in precision cut lung slices (PCLSs) for adverse effects. The immunogenicity and protective efficacy
in vivo were analyzed in an RSV challenge model after intranasal vaccination using a homologous
prime-boost immunization regimen. No side effects of PC-LEEI-RSV in PCLS and an efficient an-
tibody induction in vivo could be observed. In contrast to unformulated LEEI-RSV, the mucosal
vaccination of mice with PC formulated LEEI-RSV showed a statistically significant reduction in viral
load after challenge. These results are a proof-of-principle for the use of LEEI-inactivated viruses
formulated with liposomes to be administered intranasally to induce a mucosal immunity that could
also be adapted for other respiratory viruses.

Keywords: respiratory syncytial virus; RSV; mucosal vaccine; inactivated vaccine; low-energy
electron irradiation; LEEI; PC formulation; PCLS

1. Introduction

Human respiratory syncytial virus (RSV) is a highly infectious and seasonally occur-
ring member of the Pneumoviridae family that can lead to upper and lower respiratory
tract infections (LRTI) [1–3]. Patients such as infants, especially in the first six months of
life, pre-term born, the elderly over 60 years of age, or patients suffering from additional
lung pathologies are at high risk of severe lung disease after RSV infection [1,2,4]. In 2019,
the global burden of RSV was approximately 33 million associated LRTI and 101,400 RSV-
attributed deaths in children under six years of age [4]. In the elderly, RSV has a similar
or even greater burden than influenza, as evidenced in prolonged hospital stays, more
intensive care unit admissions, and higher mortality [5–8].
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The vaccine development against RSV has been faced with several drawbacks. In the
1960s, a formalin-inactivated RSV (FI-RSV) vaccine trial in children enhanced the severity
of the disease after natural reinfection, which was associated with bronchopneumonia,
pulmonary eosinophilia, and extensive monocyte infiltrations, with two fatal cases [9,10].

Since 1986, passive immunization with the monoclonal antibody palivizumab [1,11–13],
and more recently, the improved nirsevimab, are available [14,15]. Several vaccine approaches
have currently entered clinical trials and the first vaccines were approved by the Food
and Drug Administration (FDA) in 2023 [8,16,17]. Two recombinant subunit vaccines
containing stabilized RSV prefusion-F protein have been FDA-approved for adults 60 years
and above. The immunizations showed an efficacy against RSV-related LRTI of 82.6%
(AReSVi-006) and 85.7% (RSVPreF), respectively [17–22]. The latter prefusion F protein
vaccine (RSVPreF) approved for older adults (NCT05035212) also showed protection in
infants after maternal vaccination (NCT04424316) [16,21–25]. In addition, an mRNA-
vaccine expressing the stabilized RSV pre-F is currently in phase III clinical trial [26,27].
Further vaccine approaches include vector-based vaccines such as MVA-BN-RSV, a vector
expressing the F, G, M2, and N protein of RSV in phase III [8,27], and live-attenuated
vaccines, virus-like particles, and nanoparticles [8,27].

Despite these great breakthroughs, all setups are based on intramuscular applications
whereby a mucosal vaccination route could be beneficial against respiratory viruses. The
mucosal application is atraumatic and may enhance the vaccination acceptance in the com-
munity over needle-based applications [28,29]. Most importantly, mucosal vaccinations
against respiratory viruses trigger the mucosal immune system, promoting local immune
responses, resulting in a fast and efficient elimination of viruses directly in the respiratory
tract [28,30]. The induction of the mucosal immunity can be advantageous over systemic
vaccination approaches, especially in RSV-naïve children, as the latter could lead to the
overwhelming immune pathology known after natural RSV infection [31,32]. Only a few
vaccine candidates have the potential to be safe and effective after mucosal application. In
particular, vector vaccines and live-attenuated vaccines are known candidates, as promis-
ing results in preclinical trials have been shown and may have favorable outcomes for
patients [30,33,34]. Even though live-attenuated and vector vaccines have great potential,
reactogenicity, reversion to a virulent pathogen, or the possibility of retrograde transport
into the brain, are undesirable risks [35–37]. Inactivated vaccines can circumvent these
biosafety risks, since pathogens are no longer capable of the replication in the vaccinees.

Virus inactivation approaches, especially those using physical methods, are safe and
have low production costs [38–40]. We have shown previously that low-energy electron
irradiation (LEEI) is a safe, non-toxic, and non-probe harming inactivation method [41–46].
The advantage over other irradiation methods is that the emission of secondary photon radi-
ation is minimal, reducing the need for extensive shielding and making LEEI-technologies
applicable in standard laboratories [43,47]. Since the penetration depth of low-energy
electrons is highly limited [48,49], we have developed automated processes that generate
thin liquid films, enabling the efficient LEEI of pathogens in suspension up to multi-liter
scales [41–43,46]. LEEI has advantages over other radiation types such as ultraviolet
(UV) light. It was previously shown that UV light is harmful to viral proteins including
RSV-F, the most relevant protein for the induction of protective immune responses against
RSV [50,51]. This is in line with the observation that RSV-F is also damaged by treating RSV
with formalin [52,53]. It has been shown that this misfolding of surface RSV-F proteins was
one major reason for the unfortunate outcome of the vaccine trial in the 1960s, resulting in
poor protective [10,53,54] and unbalanced Th2 immune responses [55,56].

In contrast to these studies with misfolded RSV-F protein in formalin-inactivated RSV
vaccine preparations, we have previously shown that in LEEI-inactivated RSV (LEEI-RSV),
at least 70% of the RSV-protein is present in the Pre-F-conformation [44]. In the associ-
ated preclinical trial, intramuscular application of LEEI-RSV with Alhdydrogel showed
high protection upon RSV challenge, which was associated with no significant immune
pathology in the lungs of infected mice [44].
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In the present study, we investigated the mucosal application of LEEI-RSV for the first
time. As the mucosa forms a physical and enzymatic barrier, inactivated vaccines applied
mucosally should be formulated for resorption and immune stimulatory reasons [28]. LEEI-
RSV was formulated with liposomes as they are known to be safe, low, or non-toxic and
easy to produce [29,57]. As a liposome, phosphatidylcholine (PC) was chosen to provide a
broad mucosal and systemic immune response after instillation [58–61].

RSV is one main reason for hospitalizations in infants and the elderly. Even though
first vaccines directed against RSV-F have been approved, a mucosal whole virus vaccine
could be beneficial with a broader immune response, especially in combinational use with
the approved vaccines. Therefore, we developed an inactivated vaccine using LEEI and
tested it in a mucosal vaccination model. The formulated PC-LEEI-RSV showed no safety
concerns in the ex vivo murine precision cut lung slice (PCLS) model. The intranasal
application of PC-LEEI-RSV was well-tolerated and reduced the viral load in mice. Our
results indicate that the formulation of LEEI inactivated RSV mediates protective efficacy
after mucosal homologous prime and boost vaccination.

2. Materials and Methods

1. Cell Culture and Virus Production

Type 2 human epithelial cells (HEp-2; ATCC, Manassas, VA, USA) were used for
all RSV production and in vitro assays. Cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) with GlutaMAX (Thermo Fisher Scientific, Dreieich, Germany),
containing 10% heat inactivated fetal calf serum (FCS) and antibiotics (100 IU/mL penicillin
with 100 μg/mL Streptomycin, Thermo Fisher Scientific, Dreieich, Germany) at 37 ◦C with
5% CO2.

RSV laboratory strain A long was obtained from ATCC (VR-26). M. Peeples and
P. Collins (NIH, Bethesda, MD, USA) kindly provided the recombinant RSV expressing
GFP (rgRSV). Virus propagation and titer determination was performed as previously
described [34,62]. In short, the different virus strains were propagated on 90% confluent
monolayers of HEp-2 cells. Cells were infected with a multiplicity of infection (MOI) of
0.1 in FCS-free medium for 3 h at 37 ◦C with 5% CO2. Unbound virus was removed by
replacing the medium with fresh 1% FCS containing medium and incubated for 72 h at
37 ◦C with 5% CO2. The infected cell supernatant was clarified by centrifugation for 5 min
at 2000× g and 4 ◦C, followed by filtration through a 0.45 μm-filter and ultracentrifugation
at 21,000× g through a 20% (w/v) sucrose cushion in PBS for 3 h at 4 ◦C in a SureSpin 630
swing-out rotor (Thermo Fisher Scientific, Dreieich, Germany). The pelleted virus was
resuspended in 10% (w/v) sucrose in PBS and titrated using a focus forming assay or a
tissue culture infectious dose 50 (TCID50) assay. For the focus forming assay, confluent
monolayers of HEp-2 cells were infected with serial dilutions of the virus and incubated
for 48 h at 37 ◦C with 5% CO2. Viral rgRSV foci were visualized by fluorescence and
RSV-long was analyzed by immunocytochemical (ICC) staining with an anti-RSV antibody
(AB1128; Sigma Aldrich, Taufkirchen, Germany) [63]. For the TCID50-assay, viral stocks
were diluted in 10-fold increments and incubated on confluent HEp-2 cell monolayers in
a 96-well microwell plate for a period of five to six days. The cells were monitored for
cytopathic effects (CPE) and the titer was calculated using the Reed–Muench method [64].

2. Virus Inactivation

a. Low-energy electron irradiation (LEEI)

RSV samples were irradiated in a custom-built irradiation device situated in a BSL2
laboratory at the Fraunhofer Institute for Cell Therapy and Immunology [41]. This can
be equipped with different modules constructed as research prototypes to enable the
automated LEEI of liquid samples. RSV was inactivated in a system using disposable bags.
Briefly, bags were filled with 10 mL each of an RSV-solution diluted in PBS with 10% (w/v)
sucrose and sealed. Based on previous experiences, the samples were treated with LEEI
of 300 keV, 1.2 mA [41,44]. Controls underwent the same process without applying LEEI.
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Afterward, the bags were reopened and the liquid collected for further testing. Inactivation
of RSV was confirmed in a cell culture assay as described previously [41]. In short, HEp-2
cells in a 6-well cell culture plate were inoculated with 100 μL per well of irradiated samples
and controls. The development of cytopathic effects (CPE) was monitored for five to six
days before the supernatant was passaged to fresh cells. After an additional five to six days
of incubation, the samples were considered inactivated when no CPE was visible.

b. Dosimetric analysis

The absorbed dose applied was estimated by using a liquid dosimeter based on
2,3,5-triphenyl-tetrazolium chloride (TTC, Carl Roth, Karlsruhe, Germany), which under-
goes colorization due to a dose-dependent reaction to red formazan, as described in the
study of Schopf et al. [65]. Previously, a calibration function to convert absorbance values
into dose was found with a combined uncertainty of 11.8% in the dose range of 6.5–38 kGy.
That calibration was performed at the radiation plant REAMODE of Fraunhofer FEP using
a standard reference film dosimeter Risø B3 (DTU Health Tech, Lyngby, Denmark).

The TTC was filled in the bag and irradiated with a constant acceleration voltage of
300 kV. The beam current was varied from 0 to 2.0 mA in intervals of 0.5 mA, and a linear
regression was conducted to calculate the resulting dose in the unit gray (Gy).

3. ELISA RSV Conservation after LEEI

To examine the conservation of the antigenicity of RSV, enzyme-linked immunosorbent
assays (ELISAs) were performed as previously described [41,44]. Briefly, 5 μL irradiated
RSV samples and controls were coated on black NUNC 96-well MicroWell™ PolySorp®

plates (Thermo Fisher Scientific, Dreieich, Germany) in carbonate coating buffer (35 mM
NaHCO3 (Carl Roth, Karlsruhe, Germany), 15 mM Na2CO3 (Carl Roth, Karlsruhe, Germany),
pH 9.6) in a total volume of 100 μL/well overnight at 4 ◦C. For a quantitative standard
curve, RSV was coated in fivefold dilutions in concentrations ranging from 5 × 102 to
1 × 105 FFU and processed as the LEEI-RSV. To convert the FFU values to TCID50, the
correlation factor 0.7 was used [66]. The plate was washed three times with PBS containing
0.05% Tween 20 (PBS-T, Carl Roth, Karlsruhe, Germany) and blocked with 5% (w/v)
skimmed milk powder (Carl Roth, Karlsruhe, Germany) in PBS (Bio&Sell, Feucht, Germany)
for 2 h at room temperature. A monoclonal antibody recognizing RSV-F (18F12, [62]),
diluted 1:200 in 2% (w/v) skim milk in PBS, was added and incubated for 2 h at room
temperature, followed by the polyclonal Peroxidase AffiniPure Sheep Anti-Mouse IgG
(H + L) antibody (Dianova, Hamburg, Germany) diluted 1:500. After 1 h of incubation,
the readout was performed using a Centro XS3 luminometer (Berthold Technologies, Bad
Wildbad, Germany). Enhanced chemiluminescent substrate (ECL, Pierce, Waltham, MA,
USA) was diluted 1:10 in PBS and 100 μL of the substrate was injected into each well after
1.5 s of delay. Relative light units (RLU) were counted for 1 s.

4. Lipid Production and Virus Packaging

Phosphatidycholine (PC, LIPOID GmbH, Ludwigshafen, Germany) liposome formu-
lations were prepared by a thin-film hydration method, followed by size reduction via
manual extrusion. Forty mg of lipids was dissolved in 1.5 mL methanol (VWR, Darmstadt,
Germany) and evaporated in a rotavapor (Büchi R-114, Büchi Labortechnik AG, Flawil,
Schweiz) by reducing the pressure to 500 mPa, followed by further reductions to 150 mPa
and finally to 50 mPa. The pressure was held at each of these values for 30 min before
proceeding to the next pressure reduction. The whole process was conducted at 37 ◦C.
The resulting lipid film was rehydrated by adding 1 mL of PBS pH 7.4 buffer (Fisher
Scientific GmbH, Schwerte, Germany) and vortexing for 20 min. The liposome mixture was
then extruded manually through a 200-nm polycarbonate membrane (Avestin, Mannheim,
Germany) using a two-chamber manual extruder (Avestin, Mannheim, Germany). This
procedure resulted in unilamellar liposomes. In order to prevent the loss of activity, the
vaccine was incorporated into the vesicles after manufacturing the liposome formulation.
The inactivated virus material was mixed in a ratio of 1:5 (liposomes:LEEI-RSV) with
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the liposome formulation and vortexed for 5 min. This material was kept at 4 ◦C prior
to testing.

5. Precision Cut Lung Slices (PCLSs)

a. Preparation and treatment of murine, precision cut lung slices (PCLSs)

Female BALB/c mice (Charles River Laboratories, Sulzfeld, Germany) were sacrificed
at three months of age. Lungs were resected and filled with a warm 2% agarose (Sigma
Aldrich, Taufkirchen, Germany) solution in DMEM/F12 (Gibco, Waltham, MA, USA). So-
lidified lung lobes were cut into slices with a 300 μm thickness on a vibratome (Krumdieck
Tissue Slicer, Alabama Research and Development, Muniford, AL, USA) in EBSS (Th Geyer,
Renningen, Germany). The generated murine precision cut lung slices were treated with
different concentrations of the vaccine candidates and cultured in DMEM/F12 supple-
mented with penicillin and streptomycin (10,000 U/mL, Gibco, Waltham, MA, USA) at
37 ◦C with 5% CO2 for 24 h.

b. Viability testing

To assess the viability of the murine precision cut lung slices (mPCLSs), the amount of
released lactate dehydrogenase (LDH) was analyzed using the Cytotoxicity Detection Kit
(Roche, Basel, Switzerland). The metabolic activity was measured using the Cell Prolifera-
tion Reagent WST-1 (Roche, Basel, Switzerland). Furthermore, cells were marked using
the LIVE/DEAD Viability/Cytotoxicity Kit (Invitrogen, Waltham, MA, USA) to visualize
the viable and dead cells by confocal laser scanning microscopy (LSM 800, Zeiss, Jena,
Germany). All kits and reagents were applied at the manufacturer’s recommendations.

c. Cytokine secretion

To assume the immune response of the vaccine-treated mPCLS, the concentration of
TNF-α was measured in the supernatants by ELISA (RnD, DuoSet, Minneapolis, MN, USA).
Furthermore, released IFN-α, -β, -γ, IL-1β, IL-6, IL-10, IP-10, KC, MCP-1, MIP-1α, and
RANTES were quantified by the U-Plex assay (Mesoscale Discovery, Rockville, MD, USA).
All assays were performed following the manufacturer’s recommendations at appropriate
sample dilutions.

6. Immunization and RSV Challenge in Mice

Female BALB/c mice were purchased at Charles River Laboratories (Sulzfeld,
Germany) or breed at the Center for Experimental Medicine at the Fraunhofer Institute of
Cell Therapy and Immunology and maintained under a specific pathogen-free environment
in isolated ventilated cages. Seven- to eight-week-old mice were included in the experi-
ment. Animal experiments were carried out according to the EU Directive 2010/63/EU for
animal experiments and were approved by local authorities. Groups of five mice each were
vaccinated in a homologous prime-boost manner at a four-week regime. Vaccination was
intramuscular (i.m.) with LEEI-RSV adjuvanted with Alhdydrogel (LEEI-RSV i.m.) with
50 μL per hind leg (3 × 106 TCID50/mL) or intranasal (i.n.) with PC-formulated LEEI-RSV
(2 × 105 TCID50/mL) or non-formulated LEEI-RSV with 40 μL per immunization. Blood
for serum samples was collected one week before the first vaccination and three weeks after
prime and boost vaccination. Mice were challenged four weeks after boost immunization
with 106 FFU RSV per animal intranasally as previously published [44]. Five days after
infection, mice were euthanized and lungs were isolated for analysis of the viral load. In
detail, lungs were homogenized in gentlMACSTM M Tubes (Miltenyi Biotec., Bergisch
Gladbach, Germany) with 2 mL ice-cold PBS using a gentlMACS Dissociator (Miltenyi
Biotec., Bergisch Gladbach, Germany). After centrifugation at 2000× g for 5 min at 4 ◦C,
the cleared supernatant was stored at −80 ◦C before viral RNA isolation [63].

7. RSV RNA Copy Analysis with qRT-PCR

Viral RNA was isolated from 140 μL of the cell-free lung homogenate supernatant
using the QIAamp-Viral-RNA-Mini-Kit (Qiagen, Hilden, Germany) according to the man-
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ufacturer’s instructions. To determine the RSV-copy numbers, 45 ng of RNA was re-
verse transcribed and analyzed with the QIAGEN QuantiTECT RT-qPCR Kit using the
RSV sense primer (5′-AGATCAACTTCTGTCATCCAGCAA-3′), RSV antisense primer
(5′-GCACATCATAATTAGGAGTATCAAT-3′), and SYBR Green for detection in LightCycler®

480 (Roche, Basel, Switzerland). Synthetic RSV-RNA of T7-transcripts served as the stan-
dard for the quantification of viral genome copy numbers [34].

8. Analyzing RSV-Specific Neutralizing Antibodies

RSV neutralizing antibody titers in the sera were determined by co-incubation with
rgRSV. After sixfold dilution of the mouse sera in Hanks’ balanced salt solution (HBSS,
Thermo Fisher Scientific, Dreieich, Germany), the complement was inactivated by incu-
bation at 56 ◦C for 30 min. Serial twofold dilutions in DMEM with GlutaMAX (Thermo
Fisher Scientific, Dreieich, Germany) containing 10% FBS and penicillin/streptomycin
(Thermo Fisher Scientific, Dreieich, Germany) or a negative control without serum was
incubated with around 100 FFU rgRSV per well for 1 h at 37 ◦C at 5% CO2. After 1 h, the
serum containing virus was transferred on pre-seeded Hep2-cells and incubated for 48 h at
37 ◦C with 5% CO2. The analysis was performed by counting the green fluorescent viral
foci using a FlouroSpot reader (AID Diagnistika, Straßberg, Germany). The neutralizing-
antibody titer was defined as the highest serum dilution inhibiting rgRSV infection by
more than 50% in comparison to the negative control (PRNT50 = 50% plaque neutralization
titers). The detection limit of the neutralizing antibody was set at the lowest serum dilution
(1:6) [34,44].

9. Analysis of RSV-Binding Antibodies in Mouse Sera

To examine the amount of RSV-binding IgG-antibodies in the sera of vaccinated
animals, ELISA analyses were performed as previously described [41,44]. Briefly, purified
and heat-inactivated (56 ◦C, 30 min) RSV was coated at a concentration of 5 × 105 FFU/well
on black NUNC 96-well MicroWell™ PolySorp® plates (Thermo Fisher Scientific, Dreieich,
Germany) in carbonate coating buffer (35 mM NaHCO3, 15 mM Na2CO3, pH 9.6) in a
total volume of 100 μL/well at 4 ◦C for 24 h. The plate was washed three times with PBS
containing 0.05% Tween 20 (PBS-T) and blocked with 5% (w/v) milk powder in PBS for 1 h
at room temperature. The sera were diluted 1:2000 in 2% (w/v) skim milk in PBS and added
in 100 μL to each well. After incubation for 2 h at room temperature, secondary antibodies
for the total IgG, horse radish peroxidase (HRP) conjugated anti-mouse IgG antibody
(Peroxidase AffiniPure Sheep Anti-Mouse IgG (H + L), polyclonal, Dianova, Hamburg,
Germany) was added at a 1:1000 dilution and incubated for 1 h at room temperature. The
readout was performed using enhanced chemiluminescent substrate (ECL, Pierce, Waltham,
MA, USA) diluted 1:10 in PBS and 100 μL of the substrate was injected into each well.
After 1.5 s of delay, the relative light units (RLU) were counted for 1 s at the Centro XS3
luminometer (Berthold Technologies, Bad Wildbad, Germany).

10. Statistical Analysis

Statistical analysis was performed using GraphPad Prism Version 6.07. Data were
analyzed using the Mann–Whitney U-test. Level of statistical significance is indicated as
follows: *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001.

3. Results

3.1. LEEI Inactivation and Formulation of RSV

For pathogen inactivation, LEEI is a potent method, which we described earlier in
detail [41]. For the vaccination of mice, we inactivated RSV with LEEI, therefore confirming
the dosimetry and success of the inactivation process. LEEI-RSV was then formulated with
PC for further testing.
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3.1.1. LEEI Inactivation in the Bag Module Leads to Sufficient Surface Conservation

To determine the current to use for an irradiation with 25 kGy, which we had already
defined as a safe inactivation dose of RSV [44], a dosimetry of the custom-built prototype
with the use of the bag module was performed. Therefore, the radiochromic liquid dosime-
ter TTC was used for an estimation of the applied dose [41]. Through an interpolation of
the applied beam current (Figure 1a), a dose of 25 kGy was defined at 1.2 mA

Figure 1. Dose finding and conservation of the RSV-F surface protein after irradiation. To determine
the dose distribution, dosimetry of the low-energy electron irradiation (LEEI) was performed in
the bag module with TTC. Two to three independent runs with different amperage at 300 kV are
shown. The linear regression was calculated based on measured dosimetry (a). The conservation of
RSV-F after LEEI was measured by an ELISA with the 18F12-antibody in the process control (0 kGy)
and after inactivation with 25 kGy LEEI. Shown are the mean of each group and the fold reduction
compared to 0 kGy (n = 4) (b).

The inactivation with LEEI was performed as described in the Methods section After
the process, cells were infected with the LEEI-treated RSV-samples to verify inactivation.
After the second passage, no CPE was detectable in the cells infected with RSV treated
with 25 kGy of LEEI, thus being considered inactivated (Figure S1). This led to further
testing of the material and analysis of the conservation of the F-glycoprotein. Hence, an
ELISA was performed where the whole RSV-F-content was tested with 18F12 (Figure 1a).
As a control, the processed material without irradiation (0 kGy) was tested and there was a
non-statistically significant 1.4-fold reduction in the 25 kGy group (Figure 1b). To determine
the RSV amount corresponding to the measured relative light unit (RLU) signal, a standard
curve with a serial dilution of RSV was generated by ELISA (Figure S2). The amount of RSV
was calculated for the processed material using this standard curve. For the process control
(0 kGy), 30,276 RLU/s corresponded to 6.97 × 104 TCID50 and for LEEI-RSV irradiated
with 25 kGy, 21,392 RLU/s correlated with 4.58 × 104 TCID50 (Figure 1b).

3.1.2. Formulation of Inactivated Material

To apply inactivated RSV intranasally, the material was formulated in liposomes after
inactivation. A solution of inactivated LEEI-RSV at a concentration of 2 × 105 TCID50/mL
in PBS with 10% (w/v) sucrose was added to the unilamellar liposome formulation at
a LEEI RSV:lipid ratio of 5:1. Zetasizer measurements showed a size distribution of
200 nm ± 49 nm. The rather large variation in liposomal size may be a result of the known
variation in particle size of the RSV itself, which ranges between 150 and 250 nm [67]. The
RSV content of the formulated liposomes was verified by ELISA.
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3.2. Evaluation of Adverse and Immunogenic Effects of the New Vaccine Ex Vivo

An easy and fast procedure to test for adverse effects or the acute toxicity of drugs
and vaccines on lung tissues is the human or rodent precision cut lung slice (PCLS) tech-
nology [68–70]. Freshly prepared living murine lung tissue was sliced (300 μm thickness)
into cell culture dishes and incubated with the two compounds for 24 h. In addition to the
toxicity, the secretion of cytokines was measured.

The non-formulated and formulated inactivated RSV material, LEEI-RSV and PC-LEEI-
RSV, respectively, was tested on murine PCLS for adverse effects. The slices were incubated
with tenfold serial dilutions of the material ranging from 103 to 106 TCID50/mL for 24 h.
The LDH-release as a parameter for the cytotoxicity was measured in the supernatants.
The background level of LDH-release in the medium control (TCID50 = 0) was around
30–45% of the Triton-lysed cells (Figure 2a). For both vaccines, up to a concentration of
105 TCID50/mL, no LDH release was detectable compared to the medium control
(Figure 2a). In contrast, a dose of 106 TCID50/mL PC-LEEI-RSV induced a median LDH
release of 80% compared to 45% in the medium control, while with LEEI-RSV, the induction
was only to 39% compared to 31% (Figure 2a).

Figure 2. Evaluation of the adverse effects and toxicity of LEEI-RSV and PC-LEEI-RSV using precision
cut lung slices (PCLSs). Murine PCLS were incubated for 24 h with different concentrations of LEEI-
RSV or PC-LEEI-RSV medium (0 TCID50/mL or mock) or Triton (1% Triton X-100). LDH release after
24 h was measured and is shown as the percentage relative to Triton control (a). PCLSs were analyzed
after 24 h incubation and stained with the fluorescence markers for living cells with calcein-AM
(green) and for dead cells with Ethidium-homodimer (red) (b). Microscopic pictures of representative
areas are shown (scale bar = 50 μm). After 24 h, the indicated cytokines were measured in culture
supernatants at the concentration of 104 TCID50 per reaction (MSD U-Plex assay) (c). Single dots
indicate an independent experiment and bars the mean of all experiments (n = 3) with (c) or without
(a) standard deviations; dotted line indicates the limit of detection.
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Looking at cell proliferation via the WST-conversion, a similar picture was visible:
at a dose of 105 TCID50/mL, no changes compared to the medium control were visible
(Figure S3). Subsequently, at a concentration of 106 TCID50/mL, both LEEI-RSV and
PC-LEEI-RSV showed strongly reduced WST-conversion (Figure S3).

Analysis of the toxic effects in a live/dead staining supported the findings that a dose
of 105 TCID50/mL PC-LEEI-RSV or LEEI-RSV showed no toxic effects on the lung tissue
compared to only culture medium (mock) (Figure 2b).

Aside from the absence of adverse effects by the inactivated material, the secretion of
cytokines was measured for PC-LEEI-RSV in a concentration of 104 TCID50/mL to ensure
that the measured effects were not induced as by-products of toxicity but by the vaccine
itself. The measured amounts of the indicated cytokines showed no significant differences
between the PC LEEI-RSV in comparison to the medium control after 24 h (Figure 2c).
Therefore, we concluded that PC-LEEI-RSV does not induce any of the measured cytokines
in 24 h. In addition, IFN-alpha, -beta, and -gamma were measured but were under the limit
of detection of 25 pg/mL, 1.5 pg/mL, and 0.9 pg/mL, respectively, in both conditions.

3.3. PC-LEEI-RSV Induces Immune Responses and Protection in Mice after Vaccination

To test the immunogenicity and protective efficacy of PC-LEEI-RSV, we used a well-
established in vivo infection model of RSV. BALB/c mice were mucosally vaccinated in
a homologous prime-boost regimen to analyze RSV specific humoral immune responses
and protection against an RSV challenge. Routine follow-up of all animals showed no side
effects at any timepoint after the applications of the different vaccines.

3.3.1. Humoral Systemic Immune Response after Vaccination

The induction of a humoral immune response was measured by analyzing serum
samples from the blood of animals before vaccination (pre immune) and three weeks after
prime and boost immunization, respectively.

Sera were used to analyze the systemic RSV neutralizing and RSV binding antibodies
(Figure 3). RSV neutralizing antibodies in the unvaccinated control group were at the
baseline level (Figure 3a). After prime and boost immunization, two out of five animals
showed the induction of neutralizing antibodies after intranasal vaccination of PC-LEEI-
RSV. The control group with intramuscular vaccination of Alhydrogel-adjuvanted LEEI-
RSV showed a significant induction of RSV-neutralizing antibodies after boost vaccination
(Figure 3a).

(a) (b) 

Figure 3. Systemic humoral immune response of the immunized animals. Mice were vaccinated in a
homologous prime-boost regimen either with Alhydrogel adjuvanted LEEI-RSV intramuscularly
(LEEI-RSV i.m.) or intranasally with PC-LEEI-RSV. Control animals were left unvaccinated. Before
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(pre-immune) and three weeks after the prime and boost vaccination, blood samples were collected
to monitor the systemic humoral immune responses. The 50% plaque neutralization titers (PRNT50)
in sera were tested in a microneutralization assay (a) and RSV-binding serum IgG antibodies (b) by
ELISA. Every dot represents the mean of two separate measurements in duplicates of one animal (a).
In (b), every dot is the mean of the duplicate of one animal and shown is a representative experiment
out of two. Statistical evaluation performed by the Mann–Whitney test, either in comparison to the
respective unvaccinated animal (indicated above each group) or in comparison to the group against
the different timepoints (line) (**: p ≤ 0.01). (LOD = limit of detection for the virus neutralization titer
at 1:6; n = 5). (relative light units per second = RLU/s).

All intranasally vaccinated PC-LEEI-RSV animals produced RSV-specific IgG antibod-
ies (Figure 3b). The induction was statistically significant in comparison to the unvaccinated
animals and compared to the pre-immune levels of these mice (Figure 3b). The LEEI-RSV
i.m. group showed a 16-fold higher amount of IgG antibodies than the PC-LEEI-RSV group.
In both vaccinated groups, the induction was statistically significant in comparison to the
unvaccinated animals and to the respective pre-immune levels of the mice (Figure 3b).
Untreated animals only had baseline levels of the antibodies (Figure 3b).

3.3.2. PC-ELLI-RSV Protects Mice after RSV Challenge

To test the induced protective efficacy, an RSV challenge experiment with 106 FFU
per mouse was performed. Animals were scored daily, and no clinical symptoms were
detectable after RSV infection. Five days after challenge, mice were euthanized and the
viral load was determined in the lungs.

PC-LEEI-RSV, given intranasally by a homologous prime boost vaccination regimen
containing 8 × 103 RSV particles per application, induced an immune response, which led
to a 171-fold reduction in the viral load compared to the untreated animals (Figure 4). The
viral load in LEEI-RSV i.m. mice was 966-fold lower than in the unvaccinated group, and
therefore, the i.m. vaccination led to a 5.7-fold better reduction in the viral load compared
to the intranasally applied PC-LEEI-RSV (Figure 4).

Figure 4. Viral load in the lungs after RSV challenge. BALB/c mice were vaccinated as described
above. Four weeks after the boost immunization, animals were challenged with 106 FFU RSV per
mouse. RSV-load was measured five days after challenge in the lung via qRT-PCR. Shown is the
viral copy number of RSV of each animal measured in duplicate with the corresponding geometric
mean of each group. Calculated viral load reduction to the untreated control is presented. Statistical
evaluation of the data was performed by the Mann–Whitney test in comparison to the untreated
animal (**: p ≤ 0.01) (LOD = limit of detection at 50 FFU; n = 5).

88



Viruses 2023, 15, 1846

In another animal trial, the vaccination of mice intranasally with LEEI-RSV, without
adjuvantation, did not show the induction of a sufficient protective immune response
(Figure S4). Low titers of RSV-binding IgG antibodies were induced (Figure S4a), and only
a threefold reduction in viral load after RSV challenge was detectable (Figure S4b). This
shows that the PC-formulation is critical for the immunogenicity.

Since we also could not detect any sign of enhanced disease severity shown by weight
loss or disease development in mice, we can confirm that LEEI-RSV is a safe and highly
efficacious vaccine. In addition, by formulation with PC, this vaccine candidate can be
applied intranasally without any further adjuvants.

4. Discussion

Mucosal vaccines induce protection at the site of infection by activating local immune
responses [29,30,71–73].

In this study, we showed, for the first time, protection with the intranasal application
of a PC-formulated LEEI-RSV in mice against RSV. To exclude adverse effects on viability
or immune activation in the lung tissue, we first showed in the PCLS model that no toxic
effects were generated with our vaccines. In the analysis, neither the LEEI-RSV itself nor the
formulated PC-LEEI-RSV induced adverse effects in the murine lung tissue. The viability
staining showed good viability with the vaccine candidates, and the WST and LDH only
showed adverse results at the highest concentration tested. Importantly, the PC-LEEI-RSV
vaccine induced systemic RSV-binding antibodies and serum neutralizing antibodies after
mucosal vaccination. The detected levels of neutralizing antibodies close to the baseline
in the unvaccinated boost-sera and the PC-LEEI-RSV pre immune sera were more likely
unspecific background. Upon RSV challenge, a statistically significant protection in viral
load in the lungs of vaccinated animals compared to unvaccinated mice was observed. We
could thus demonstrate that the intranasal vaccination provides a reduction in the viral
load, which might be sufficient to protect against RSV infection if LRTIs are blocked [74].

These encouraging results demonstrate, to our knowledge, a proof-of-principle of a
novel mucosal applied vaccine candidate that is inactivated by LEEI and formulated to
improve immunogenicity and protective efficacy. It is worth mentioning that the liposome-
based formulation and the mucosal application can be further improved. For intranasal
application, sophisticated devices have been developed to produce size-specific droplets.
However, the optimization of this mucosal vaccine candidate was beyond this proof-of-
concept study. The application route of LEEI inactivated vaccines has so far been the
intramuscular route, but in this proof-of-concept study, we observed that the intranasal
route also induced protective efficacy based on the reduction in the viral load. Nevertheless,
the mucosal route needs the liposomal based formulation for the efficient induction of
a protective immune response. Liposomes, especially PC, are physiological substances
that are known to be non-toxic and are already medically applied [59]. Liposomes are
widely used for drug delivery across a variety of therapeutic areas [58–60]. Many studies
have already proven the non-toxicity of liposomes [75,76]; especially PC, as a physiological
substance should not interfere with the respiratory system as a high proportion of the
pulmonary surfactant consists of lipids [61,77,78].

Mucosal vaccines are to date mostly based on live-attenuated viruses (LAAV) and viral
vectors as these vaccine candidates can naturally infect mucosal cells and overcome the
mucosal barriers. LAAVs activate multiple immune responses including the innate immune
system, mimicking a normal virus infection [8,72]. However, an RSV-LAAV still induced
unwanted disease symptoms after application because it was insufficiently attenuated [79].
In contrast, over-attenuated RSV-LAAV failed to induce sufficient protection [80].

Viral vectors present another promising approach for mucosal application as they
infect mucosal cells and express an immune relevant transgene that induces an immune
response. Adenoviral vectors have shown great potential as a mucosal immunization
platform, as protection was induced compared to an intramuscular application after a vacci-
nation with the same doses [31,34]. Furthermore, the adenoviral vector vaccine offers higher
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protection against RSV compared to natural infection in mice including better humoral and
cellular immune response at the site of infection [30]. We have previously described that an
intramuscular prime with a DNA-plasmid encoding RSV-F, followed by a mucosal aden-
oviral vector boost, induces high amounts of mucosal T-cells, systemic humoral responses,
and protective efficacy upon RSV challenge [81]. With regard to intramuscular prime and
mucosal boost, we have recently shown that an adenoviral vector against SARS-CoV-2
induces high protective efficacy and superior mucosal immune responses in comparison
to a homologous vaccination using the formulated mRNA intramuscular vaccine [82].
Aside from adenoviral vectors, another vector platform based on the Modified Vaccinia
Ankara virus (MVA) is currently in clinical trials against RSV using the intramuscular
approach [8]. A similar MVA-based vaccine was recently tested using the intranasal route,
showing good antibody induction and protection against RSV in mice [83]. One larger
disadvantage of virus vector vaccines is the induced vector immunity [84,85]. In both live
attenuated viruses and virus vectors, it is important that no immune response against the
vaccines with IgA or cytotoxic T-cells is already established because it could block the
vaccine [84–87]. In addition, new concerns against the adenoviral vector vaccines arose in
the context of vaccines against SARS-CoV-2 due to vaccine-induced immune thrombotic
thrombocytopenia [88,89].

The issues of vector immunity and safety concerns with LAAV or vector vaccines
can be circumvented by using inactivated vaccines [90]. Inactivated vaccines are not able
to replicate and are mostly applied intramuscularly with different adjuvants to enhance
and prolong the immune response [91,92]. For respiratory viruses such as RSV, the site of
infection is the respiratory tract, and a mucosal vaccination would induce higher mucosal
immunity [28,30,34,57,93]. Furthermore, it has already been observed that the induction of
immune responses via a mucosal application include broad mucosal immune response and
systemic immunity [30,31,93]. The intranasal application of an adenoviral vector vaccine
against RSV led to the induction of RSV-F specific CD8+ T cells, central memory CD8+
T cells, and most importantly, to tissue-resident memory CD8+ T cells in the lungs of
vaccinated mice [30]. Similar observations were seen with an intranasal RSV-F Nanovaccine
inducing tissue-resident memory CD4+ and CD8+ T cells besides neutralizing antibod-
ies [93]. These cellular immune response mechanisms are important and necessary in a
balanced and protective immunity against RSV [94]. However, the analysis of cellular
immune responses was beyond the scope of this proof-of-principle study. Besides the
beneficial immunological aspects, a needle-free application of a vaccine might also reduce
vaccine hesitancy, as it is a non-traumatic application method [28]. Additionally, the ap-
plication is more feasible than an injection and the immunization can likely be performed
without medical assistance, enhancing the performance of global immunization [28].

For the effective induction of an immune response after mucosal application, the
vaccine has to overcome the physical and biological barriers of the mucosa, namely the
cell layer with tight junctions and the mucus with proteoglycans, lipids, or DNA [71].
To overcome elimination by the mucosal defense mechanism, resorption, and immune
stimulatory reasons, adjuvanting or packaging of the vaccine is necessary, whereby the
choice of substance can be essential. For example, in an intranasal influenza vaccine,
the use of the mLT LTK3 adjuvant led to transient peripheral facial nerve palsy in some
vaccines [71,95]. In contrast, PC is a lipid that is also present in the surfactant of the
airways, and due to its physiological properties, no adverse effects are expected [60,96].
We showed that the formulation of the inactivated vaccine with PC is necessary, as shown
in Figure S4 compared to Figure 4 [71]. It is worth mentioning that the vaccination of
LEEI-RSV intramuscularly needed adjuvanting with Alhydrogel whereas the mucosal
application only needed the formulation with PC.

In conclusion, this proof-of-principle study shows a novel potent method for the
production of a mucosal inactivated whole virus vaccine formulated with PC. PC-LEEI-
RSV protects against RSV by significantly reducing the viral load in vaccinated animals and
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presents a promising vaccine candidate. Further preclinical optimization and the clinical
development of this vaccine candidate are still warranted.
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Abstract: Human endogenous retrovirus type W (HERV-W) is expressed in various cancers. We
previously developed an adenovirus-vectored cancer vaccine targeting HERV-W by encoding an
assembled HERV-W group-specific antigen sequence and the HERV-W envelope sequence Syncytin-1.
Syncytin-1 is constitutively fusogenic and forms large multinucleated cell fusions when overexpressed.
Consequently, immunising humans with a vaccine encoding Syncytin-1 can lead to the formation
of extensive syncytia, which is undesirable and poses a potential safety issue. Here, we show
experiments in cell lines that restoring an evolutionary lost cleavage site of the fusion inhibitory
R-peptide of Syncytin-1 inhibit cell fusion. Interestingly, this modification of the HERV-W vaccine’s
fusogenicity increased the expression of the vaccine antigens in vitro. It also enhanced Syncytin-1-
specific antibody responses and CD8+-mediated T-cell responses compared to the wildtype vaccine
in vaccinated mice, with a notable enhancement in responses to subdominant T-cell epitopes but
equal responses to dominant epitopes and similar rates of survival following a tumour challenge.
The impairment of cell–cell fusion and the enhanced immunogenicity profile of this HERV-W vaccine
strengthens the prospects of obtaining a meaningful immune response against HERV-W in patients
with HERV-W-overexpressing cancers.

Keywords: adenoviral vector; cell fusion; human endogenous retrovirus type W (HERV-W); R-peptide;
Syncytin-1

1. Introduction

Human endogenous retrovirus (HERV) genes originate from now-extinct exogenous
retroviruses that integrated into the genome of our ancestors. HERV type W (HERV-W)
proviruses were acquired approximately 30–40 million years ago; subsequently, HERV-W
genes spread throughout the genome via reinfections and retro-transpositions [1]. Since
then, accumulations of mutations and truncations have compromised the coding capacity
of most HERV genes, including HERV-W [1,2]. However, some HERV genes are still
coding-competent and express functional proteins. For example, the ERVWE1 provirus
encodes the envelope (Env) protein Syncytin-1, which has been co-opted to play crucial
roles in placentation [3–5]. Syncytin-1 facilitates the fusion of cytotrophoblasts, leading to
the formation of the placental syncytiotrophoblast cell layer [3,4,6]; furthermore, Syncytin-1
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is believed to be involved in maintaining foeto-maternal tolerance [7,8]. The expression of
Syncytin-1 is strictly regulated by epigenetic mechanisms [9,10], and the aberrant expression
of Syncytin-1 is associated with various pathologies, among others, cancer [11,12]. There is
a growing number of reports on the expression of Syncytin-1 and gene products of other
HERV-W loci in human cancer cells and tissues at either mRNA or protein levels (reviewed
in [11,13–16]). The implication of HERV-W/Syncytin-1 expression in cancer is not fully
understood, but the expression of HERV-W in cancer makes these antigens potential targets
for cancer immunotherapy.

In a recent study, we aimed to make a HERV-W-targeting cancer vaccine based on the
virus-like-vaccine concept [17]. In a replication-deficient adenovirus vector, an assembled
HERV-W group-specific antigen (Gag) sequence and the HERV-W Env sequence of Syncytin-
1 were encoded [18]. We evaluated the vaccine-induced immune responses and anti-
cancer efficacy in inbred mice, and we found that the HERV-W vaccine elicited both T-cell
responses to different domains of the Env protein and the antibody recognition of the native
form of Syncytin-1, which was expressed on the surfaces of the mouse cancer cells [18].

The HERV-W Env Syncytin-1 is, however, an atypical vaccine antigen as it is constitu-
tively fusion-competent. When expressed on a cell surface, Syncytin-1 can induce cell–cell
fusion via interaction with either of the identified receptors, human ASCT1 and ASCT2,
and when Syncytin-1 is overexpressed, these interactions can form large, multinucleated
cells. The immunisation of humans with a vaccine encoding the constitutively fusogenic
Syncytin-1 would not only result in an immune attack of the HERV-W vaccine-infected
cells but also adjacently fused non-transduced cells, worsening the local vaccine-induced
tissue damage. To avoid this effect, we were interested in developing an immunogenic but
non-fusogenic HERV-W vaccine.

In the functional characterisation of Syncytin-1, mutagenesis studies found that
Syncytin-1 fusion can be abolished by different mutations in both the extracellular and
intracellular parts of Syncytin-1 while still enabling its surface expression [19–21]. One
study showed that the substitution of cysteine with alanine at the third cysteine in a CX6CC
disulfide motif, which is located in the extracellular part of the transmembrane subunit
(TU) of Syncytin-1, impaired disulfide binding to a CXXC motif in its surface subunit (SU).
This mutation inhibited cell–cell fusion but maintained Syncytin-1 surface expression [20].
Another study compared the cytoplasmic tail (CT) of Syncytin-1 with paralogous and
orthologous HERV-W Env sequences from humans and different apes. It revealed that
Syncytin-1 is constitutively fusogenic because it has lost the four amino acids that originally
constituted the cleavage site for the fusion-inhibitory R-peptide in the CT [21]. When
re-introducing a four-amino-acid-long consensus sequence, LQMV, Syncytin-1 was still
surface-expressed, but the cell fusion activity was inhibited. This is because the human
genome no longer holds any functional proteases from the HERV-W Pro-Pol loci. Thus, the
LQMV-containing Syncytin-1 mutant is locked in a non-fusogenic conformation [21,22].

In the present study, we aimed to construct a non-fusogenic HERV-W vaccine with-
out compromising the immunogenicity of the vaccine. We tested CX6CC motif-mutated
and LQMV-reconstituted Syncytin-1 Env proteins as possible non-fusogenic HERV-W Env
candidates in our vaccine constructs, and we explored the fusion capacity and surface
expression of these constructs in human cell lines. Furthermore, we encoded the LQMV
mutant in an adenovirus-vectored vaccine and examined its immunogenicity compared
to the wt HERV-W vaccine in mice [18]. We show that the non-fusogenic LQMV mutant
vaccine increased the cell surface expression of HERV-W Env in both human and murine
cells. Additionally, this vaccine increased higher CD8+ T-cell responses towards subdomi-
nant antigens and increased antibody responses towards cancer cells expressing the native
Syncytin-1 protein compared to the corresponding fusion-competent vaccine. The fusogenic
and non-fusogenic HERV-W vaccines increased the survival of tumour-challenged mice
to the same extent, possibly reflecting similar dominant epitope-specific responses. Thus,
these results imply that we can avoid vaccine-induced cell–cell fusions while obtaining
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quantitatively higher antigen-specific immune responses by inserting LQMV into the CT of
Syncytin-1.

2. Materials and Methods

2.1. Cell Lines

The human T24 urinary bladder carcinoma cell line (HTB-4; ATCC, Manassas, VA,
USA) and the human HEK293 epithelial kidney cell line (CRL-1573; ATCC, Manassas, VA,
USA) were cultured in DMEM GlutaMAX. The murine RenCa renal cortical adenocarci-
noma cell line from a male BALB/c mouse (CRL-2947, ATCC, Manassas, VA, USA) and the
human A549 lung carcinoma cell line (CCL-185, ATCC, Manassas, VA, USA) were cultured
in RPMI 1640 GlutaMAX and Ham’s F12 Nutrient Mix GlutaMAX media (31765035, Thermo
Scientific™, Waltham, MA, USA), respectively. All media were supplemented with 10%
FBS, 100 units/mL of penicillin–streptomycin (pen/strep) (15140122; Thermo Scientific™,
Waltham, MA, USA), and 1 mM sodium pyruvate (11360070; Thermo Scientific™, Waltham,
MA, USA). All cells were maintained at 37 ◦C and 5% CO2.

2.2. Antigen and Viral Vector Design

The sequences of HERV-W Gag and the wt HERV-W Env, Syncytin-1, were described
in our recent study [18]. The HERV-W Gag sequence was obtained from an assembled
sequence derived from the viral particles of the multiple sclerosis-associated retrovirus
of the HERV-W family in a study by Komurian-Pradel et al. [23]. Based on the virus-
like-vaccine principle, we included the assembled HERV-W Gag sequence in the vaccine
construct to obtain in situ-formed HERV-W Gag particles presenting the HERV-W Env
Syncytin-1 in a highly immunogenic fashion [17]. In the present study, three HERV-W
vaccine plasmids were constructed: one encoding the wt Syncytin-1 and Gag (HERV-WWT),
one encoding Syncytin-1 with four amino acids inserted into the CT region and HERV-W
Gag (HERV-WLQMV), and one encoding Syncytin-1 with a cysteine-to-alanine exchange in
the ectodomain and HERV-W Gag (HERV-WC>A).

The Syncytin-1 sequence, incl. the above-mentioned mutated variants in bold and/or
underlined, is as follows: MALPYHIFLFTVLLPSFTLTAPPPCRCMTSSSPYQEFLWRMQRPG-
NIDAPSYRSLSKGTPTFTAHTHMPRNCYHSATLCMHANTHYWTGKMINPSCPGGLGVT-
VCWTYFTQTGMSDGGGVQDQAREKHVKEVISQLTRVHGTSSPYKGLDLSKLHETLRTH-
TRLVSLFNTTLTGLHEVSAQNPTNCWICLPLNFRPYVSIPVPEQWNNFSTEINTTSVLVGP-
LVSNLEITHTSNLTCVKFSNTTYTTNSQCIRWVTPPTQIVCLPSGIFFVCGTSAYRCLNGSS-
ESMCFLSFLVPPMTIYTEQDLYSYVISKPRNKRVPILPFVIGAGVLGALGTGIGGITTSTQFY-
YKLSQELNGDMERVADSLVTLQDQLNSLAAVVLQNRRALDLLTAERGGTCLFLGEECCY-
YVNQSGIVTEKVKEIRDRIQRRAEELRNTGPWGLLSQWMPWILPFLGPLAAIILLLLFGPC-
IFNLLVNFVSSRIEAVKLQMVLQMEPKMQSKTKIYRRPLDRPASPRSDVNDIKGTPPEEIS-
AAQPLLRPNSAGSS*. In all three plasmids, the sequences coding for the Env and Gag
proteins were separated by a self-cleavable P2 A peptide sequence, and a CMV promoter
controlled the antigen expression. A control plasmid for transfection encoded a copGFP
sequence. GenScript Biotech (Piscataway, NJ, USA) synthesised all plasmids.

The HERV-WWT and HERV-WLQMV constructs were further cloned into a shuttle
vector in E. coli and hereafter into a BAC vector containing the backbone of a replication-
deficient human adenoviral vector type 19a/64 (hAd19a/64) (lacking E1 and E3 genes) [24].
A negative control vaccine (Neg. ctrl vaccine) contained the same vector but did not encode
any antigens.

2.3. Adenoviral Vector Production

The hAd19a/64 vaccines were produced by Sirion Biotech, following the procedure de-
scribed in [25]. In brief, after the cloning of the HERV-W antigens into the hAd19a/64 back-
bone in BAC cells, the DNA was purified, linearized, and then transfected into a modified
HEK293 production cell line. In the HEK293 cells, the viral constructs were amplified to
a large-scale lysate, and from here, the viruses were purified. The purified viruses were
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tittered in parallel via the immunohistochemical staining of the adenoviral hexon protein.
Virus-derived DNA was isolated and sequenced for quality control.

2.4. Surface Expression of Transfected HEK293 and T24 Cells and Transduced A549 Cells

HEK293 and T24 cells were transfected with either HERV-WWT, HERV-WLQMV, or
HERV-WC>A plasmids using PEI and Opti-MEM (11058021; Thermo Scientific™, Waltham,
MA, USA) in complete DMEM media without pen/strep. Transfection with PEI and Opti-
MEM was carried out in the ratios of DNA to PEI, 1:3, and DNA to Opti-MEM, 1:100,
meaning 3 μg of DNA to 9 μL (1 mg/mL) of PEI to 300 μL of Opti-MEM. Each condition
was performed in duplicates. The cells were incubated for 24 h prior to cell surface staining.

Human A549 cells were transduced with the hAd19a/64 HERV-WWT, HERV-WLQMV,
or an empty vaccine (Neg. ctrl vaccine) at a multiplicity of infection (MOI) of 10. Each
condition was performed in triplicate, and the cells were stained after 24 h of incubation.

The following antibody staining of the transfected and transduced cells was carried out
in a FACS buffer consisting of PBS with 1% BSA and 0.1% NaN3. For the cell surface staining
of the HERV-W Env surface subunit, the cells were incubated with 15 μg/mL of primary
rabbit anti-human HERV polyclonal antibody (PA5-22819; Invitrogen™, Waltham, MA,
USA) for 1 h at 4 ◦C. Following this, the cells were stained with secondary PE donkey anti-
rabbit IgG antibody (406421; BioLegend®, San Diego, CA, USA; 1:100) and eBioscience™
Fixable Viability Dye eFlour™ 780 (65-0865; Invitrogen™, Waltham, MA, USA; 1:1000) for
30 min at 4 ◦C. Next, the cells were fixated in 1% paraformaldehyde (PFA) for 15 min at
4 ◦C, and flow cytometry was performed using either the LSRFortessa™ 3-laser or 5-laser
cell analyser (BD Biosciences, Franklin Lakes, NJ, USA). The flow cytometry data were
analysed with FlowJo™ v10 analysis software and GraphPad Prism 9.

2.5. Visualisation of Cells Using Transmission Electron Microscopy (TEM) and Light Microscopy

T24 and A549 cells were seeded on Thermanox coverslips (150067; Thermo Scientific™,
Waltham, MA, USA) in 24-well plates and hereafter transfected or transduced as described
above except in the case of the A549 cells, which were transduced with 50MOI. Prior to cell
seeding, the coverslips for the A549 cells were pre-coated with poly-L-lysine. Following 24 h
of incubation, the cells were fixed with 2% glutaraldehyde in a 0.05 M sodium phosphate
buffer (pH 7.2). As a control, T24 cells were transfected with a plasmid encoding a copGFP
sequence and incubated for 48 h. TEM was performed by the Core Facility for Integrated
Microscopy at the University of Copenhagen (see detailed description in [18,25]).

Using a ZOE Cell Imager (BioRad, Hercules, CA, USA), light microscopy pictures of un-
stained and non-fixed T24 cells 24 h after transduction with 25MOI of the hAd19a/64 HERV-
WWT, HERV-WLQMV, or Neg. ctrl vaccine were obtained.

2.6. Evaluation of Gag Expression via Western Blotting

HERV-W Gag expression was evaluated via Western blotting, as described previously
in [18]. In brief, A549 cells were lysed 24 h after transduction with 50MOI of either the
HERV-WWT vaccine or the HERV-WLQMV vaccine. Denatured samples were run on a
NuPAGE™ Bis-Tris Mini Gel (NP0321; Invitrogen™, Waltham, MA, USA) under reducing
conditions and transferred to a nitrocellulose membrane (IB230002; Invitrogen™, Waltham,
MA, USA). The membrane was incubated overnight at 4 ◦C with the primary antibodies:
the anti-T2A-antibody (Crb200569d; CRB discoveries, Cleveland, UK; 1:2000) to detect
the P2A peptide on HERV-W Gag and the housekeeping control protein anti-GAPDH
antibody (ab181602; Abcam, Cambridge, UK; 1:8000). The bound primary antibody was
detected after 1 h of incubation with the secondary polyclonal goat anti-rabbit IgG antibody
(P0448; Dako, Glostrup, Denmark), using LumiGlo Chemiluminescent (5430; KPL, LGC
group, Teddington, UK) or SuperSignal West Femto Maximum Sensitivity Substrate (34095;
Thermo Scientific™, Waltham, MA, USA). The relative expression differences in the protein
bands were analysed with iBright analysis software, V5.1.0.

100



Viruses 2023, 15, 1686

2.7. Maturation, Transduction, and Staining of Murine Bone Marrow-Derived Dendritic Cells
(BMDCs) and Measurement of Pro-Inflammatory Biomarkers

BMDCs derived from the femurs of two BALB/c mice were isolated and matured
based on a study published by Jin et al. [26]. Detailed descriptions of the maturation
conditions, transduction, and staining are provided in [18]. Twenty-four hours after the
transduction of the murine BMDCs, the supernatant was collected. The concentrations of
four different proinflammatory biomarkers were determined using a customised V-PLEX
mouse proinflammatory cytokine panel 1 kit (K15048D; Mesoscale, Rockville, MD, USA).
The supernatants were diluted 1:5, and the samples were assessed in duplicates. The
biomarker concentrations were analysed with a MESO QuickPlex SQ 120 MM instrument
(Mesoscale, Rockville, MD, USA).

2.8. Animal Procedures and Serum Isolation

Female BALB/c mice from Envigo were obtained at 6–8 weeks of age and housed at
the Panum Institute, University of Copenhagen. The mice were acclimatised for at least
one week prior to any experiments, and all the experiments were performed in accordance
with the national guidelines. The experimental procedures were approved by the National
Animal Experiments Inspectorate (Dyreforsøgstilsynet, license no. 2019-15-0201-00203).

Prior to subcutaneous (s.c.) vaccinations, the mice were anaesthetised with isoflurane.
The mice were vaccinated s.c. in the lower right limb with 30 μL of the relevant vaccine,
which contained 2 × 107 infectious units (IFU) diluted in 1 × PBS. At the end of each
experiment, the mice were euthanised via cervical dislocation.

Blood samples were collected prior to and on the last day of the vaccination studies.
Serum was isolated from the blood samples via two centrifugations at 800× g for 8 min at
8 ◦C.

Intravenous (i.v.) tumour inoculation was performed as described previously in
Skandorff et al. [18]. Each mouse was challenged with 0.5 × 106 RenCa cells modified to
express the HERV-W Env Syncytin-1 (see previous study [18]). These cells were diluted in
1 × PBS, and 100 μL of cell suspension was i.v. injected into the tail vein. The mice were
randomised, and four days after the tumour challenge, the mice were divided into three
groups; each group was vaccinated with either 2 × 107 IFU of the HERV-WWT vaccine
(n = 15), HERV-WLQMV vaccine (n = 15), or the Neg. ctrl vaccine (n = 10). The mice were
continuously monitored, and when humane endpoints were reached (starey coat, bent over
position, or reduced mobility) the mice were euthanised via cervical dislocation. The lungs
were collected and evaluated for the presence of tumour nodules. One mouse in the HERV-
WWT vaccinated group and two in the HERV-WLQMV group showed no signs of sickness
throughout the experiment. When evaluating the presence of tumour nodules in the lungs
of these remaining mice, the HERV-WWT-vaccinated mouse showed one minor nodule. In
contrast, no nodules were visible in the HERV-WLQMV-vaccinated mice. The probability of
survival was calculated between groups two-and-two using a log-rank Mantel-Cox test in
GraphPad Prism 9 with a statistical significance level defined as * = p < 0.05.

2.9. Evaluation of HERV-W Env-Specific Antibody Responses

Antibodies, from serum isolated from BALB/c mice prior to and at the end of the
vaccination, were evaluated via flow cytometry for binding to RenCa cells modified to
stably express HERV-W Env. Pre- and end-bleed sera were diluted 1:20 and added to the
HERV-W Env+ Renca cells for 1 h at 4 ◦C. Following this, the cells were stained with PE
goat anti-mouse IgG (405307; BioLegend®, San Diego, CA, USA; 1:100) and eBioscience™
Fixable Viability Dye eFlour™ 780 (65-0865; Invitrogen™, Waltham, MA, USA; 1:1000)
for 30 min at 4 ◦C. Finally, the cells were fixated in 1% PFA, and flow cytometry was
performed on an LSRFortessa™ 3-laser flow cytometer (BD Biosciences, Franklin Lakes, NJ,
USA). FlowJo™ v10 and GraphPad Prism 9 were used to analyse the antibody responses.
Statistical significance levels were calculated using the Mann–Whitney t-test (* = p < 0.05
and ** = p < 0.01).
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2.10. Evaluation of HERV-W Gag and Env T-Cell Responses

T-cell responses were evaluated using splenocytes isolated from the spleens of the
vaccinated mice, as described previously [18]. The splenocytes were stimulated for 5 h with
pools of 16-mer peptides, which overlapped by 11 amino acid and that together spanned
either the HERV-W Env Syncytin-1 cell surface subunit, the ectodomain of Syncytin-1’s
transmembrane subunit, the Syncytin-1 transmembrane domain and the cytoplasmic tail of
the transmembrane subunit, or the assembled HERV-W Gag (see Figure 3B). The spleno-
cytes were also stimulated with two previously identified 9-mer peptides: peptide 28 (p28,
FGPCIFNLL), which originated from the overlapping sequence between the transmem-
brane domain and the cytoplasmic tail of the transmembrane subunit of Syncytin-1, and
peptide 34 (p34, CYYVNQSGI), which originated from the ectodomain of the transmem-
brane subunit of Syncytin-1 [18].

Following peptide stimulation, the splenocytes were stained with the following cell
surface fluorophore-conjugated antibodies: BV421 rat anti-mouse CD8b antibody (126629;
BioLegend®, San Diego, CA, USA), PE-Cy7 rat anti-mouse CD4 (561099; BD Biosciences,
Franklin Lakes, NJ, USA), PerCP-Cy5.5 rat anti-mouse CD45R/B220 (552771; BD Bio-
sciences, Franklin Lakes, NJ, USA), and FITC rat anti-mouse CD44 (553133; BD Biosciences,
Franklin Lakes, NJ, USA). The splenocytes were fixated in 1% PFA and permeabilised with
saponin before they were stained with two intracellular fluorophore-conjugated antibodies:
APC rat anti-mouse IFNγ (554413; BD Biosciences, Franklin Lakes, NJ, USA) and PE rat
anti-mouse TNFα (554419; BD Biosciences, Franklin Lakes, NJ, USA). Finally, flow cytome-
try was carried out on an LSRFortessa-3 flow cytometer (BD Biosciences, Franklin Lakes,
NJ, USA), and the data were analysed using FlowJo™ v10 and GraphPad Prism 9.

The percentage of the responses measured in the unstimulated samples for each mouse
(background) was subtracted from the percentage of responses measured in the stimulated
samples of the corresponding mouse. As a lower limit of positive geometric mean fluo-
rescent intensity (MFI) IFNγ T-cell responses, the minimum response was defined as a
response above the mean plus two times the standard deviation of the MFI of the spleno-
cytes that were not stimulated with peptides (Neg. ctrl) (as seen in Figure 3G–J). However,
when calculating response differences between the two vaccine groups, all responses were
included. Response differences were calculated using the non-parametric Mann–Whitney
test, with statistical significance levels defined as * = p < 0.05 and ** = p < 0.01. Values below
zero were excluded from the graphs.

3. Results

3.1. Characterisation of Non-Fusogenic HERV-W Envs

To generate a non-fusogenic Syncytin-1 antigen, we first considered the evolutionary
adaptation that rendered Syncytin-1 constitutively fusogenic. The C-terminal R-peptide of
gamma-retroviruses inhibits Env fusion activity, but in the domestication of the HERV-W
Env Syncytin-1, this protein acquired a four-amino-acid deletion mutation in the R-peptide
cleavage site, making Syncytin-1 constitutively fusogenic. Based on human HERV-W Env
paralogous sequences, Bonnaud et al. deduced a four-amino-acid sequence, LQMV [21].
Thus, in our first mutant HERV-W vaccine, we inserted the “lost” fusion-inhibitory R-
peptide cleavage site into the Env CT (amino acids LQMV) and encoded this Env se-
quence in a plasmid together with an assembled sequence of HERV-W Gag (HERV-WLQMV)
(Figure 1A). Other functional and structural studies of Syncytin-1 have shown that certain
insertion and deletion mutations can maintain Env surface expression while abolishing
fusion activity [19,20]. For our second HERV-W mutant vaccine, we exchanged the last
cysteine in the CX6CC motif of the Env TU ectodomain with alanine (CX6CC → CX6CA),
which was previously shown to abrogate the disulfide bond between the TU and SU [20].
Again, we encoded this Env into a plasmid together with HERV-W Gag (HERV-WC>A)
(Figure 1A). The expression of the antigens was controlled using a CMV promoter, and the
Gag and Env sequences were separated using a self-cleavable P2A peptide sequence.
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Figure 1. Characterisation of non-fusogenic mutants of HERV-W Env. (A) Schematic overview of
plasmids encoding an assembled HERV-W Gag (W-Gag) sequence and three different versions of
the HERV-W envelope (W-Env), Syncytin-1, sequences: wildtype Env (green, HERV-WWT), Env
with LQMV insertion (purple, HERV-WLQMV), and Env with a C>A amino acid substitution (blue,
HERV-WC>A). The Gag and Env antigens are separated by a self-cleavable P2A peptide sequence,
and the expression of the antigens is controlled by a CMV promoter (CMV p.). The illustration also
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depicts the location of the R-peptide, the CX6CC and CXXC disulfide motifs, and the different
domains of the Env: the surface subunit (SU) and the transmembrane subunit (TU), where the TU
contains the ectodomain (Ecto), the transmembrane domain (TM), and the cytoplasmic tail (CT). The
scissor illustrates the cleavage site between SU and TU. (B) Transmission electron microscopy (TEM)
pictures of human T24 cells transfected with plasmids encoding GFP, HERV-WWT, HERV-WLQMV, or
HERV-WC>A. The top row shows an overview of several cells, and the bottom row shows individual
cells at a higher magnification. (C) (right) Graph showing the geometric mean fluorescent intensity
(MFI) of the HERV-W Env surface expression of two technical repeats of transfected HEK293 cells,
as indicated by bullets, and (left) histograms showing the distribution of one representative sample
of each of the HERV-W plasmids and a negative control without transfection (Neg. ctrl). (D) The
same as (C) but depicting results for T24 cells. (E) The MFI of the HERV-W Env surface expression
of A549 cells 24 h after transduction with the hAd19a/64 vaccines encoding either HERV-WWT,
HERV-WLQMV, or the empty expression cassette (Neg. ctrl vaccine). Bullets illustrate the three
technical replicates per condition. (F) The Western blot shows HERV-W Gag expression in A549 cells
24 h after transduction with either the HERV-WWT or HERV-WLQMV vaccine. The right graph shows
the difference in the expression of the HERV-W Gag in the Western blot between the two vaccines,
relative to the expression of the housekeeping protein GAPDH.

We assessed the cell morphology of the transfected human T24 cells via transmis-
sion electron microscopy (TEM). T24 cells are highly fusion-permissive when expressing
Syncytin-1, which results in large, multinuclear cells, as seen when transfected with plas-
mids containing the wt Syncytin-1 together with the assembled HERV-W Gag sequence
(HERV-WWT) (Figure 1B, Supplementary Figure S1A). In contrast, the T24 cells transfected
with plasmids of HERV-WLQMV and HERV-WC>A were mono-nuclear, like the GFP control
(Figure 1B).

We further assessed the surface expression of the Env SU region of the easily trans-
fected human HEK293 (Figure 1C) and T24 (Figure 1D) cells via flow cytometry. Consistent
with the original study by Cheynet et al., the surface expression of the Env of the HERV-
WC>A mutant was lower than for HERV-WWT in the T24 cells and almost absent in the
HEK293 cells [20] (Figure 1C,D). Oppositely, the geometric mean fluorescent intensity
(MFI) of the surface expression of Env was higher for the HERV-WLQMV mutant than the
HERV-WWT in transfected HEK293 cells (Figure 1C) but lower than for HERV-WWT in
transfected T24 cells (Figure 1D). The removal of the disulfide bond connecting the TU
and SU of the Env of the HERV-WC>A mutant possibly affects the structure of the surface-
expressed Env via the introduction of novel antigen structures that do not mimic the native
Syncytin-1 protein. Considering this, and that the HERV-WC>A mutant’s level of the cell
surface expression of Env was low, we decided to continue with the HERV-WLQMV mutant
for the generation of a virus-vectored HERV-W vaccine.

To generate a vaccine candidate for in vivo testing, we produced replication-deficient
human adenoviral vector type 19 a/64 (hAd19a/64 vector) vaccines encoding the antigens
from the HERV-WWT and HERV-WLQMV plasmids (as seen in Figure 1A). Following the
transduction of human A549 cells, we evaluated the surface expression levels of the Env
protein via flow cytometry (Figure 1E; gating strategy in Supplementary Figure S1B) and
the intracellular expression of the Gag protein Western blotting (Figure 1F), respectively.
In line with the transfection experiments with HEK293 cells, the surface expression level
of Env was higher for the A549 cells transduced with the HERV-WLQMV vaccine than the
HERV-WWT vaccine (Figure 1E, Supplementary Figure S1C). Similarly, the Gag protein
concentration was higher in the HERV-WLQMV transduced cells than in the HERV-WWT
transduced cells (Figure 1F). By examining the transduced A549 cells using light microscopy,
we could again confirm the presence of multinucleated cells among the HERV-WWT trans-
duced cells, but none of these were present in the cells transduced with HERV-WLQMV or
an empty vectored vaccine (Neg. ctrl vaccine) (Supplementary Figure S1D).
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In a recent study of the HERV-WWT vaccine, we further explored whether encoding
HERV-W Gag and Env could give rise to Env-covered extracellular virus-like particles
(VLPs) [18]. However, in accordance with our previous study, we could not observe
any extracellular VLPs via TEM with either the HERV-WWT or HERV-WLQMV vaccine
(Supplementary Figure S1E).

3.2. Effects of Syncytin-1 in Transduced Bone Marrow-Derived Dendritic Cells

Previously, we observed the association of vaccine immunogenicity with differences
in the expression of activation markers on the surfaces of matured murine bone marrow-
derived dendritic cells (BMDCs) [18,25]. In this study, we measured the surface expression
of Syncytin-1 (from here on HERV-W Env) 24 h after transduction with either HERV-
WWT or HERV-WLQMV and compared it to a lack of transduction (Neg. ctrl) or an empty
vectored hAd19a/64 vaccine (Neg. ctrl vaccine) (Supplementary Figure S2A). Regarding
its expression in human HEK293 with plasmids and the use of viruses in A549 cells, the
Env cell surface expression on murine BMDCs was higher for HERV-WLQMV than HERV-
WWT (Figure 2A), while the cell viability was similar (Figure 2B). No cell–cell fusions were
observed with any of the vaccines; therefore, we did not anticipate any differences in the
expression of the activation markers. Indeed, the percentages and MFI of HERV-W Env+

cells expressing MHC class II (MHC-II) and CD86 on their surfaces were similar between the
two vaccines (Figure 2B, Supplementary Figure S2B). However, the MFI of CD40 on HERV-
W Env+ cells appeared slightly lower for HERV-WLQMV than HERV-WWT (Figure 2C). We
also measured the concentrations of four different secreted proinflammatory biomarkers
in the supernatant 24 h after transduction but found no differences except for a modest
increase in the concentration of TNFα with the HERV-WLQMV vaccine when compared to
HERV-WWT and the Neg. ctrl vaccine (Supplementary Figure S2C). Overall, from these
experiments, it is not possible to claim any clear differences in innate immunogenicity
within the ex vivo-transduced BMDCs apart from the greater levels of cell surface Env
expression of the BMDCs transduced with the HERV-WLQMV vaccine.

3.3. The LQMV Mutant Vaccine Exhibit Increased T-Cell Immunogenicity

To explore whether the LQMV mutant vaccine was equally immunogenic to the
wt vaccine in vivo, we vaccinate BALB/c mice subcutaneously (s.c.) and evaluated their
cellular and humoral immune responses after 14 days (the expected peak of T-cell responses)
and 28 days (early memory responses) (Figure 3A). Using flow cytometry, we measured
the IFNγ and TNFα responses of CD8+ and CD4+ T-cells via intracellular staining after
peptide stimulation with two identified HERV-W Env-responding 9-mer peptides (peptide
28 and peptide 34), as well as three pools of 16-mer peptides overlapping by 11 amino
acids (for the gating strategy, see Supplementary Figure S3A). The peptide pools were
made to span three different sections of the Env protein: SU, the ectodomain of the TU,
and the transmembrane (TM) and CT regions of the TU (Figure 3B), and these and the
single peptides were identified and evaluated in our recent study [18]. In this present study,
we also used a pool of overlapping 16-mer peptides spanning the HERV-W Gag protein
sequence (Gag) to measure potential T-cell responses to HERV-W Gag (Figure 3B).

Interestingly, the T-cell responses to the HERV-WLQMV vaccine were generally higher
than the responses to the HERV-WWT vaccine. The percentage of IFNγ and TNFα CD8+

T-cell responses to peptide 34 from the TU ectodomain and the SU peptide pool were
significantly higher for the HERV-WLQMV vaccine group compared to the HERV-WWT
vaccine group on day 14 (Figure 3C). The same tendency was observed on day 28 (Figure 3D)
and for IFNγ-producing CD8+ T-cell responses on day 14 (Supplementary Figure S3B), and
with a reduced magnitude on day 28 (Supplementary Figure S3C). Consistent with our
previous HERV-W vaccine study, the double-positive (IFNγ+TNFα+) and single-positive
(IFNγ+) CD8+ T-cell responses elicited to peptide 28 were generally the highest of all the
peptide conditions [18]. However, in this current study, the two HERV-W vaccine groups
responded similarly to this major epitope.
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Figure 2. Evaluation of the effect of the non-fusogenic HERV-WLQMV vaccine on activated BMDCs.
(A) Percentage of surface expression of HERV-W Env of CD11+ live bone-marrow-derived dendritic
cells (BMDCs) from two BALB/c mice, analysed via flow cytometry. (B) Percentage of live BMDCs.
(C) Geometric mean fluorescent intensity (MFI) of the activation markers CD40 (left), MHC-II
(middle), and CD86 (right) on the cell surfaces of the BMDCs expressing CD11 c and HERV-W Env.
All bullets depict the mean of two technical repeats from each of the two mice.

Furthermore, and in agreement with the previous study [18], vaccine-specific CD4+

T-cell responses were generally quite low in the BALB/c mice. However, we could still
observe IFNγ+TNFα+-producing CD4+ T-cells responding to the peptide pools of the SU
region and the ectodomain on day 14 and day 28; in most cases, these responses were the
strongest for the HERV-WLQMV vaccine group, but the difference between the groups did
not achieve statistical significance (Figure 3E,F). The percentages of IFNγ+ CD4+ T-cell
responses were almost indistinguishable on day 14 (Supplementary Figure S3D), but on
day 28, the responses to the ectodomain were significantly higher for the HERV-WLQMV
group than for the HERV-WWT group (Supplementary Figure S3E).

In contrast to all the other results, the MFI of IFNγ+ CD8+ T-cell responses to peptide 28
of the TM-CT region was higher for the HERV-WWT vaccine group than the HERV-WLQMV
vaccine group on day 14 (Figure 3G), but then the opposite occurred on day 28 (Figure 3H).
We speculate whether this observation can reflect a still-maturing immune response on day
14 which settled on day 28. At later stages of the response, both vaccine groups are expected
to be at the resting stage, and we would imagine that a more immunogenic vaccine would
provide both the quantitatively and qualitatively strongest responses, which is what we
observed for the HERV-WLQMV vaccine compared to the HERV-WWT vaccine on day 28.
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Figure 3. CD8+ and CD4+ T-cell responses in BALB/c mice vaccinated with the two HERV-W vaccines.
(A) Schematic representation of the immunisation study with the HERV-WWT and HERV-WLQMV

vaccines. BALB/c mice were immunised subcutaneously (s.c.) in the lower limb on day zero, and
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splenocytes were harvested either 14 days or 28 days later. For each of the two experiments, each
vaccine group included ten mice. (B) Illustration of the vaccine-encoded antigens, visualising the
four different 16-mer peptide pools spanning HERV-W Gag, HERV-W Env SU, or the two HERV-W
TU regions: the ectodomain (Ecto) or the TM-CT. The figure also illustrates the origin of the two
9-mer peptides: peptide 28 (p28, TM-CT) and peptide 34 (p34, Ecto). Graphs show the percentages
of IFNγ- and TNFα-expressing CD8+ T-cells 14 (C) and 28 (D) days after immunisation or CD4+

T-cells 14 (E) and 28 (F) days after immunisation. Geometric mean fluorescent intensity (MFI) of
IFNγ-expressing CD8+ T-cells on day 14 (G) and day 28 (H), as well as CD4+ T-cells on day 14 (I)
and day 28 (J) after vaccination. The gating strategy is illustrated in supplementary Figure S3A. The
individual bullet depicts the response from one mouse, and the horizontal line indicates the mean
of the group. Statistically significant differences (non-parametric, two-tailed Mann–Whitney test)
between T-cell responses are marked by * = p < 0.05 and ** = p < 0.01. The dotted lines indicate a
lower limit for a positive response, and they are based on the mean plus two times the standard
deviation of the mean of the responses for T-cells without peptide stimulation (Neg. ctrl).

The MFI of the IFNγ CD4+ T-cell responses on day 14 and day 28 were similar for most
epitopes, but at 28 days, we observed a significantly higher MFI for the T-cells responding
to the SU peptide pool in the HERV-WLQMV-immunised mice (Figure 3I,J). We oppositely
observed a higher MFI for the TM-CT peptide pool in the HERV-WWT-immunised mice,
but this was a mean responsiveness calculated from a very low-responding cell population
(comparing Figure 3E,J).

In this study, we also aimed to measure T-cell responses to HERV-W Gag by using
a pool of 16-mer peptides that spanned the protein sequence. However, the responses to
this region were very sparse and low. We only observed relevant responses in a few cases
(Supplementary Figure S3F), but not to an extent to which we could observe differences
between the two vaccine groups.

Overall, we conclude that the HERV-WLQMV vaccine increased T-cell responses, par-
ticularly for minor epitopes at early time points, and increased T-cell functionality with
increasing consistency over time.

3.4. HERV-WLQMV Vaccine Induces Higher Antibody Responses but Similar Tumour Survival as
the HERV-WWT Vaccine

From the same mice that were used to measured T-cell responses, blood samples were
also obtained prior to vaccination (pre-bleed) and on the day of the splenocyte isolation
(end-bleed): day 14 or day 28 after vaccination (Figure 4A). We isolated serum, and via
flow cytometry, we tested the binding of serum IgG to a murine RenCa cancer cell line that
we had, in a previous study, modified to stably express the native HERV-W Env protein
on the surface (Supplementary Figure S4A) [18]. The total serum IgG binding from HERV-
WLQMV-vaccinated mice was significantly greater compared to the HERV-WWT mice on
day 14, and this difference was further increased on day 28 after vaccination (Figure 4B,
Supplementary Figure S4B).

Since both T-cell and IgG responses were higher for the HERV-WLQMV-vaccinated
mice than the HERV-WWT-vaccinated mice, we were curious whether this could also reflect
improved tumour protection against HERV-W Env-expressing tumours. The BALB/c mice
were injected intravenously (i.v.) in the tail with the HERV-W Env-expressing murine
RenCa tumour cells. The mice were randomised, and four days after the tumour challenge,
the mice were vaccinated with the HERV-WWT (n = 15), the HERV-WLQMV (n = 15), or the
Neg. ctrl vaccine (n = 10) (Figure 4C). Together (Figure 4D) and individually (Figure 4E,F),
the two HERV-W vaccines significantly increased the probability of survival compared
to the control group. However, there was no difference in the overall survival when
comparing the two HERV-W vaccinated groups with each other (Figure 4G).
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Figure 4. Evaluation of antibody responses and tumour efficacy in mice vaccinated with HERV-
WLQMV. (A) Schematic representation of the vaccination study using BALB/c mice immunised with
the HERV-WWT or HERV-WLQMV vaccine (n = 10 per group) (also illustrated in Figure 3A). Mice were
vaccinated subcutaneously (s.c.) on day zero. Blood samples were taken prior to vaccination and at
the end of the study, either on day 14 or day 28. (B) The graph shows the geometric mean fluorescent
intensity (MFI) of serum IgG binding to the surface of HERV-W Env-expressing live RenCa cells,
measured via flow cytometry. Each bullet represents one mouse, and the bold line shows the mean of
the responses of the group. Response differences between the two vaccine groups were calculated
using the Mann–Whitney test, and statistical significance is defined as: * = p < 0.05, ** = p < 0.01.
(C) Overview of tumour study with HERV-W Env+ RenCa cells injected intravenously (i.v.) into the
tail veins of BALB/c mice on day zero. On day 4, the mice were vaccinated s.c. with either of the two
HERV-W vaccines or the empty control vaccine (Neg. ctrl vaccine). The mice were monitored until
humane endpoints were reached. (D) Graph showing the survival of mice challenged with HERV-W
Env+ RenCa tumours and immunised with the Neg. ctrl vaccine compared to the two HERV-W
vaccines together. (E–G) Survival curves show the three vaccine groups compared two-and-two. The
statistical survival difference between the groups was calculated using the log-rank test (Mantel–Cox),
* = p < 0.05.
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4. Discussion

In a recent study, we generated a potential cancer vaccine targeting HERV-W which
encoded the sequence for the fusogen Syncytin-1 and an assembled HERV-W Gag se-
quence [18]. Following this study, we were interested in developing a non-fusogenic
HERV-W vaccine without compromising the vaccine’s immunogenicity. Therefore, in this
present study, we tested two previously reported non-fusogenic HERV-W Env/Syncytin-1
mutants: one mutant containing a neutral amino acid substitution (C > A) in the disulfide
bond motif of the Env TU ectodomain, and one mutant with four amino acids (LQMV)
inserted into the Env CT, restoring an evolutionary lost cleavage site of the fusion inhibitory
R-peptide. Neither of the HERV-W mutants induced fusion, but only the HERV-WLQMV
mutant increased Env cell surface expression in HEK293 cells and was clearly expressed
on the cell surfaces of T24 cells. Furthermore, mutating the disulfide bond might affect
protein folding; therefore, we proceed with the HERV-WLQMV variant. Interestingly, when
encoded in an hAd19a/64 vector, the HERV-WLQMV mutant also induced higher levels
of Env cell surface expression than the HERV-WWT vaccine in both murine BMDCs and
human A549 cells.

Next, we assessed potential differences in innate immunogenicity between the HERV-
WWT and HERV-WLQMV vaccines by measuring the expression of cell surface activation
markers and secreted proinflammatory biomarkers of transduced murine BMDCs. Most
metrics were similar between the two vaccines, but we observed a reduction in CD40 cell
surface expression concomitant with an increase in TNFα in the supernatant of HERV-
WLQMV transduced BMDCs. It was not possible to pinpoint a more or less activated pheno-
type of these transduced BMDCs, but as previously mentioned, the BMDCs confirmed the
HERV-WLQMV vaccine-induced increase in Env protein cell surface expression.

Increased antigen expression has previously been found to increase T-cell responses
to adenovirus-vector-encoded antigens [27]. Interestingly, prior studies have also shown
that dramatically increased antigen presentation or diminished epitope competition can
yield similar modest effects on the responses to dominant epitopes and primarily improve
subdominant epitope-specific responses [28,29]. This agrees with what we observed in our
study. The vaccination of inbred BALB/c mice with the HERV-WLQMV vaccine resulted
in significantly higher CD8+ T-cell responses to the HERV-WLQMV vaccine compared to
HERV-WWT vaccine at 14 and 28 days after vaccination for the less-responsive epitopes
and peptide pools, such as peptide 34 and the SU peptide pool. In contrast, responses to
the most immunogenic peptide, peptide 28, were unchanged.

Furthermore, we observed significantly higher humoral IgG responses to the HERV-
WLQMV vaccine on day 14 and day 28 after vaccination compared to the HERV-WWT vaccine.
Both vaccines improved the overall probability of survival of the mice subjected to distantly
injected lung tumours expressing HERV-W Env. However, there was no difference between
the two vaccines, likely reflecting similar responses to major epitopes, such as peptide 28.

To our knowledge, no other study has characterised the immunogenicity of the LQMV
mutant of Syncytin-1 nor assessed its expression in multiple cell lines and primary cells. We
were consequently surprised by the findings of higher levels of cell surface expression in
most cells, as well as higher and broader Env-specific CD8+ T-cell responses and antibody
responses to the HERV-WLQMV vaccine compared to the HERV-WWT vaccine. While it may
seem likely that increased antigen expression can contribute to increased immunogenicity,
we cannot be sure that this is the main reason for the observed differences. Further, we
have no explanation for why we observe this, nor why this profile was inverted in T24 cells.

We speculate that the increase in HERV-WLQMV Env cell surface expression via trans-
fection in HEK293 cells and transduced murine BMDCs, as well as the increase in the
expression levels of both Env and Gag of transduced A549 cells, could be attributed
to changes in protein homeostasis, such as increased production, increased surface ac-
cumulation, and decreased breakdown. Alternatively, cell stress can induce increased
transactivation of the CMV promoter through which the expression of the HERV-W anti-
gens is determined [30]. The increased CMV promoter activation could increase antigen
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transcription if the HERV-WLQMV mutant induced more cell stress than the HERV-WWT.
This could explain why we see higher levels of expression of HERV-W Gag and Env in
HERV-WLQMV-transduced A549 cells compared to HERV-WWT. Furthermore, the increased
transcription and expression of antigens caused by cell stress would be expected to affect
viability. However, potential differences in cell stress were not reflected in cell viability,
which was equal between the groups in both murine BMDCs (Figure 2B) and A549 cells
(data not shown).

Oppositely, we did not observe an increased level of Env expression in transfected
T24 cells. While A549 and HEK293 cells expressing Syncytin-1 fused modestly, Syncytin-1
expression in T24 cells induced the formation of large, multinucleated cells. Syncytin-1-
expressing TE671 cells are also highly fusion-permissive (Figure 2 of [3]). When these
cells were transfected with the LQMV mutant in the original study by Bonnaud et al., the
Env surface expression of the LQMV mutants was similarly slightly lower than for the wt
Syncytin-1 (Figure 1C of [21]). Thus, differences in surface expression of the LQMV mutant
may reflect cell-dependent differences in receptor engagement.

Two fusion receptors for Syncytin-1 have been identified in humans: the sodium-
dependent transporters ASCT1 and ASCT2 [3,31]. Mice express ortholog versions of these
transporters (murine ASCT1 and ASCT2), which are quite diverse from the human ones.
However, early studies showed that pseudo-typed Syncytin-1 virions could infect via the
murine ASCT1 or the de-glycosylated version of murine ASCT2 [31]. A more recent study
reported the cell–cell fusion of murine B16F10 cells expressing Syncytin-1 [32]. However,
both studies indicated that the cell–cell fusion induced by Syncytin-1 in murine cells was
less than in human cells.

We did not observe cell–cell fusions of HERV-WWT-transduced murine BMDCs (data
not shown) in this study, nor in a similar experimental setup with the transduction of
human PBMC-derived dendritic cells (data not shown). This could indicate that cell–cell
fusion is highly regulated in antigen-presenting cells. However, in vivo vaccination studies
in mice involve many different cell types for which cell–cell fusion induced by Syncytin-1
is possible. Still, cell–cell fusion induced by Syncytin-1 would most certainly be more
pronounced in humans. Therefore, we might observe greater differences in cellular and
humoral responses between the two HERV-W vaccines if tested in humans. Accordingly,
the HERV-WLQMV would not only be a more desired vaccine with respect to fusion-related
side effects but it would also have a higher potential to break immunological tolerance in
humans. These differences in the mechanism of action in humans versus mice gain further
importance when considering that HERV-W is a self-antigen in humans and it is thus likely
that there will be a reduced frequency of immune precursors recognising HERV-W with
high affinity. Here, it is highly encouraging to observe an enhancement of subdominant
antigen T-cell responses by the HERV-WLQMV vaccine, demonstrated by a broadening of
the anti-HERV-W Env T-cell response. Indeed, vaccines designed for increased MHC-I-
and MHC-II-restricted antigen presentation have demonstrated a wider efficacy gap to
non-modified antigens when targeting cancers through their dominant epitopes in tolerant
models [33]. Therefore, the HERV-WLQMV vaccine may outcompete the HERV-WWT vaccine
in the treatment of human HERV-W-expressing cancers, despite eliciting similar levels of
dominant epitope immunogenicity and anti-cancer efficacy against HERV-W-expressing
cancers in the highly immunogenic murine system. Additionally, the immune responses to
the HERV-WLQMV vaccine would, at the very least, be less sensitive to immune escape.

Whether or not the improvements in HERV-WLQMV immunity will translate into
anti-cancer efficacy in humans relies, first of all, on breaking the immunological tolerance
to the endogenous (self-antigen) target in the tumour, here HERV-W, without inducing
autoimmune reactions to other tissues potentially expressing HERV-W antigens at low
levels. Breaking tolerance and avoiding autoimmunity remain major challenges in cancer
immunotherapy. Innate and adaptive immune responses to HERV-W in pathological
conditions, such as multiple sclerosis and type 1 diabetes, indicate an incomplete tolerance
which can be broken in inflamed conditions [34–37]. Whether a vaccine-induced response
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can break tolerance in humans and cause autoimmune reactions cannot be answered before
tests in humans, but it is encouraging that having multiple sclerosis does not necessarily
imply acquiring type 1 diabetes and vice versa.

To test the claim that subtle differences in antigen display and immunogenicity trans-
late into wide differences in a tolerant system, we explored vaccines against a murine
endogenous melanoma-associated retrovirus (MelARV). The Env of MelARV is a murine
self-antigen overexpressed in many cancer models [38]. In a previous study, we showed
that mice were tolerant to DNA plasmids expressing wt MelARV Gag and Env. Still, we
could break the immunological tolerance to MelARV through the use of viral vectors [39].
Additionally, via the delivery of a vaccine with immunogenic replication-deficient adenovi-
ral vectors in a prime-boost regimen, in combination with relief of the immunosuppressive
activity of the intrinsic Env immunosuppressive domain (ISD) via two point-mutations,
we achieved considerably stronger T-cell responses of up to 10% of the CD8+ T-cells [25].
These data illustrate that gradually augmenting immunogenicity by improving the delivery
vehicle and antigen used allows for an intrinsically tolerant antigen to induce responses of
the magnitudes that are typically associated with live viral infections. Furthermore, the
MelARV study showed that the adenovirus-vectored vaccine encoding the MelARV Gag
and the mutated Env, in combination with the immune checkpoint inhibitor, anti-PD-1
antibody, could eradicate established colorectal tumours in mice [25].

Our current HERV-W vaccines are also encoded in adenoviral vectors, but in con-
trast to the MelARV study, a mutation of the ISD is unnecessary because the ISD of the
HERV-W Env Syncytin-1 is natively non-immunosuppressive [18,40]. Notably, the non-
immunosuppressive ISD of Syncytin-1 might help explain the reported spontaneous break
of tolerance in humans [34–36]. While that presents an obstacle to further improving the
immunogenicity of Syncytin-1 through changes to its ISD [25,41], the HERV-WLQMV mutant
here represents a fortunate and surprising strategy for increasing the HERV-W vaccine
immunogenicity.

5. Conclusions

In this study we generated a non-fusogenic HERV-W cancer vaccine capable of in-
ducing cellular and humoral immune responses without the risk of causing undesired
and potentially dangerous vaccinate-induced cell–cell fusions. We found that the HERV-
WLQMV vaccine significantly improved survival in mice with HERV-W Env-positive cancers
compared to the control vaccine. Relative to the wt HERV-W vaccine, the HERV-WLQMV
vaccine increased specific immunogenicity, which enhances the prospects for developing
immunotherapies for patients with HERV-W-overexpressing cancers.
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Abbreviations

BMDC Bone marrow-derived dendritic cells
CT Cytoplasmic domain
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MHC-I/MHC-II MHC class I/MHC class II
MOI Multiplicity of infection
Neg. ctrl Negative control
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Abstract: The host response to pathogenic microbes can lead to expression of interleukin (IL)-17,
which has antimicrobial and anti-viral activity. However, relatively little is known about the basic
biological role of chicken IL-17A against avian viruses, particularly against Marek’s disease virus
(MDV). We demonstrate that, following MDV infection, upregulation of IL-17A mRNA and an
increase in the frequency of IL-17A+ T cells in the spleen occur compared to control chickens. To
elaborate on the role of chIL-17A in MD, the full-length chIL-17A coding sequence was cloned into
a pCDNA3.1-V5/HIS TOPO plasmid. The effect of treatment with pcDNA:chIL-17A plasmid in
combination with a vaccine (HVT) and very virulent(vv)MDV challenge or vvMDV infection was
assessed. In combination with HVT vaccination, chickens that were inoculated with the pcDNA:chIL-
17A plasmid had reduced tumor incidence compared to chickens that received the empty vector
control or that were vaccinated only (66.6% in the HVT + empty vector group and 73.33% in HVT
group versus 53.3% in the HVT + pcDNA:chIL-17A). Further analysis demonstrated that the chickens
that received the HVT vaccine and/or plasmid expressing IL-17A had lower MDV-Meq transcripts
in the spleen. In conclusion, chIL-17A can influence the immunity conferred by HVT vaccination
against MDV infection in chickens.

Keywords: MDV; chickens; Th17 cells; IL-17A; interferon-gamma and adaptive immunity

1. Introduction

Since the discovery of murine and human T helper (Th) 17 cells, much progress has
been made in defining their developmental origin, lineage, relative biological function, and
respective expression of the IL-17 cytokine family members (IL-17A to IL-17F) [1,2]. It is
clear that, in mice and humans, IL-17 has a role in immune responses associated with aller-
genic disease, autoimmune disease, malignancy, transplantation rejection, and modulation
of host defense against both viral and bacterial microbes. While the expression of the avian
IL-17 family of cytokines has been identified using intestinal intraepithelial lymphocytes
(IELs), the functional role of these cytokines beyond differential gene expression has not
been described [3].

IL-17 signaling is mediated through the IL-17A/F heterodimeric receptor complex (IL-
17RA). The latter was demonstrated to have heterogeneous tissue distribution, which may
serve to allow tissue-specific signal transduction [4]. As in mammalian hosts, in chickens,
the IL-17RA molecule constitutes a distinct family of transmembrane proteins that are
expressed by various immune system cells and fibroblasts [5,6]. IL-17A/IL-17RA interaction
results in the induction of various cytokines ((IL-6, tumor necrosis factor (TNF)-α, and
granulocyte monocyte colony stimulator factor (GM-CSF)), chemokines, antimicrobial
peptides, and tissue-remodeling molecules. While Th17 cells are the best characterized
source of IL-17, various innate immune system cells and T cell subsets can also express
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various IL-17 cytokines [7–9]. IL-17A expression may be preferentially induced in response
to bacterial and fungal pathogens [4]. In fact, the functional role of IL-17A is much more
understood in bacterial infections, while little or much less is known about its role in viral
infection. In viral infection models, IL-17A overexpression modulates Th1/Th2 responses,
leading to exacerbation of vaccinia virus virulence in infected mice [10]. In contrast, no
direct anti-viral effects against herpes simplex virus 2 (HSV-2) were observed. However,
its expression can stimulate CD4+ T cells to respond to HSV-2 reactivation in peripheral
neurons [11,12]. Most of these studies were centered on non-avian hosts, and relatively
little is known about the immune-protective function of chicken IL-17A against avian
viruses [13].

Marek’s disease virus (MDV), also known as gallid herpesvirus 2 (GaHV-2), is the
causative agent of Marek’s disease (MD) in chickens [14,15]. The clinical manifestation
of MD is associated with transient paralysis, immunosuppression, metabolic dysregula-
tion, and CD4+ T cell lymphoma formation in infected chickens [15–17]. Because of the
cell-associated nature of MDV, T cell-mediated immunity is believed to be crucial in the
control of MD [18]. The administration of chicken IFN-γ with MDV vaccine has been
shown to increase vaccine efficacy, suggesting that IFN-γ may play an important role in
boosting protection against MD [19]. IL-17 and IFN-γ play diverse roles and can modulate
differentiation of the distinct Th1 and Th17 lineages, respectively [20]. That MDV infection
modulates the host immune system suggests a potential underlying dueling role between
IL-17 and IFN-γ in MD. The latter could indicate a relationship between pro-inflammatory
cytokine expression and MDV infection [21,22]. Therefore, the aim of the present study
was to identify and assess the potential role of IL-17A in MDV-infected chickens. To that
end, cytokine expression from MDV-infected chickens, as well as tumor lesion severity, was
assessed following treatment of chickens with recombinant IL-17A.

2. Materials and Methods

2.1. Plasmid and Cloning

The chicken IL-17A gene (accession number: NM_204460.2) was amplified from
PMA/ION stimulated splenocytes by high-fidelity PCR (GoTaq polymerase; Promega,
WI, USA) per the manufacturer’s recommendation and using designer primers (Table 1)
to generate an amplicon (approximately 499 bp) with respective 5′-HindIII and 3′-EcoRV
restriction sites. The gel purified amplicon (Gel purification Kit; Qiagen, Toronto, ON,
Canada) was ligated into a pDRIVE vector (TA cloning; Qiagen, ON, Canada) and sub-
cloned (HindIII and EcoRV restriction digestion; New England Bioscience, ON, Canada)
into the pCDNA3.1/V5-HIS TOPO plasmid (Life Technologies, Mississauga, ON, Canada).
DH5α competent cells were transformed and utilized to propagate the respective plasmids
for purification with a midi-prep kit (Qiagen, ON, Canada). All plasmids (pCDNA3.1/V5-
HIS TOPO and pCDNA3.1/rchIL-17A-V5-HIS TOPO) were linearized by BglII (New Eng-
land Bioscience, Whitby, ON, Canada) digestion for in vitro transfection.

Table 1. Primer sequences used for high-fidelity PCR.

Target Primer Sequences Accession No.

Full length chIL-17A FWD AAGCTTATGTCTCCGATCCCTTG
NM_204460.2REV GATATCAGCCTGGTGCTGGATCAGTGGG

2.2. Cell Culture

(i) Cells: HEK 293-T cells (ATCC CRL-3216) were cultured and maintained (37 ◦C
and 5% CO2) in minimum essential medium (MEM; Life Technologies, Mississauga,
ON, Canada) supplemented with 10% fetal bovine serum (FBS; Gibco, Life Technologies,
Canada) and 0.1% penicillin–streptomycin (Gibco, Life Technologies, Canada).

(ii) Transfection/stably expressing cell lines: One million HEK 293-T cells were seeded
per well in a 6 well plate. Overnight cells (>80% confluent) were transfected, according to
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the manufacturer’s recommendation, using Lipofectamine stem reagent (Life Technolo-
gies, Canada) with up to 3 μg of linearized pCDNA3.1/V5-HIS-TOPO empty vector or
pCDNA3.1/rchIL-17A-V5-HIS TOPO. After 48 h (hrs), cells were passaged (0.5% trypsin;
Life Technologies, Canada) into T25 flasks and treated with 800 μg/mL G418 in MEM
complete medium (10% FBS and 0.1% penicillin–streptomycin). The medium was changed
every 48 hrs until proliferating islands of cells were observed. After 2–3 weeks of antibiotic
selection, stably expressing cells were cultured without G418 for the purpose of collecting
both cells and supernatant to confirm mRNA expression, as well as extracellular secretion of
recombinant chicken IL-17A (rchIL-17A), and the cells were stored at −80 ◦C until required.

2.3. Virus Preparation

The very virulent MDV-RB1B strain (vvMDV), was provided courtesy of Dr. K.A.
Schat (Cornell University, Ithaca, NY, USA) [17]. vvMDV-RB1B virus titers were calculated
on primary chicken kidney cells obtained from 2- to 3-week-old specific pathogen free
(SPF) chickens to establish infectious doses of inoculums, as well as stocks (liquid nitrogen
storage) [23]. The HVT vaccine strain (MD-Vac-CFL; Fort Dodge Animal Health, Fort
Dodge, IA, USA) was diluted in the recommended diluent and stored on ice prior to use.

2.4. Experimental Design and Sampling

(i) Experimental animals: Two hundred ninety-eight-day-old SPF chickens (layers) were
purchased from the Animal Disease Research Institute, Canadian Food Inspection Agency
(Ottawa, ON, Canada), and were accommodated in the isolation unit at the University of
Guelph. For the duration of the experiments, all chickens were given ad libitum access
to food and water. All experiments were approved by the Animal Care Committee of the
University of Guelph and were conducted according to their guidelines.

(ii) TLR ligands and MDV vaccine: Synthetic class B CpG oligodeoxynucleotides 2007
(CPG ODN 2007; Invivogen, San Diego, CA, USA) and polyinosinic:polycytidylic acid
(Poly I:C; Sigma-Aldrich, Oakville, ON, Canada) were re-suspended in phosphate-buffered
saline (PBS, pH 7.4) and stored at −20 ◦C. The cell-free HVT vaccine (MD-Vac-CFL; Animal
Health section, Boehringer-Ingelheim Canada, Burlington, ON, Canada) was resuspended
in the recommended diluent and stored on ice until required for same-day inoculations.

(iii) Experimental outline: In the first experiment, 2-week-old chicks (n = 36) were
injected intramuscularly (I/M) in the pectoral muscle with 100 μL of either CpG ODN 2007
(10 μg; n = 12) or Poly I:C (400 μg; n = 12). The control group (n = 12) received 100 μL
of PBS (negative control). At 8 and 16 h post-inoculation, 6 chicks from each group were
euthanized for sample collection.

In the second experiment, 1-day-old chicks (n = 108) were administered the HVT
vaccine at one-half recommended dosage via a subcutaneous route. A reduced vaccine
dose was used to observe the full potential of recombinant chicken IL-17A when used on
its own or as a vaccine adjuvant. On day 3 post-vaccination, two groups of chicks were
either inoculated intramuscular with 10 μg/chick of pCDNA3.1/V5-HIS-TOPO empty
vector (n = 72) or pCDNA3.1/rchIL-17A-V5-His TOPO (n = 72). On day 4 post-vaccination,
198 chicks were infected with 250 plaque-forming units of the vvMDV-RB1B strain or
sham/diluent treatment via the intraabdominal route.

(iv) Sampling: At various time points, tissue samples were collected for various analyti-
cal processes. Chicks (n = 6/group) from the first experiment were euthanized at 8 and
18 h post-TLR treatment, after which whole spleens were collected and stored (−20 ◦C)
in RNA (Invitrogen, Toronto, ON, Canada). In the second experiment, whole spleens
(n = 12/group) were collected in PBS containing penicillin (10 U/mL), and streptomycin
(10 μg/mL) at 4, 10, and 21 days post infection (DPI), and parts of the whole spleen were
either stored in RNA later for RNA extraction or were frozen in OCT embedding medium
for immunostaining. Whole spleen samples were also collected from 5 control (non-infected
chickens) and vvMDV-RB1B infected chickens at 4, 10, and 21 DPI and stored on ice for
mononuclear cell isolation.
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2.5. Spleen Mononuclear Cell Preparation and Stimulation

(i) Mononuclear cells: Whole spleens collected aseptically at various time points were
applied onto 40-μm BD cell strainers (BD Biosciences, Mississauga, ON, Canada), crushed
through using the rubber end of a 10-mL syringe plunger, and washed in RPMI 1640
with penicillin (10 U/mL) and streptomycin (10 μg/mL) [24]. Gradient suspensions were
prepared by layering cells (2:1) onto histopaque 1077 (Millipore-Sigma, Oakville, ON,
Canada) and centrifugation at 2100 rpm (600× g with no brakes) for 20 min to allow
for the separation of mononuclear cells. Aspirated buffy coats were washed (2×) at
1500 rpm (400× g) for 5 min in RPMI 1640 with penicillin (10 U/mL), and streptomycin
(10 μg/mL). Mononuclear cells were suspended in complete RPMI cell culture medium;
RPMI 1640 medium contains 10% fetal bovine serum (Millipore-Sigma, Canada), penicillin
(10 U/mL), and streptomycin (10 μg/mL). Cell numbers and viability were calculated
using a hemocytometer and trypan the blue exclusion method. Mononuclear cells were
suspended in complete RPMI cell culture medium at a density of 5 × 106 cells/mL and
kept on ice.

(ii) In vitro stimulation assays: Spleen mononuclear cells were seeded in 96-well U-
bottom plates at a density of 1.0 × 106 cells/200 μL and stimulated first with vehicle and
then either CpG ODN 2007 (5 ug/mL) or lipopolysaccharides (LPS; 10 μg/mL). Cells
were subsequently incubated (41 ◦C and 5% CO2) overnight (18 h), and supernatants were
collected for anti-IL-17A enzyme-linked immunosorbent assay (ELISA). All stimulation
assays were performed at least three times in triplicate on different days. Second, cells
were co-incubated with supernatant from pCDNA3.1/V5-HIS-TOPO empty vector or
pCDNA3.1/rchIL-17A-V5-HIS TOPO stably expressing cell lines on ice (15 min in the dark)
for FACS analysis.

2.6. RNA Extraction and Reverse Transcription

RNA was extracted from in vitro mononuclear cell cultures, as well as spleens, using
Trizol following the manufacturer’s instructions and treated with DNA-free DNase (Ther-
moFisher Scientific, Mississauga, ON, Canada) as previously described [25]. The quality, as
well as the quantity, of RNA was estimated using NanoDrop ND-1000 spectrophotometry
(NanoDrop Technologies, Wilmington, DE, USA). Subsequently, 1μg of purified RNA was
reverse transcribed to cDNA using Oligo(dT)12–18 primers (SuperScript II First-Strand
Synthesis System; Invitrogen Life Technologies, Carlsbad, Ottawa, ON, Canada) according
to the manufacturer’s recommended protocol. The resulting cDNA was diluted 1:9 in
diethyl pyrocarbonate-treated (DEPC) water.

2.7. Real-Time Polymerase Chain Reaction (RT-PCR)

Quantitative real-time PCR with SYBR green was performed on diluted cDNA using a
LightCycler 480 II (Roche Diagnostics GmbH, Mannheim, GER) according to the manu-
facturer’s recommendation. In brief, quantitative real-time PCR was performed with the
following conditions: initial denaturation was performed at 95 ◦C for 5 min, followed by
40 cycles of denaturation at 95 ◦C for 10 s (s), primer annealing listed in Table 2 for 15 s, and
extension at 72 ◦C for 20 s, with end-point melt-curve analysis. The relative fold change
of target genes was calculated by 2−ΔΔCT method. The Ct value for each sample was
normalized against the GAPDH housekeeping gene for respective samples. Data represent
the means from six biological replicates, using primers outlined in Table 2.

Table 2. Primer sequences used for real-time PCR.

Target Primer Sequences Reference

IL-1β
FWD GTGAGGCTCAACATTGCGCTGTA

[23]
REV TGTCCAGGCGGTAGAAGATGAAG
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Table 2. Cont.

Target Primer Sequences Reference

TGF-β
FWD CGGCCGACGATGAGTGGCTC

[26]
REV CGGGGCCCATCTCACAGGGA

COX-2
FWD CTGCTCCCTCCCATGTCAGA

[16]
REV CACGTGAAGAATTCCGGTGTT

IL-2
FWD TGCAGTGTTACCTGGGAGAAGTGGT

[27]
REV ACTTCCGGTGTGATTTAGACCCGT

IL-6
FWD CGTGTGCGAGAACAGCATGGAGA

[28]
REV TCAGGCATTTCTCCTCGTCGAAGC

IL-10
FWD TTTGGCTGCCAGTCTGTGTC

[29]
REV CTCATCCATCTTCTCGAACGTC

IL-12p40
FWD CCAAGACCTGGAGCACACCGAAG

[28]
REV CGATCCCTGGCCTGCACAGAGA

IL-17A
FWD TATCAGCAAACGCTCACTGG

[30]
REV AGTTCACGCACCTGGAATG

IFN-γ
FWD ACACTGACAAGTCAAAGCCGCACA

[26]
REV AGTCGTTCATCGGGAGCTTGGC

MDV-Meq
FWD GTCCCCCCTCGATCTTTCTC

[23]
REV CGTCTGCTTCCTGCGTCTTC

β-actin
FWD CAACACAGTGCTGTCTGGTGGTA

[31]
REV ATCGTACTCCTGCTTGCTGATCC

2.8. Flow Cytometry

Following a wash in FACS staining buffer (PBS with 0.5% Bovine Serum Albumin;
BSA), 5.0 × 105 spleen mononuclear cells were counter-stained in two assays to demon-
strate IL-17A functional interaction, as well as intracellular IL-17A cytokine staining. Anti-
bodies used for the monocyte/macrophage panel (mouse anti-chicken Kul01-fluorescein
isothiocyanate: FITC and mouse anti-chicken major histocompatibility complex (MHC) II-
phycoerythrin: PE were all purchased from Southern Biotech, Birmingham, AL, USA) and
T cell panel (mouse anti-chicken CD3ε-PB, mouse anti-chicken CD4-PE-CY7, mouse anti-
chicken CD8α-FITC and mouse anti-chicken γδTCR-PE were all purchased from Southern
Biotech, Birmingham, AL, USA).

(i) rchIL-17A surface binding: Mononuclear cells were incubated (4 ◦C for 15 min) in
the presence of rchIL-17A. The cells were subsequently washed in FACS staining buffer
(400× g for 5 min) and incubated (15 min at 4 ◦C) in the presence of unpurified mouse anti-
chIL-17A antibody (IgG2a isotype), kindly provided by Dr. Thomas W. Göbel (Tierärztliche
Fakultät, LMU München, Veterinärstrasse 13, 80539 München, Germany) [5]. The cells
were washed again and incubated (15 min at 4 ◦C) in the presence of mouse anti-IgG2a-
APC antibody prior to counter-staining per the APC or T cell panels listed. Following
a final wash, mononuclear cells were counterstained with the live/dead marker 7-AAD
(BDTM Pharmingen, Mississauga, ON, Canada) and acquired for analysis using a BD FACS
Canto II.

(ii) Intracellular cytokine staining: IL-17 intracellular staining: Spleen mononuclear cells
were washed in FACS staining buffer and subsequently counterstained (15 min at 4 ◦C)
with the T cell panel antibodies. Following a wash, mononuclear cells were counterstained
with the live/dead marker 7-AAD (BDTM Pharmingen, Canada). After washing twice
with FACS staining buffer, the cells were incubated in 200 μL of Cytofix/Cytoperm solution
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(Beckton Dickinson Biosciences, Mississauga, ON, Canda) for 40 min at room temperature
(RT), followed by washing three times with Perm/Wash solution (Beckton Dickinson
Biosciences). The cells were stained with mouse anti-chIL-17A antibody (IgG2a isotype)
for 15 min at RT in the dark and subsequently washed twice with Perm/Wash solution.
Following final incubation (15 min at RT) in the presence of mouse anti-IgG2a-APC antibody,
the cells washed in Perm/Wash solution and stored in FACS staining buffer.

IFN-γ intracellular staining: One million splenocytes were cultured with Golgi Plug
and Dnase I in a 96-well round-bottom plate for 4 h at 41 ◦C in 5% CO2. The cell staining
protocol for flow cytometry was described elsewhere [32].

All samples were acquired on a BD FACS Canto II. Data were processed by FlowJo
software, version V10.

2.9. Confocal Microscopy

(i) Sample preparation: OCT-embedded frozen spleen tissue samples were cut using
a cryostat at approximately 10 μm in thickness. Samples were mounted onto slides and
stored (−80 ◦C) for immunostaining. The slides were subsequently fixed (1 h in the dark at
RT) in 4% paraformaldehyde (PFA). They were washed (PBS), permeabilized with 0.1%
triton-X buffer solution (10 min in the dark at RT), and blocked (1 h in the dark at RT)
with 1% bovine serum albumin (BSA-PBS). The slides were then washed 3× (PBS) and
incubated (1 h in the dark at RT) with the mouse anti-chIL-17A antibody (IgG2a; 500μL in
0.5% BSA–PBS). Following another wash (3× with PBS), the slides were again incubated
overnight (4 ◦C in the dark at RT) with a goat anti-mouse IgG2a-488 (from ThermoFisher
Scientific, ON, Canada) antibody (0.5μg/500μL in 0.5% BSA–PBS). The next day, the
slides were washed (3× with PBS), and nuclei were labeled with Vectashield containing
4′,6-diamidino-2-phenylindole (DAPI from Vector laboratories/Cedarlane, ON, Canada).
Tissue samples were sealed with round coverslips for fluorescence imaging.

(ii) Visualization: Tissue samples were viewed using a Leica SP5 laser scanning confocal
microscope, and optical sections were recorded using either 405 or 488 nM with a numerical
aperture of 1.4 or 1.25, respectively. All data were collected sequentially to minimize cross
talk between fluorescence signals. The data are presented as maximum projections of each
channel and overlaid for analysis with LAS AF software.

2.10. ELISA

Stably expressing rchIL-17A or vector control HEK 293-T cell culture supernatants,
as well as diluent control-, CpG ODN 2007- and LPS-stimulated spleen mononuclear cell
culture supernatants (100 μL), were incubated overnight at 4 ◦C with ELISA coating buffer.
The next day, wells were washed (PBS) and blocked (5% BSA-PBS) for 1 h at RT prior
to incubation (1 h at RT) with the mouse anti-chIL-17A antibody (IgG2a; 500μL in 0.5%
BSA–PBS). Following another wash (3× with 0.01% tween-PBS), the wells were again
incubated (1 h at RT) with a goat anti-mouse IgG H/L-horse-radish peroxidase (HRP)
antibody (0.5μg/500μL in 0.5% BSA–PBS from Southern Biotech, Al, USA). Following
another wash (3× with 0.01% Tween-PBS), the wells were developed with the substrate
(ABTS, peroxidase substrate system; Kirkegaard and Perry Laboratories, Gaithersburg, MD,
USA). After 20−30 min of incubation, the optical densities were measured at 450 nm using
an ELISA plate reader (Bio-Tek Instruments, Inc., Winooski, VT, USA).

2.11. Statistical Analysis

Graph-Pad Prism software, version 8 for Windows, was utilized to generate graphs
and perform statistical analysis. All data are presented as means + standard deviations (SDs)
and analyzed by Tukey’s post hoc test, the Kruskal–Wallis non-parametric test, Wilcoxon’s
test (Mann–Whitney,) or Fisher’s exact test with the results shown as the mean ± standard
deviation by Graph-Pad Prism software, version 8. The results were considered statistically
significant at p < 0.05 (*).
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3. Results

3.1. Expression of IL-17A, COX-2, TGF-β, and IFN-γ in vvMDV-RB1B Infected Chickens

The expression of IL-17A in the spleens of vvMDV-RB1B- and non-infected chick-
ens was probed using confocal microscopy and real-time PCR (Figure 1). Our results
demonstrated the detection of IL-17A in the spleens of vvMDV-RB1B-infected and not
in non-infected chickens at 4 and 10 dpi (Figure 1A,B). IL-17A could be detected in the
spleens of non-infected chickens at 21 dpi (Figure 1C). Based on punctate fluorescence,
expression of IL-17A (488 nm) at the protein level was the highest at 21 days post infection
(dpi) (Figure 1C) in vvMDV-RB1B-infected chicken when compared to 4 (Figure 1A) and
10 dpi (Figure 1B). The expression of IL-17A was also confirmed at the mRNA level based
on real-time PCR (Figure 1D). The results demonstrated that IL-17A expression was signifi-
cantly higher (p < 0.005) at 4 dpi compared to non-infected chickens. No difference was
observed at 10 dpi. At 21 dpi, the expression of IL-17A was significantly lower (p < 0.005)
compared to non-infected chickens.

 

Figure 1. Expression of IL-17A, COX-2, TGF-β, and IFN-γ in vvMDV-RB1B-infected chickens.
Representative pictures from confocal microscopy imaging with maximum projections of z-stacks
for each channel demonstrating the localization of IL-17A (anti-IL-17A antibody; 488nm) in vvMDV-
RB1B- and non-infected chickens at (A) 4, (B) 10, and (C) 21 dpi. Images are presented as maximum
projections of all combined channels (merge). Real-time PCR analysis of (D) IL-17A, (E) COX-2,
(F) TGF-β, and (G) IFN-γ gene expression at 4, 10, and 21 dpi in whole spleens. Target and reference
gene expression was quantified by real-time-PCR, and expression is presented relative to β-actin
expression. The results are based on at least 5–6 biological replicates in each group. Wilcoxon’s
non-parametric test (Mann–Whitney) was used to test significance with the results shown as means
± standard deviations. * (p ≤ 0.05) and *** (p ≤ 0.005) indicates a significant difference.
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The expression of COX-2 (Figure 1E), TGF-β (Figure 1F), and IFN-γ (Figure 1G) was
also assessed. The results demonstrated upregulation of both COX-2 (Figure 1E) and
TGF-β (Figure 1F) transcripts during the later stages of MDV-RB1B infection. COX-2
transcripts were significantly higher at 10 (p < 0.005) and 21 dpi (p < 0.005) compared to
non-infected chickens (Figure 1E). Furthermore, TGF-β transcripts were significantly higher
at 10 (p < 0.05) and 21 dpi (p < 0.005) compared to non-infected chickens (Figure 1F). During
the early stages of MDV-RB1B infection, IFN-γ transcripts were increased (Figure 1G). At
4 dpi, IFN-γ gene expression was significantly higher (p < 0.005) in MDV-RB1B infected
chickens but not at 10 or 21 dpi compared to non-infected chickens (Figure 1G).

3.2. Detection of IL-17A+ and IFN-γ+ T Cells Post vvMDV Infection

Spleen mononuclear cells were probed to define the IL-17A-producing cells at 4, 10,
and 21 dpi (Figure 2). The gating strategy per FACS analysis defining intracellular IL-
17A+ αβ or γδ T cells is shown (Figure 2A). Intracellular IL-17A cytokine staining was
confirmed in spleen mononuclear cells of both control and vvMDV-RB1B-infected chickens
at 4, 10, and 21 dpi (Figure 2B–D). The results demonstrated an increase in the frequency of
CD3ε+CD8α+IL-17A+ γδ (Figure 2B), CD3ε+CD4+IL-17A+ (Figure 2C), and CD3ε+CD8α+IL-
17A+ αβ T cells (Figure 2D). Specifically, the frequency of CD8α+IL-17A+ γδ T cells was
significantly increased at 10 (p < 0.05) and 21 dpi (p < 0.01) compared to non-infected
chickens (Figure 2B). αβ T cells were subdivided into CD3ε+ CD4+/CD8α+ αβ T cells.
Within CD4+ αβ T cells, the frequency of CD3ε+CD4+IL-17A+ αβ T cells was significantly
increased at 21 dpi (p < 0.05) and not at 4 or 10 dpi compared to non-infected chickens
(Figure 2C). Within CD8α+ αβ T cells, the frequency of CD8α+IL-17A+ αβ T cells was
significantly increased at 10 (p < 0.05), and 21 dpi (p < 0.01) compared to non-infected
chickens (Figure 2D).

Splenocytes derived from vvMDV-RB1B- and non-infected chickens were cultured
and IFN-γ production in various T cell subsets (αβ or γδ T cells) were analyzed by flow
cytometry. We have previously shown, based on intracellular cytokine staining, that there
is no significant difference in the frequency of CD8α+IFN-γ+ γδ T at 4, 10, and 21 dpi
between vvMDV-RB1B- and non-infected chickens [32]. The gating strategy to define
CD4+IFN-γ+ αβ T cells and CD8α+IFN-γ+ αβ T cells is shown (Figure 2A). The frequency
of CD4+IFN-γ+ αβ T cells was significantly higher in vvMDV-RB1B infected chickens
at 10 (p < 0.05) and 21 dpi (p < 0.01) than that in the control group (Figure 2E). IFN-γ
production was significantly increased in CD8α+ αβ T cells derived from spleens of MDV-
challenged chickens compared to control chickens at 4 (p < 0.05), 10 (p < 0.01), and 21 dpi
(p < 0.05) (Figure 2F).

3.3. Cloning, Expression and Evaluation of the rchIL-17A Bioactivity Based on Receptor Binding

The full-length coding sequence of chIL-17A with signal peptide was subcloned into a
pCDNA3.1/V5-HIS-TOPO plasmid by digestion/ligation reactions from a pDRIVE-IL-17A
vector (TA cloning) (Figure 3A,B). HEK 293 T cells were transfected with the linearized
pCDNA3.1/V5-HIS-TOPO and pCDNA3.1/rchIL-17A-V5-HIS TOPO to generate super-
natant containing the recombinant chIL-17a from stably expressing cell lines. Expression
of rchIL-17A in the culture medium was confirmed by an anti-V5 ELISA (Figure 3C). To
demonstrate that a biologically active rchIL-17A protein (Figure 3B) is expressed by a
eukaryotic expression system, chicken spleen mononuclear cells were co-incubated with
supernatants from pCDNA3.1/V5-HIS-TOPO (control) or pCDNA3.1/rchIL-17A-V5-HIS-
TOPO (IL-17A+)-transfected HEK-293 T cells. Spleen mononuclear cells were further
phenotypically differentiated as either APCs (KUL01+MHCII+) or T cells (CD3+ αβ or
γδ) per FACS analysis to demonstrate specific interactions (Figure 3D). Surface binding of
rchIL-17A to its biological receptor, IL-17RA, was probed, and the gating strategy demon-
strated detection of the rchIL-17A on the cell surfaces of both APCs and various T cell
subsets following incubation with both control and IL-17A+ supernatant (Figure 3D). The
results demonstrated that rchIL-17A can bind to a cell surface receptor found on both
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APCs and CD3+ T cells (αβ and γδ subsets). Co-incubation with the IL-17A+ supernatant
delineated the frequency of APCs (Figure 3E), γδ (Figure 3F), and αβ (Figure 3G,H) CD3+
T cell subsets that express the cell surface IL-17RA molecule. Significantly higher (p < 0.05)
frequencies of both CD4+ (Figure 3G) and CD8α+ (Figure 3H) αβ T cells were observed as
expressing the IL-17RA complex.

 

Figure 2. Frequency of IL-17A+ and IFN-γ+ T cells in spleens of vvMDV-RB1B-infected chickens
at 4, 10, and 21, dpi. Representative FACS plots showing the frequency of IL-17A+ and IFN-γ+ T
cells in the spleens of vvMDV-RB1B-infected chickens compared to non-infected chickens. (A) Dot
plots demonstrate the gating strategy for identification of various CD3ε+ T cell subsets from vvMDV-
RB1B- and non-infected chickens at 4, 10, and 21 dpi. The percentage of intracellular IL-17A+
(B) CD3ε+CD8α+ γδ T cells, (C) CD3ε+CD4+, and (D) CD3ε+CD8α+ αβ T cells in spleens from
vvMDV-RB1B- and non-infected chickens are shown. Percentages of (E) CD4+IFN-γ+ αβ T cells
within CD4+ αβ T cells and (F) CD8α+IFN-γ+ αβ T cells within CD8α+ αβ T cells. Wilcoxon’s
non-parametric test (Mann–Whitney) was used to test significance. Data represent means ± standard
deviations (n = 5) at each time point. * (p < 0.05) and ** (p < 0.01) indicates a significant difference.
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Figure 3. Overexpression of recombinant chicken IL-17A (rchIL-17A). Cloning of complete coding
sequence of chicken IL-17A from PMA/ION-stimulated splenocytes into a (A) pCDNA3.1/V5-HIS-
TOPO plasmid at the HindIII and EcoRV ligation sites. HEK-293 T cell were either mock-transfected
(with empty vector) or with the recombinant plasmid (pCDNA3.1/V5-HIS-TOPO-rchIL-17A) to
generate cell lines stably expressing IL-17A. Both cells and culture supernatant were collected 24 and
72 hrs post-transfection, respectively, to confirm expression of rchIL-17A at both (B) RNA level and
(C) protein level. (B) Data shown are representative gel electrophoresis for visualization of rchIL-17A
amplicon following standard PCR. (C) Indirect ELISA demonstrating extracellular expression of
rchIL-17A. (D) FACS dot plot showing gating strategy to confirm bioactivity by functional interaction
with the IL-17RA on (E) KUL01+MHCII+ (antigen presenting cells), (F) CD3ε+CD8α+ γδ T cell, and
(G) CD3ε+CD4+ and (H) CD3ε+CD8α+ αβ T cells in live mononuclear cells by 7-AAD exclusion.
The results are based on at least 5–6 biological replicates in each group. Wilcoxon’s non-parametric
test (Mann–Whitney) was used to test significance with the results shown as means ± standard
deviations. * (p ≤ 0.05) and *** (p ≤ 0.001) indicates a significant difference.

3.4. Neither CpG ODN 2007 Nor Poly:IC Treatment Induce IL-17A Expression

The class B CpG ODN 2007 (5 μg/mL) and LPS (10 μg/mL) were used for in vitro stim-
ulation of spleen mononuclear cells (Figure 4). After overnight culture, supernatants were
collected for indirect ELISA and detection of IL-17A (Figure 4A). The results demonstrated
that LPS, but not CpG ODN 2007, is an inducer of IL-17A expression. We further demon-
strated that TLR3 or TLR21 signaling following intramuscular inoculation of 2-week-old
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chicks with either poly:(IC) or CpG ODN, respectively, did not lead to IL-17A expression at
8 and 18 hrs post-inoculation compared to PBS-treated chickens (Figure 4B).

 
Figure 4. TLR ligands and IL-17a cytokine expression. The effect of TLR ligands on IL-17A expression
both in vitro and in vivo. (A) Spleen mononuclear cells were isolated from 10-day-old chicks (n = 6)
for in vitro stimulation with the TLR ligands CpG ODN 2007 and LPS. (B) Real-time PCR analysis for
IL-17A expression in 2-week-old chicks (n = 36) injected intramuscularly (I/M) with 100 μL of either
CpG ODN 2007 (10 μg) or Poly I:C (400 μg), respectively. Target and reference gene expression was
quantified by real-time-PCR, and expression is presented relative to β-actin expression. The results
are based on 12 biological replicates in each group. Wilcoxon’s non-parametric test (Mann–Whitney)
was used to test significance with the results shown as means ± standard deviations. *** (p ≤ 0.001)
and **** (p ≤ 0.0001) indicates a significant difference.

3.5. Modulation of Cytokine Expression following rchIL-17A Inoculation

Three-week-old chicks were inoculated via the intramuscular route with 10 μg per
chick of either the pCDNA3.1/V5-HIS-TOPO or pCDNA3.1/V5-HIS-TOPO-rchIL-17A
plasmid (Figure 5). Twenty-four and 48 h later, whole spleens were collected for real-time
PCR analysis. The differential gene expression analysis is presented for IL-1β (Figure 5A),
TGF-β (Figure 5B), IL-2 (Figure 5C), IL-6 (Figure 5D), IL-17A (Figure 5E), IL-10 (Figure 5F),
IL-12p40 (Figure 5G), and IFN-γ (Figure 5H). Pre-treatment with the rchIL-17A expressing
plasmid modulated the expression of the various pro-inflammatory mediators compared
to chicks treated with the control plasmid. The results demonstrated that expression
of both IL-1β (Figure 5A) and TGF-β (Figure 5B) was significantly increased (p < 0.005)
at 24, but not 48, hours post-treatment with the pCDNA3.1/rchIL-17A-V5-HIS TOPO
plasmid compared to the pCDNA3.1/V5-HIS TOPO-treated chickens. No changes in IL-2
(Figure 5C), IL-6 (Figure 5D), and IL-17A (Figure 5E) mRNA transcripts were detected
between pCDNA3.1/V5-HIS-TOPO-rchIL-17A- and pCDNA3.1/V5-HIS-TOPO-treated
chickens. However, pre-treatment with the rchIL-17A overexpressing plasmid suppressed
IL-10 (Figure 5F), IL-12p40 (Figure 5G), and IFN-γ (Figure 5H) gene expression. Specifically,
the expression of IL-12p40 (Figure 5G) and IFN-γ (Figure 5H) was significantly decreased
(p < 0.005) at both 24 and 48 hrs post-inoculation with the pCDNA3.1/rchIL-17A-V5-HIS
TOPO plasmid compared to the pCDNA3.1/V5-HIS-TOPO-treated chickens. Expression of
IL-10 (Figure 5F) was significantly decreased (p < 0.05) only at 48 h post-inoculation with
the pCDNA3.1/rchIL-17A-V5-HIS TOPO plasmid compared to the pCDNA3.1/V5-HIS-
TOPO-treated chickens.

127



Viruses 2023, 15, 1633

 

Figure 5. Differential gene expression in chickens pre-treated with the rchIL-17A overexpressing
plasmid. Three-week-old chicks (n = 24) were inoculated via intramuscular route with 10 μg per chick
of either the pCDNA3.1/V5-HIS-TOPO or pCDNA3.1/V5-HIS-TOPO-rchIL-17A plasmid (Figure 5).
Twenty-four (n = 12) and 48 h later (n = 12), whole spleens were collected for real-time PCR analysis.
The differential gene expression analysis is presented for (A) IL-1-β, (B) TGF-β, (C) IL-2, (D) IL-
6, (E) IL-17A, (F) IL-10, (G) IL-12p40, and (H) IFN-γ. Target and reference gene expression was
quantified by real-time PCR, and expression is presented relative to β-actin. The results are based
on 6 biological replicates in each group. Wilcoxon’s non-parametric test (Mann–Whitney) was
used to test significance with the results shown as means ± standard deviations. * (p ≤ 0.05) and
*** (p ≤ 0.001) indicates a significant difference.

MD Tumor Incidence in rchIL-17A-Treated and HVT-Vaccinated Chickens

Chicks were inoculated with 10 μg of the pCDNA3.1/V5-HIS-TOPO or pCDNA3.1/
rchIL-17A-V5-HIS TOPO plasmids 24 h prior to infection with an MDV-RB1B virus, and
they were necropsied at 21 dpi to assess the presence of MD lymphoma in visceral organs
(Figure 6A). Tumor incidence defines the number of individual chickens that presented
with tumors. One hundred percent of all chickens (15/15 chickens) infected with only the
vvMDV-RB1B virus developed MD tumors, while no tumors were observed in the non-
infected/non-vaccinated group (Figure 6B). The incidence of MD tumors was reduced in
chickens that received half the dose of HVT + pCDNA3.1/V5-HIS-TOPO-rchIL-17A (50%;
7/15) compared to the groups of chicken that were vaccinated with half the dose of HVT and
subsequently challenged with pCDNA3.1/V5-HIS-TOPO/RB1B (73.3%; 10/15 chickens)
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or RB1B only (66.6%; 11/15 chickens) (Figure 6B). The group of chickens that received
only pCDNA3.1/V5-HIS-TOPO-rchIL-17A treatment before infection with vvRB1B had a
higher tumor incidence (80%; 12/15) than chickens that received half the dose of HVT and
were subsequently challenged with RB1B (73.3%; 10/15 chickens) (Figure 6B), although no
significant differences were observed.

 

Figure 6. MDV tumor incidence at 21 dpi. Assessment of MD disease severity in vvMDV-RB1B-
infected chickens based on presence of gross tumor lesions. (A) Schematic diagram depicting the
experimental timeline for various treatments within each group. Day-old chicks were randomly
allocated to each group. Sampling was performed at 4, 10, and 21 dpi. (B) Tumor incidence in
the various groups was calculated by observing gross tumors in visceral organs of birds at 21 dpi.
(C) Assessment of lesion score in different treatment groups based on the number of visceral and
thoracic organs showing MDV-tumor lesions were counted in each bird, and the average score
was calculated. (D) vvMDV-Meq gene expression at 21 dpi as quantified by real-time PCR and
presented relative to β-actin expression. The results are based on at least 15 biological replicates in
each group. (B) Fisher’s exact test or (C,D) Wilcoxon’s non-parametric test (Mann–Whitney) was
used to test significance with the results shown as means ± standard deviations. * (p ≤ 0.05) indicates
a significant difference.

Further, at 21 dpi, the average lesion scores (the number of organs showing MD le-
sions per bird) within each group were evaluated (Figure 6C). The average lesion scores in
chickens infected only with vvMDV-RB1B were significantly higher (p < 0.05) compared
to chickens that were vaccinated (HVT) and subsequently infected (vvMDV-RB1B), vac-
cinated, (HVT)-IL-17A treated, and subsequently infected (vvMDV-RB1B) or vaccinated,
(HVT)-pCDNA3.1 treated, and subsequently infected (vvMDV-RB1B). No differences were
observed between chickens that were IL-17A treated and subsequently infected (vvMDV-
RB1B) and those that were pCDNA3.1 treated and subsequently infected (vvMDV-RB1B)
compared to vvMDV-RB1B infected chickens only (Figure 6C).
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Replication of vvMDV-RB1B was assessed by real-time PCR for the expression of MDV-
Meq in spleens at 21 dpi (Figure 6D). No MDV-Meq transcripts were detected in the control
chickens. Chicks that were vaccinated (HVT) and infected (vvMDV-RB1B) had significantly
lower (p < 0.05) MDV-Meq transcripts compared to chickens that were only vvMDV-RB1B-
infected but not HVT+rchIL-17A+vvMDV-RB1B or HVT+pCDNA+vvMDV-RB1B-treated
chickens at 21 dpi. No significant differences in MDV-Meq transcripts were observed
between the HVT+vvMDV-RB1B-treated chickens and HVT+rchIL-17A+vvMDV-RB1B-
or HVT+pCDNA+vvMDV-RB1B-treated chickens at 21 dpi. Furthermore, no significant
differences in MDV-Meq transcripts were observed between the vvMDV-RB1B-infected
chickens and rchIL-17A+vvMDV-RB1B or pCDNA+vvMDV-RB1B chickens.

Differential Cytokine Expression in Spleen of vvMDV-RB1B Infected Chickens Pre-Treated
with the rchIL-17A

To demonstrate the potential modulatory effects of rchIL-17A in MD, real-time PCR
analysis was used to assess the differential expression of genes (COX-2, IL-10, IL-17A,
TGF-β, IL-12p40, and IFN-γ) in spleens at 21-dpi (Figure 7). The results demonstrated that
chickens that were vaccinated (HVT) and/or treated with the rchIL-17A or empty vector
and subsequently infected (vvMDV-RB1B) had significantly lower (p < 0.01) expression
of COX-2 (Figure 7A), IL-10 (Figure 7B), and TGF-β (Figure 7C) compared to vvMDV-
RB1B-infected chickens. COX-2 (Figure 7A) and TGF-β (Figure 7C; p < 0.01), but not IL-10
(Figure 7B; p < 0.05), transcripts were significantly lower in the rchIL-17A-vector-treated
and subsequently infected (vvMDV-RB1B) group compared to the vvMDV-RB1B infected
only chickens. Expression of IL-17A was significantly lower (p < 0.001) in the rchIL-17A-
or empty-vector control and infected chickens (vvMDV-RB1B) compared to non-infected
chickens (Figure 7D). HVT vaccination and/or pre-treatment with the rchIL-17A or empty
vector followed by infection with vvMDV-RB1B resulted in an increase in IL-17A transcript
levels (Figure 7D). No difference was observed between HVT and/or rchIL-17A- or empty
vector-treated and infected chickens compared to the non-infected chickens (Figure 7D).
IL-12p40 is essential for the induction of IFN-γ expression. While IL-12p40 expression was
significantly increased compared to non-infected chickens (Figure 7E), no differences in
IFN-γ transcripts were observed between vvMDV-RB1B-infected and non-infected chickens
at 21 dpi (Figure 7F). Pre-treatment with the rchIL-17A or empty vector in vvMDV-RB1B-
infected chickens did not result in changes in expression of either IL-12p40 (Figure 7E)
or IFN-γ (Figure 7F) transcripts compared to vvMDV-RB1B-infected chickens only. The
combination with HVT resulted in an increase in both IL-12p40 (Figure 7E) and IFN-γ
(Figure 7F) transcripts. Specifically, chickens that were inoculated with HVT and/or that
were rchIL-17A or empty vector treated and subsequently infected (vvMDV-RB1B) had
significantly higher expression of both IL-12p40 (Figure 7E; p < 0.01) and IFN-γ (Figure 7F;
p < 0.01) genes compared to the non-infected chickens.

130



Viruses 2023, 15, 1633

 

Figure 7. Expression of various cytokines in vvMDV-RB1B-infected chickens pre-treated with the
rchIL-17A overexpressing plasmid at 21 dpi. Gene expression analysis at 21 dpi in vvMDV-RB1B-
infected chickens that were pre-treated with the rchIL-17A overexpressing plasmid. Expression of the
target genes (A) COX-2, (B) IL-10, (C) IL-17A, (D) TGF-β, (E) IL-12p40, and (F) IFN-γ was quantified
by real-time PCR, and expression is presented relative to the reference gene (β-actin) in whole spleens.
The results are based on at least 6 biological replicates in each group. Wilcoxon’s non-parametric
test (Mann–Whitney) was used to test significance with the results shown as the means ± standard
deviations. * (p ≤ 0.05) ** (p ≤ 0.01) and *** (p ≤ 0.001) indicates a significant difference.

4. Discussion

The IL-17A cytokine is a T cell-derived proinflammatory cytokine that has an impor-
tant role in inflammation and immunity [1,7]. IL-17A is believed to be mainly produced
by Th17 cells, which constitute a unique helper T-cell subset well defined in mice and
humans [33]. While avian Th17 cells have yet to be characterized, IL-17A gene expression
has recently been observed in mitogen stimulated avian αβ and γδ T cells and further
detected via intracellular cytokine staining in various T cell subsets [5,6]. In this study, we
demonstrated that: (i) infection with MDV resulted in early induction of IL-17A and IFN-γ
expression in chicken splenocytes; (ii) based on FACS analysis, IL-17A+ T cells could be
detected in splenocytes from vvMDV-RB1B infected chickens with the highest proportion of
IL-17A+ T cells peaking at 21 dpi; and (iii) in vivo inoculation with a recombinant chIL-17A
post-HVT vaccination significantly reduced tumor incidence compared to infected-only
chickens compared to HVT+IL-17A or HVT+vector control. This outcome was associated
with a reduction in COX-2, TGF-β, and MDV-Meq gene expression and an increase in
IL-12p40 and IFN-γ expression.

The function and expression of IL-17A in the avian lung mucosal tissue following
infection with MDV have not been previously defined. While the avian host’s early response
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(4 dpi) to MDV infection results in overexpression of both IL-17A and IFN-γ, their respective
roles in chickens are not well understood. Due to the cell-associated nature of MDV, T
cells play an essential role in immunity against this virus. We previously reported that the
frequency of IFN-γ+CD8α+ γδ T cells in vvMDV-RB1B-infected chickens was significantly
higher at 4 (p < 0.05) and 10 dpi (p < 0.01) than in the control group [32]. Pre-treatment
with a recombinant chIFN-γ in an MDV infection model was associated with a reduction
in tumor incidence [19]. However, subsequent IFN-γ knockdown based on an siRNA
treatment had limited to no effects on MDV replication and tumor incidence [34]. More
recently, Bertzbach et al. showed that chIFN-γ can have direct anti-viral effects against
MDV and was induced by NK cells in vitro following MDV infection [35,36]. This finding
indicated that other mechanisms exist that can limit MDV replication. In the present study,
we demonstrated a relationship between the specific stages of MDV pathogenesis (4, 10,
and 21 dpi) and percentage of IFN-γ+ and IL-17A+ T cells. Based on intracellular cytokine
staining, the frequency of IFN-γ+ αβ T cells peaked at 10 dpi and was significantly lower
at 4 and 21 dpi compared to 10 dpi. IL-17A+ T cells could be detected in splenocytes
from vvMDV-RB1B infected chickens with the highest proportion of IL-17A+ αβ and γδ

T cells peaking at 21 dpi. It is unclear whether the reduction in IFN-γ+ and increase in
IL-17A+ T cells at 21 dpi relate to CD4+ T cell expansion and aggravation of lymphoma.
In mice, IFN-γ is the major cytokine produced by CD27+ γδ T cells, and their CD27−
counterparts preferentially secrete IL-17A [37,38]. In the present study, double positive
IL-17A+IFN-γ+ T cells could not be defined due to limitations in antibody availability.
Both IL-17A and IFN-γ can regulate the lineage differentiation of naïve T cells into Th1 or
Th17 cells, respectively [33]. The presence of both IFN-γ+ and IL-17A+ T cells during MDV
infection suggests a potential role in MDV pathogenesis.

The biological role of IL-17A has yet to be fully characterized in chickens but has been
defined in mice and humans [39]. We observed a discrepancy between the abundance
of IL-17A cognate protein and transcripts following MDV infection. Protein and RNA
represent different steps of the multi-stepped cellular process, in which they are expressed,
translated, and degraded. Specific regulatory processes can suppress mRNA transcription,
thereby leading to no or limited protein expression. MDV is known to express and stimulate
the expression of an array of micro RNAs that impact the host cellular machinery [40].
At mucosal sites, IL-17 may have protective roles by enhancing the Th1 response in host
defenses against infectious diseases and promoting the induction of cytotoxic T lymphocyte
(CTL) responses [33]. HVT-vaccinated chickens that were pre-treated with the rIL-17A had
an increase in IL-12p40 and IFN-γ expression at 21-dpi compared to vvMDV-RB1B-infected
chickens. This outcome was associated with a reduction in the expression of IL-10 and
TGF-β at 21 dpi in IL-17A-pre-treated and HVT-vaccinated chickens. To gain some insight
into the immune mechanisms triggered by treatment with IL-17A in chickens, we analyzed
the cytokine expression profiles in the spleen. Both negative and positive feedback loops
regulate the local and system effects of IL-17A.

Compared to negative control groups, vaccination with HVT does not result in a
significant increase in IL-17A expression. Similarly, Hao et al. demonstrated that vacci-
nation with the CVI988-RISPENS vaccine does not induce IL-17A expression [41]. This
finding suggests that HVT vaccination elicits a cytokine-specific pattern of expression that
works in synergy with pCDNA:IL-17A to modulate the IL-17A-mediated immunopathol-
ogy observed post-MDV infection. In chickens, infection with a vvMDV-RB1B virus led
to a significant increase in IL-17A expression at 4 dpi with no changes at 10 dpi and a
significant reduction at 21 dpi compared to control chickens. It is possible that the increased
production of proinflammatory cytokines in the absence of IL-17A during vaccination is a
compensatory mechanism implemented to help protect the avian host against MDV infec-
tion. This theory suggests that IL-17A could be involved in modulating the lung mucosal
environment. Viruses can utilize IL-17A to modulate the host immune system to support
productive infection. Gammaherpesviruses, such as murine gammaherpesvirus 68 (MHV68),
preferentially modulate the mouse immune system following primary infection, leading
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to IL-17A expression [42]. As such, during early infection, IL-17A can antagonize Th1
activity while promoting productive MHV68 viral infection. IL-17A directly suppresses
the expression of IFN-γ, T-bet, and eomesodermin in T cells [43]. In MDV infection, we
observed an increase in both IL-17A and IFN-γ during the early stage of infection. While
antigen-specific T cell responses based on IFN-γ could be detected in MDV-infected chick-
ens, it is not clear whether overexpression of IL-17A could limit antigen-specific T cell
responses [18]. However, following MDV infection, IL-17A expression was induced during
the early phase (4 dpi). More work is required to define whether IL-17A could be involved
in the pathogenesis of MD.

In mammals, T cells of the γδ subset immediately produce IL-17A and induce inflam-
mation upon pathogenic infections [44]. It is understood that immunity against herpes
simplex virus type (HSV) 1 is partly imparted by the functional activity of IL-17A+ γδ T
cells [45]. γδ T cells exert their immune-modulatory activity by secreting various innate
factors, as well as Th1 and Th17 cytokines, which promote direct cytotoxic activity against
infected cells [46]. During the early phase of MDV pathogenesis, high counts of both
macrophages and T cells can be seen in the lungs of MDV-infected chickens [47]. Our
FACS results indicated that γδ T cells are a major source of IL-17A during the later stages
of MDV infection. It cannot be ruled out that the differentiation of IL-17A-producing γδ

T cells occurs within the tumor microenvironment, but this possibility requires further
experimental confirmation. IL-17A has been implicated in protective γδ T cell responses in
other cancer models. Mechanistically, tumor-infiltrating IL-1β activated IL-17A+ γδ T cells,
enhancing the priming and recruitment of IFN-γ-producing CD8+ T cells that exert antitu-
mor effects [48]. We have previously reported that avian γδ T cells are activated during
MDV infection and retain effector functions, based on expression of IFN-γ and cytotoxic
(CD107a+) activity [32]. It is not known whether the increase in IL-17A at 4 dpi relates to
an increase in T cell infection and modulation of antigen-presenting cell functions, such as
macrophages [33]. However, IL-17 can promote the recruitment of innate cells to the site of
inflammation [49]. We identified an increase in the percentage of IL-17A+ T cells at 21 dpi
in the spleens of MDV-infected chickens. Chronic IL-17A production, at the protein level,
has been shown to support tumor formation and progression [50]. This effect is derived
from IL-17A-mediated signaling, which results in recruitment of innate immune cells to the
site of injury [51]. IL-17-induced inflammatory mediators, such as IL-1β, IL-6, and TGF-β,
promote a proangiogenic and immune suppressive tumor environment that enhances
tumor growth. It is likely that the host response to MDV infection, which results in IL-17A
progression, contributes to tumor formation. MDV is an oncogenic virus causing CD4+ T
cell lymphoma in chickens. Transformation of CD4+ T cells has been linked to MDV-Meq
function [52]. MDV-Meq has been shown to modulate the PI3K/AKT pathway [53]. In mice,
the PI3K/AKT pathway regulates IL-17A expression and the induction of Th17 cells [54].
However, the mechanism for induction of IL-17A in MDV-infected chickens is unknown.
Furthermore, it has yet to be shown whether IL-17A-mediated signaling during MDV
results in tumor progression. Taken together, induction of IL-17A during MDV infection
can have multifactorial effects.

5. Conclusions

In summary, our data revealed the effects of IL-17A during MDV infection and im-
proved our understanding of adaptive immune responses against MDV. Preventive strate-
gies that aim to induce strong Th1 cell immunity should be able to effectively control MDV
infection. Along with Th1 responses, MDV infection also induces a Th17 immune response.
More work is required to demonstrate this response in avian Th17 cells and the modulatory
activity of IL-17A in avian innate and adaptive immune cell types.
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Abstract: Herpes simplex virus 2 (HSV-2) causes most sexually transmitted genital ulcerative disease.
No effective prophylactic vaccine is currently available. Replication-defective (ICP8-) HSV stimulates
immune responses in animals without producing progeny virus, making it potentially useful as a
safe form of a live vaccine against HSV. We previously demonstrated that mice generate a stronger
response to ICP8- virus encoding B7-2 costimulation molecules than to the parental replication-
defective virus. We have also demonstrated enhanced immunogenicity of an ICP8-, virion host
shutoff (vhs)- virus which can no longer destabilize viral and host mRNAs. Here, we constructed a
triple mutant, ICP8-vhs-B7-2+ strain, and compared it to both double mutant viruses. Immunization
of mice with a single dose of ICP8-B7-2+ or ICP8-vhs-B7-2+ virus decreased challenge virus replication
in the vaginal mucosa, genital disease, and mortality more effectively than immunization with the
ICP8-vhs- virus. Immunization with ICP8-B7-2+ or ICP8-vhs-B7-2+ virus also effectively suppressed
subsequent HSV-2 infection of the nervous system compared to immunization with the ICP8-vhs-
virus. ICP8-B7-2+ and ICP8-vhs-B7-2+ strains induced more IFN gamma-producing CD8 T cells and
memory CD8 T cells than did ICP8-vhs- virus, potentially explaining the enhanced protective effects.
Thus, B7 costimulation molecules expressed from a replication-defective vaccine can enhance vaccine
efficacy, even in an immunocompetent host.

Keywords: herpes simplex virus; HSV-2; vaccine; costimulation; genital; antibodies; T cells

1. Introduction

Sexually transmitted infections with herpes simplex virus 2 (HSV-2) are the leading
cause of genital ulcerative disease. The global burden of HSV-2 infection is staggering,
with over half a billion persons affected worldwide [1,2]. HSV-2 infections result in a
significant amount of morbidity in the United States; nearly one in five adults have been
exposed to HSV-2 [3], and more than 770,000 new infections occur each year [4]. Indeed,
the proportion of infected individuals can approach 70% in some demographics [2]. HSV-2
causes ulcerative lesions in anogenital skin and mucosa and is frequently shed in the
absence of symptoms. Primary or recurrent infections late in pregnancy pose a significant
perinatal risk to babies born to infected mothers. The infected newborn frequently suffers
widespread infection with the potential for permanent neurological sequalae and even
death. Ulcerative disease associated with HSV-2 also increases the propensity for the acqui-
sition of HIV in exposed individuals. In addition, the psychosocial impacts of recurrent
genital infections can be traumatic and isolating. A vaccine to mitigate these infections and
prevent transmission is an important, unmet medical need.

Vaccine development against HSV-2 has focused for decades on the development of
the potential product with the greatest safety, primarily subunit vaccines composed of viral
cell attachment proteins [5]. However, despite showing preclinical promise, a phase III trial
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of HSV-2 gD in adjuvant modestly reduced oral and genital HSV-1 infections but had no
efficacy against HSV-2 [6]. Immune responses to HSV-2 in naturally acquired infections
show a great deal of antigenic breadth, encompassing not only surface components of
virions important in antibody-mediated neutralization and antibody-dependent cellular
cytotoxicity, but also internal structural components and non-structural proteins that are
favored in T cell recognition [7–9]. In light of decades of experience with glycoprotein
vaccine, a new approach that increases the number and type of protein targets and presents
them in ways that stimulate the immune system may be essential. Because HSV-2, as
with any self-perpetuating species, carries its own mechanisms of defense against immune
recognition, the inactivation of critical defenses for maximum immune stimulation may
help optimize antiviral immune responses evoked through vaccination.

Live-attenuated viruses as vaccines are a next-generation approach that shows promise.
They are more immunogenic than subunit vaccines [10–13]. Nonetheless, they must be
rendered as safe as possible without unduly compromising immunogenicity to prevent
risk to vaccinees, particularly persons with potential underlying immune deficits. Some
live-attenuated viruses such as ICP0- or gE- HSV-2 [11,14] are effective in protecting animal
models, but replication and establishment of latency may be insufficiently attenuated.
Viruses lacking a glycoprotein essential for cellular entry are grown in cells that produce
a protein that complements the genetic defect. These “single-cycle” viruses undergo one
round of replication in the host but cannot initiate a second round. The single-cycle gH-
virus is immunogenic and reduces viral recurrences in guinea pigs [15] but proved dis-
appointing in a clinical trial [16]. Strong cellular and humoral immune responses have
been achieved using a single-cycle mutant virus ΔgD-2 which protects against large doses
of HSV-2 in a variety of models while improving safety over live attenuated viruses [17].
Another form of potentially safer live virus vaccine is deleted in a gene essential for
virus replication. It expresses numerous HSV proteins but is replication-defective. One
example, dl5-29 (UL5-ICP8-) [18], effectively protects against HSV-2 challenge in animal
models [12,13,19]. However, this virus grows slowly in culture and requires two large doses
to fully protect even mice [12,20]. In addition, dl5-29 proved insufficiently immunogenic in
phase I trials, especially when administered to seropositive women [21,22]. Newer versions,
dl5-29-41L or dl5-29-41.1 (UL5-ICP8-vhs-) [20,23,24], seek to increase immunogenicity by re-
ducing immune evasion promoted by the virion host shutoff (vhs) protein [25,26]. Although
the inactivation of vhs in HSV-1 strongly increases immune responses and protection [27], the
impact curiously is weaker in the context of the HSV-2 replication-defective vaccine [20].

Independently, the immunogenicity of a live, replication-defective HSV-2 vaccine
has been improved by engineering the virus to encode host B7-2 costimulation molecules
(ICP8-B7-2+), a critical signal in T cell activation which has been demonstrated to boost
T cell responses to vaccination in mice [28]. In addition, B7-2-expressing virus shows
strong protective efficacy compared with ICP8- virus [28]. With the goal of optimizing
immunogenicity and protective capacity, we sought to determine how these forms of
replication-defective viruses compare, attempting to identify which demonstrates the best
efficacy while maintaining safety.

2. Materials and Methods

2.1. Cells and Virus Growth

S2 cells, a Vero cell line stably expressing ICP8 upon infection [29], were used to prop-
agate ICP8-deficient 5BlacZ, 5BΔlacZ and its derivatives. Vero cells were used to generate
stocks of HSV-2 strain G-6 [30], a plaque-purified derivative of strain G. For immunizations,
the supernatant of infected cell monolayers was collected and subjected to high-speed
centrifugation to generate virus free of cell debris as previously described [31]. Virus
titers were determined on S2 or Vero cells by standard plaque assay [32]. In experiments
requiring HSV-2 strain dl5-29 and its derivatives, V529 cells were used because they express
ICP8 and UL5 [19,20]. S2 and V529 cells and dl5-29 and its derivatives were obtained from
David Knipe, Harvard Medical School.

138



Viruses 2023, 15, 1570

2.2. Construction and Isolation of Mutant Viruses

Certain previously studied, replication-defective HSV-2 vaccine strains also contain
a deletion of vhs or encode B7 costimulation molecules [20,23,28]. To facilitate direct
comparison of their efficacy we recreated these strains in a homogenous genetic background.
The replication-defective mutant, 5BlacZ, does not produce the essential viral gene product
ICP8 due to the insertion of the E. coli lacZ gene into the UL29 open reading frame [33].
Because lacZ is potentially immunogenic, we mutated 5BlacZ to remove the lacZ gene by
cotransfection into S2 cells of full-length 5BlacZ DNA along with plasmid p8BSΔXhoI which
contains the UL29 open reading frame with an XhoI-XhoI deletion (Figure 1). Plaques under
X-gal overlay were screened for white plaques, indicating possible loss of lacZ sequences.
The identity of candidate recombinant virus 5BΔlacZ, plaque purified to homogeneity, was
confirmed by PCR; 5BΔlacZ was used as the basis for all recombinant virus vaccine strains
generated in this study. Next, we sought to disrupt UL41 and/or insert murine CD86
encoding B7-2 costimulation molecules. To engineer a mutation in the UL41 (vhs) ORF of
5BΔlacZ, plasmid pDL41SB5.B containing the vhs locus with an XcmI-XcmI deletion was
cotransfected with full-length 5BΔlacZ DNA and isolated plaques were screened by PCR
for the presence of the deletion in vhs. The resulting virus was named Δ29Δ41. To engineer
5BΔlacZ to encode B7-2 costimulation molecules, the UL37/38 intergenic region (IGR) of
HSV-2 strain 186 was amplified by PCR and cloned into pBS-KS+ to create pBS-IGR29.
A cassette containing the murine B7-2 (CD86) open reading frame driven by the human
cytomegalovirus immediate-early enhancer/promoter (IEp) was excised from p101086.7 by
BglII digestion and ligated into plasmid pBS-IGR29 which had been modified by insertion
of a BglII linker at the BsmI site. The new plasmid, pBS-IGR29-B7-2, was cotransfected
with full-length 5BΔlacZ DNA into S2 cells. Cells infected with potential recombinant virus
expressing B7-2 costimulation molecules were enriched by panning on Petri dishes coated
with anti-B7-2 monoclonal antibody and plaque isolates derived from them were screened
by flow cytometry (see below). The identity of a plaque-purified, B7-2-expressing isolate
was confirmed by PCR. The resultant virus, Δ29B7-2+, is similar to 5B86 [34], except that
5B86 contains the CD86 cassette inserted into a KpnI-KpnI deletion in the UL23 thymidine
kinase (tk) gene rather than the UL37/38 IGR. The resulting recombinant virus, Δ29Δ41,
resembles dl5-29-41L [20] except that it contains no E. coli lacZ gene and no deletion in the
UL5 open reading frame. To engineer a virus containing both the deletion in vhs and the
CD86 insertion, full-length Δ29Δ41 DNA was cotransfected with plasmid pBS-IGR29-B7-2.
Cells infected with the potential recombinant virus were enriched by panning and plaque
isolation was performed. Plaque isolates were screened by flow cytometry and a B7-2+
isolate was confirmed by PCR and named Δ29Δ41B7-2+. All recombinant viruses were
plaque-purified to homogeneity and the region of their insertion or deletion was verified
by sequencing. For ease of labeling figures, the Δ29 designation has been dropped, leaving
Δ41, B7-2+, and Δ41B7-2+.

2.3. Panning and Flow Cytometry

Petri dishes were coated with anti-mouse B7-2 antibody (BD Biosciences PharMingen,
San Diego, CA, USA) (1 μg/mL in 50 mM Tris, pH 9.5) for 1 h at room temperature,
and then incubated overnight at 4 ◦C. Plates were washed extensively with PBS and
blocked with 2% newborn calf serum in PBS before use. S2 cells infected with the progeny
of a cotransfection (above) were collected by gentle scraping 24 h post-infection and
added to Petri dishes at a concentration of 1.2 × 106 cells/plate. After incubation at
37 ◦C for 1 h, plates were swirled and unbound cells were removed by pipetting. Plates
were washed gently with PBS, and then bound cells were scraped into DME + 10% FCS.
Collected cells were pelleted and sonicated, and the mixture was diluted for plaque isolation.
Plaque isolates were sub-cultured in 24-well plates and collected when CPE reached 100%.
A portion of the infected cells from each plaque was pooled with 4 others. The pools
were incubated with anti-CD86-PE and analyzed for B7-2 expression by flow cytometry
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(Figure S1). Each member of a positive pool was then analyzed individually to identify
recombinant viruses. Plaque isolates were iteratively purified to homogeneity.

2.4. RNA Isolation and Quantitative RT-PCR

Monolayer cultures of 1.5 × 106 to 1.8 × 106 S2 cells were mock infected or infected at
a multiplicity of infection (moi) 10 in the presence of 10 μg/mL of actinomycin D (Act D).
At 6 h post infection, cytoplasmic RNAs were harvested using an RNeasy Mini kit (Qiagen,
Germantown, MD, USA), including the on-column DNase digestion step. RNA Nano
Labchips (Agilent, Santa Clara, CA, USA) was used to assess RNA integrity and purity.
Five hundred ng of each RNA sample were reverse transcribed using anchored oligo(dT)18
primers and a Transcriptor First Strand cDNA Synthesis Kit (Roche, Indianapolis, IN, USA)
in 20 μL volume according to the manufacturer’s instructions. Real-time PCR reactions de-
tecting GAPDH mRNA and 18S rRNA were performed on 0.1 μL of cDNA using FastStart
SYBR Green Master Mix (Roche) and an ABI 7500 FAST Real-time PCR system (Applied
Biosystems, Foster City, CA, USA). Reactions were performed in duplicate in 25 μL vol-
ume. For GAPDH, the primers used were 5′-GAACGGGAAGCTTGTCATCAATGG-3′ and
5′-TGTGGTCATGAGTCCTTCCACGAT-3′, which amplify a 343 bp product. For 18S rRNA
the primers used were 5′-GTAACCCGTTGAACCCCATT-3′ and 5′-CCATCCAATCGGTAG
TAGCG-3′ [35], which amplify a 151 bp product. PCR parameters consisted of 10 min
FastStart Taq activation at 95 ◦C, followed by 40 cycles of 95 ◦C for 20 s, and 60 ◦C for
1 min. Specificity was verified by melting curve analysis. GAPDH signal was normalized
to the 18S rRNA signal using the 2(−ΔΔCt) method [36,37]. The GAPDH mRNA level
in mock-infected S2 cells was set at 100% and the GAPDH mRNA level remaining in
virus-infected samples was calculated as a percentage of mock.

2.5. Plaque Size Measurement

Infected monolayers incubated for 48 h in the presence of a medium containing human
serum were fixed and stained with Giemsa. Plaques were photographed using a Leica DM
IRB microscope. The area of 50 randomly selected plaques was determined using Leica
Application Suite V4 by tracing around the circumference of each plaque and converting
pixels to mm2.

2.6. Immunizations

Female BALB/c mice were purchased from the National Cancer Institute and were
rested for one week before use. BALB.B mice were purchased from the Jackson Laboratory
and bred in the Department of Comparative Medicine at Saint Louis University School of
Medicine. All mice were housed at Saint Louis University School of Medicine Department
of Comparative Medicine under specific-pathogen-free conditions in strict accordance with
good animal practice as defined by Institutional and Public Health Service guidelines and
with work approved by the Institutional Animal Care and Use Committee.

For immunizations, hind flanks of the mice at 6 weeks of age were injected subcuta-
neously (s.c.) with a single low (2 × 104 PFU), medium (1 × 105 PFU), or high (5 × 105 PFU)
dose of virus suspended in a 40 μL total volume of normal saline. Some mice received an
equivalent amount of supernatant concentrated from uninfected cell cultures (control super-
natant) as a negative control for immunization. A 30 g needle was used for immunizations
to minimize discomfort.

2.7. ELISpot Assay

For assessment of T cell responses to immunization, inguinal and paraaortic lymph
nodes were harvested from BALB.B mice 6 d after immunization with control supernatant
or 1 × 105 PFU of vaccine virus. Single-cell suspensions were prepared, and functional
HSV-specific T cells were enumerated by IFN-γ enzyme-linked ImmunoSpot (ELISpot)
assay. Lymph node cells (5 × 105 and 2 × 105 cells per well for control supernatant and
Δ29Δ41, 4 × 105, and 1.5 × 105 cells per well for Δ29B7-2+ and Δ29Δ41B7-2+) were added
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to multiscreen-HA plates (Millipore) coated with anti-IFN-γ capture antibody. Cells were
cultured in the presence of peptide gB498-505 [38] at 0.2 μM as a CD8 T cell stimulus for
20 h. After the incubation, the membranes were washed, and spots were visualized with
an anti-IFN-γ detection antibody, followed by streptavidin-alkaline phosphatase and BCIP
(5-bromo-4-chloro-3-indolylphosphate)-nitroblue tetrazolium substrate. An ImmunoSpot
plate reader (version 5.0; Cellular Technology, Ltd., Shaker Heights, OH, USA) was used to
quantify spots.

IFN-γ ELISpot assay was also employed to assess memory and HSV-specific T cell
responses. One month after s.c. immunization, splenocytes were isolated and cultured at
the concentrations indicated above with 0.2 μM gB peptide for 20 h on multiscreen-HA
plates coated with anti-IFN-γ capture antibody. Spots were developed as described above.

2.8. Quantification of Serum Antibodies

To determine the concentration of HSV-specific serum antibodies induced by vaccina-
tion, groups of mice were immunized with the vaccine strains or control supernatant or
were left unimmunized. Blood was collected from the tail vein of mice 22 d after immuniza-
tion. The serum remaining after clot retraction was analyzed by enzyme-linked immunosor-
bent assay (ELISA), as previously described [39]. The secondary antibody used was anti-
mouse immunoglobulin G (IgG) biotin (R & D Systems, Minneapolis, MN, USA) which
was detected using streptavidin–horseradish peroxide followed by O-phenylenediamine
dihydrochloride substrate (Sigma-Aldrich, Burlington, MA, USA). Plates were read at
490 nm on a Bio-Rad 680 plate reader. Antibody titers were determined by comparison to
standard curves generated with serum containing known concentrations of IgG captured
on plates coated with goat anti kappa light chain antibody (Caltag, Burlingame, CA, USA).

To determine the neutralizing activity of antibodies in serum, 2-fold serial dilutions
of serum in microtiter plates were mixed with an equal volume containing approximately
50 PFU of HSV-2 G-6 and guinea pig complement (Cedarlane, Burlington, NC, USA; final
concentration 1:12) for 2 h at 37 ◦C. Contents of the wells were then transferred to Vero cell
monolayers in 24-well plates and incubated for 1 h at 37 ◦C. Wells were washed once with
PBS and overlaid for standard plaque assay. The neutralizing antibody titer was recorded
as the highest serum dilution which reduced plaque number by >50% compared with the
control diluent.

2.9. In Vivo Challenge

Mice were challenged 4 weeks after immunization. At 7 d and 1 d prior to the challenge,
mice were injected s.c. in the neck ruff with 3 mg Depo-Provera (Pfizer, New York, NY,
USA) suspended in a 100 μL volume of normal saline. Prior to the challenge, mice were
anesthetized by intraperitoneal injection of ketamine/xylazine. Infection occurred by
intravaginal (i.vag.) inoculation of 5 × 105 PFU G-6 in a 5 μL volume. To quantify the virus,
shed from the genital epithelium, vaginal vaults were swabbed twice with calcium alginate
swabs at 9 h and 1 to 5 d post infection. Duplicate swabs for each time point were placed
together in 1 mL phosphate-buffered saline and stored frozen until use. The virus was
quantified on Vero cell monolayers by standard plaque assay. Body weight, signs of disease,
and survival were monitored daily post challenge. Mice were weighed individually, and the
mean daily change from initial body weight was calculated for each group. Disease scores
were assigned by a masked observer based on the following scale: 0, no apparent signs
of disease; 1, slight erythema and edema of the external genitals; 2, prominent erythema
and edema of the genitals; and 3, severe erythema and edema with lesions on the genitals.
The mean daily disease score was calculated for each group. Hind-limb paralysis was also
assessed. Mice were euthanized if they were discovered to have lost more than 20% of
their body weight or had become paralyzed. To analyze virus replication in neural tissues,
the brains, brainstems, and spinal cords were dissected from a cohort of mice 5 d after the
challenge. Tissues were stored frozen until use. The tissues were subsequently thawed and
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disrupted using a mini-bead beater (BioSpec, Bartlesville, OK, USA), and then diluted for
standard plaque assay.

2.10. Statistics

The significance of the difference in antibody concentrations and virus titers on indi-
vidual days was determined by ANOVA with Bonferroni correction, as was the difference
in the number of IFN-γ-producing T cells. Proportions of mice with hind-limb paralysis
were compared using the Fisher exact method. The Mann–Whitney U nonparametric test
was used to assess the significance of the difference in disease scores on individual days
post challenge.

3. Results

3.1. Construction, Isolation, and Characterization of Recombinant Viruses

Previous replication-defective HSV-2 vaccine strains varied by several parameters:
5B86 [34] contains the E. coli lacZ gene in the ICP8 locus and is tk- due to the insertion of
CD86 (encoding B7-2). dl5-29-41L [20] contains lacZ in the vhs locus and a deletion in UL5.
To avoid the potentially misleading effects of these differences and allow for legitimate
direct comparison, we built a new set of replication-defective vaccine strains. First, we
replaced the lacZ-disrupted ICP8 locus in 5BlacZ (Figure 1A) with an ICP8 ORF containing
a deletion known to interfere with the ICP8 function (Figure 1B). This virus, 5BΔlacZ,
contains no bacterial genes and formed the basis for all our ICP8-, replication-defective
vaccine strains. To create a dl5-29-41L counterpart, we replaced the vhs open reading frame
in 5BΔlacZ with a version that contains a deletion (Figure 1C) known to inactivate vhs [40].
This virus was named Δ29Δ41. To create a 5B86 counterpart, we ligated a CD86 (B7-2)
expression cassette [34] into the UL37/UL38 IGR (Figure 1D), which is neutral with respect
to HSV-2 replication and virulence (Korom and Morrison, unpublished result). This virus
was named Δ29B7-2+. Finally, to combine the alterations to 5BΔlacZ, we replaced the
vhs ORF in Δ29B7-2+ with vhs containing the deletion, thus creating virus Δ29Δ41B7-2+
(Figure 1D). All viruses were plaque-purified and their modifications were verified by
sequencing the relevant region(s).

Vero cells infected with Δ29B7-2+ and Δ29Δ41B7-2+ expressed B7-2 costimulation
molecules on their surface as detected by flow cytometry (Figure 2A). To analyze vhs
activity in the mutant viruses we conducted quantitative reverse transcriptase real-time
PCR using primers for GAPDH and cDNA template prepared from mRNA of cells 6 h post-
infection. Cells infected with Δ29Δ41and Δ29Δ41B7-2+ contained more GAPDH mRNA
than cells infected with Δ29B7-2+ which has an intact vhs gene (Figure 2B), verifying that
the XcmI-XcmI deletion reduced vhs RNase activity (Figure 2B).

Interestingly, the vhs deletion resulted in smaller plaque size for both Δ29Δ41 and
Δ29Δ41B7-2+ compared with Δ29B7-2+ (Figure 3A,B) and resulted in lower titers on a
complementing cell line (Figure 3C).

142



Viruses 2023, 15, 1570

Figure 1. Construction and characterization of recombinant viruses. (A) Recombination of XhoI-
deleted UL29 into the DNA of virus 5BlacZ, removing the lacZ sequence and generating virus 5BΔLacZ.
(B) Recombination of XcmI-deleted UL41 into the DNA of virus 5BΔLacZ, generating virus Δ29Δ41.
(C) Line 1 shows the insertion cassette containing the HCMV IEp fused to the B7-2 ORF. Line 2 shows
insertion of this cassette into the UL38/39 IGR, and line 3 represents recombination of this cassette with
5BΔlacZ viral DNA to generate virus Δ29B7-2+. (D) Recombination of the cassette containing the B7-2
ORF (in the UL38/39 IGR) into Δ29Δ41 viral DNA to generate the Δ29Δ41B7-2+ virus.

 

Figure 2. B7-2 expression and vhs assay. (A) S2 cells were mock-infected or infected with Δ29B7-2+
or Δ29Δ41B7-2+ at moi of 5 for 18 h, then collected, stained with anti-CD86-PE, and analyzed by flow
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cytometry. (B) S2 cells were mock-infected or infected with the indicated viruses at moi 10. Six hours
post infection, mRNA was isolated, reverse transcribed, and GAPDH expression was analyzed by
real-time PCR. The GAPDH signal was normalized to the 18S rRNA signal, the GAPDH mRNA
level in mock-infected Vero cells was set at 100%, and the GAPDH mRNA level in virus-infected
samples was calculated as a percentage of mock. Results are from one of 2 independent experiments
performed. ***, p = 0.0021.

Figure 3. Plaque size comparison. S2 cells were infected with the indicated viruses and incubated for
48 h before fixation and staining. Plaques were photographed at 50× magnification. (A) Representa-
tive plaques are shown. Scale bar = 200 μm. (B) Plaque sizes were calculated using ImageJ software.
Data represent the mean ± SD (n = 50 for each virus). ***, p < 0.001; Δ41 v. Δ41B7-2+, not significant.
(C) V529 monolayers were infected at moi 0.3 in duplicate, then scraped and collected at incremental
times post infection. Virus titers were determined on fresh V529 cell monolayers.

3.2. Effect of Immunization with Recombinant Viruses on Protection from HSV-2 Challenge

We had previously demonstrated effective protection of mice from HSV-2 challenge
after a single low-dose immunization with 5B86, a virus similar to Δ29B7-2+ but expressing
β-galactosidase. dl5-29-41L is functionally equivalent to Δ29Δ41, being replication-defective
and having vhs disrupted. We sought to compare the efficacy of vhs- to B7-expressing
virus and to determine whether the provision of B7-2 in the Δ29Δ41 background would
increase protective capacity. Thus, we immunized groups of BALB/c mice once with a low,
medium, or high dose of Δ29Δ41, Δ29B7-2+, or Δ29Δ41B7-2+ virus, or control supernatant
of uninfected cells. Mice were then challenged i.vag. one month later with a heterologous
wild-type strain of HSV-2. Over the first 4 d post challenge, Δ29B7-2+ and Δ29Δ41B7-2+
immunizations reduced challenge virus replication in the genital mucosa to a greater extent
than Δ29Δ41 (Figure 4).

The differences in replication were significant on days 2 and 3 in mice immunized
with the low dose (Figure 4A) and on days 1 through 4 in the high-dose immunization
group (Figure 4C). In mice immunized with the medium dose (Figure 4B), only Δ29B7-2+
reduced challenge virus replication on the first day after the challenge, but both Δ29B7-2+
and Δ29Δ41B7-2+ viruses reduced challenge virus replication in the mucosa significantly
better than Δ29Δ41 on days 2 through 4. By 5 d post challenge, replication of the challenge
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virus was still robust in the genital mucosa of control mice, but all vaccine strains had
limited replication to barely detectable levels (Figure 4).

Figure 4. Titers of challenge virus shed from the genital mucosa. Groups of 10 BALB/c mice in each
of two independent experiments were immunized once s.c. with a single (A) low (2 × 104 PFU),
(B) medium (1 × 105 PFU), or (C) high (5 × 105 PFU) dose of supernatant-derived virus or an amount
of control supernatant (control) equivalent to the high dose of virus. All mice were challenged
1 month after immunization by i.vag. infection with HSV-2 strain G-6. Titers of virus collected by
vaginal swab of 6 mice per group (n = 12 total) at the indicated times post infection were determined
by standard plaque assay. Data represent the geometric mean ± SEM for the compiled samples.
*, p = 0.049–0.01; **, p = 0.009–0.001; ***, p = 0.0009–<0.0001 for Δ41 compared with Δ41B7-2+.

In control mice, HSV-2 induced severe inflammation of the genital mucosa and lesions,
whereas prior immunization with any of the vaccine strains limited genital inflamma-
tion. Δ29B7-2+ and Δ29Δ41B7-2+ viruses protected mice better than Δ29Δ41 at all three
immunizing doses tested (Figure 5).

Figure 5. Genital inflammation and disease after i.vag. challenge of immunized mice. Mice as
described in Figure 4 were immunized with a (A) low, (B) medium, or (C) high dose of virus or an
amount of control supernatant corresponding to the high dose of virus. After the challenge, mice
were observed daily for signs of inflammation and lesions on their external genitalia. Data represent
the arithmetic mean ± SEM for all samples compiled from two independent experiments (n = 20).
*, p = 0.0389–0.0178; ***, p < 0.0001 for Δ41 compared with Δ41B7-2+.

The difference between viruses expressing B7-2 and the Δ29Δ41 group was most
significant after medium dose immunization, with protection from genital inflammation
significantly enhanced beginning 4 d post challenge (Figure 5B); however, significantly
enhanced protection was also observed at the low and high vaccine doses (Figure 5A,C).
Using maintenance of body weight as an indicator of general health, we observed that
low-dose immunization with any of the vaccine strains did not protect mice from weight
loss after the challenge (Figure 6A).
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Figure 6. Body weight and survival after i.vag. challenge of immunized mice. Mice as described
in Figure 4 were immunized with the low, medium, or high dose of virus or an amount of control
supernatant corresponding to the high dose of virus. Body weight (A–C) and survival (D–F) were
monitored over time after the challenge. Weight data represent the arithmetic mean ± SEM for all
mice compiled from two independent experiments (n = 20). ***, p = 0.0002–<0.0001 for Δ41 compared
with Δ41B7-2+.

In mice receiving medium dose vaccine, differences in body weight over time post-
challenge reflected differences in genital inflammation and disease in that those mice
immunized with Δ29B7-2+ or Δ29Δ41B7-2+ showed only a transient decrease in body
weight, whereas those immunized with Δ29Δ41 lost weight at a rate similar to control
mice (Figure 6B). All vaccine strains, when given at the high dose, significantly protected
mice from weight loss after the challenge compared with the control group (Figure 6C).
Consistent with the weight loss profile, most mice receiving the low dose of Δ29B7-2+
or Δ29Δ41B7-2+ vaccine survived challenge virus infection, but most mice immunized
with low-dose Δ29Δ41 succumbed (Figure 6D). Deaths occurred in Δ29Δ41-immunized
mice at the medium and high doses as well, but all mice immunized with Δ29B7-2+
or Δ29Δ41B7-2+ viruses survived the challenge (Figure 6E,F). Mortality resulting from
challenge virus infection was associated with neurological debilitation (Table 1). The
medium and high doses of Δ29B7-2+ and Δ29Δ41B7-2+ vaccines protected mice completely
from hind-limb paralysis, but a portion of mice immunized with Δ29Δ41 became paralyzed
from challenge virus infection.

Table 1. Percentage of mice with hind-limb paralysis.

Immunization Group

Vaccine Dose Control Δ41 B7-2+ Δ41B7-2+

Low nd a 50 30 35

Medium nd 50 0 b 0

High 75 20 0 0
a nd, not done. b p = 0.0004 compared with Δ29Δ41.
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Hind-limb paralysis and death strongly suggested entry of challenge virus into the
nervous system from the genital mucosa. To address this possibility, additional groups
of mice were immunized with the medium dose of vaccine viruses, which was the dose
demonstrating the greatest differences in genital and neurological signs of disease. Five
days after i.vag. challenge, the titer of wild-type HSV-2 in regions of the nervous system
was determined (Figure 7).

Figure 7. Levels of challenge virus in the nervous system. Mice were immunized with the medium
dose of the indicated virus or control supernatant and challenged i.vag. one month later with HSV-2 G-6.
After 5 d the mice were euthanized, the indicated regions of the CNS were dissected and homogenized,
and the virus titer in them was determined by standard plaque assay. Data represent the geometric
mean ± SEM for all samples per group, compiled from 3 independent experiments (n = 10 to 12).
*, p < 0.05.

Compared with mice receiving control supernatant, prior immunization with Δ29Δ41
resulted in less challenge virus in the spinal cords (p = 0.014). Immunization with viruses
expressing B7-2 further reduced the amount of challenge virus detectable in the spinal cord.
Almost no challenge virus was detected in the brainstem of mice immunized with any of
the vaccine strains at 5 d post challenge, though the challenge virus had already reached
the brainstem in control mice (p = 0.0009–0.0002). Thus, all the vaccine strains provided
significant protection against acute infection of the nervous system, with the best protection
afforded by viruses expressing B7-2.

3.3. Immune Correlates of Protection

To define immune responses that correlated with protection mediated by the Δ29B7-2+
and Δ29Δ41B7-2+ viruses, we analyzed HSV-2-specific antibodies and T cell responses
stimulated by vaccination. HSV-2-specific serum IgG was evoked by vaccination in a
dose-dependent manner (Figure 8A).

All vaccine strains induced equivalent virus-specific IgG responses in serum at the
low dose, but the medium dose of B7-expressing viruses stimulated a slightly more robust
response (Figure 8A). The same sera were used to test the capacity to neutralize virus
infectivity. Interestingly, neutralizing antibodies developed to the greatest extent after
immunization with the Δ29B7-2+ virus (Figure 8B). The capacity of the vaccine viruses to
stimulate HSV-specific T cell responses was analyzed 6 d after immunization by IFN-γ
ELISpot. BALB.B mice were immunized to take advantage of an immunodominant, CD8 T
cell epitope recognized by H-2b-haplotype mice [38]. Immunization with the Δ29B7-2+ and
particularly the Δ29Δ41B7-2+ virus elicited more IFN-γ-producing, CD8 T cells than Δ29Δ41
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in the draining lymph nodes 6 d later (Figure 9A), with a significant difference observed
when the total number of IFN-γ-producing, CD8 T cells was considered (Figure 9B).

Figure 8. HSV-specific antibody in the sera of immunized mice. Serum samples were collected 22 d
after immunization of mice receiving low, medium, or high doses of virus. (A) Concentration of
HSV-specific IgG was determined by ELISA. (B) Neutralizing antibody titer was determined by
plaque inhibition assay. Data represent the geometric mean ± SEM of 20 samples compiled from two
independent experiments (n = 20 total). *, p = 0.027–0.0157; **, p = 0.0023; ***, p < 0.0001.

Figure 9. IFN-γ-producing T cells induced by immunization. Groups of BALB.B mice were immu-
nized with 1 × 105 PFU of the indicated replication-defective virus or control supernatant. Cells from
the draining lymph nodes were isolated 6 d after immunization, stimulated in vitro with 0.2 mM
of peptide representing the CD8 epitope gB498–505, and analyzed in an IFN-γ ELISpot assay. Data
represent the arithmetic mean ± SEM of (A) spot-forming cells (SFC) per million lymph node cells
or (B) the absolute number of IFN-γ-producing SFC in the draining lymph nodes per mouse. Data
were compiled from 3 independent experiments (n = 9 for the control group and n = 11 for each
vaccine group). Alternatively, splenocytes were isolated 1 mo after immunization and stimulated as
above, then analyzed in the IFN-γ ELISpot assay to determine (C) SFC per million splenocytes or
(D) the absolute number of SFC per mouse. Data were compiled from 3 independent experiments
(n = 7 for the control group and n = 8 to 9 for each vaccine group). *, p = 0.0475–0.0212; **, p = 0.0016;
***, p < 0.0001.
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Memory CD8 T cells, however, were markedly more prevalent in the spleens one
month after immunization of mice with Δ29B7-2+ or Δ29Δ41B7-2+ than with Δ29Δ41,
whether measured as epitope-specific cells per 106 cells (Figure 9C), or the total number
of epitope-specific cells per spleen (Figure 9D). Thus, more HSV-specific, memory CD8 T
cells were available at the time of the challenge in mice immunized with Δ29B7-2+ and
Δ29Δ41B7-2+.

4. Discussion

An effective vaccine against HSV-2 must be safe while simultaneously stimulating
strong and effective immune responses. Various alterations of replication-defective viral
genomes such as disruption of vhs activity or inclusion of B7 costimulation molecules
have resulted in more immunogenic and effective vaccine strains than their predeces-
sor strains [20,27,28,34,41]. Direct comparison of the efficacy of these manipulations to
the basic replication-defective HSV-2 vaccine paradigm, however, demands that extrane-
ous differences be minimized. Therefore, we constructed all vaccine strains in the same
replication-defective (ICP8-deleted) background to evaluate the effectiveness of the virus
with vhs deleted to those expressing B7-2. Furthermore, these viruses lacked any bacterial
gene (lacZ) that could itself be immunogenic and potentially influence anti-viral immune
induction. The central finding of our comparison is that replication-defective viruses
expressing B7 costimulation molecules are superior in protective efficacy to replication-
defective, vhs- viruses.

As was previously observed [24], viruses bearing a deletion in HSV-2 UL41 had a
smaller plaque phenotype on complementing cells than viruses capable of expressing vhs.
This correlated with a reduction of maximal titer that could be achieved on complementing
cells, an observation that bears on the ability to generate a sufficient quantity of a live
virus vaccine for manufacture. Nonetheless, the deletion of UL41 has benefits for vaccine
design. Compromise of vhs activity enhances recognition of infected fibroblasts [42] and
relieves the block to activation in infected dendritic cells, potentially a critical feature of
a whole virus vaccine [26]. Interestingly, loss of vhs affects replication-defective HSV-2
more severely than it does HSV-1 strains, which may reflect the stronger, faster activity
of HSV-2 vhs previously described [43–46]. Indeed, Reszka et al. [24] showed that the
substitution of HSV-1 vhs into dl5-29 resulted in higher virus yield than dl5-29Δ41 but did
not affect its immunogenicity. The vhs protein is also a target of HSV-immune T cells [7].
Potentially the Δ29Δ41B7-2+ vaccine strain could be further optimized by creating a smaller
deletion in UL41 which preserves most of the protein as an immunologic target while still
compromising vhs activity, or by doing so in a substituted HSV-1 UL41 gene.

Comparison of these viruses as vaccines in mice yielded several interesting obser-
vations. First, in a previous study, Hoshino et al. had shown that replication-defective,
vhs- HSV-2 vaccine only transiently extended the survival time of mice compared to mice
immunized with replication-defective virus alone [23]. Here, we confirmed that deletion
of vhs did not confer any consistent, additional protective advantage for Δ29Δ41B7-2+
compared with Δ29B7-2+, though it did increase safety by creating a major insult at a
second locus. Second, expression of B7-2, whether in the context of ICP8- virus or ICP8-vhs-
virus, increased protective efficacy as measured by HSV-2 shed from the genital mucosa
of mice, signs of genital inflammation and disease, infection of the nervous system, and
maintenance of body weight and survival. Third, the medium dose of vaccine most clearly
distinguished the vaccine strains. While all showed a pronounced capacity to protect at
the high immunization dose compared with control vaccination, at the medium dose the
Δ29Δ41 virus more closely resembled control immunization, particularly in terms of disease
progression. Because of this ability to distinguish between the vaccine strains, we chose
the medium dose to investigate the vaccine’s capacity to protect against acute infection of
the nervous system. Once again, the B7-expressing viruses could be distinguished from
Δ41Δ29 in heightened protection against infection of the spinal cord by 5 d post challenge.
Lastly, a single dose of B7-2-expressing vaccine provided significant protection against
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some aspects of challenge virus infection in mice compared with control supernatant or vhs-
virus, even when administered at the lowest dose. Whether these vaccine strains can protect
mice from the establishment of latency by challenge virus is a worthy future direction.
The establishment of latency by the vaccine strains themselves was not investigated here
because DNA of analogous replication-defective strain dl5-29 was not detected in sensory
ganglia after intramuscular or intradermal immunization, and only low copy numbers
were observed after intranasal immunization of mice [19]. Nonetheless, this point must
be investigated with B7-expressing strains in subsequent trials to firmly establish their
safety profile.

Consistent with the role of B7 costimulation molecules in potentiating differentiation
of naïve T cells in response to antigen, we observed a substantial increase in the CD8 T cell
response to viruses that express B7-2. Interestingly, this enhancement was most prominent
in the memory T cell response rather than in the acute phase. The difference between
acute and memory phases could be a result of the particular day after immunization that
we looked at and/or to a cytokine milieu that drives initial T cell expansion in response
to Δ29Δ41 but does not support efficient conversion to or expansion of memory cells. A
similar enhancement in nascent CD8 T cell responses to an ICP8-vhs-B7+ HSV-1 strain
compared with the ICP8-vhs- virus was previously observed [41]. Further investigation
into the mechanism by which virus-expressed B7 molecules enhance responses to the
vaccine is warranted, particularly the cell type(s) in which B7 is expressed, and those that
can act as antigen-presenting cells to potentiate the immune response.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/v15071570/s1, Figure S1: iterative isolation of B7-expressing virus by
panning of infected cells and flow cytometry.
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Abstract: Owing to the rapid changes in the antigenicity of influenza viruses, it is difficult for humans
to obtain lasting immunity through antiviral therapy. Hence, tracking the dynamic changes in the
antigenicity of influenza viruses can provide a basis for vaccines and drug treatments to cope with
the spread of influenza viruses. In this paper, we developed a novel quantitative prediction method
to predict the antigenic distance between virus strains using attribute network embedding techniques.
An antigenic network is built to model and combine the genetic and antigenic characteristics of the
influenza A virus H3N2, using the continuous distributed representation of the virus strain protein
sequence (ProtVec) as a node attribute and the antigenic distance between virus strains as an edge
weight. The results show a strong positive correlation between supplementing genetic features
and antigenic distance prediction accuracy. Further analysis indicates that our prediction model
can comprehensively and accurately track the differences in antigenic distances between vaccines
and influenza virus strains, and it outperforms existing methods in predicting antigenic distances
between strains.

Keywords: influenza; H3N2; antigenic distance; hemagglutinin; attribute network embedding

1. Introduction

Influenza A virus is a negative-sense single-stranded RNA virus, and its viral mem-
brane is mainly composed of two surface glycoproteins: hemagglutinin (HA) and neu-
raminidase (NA). Existing influenza A viruses are classified into 18 HA subtypes and
11 NA subtypes according to different combinations of HA and NA. Each subtype has
distinct pathogenic characteristics and antigenicity. Currently, the H3N2 and H1N1 sub-
types are the main seasonal influenza viruses circulating in humans. Among them, the
H3N2 virus was first discovered during the 1968 Hong Kong influenza pandemic and has
since been continuously circulating globally [1,2]. Seasonal influenza is expected to cause
290,000–640,000 respiratory-related fatalities worldwide yearly [3].

HA is the primary surface protein of influenza A virus and is crucial for the virus’s
entry into host cells. The receptor-binding site on the HA protein can bind to sialic acid
receptors on host cells, thereby mediating the entry of viral particles into cells and causing
infection in humans [4]. Consequently, many vaccines have been developed targeting
the receptor-binding site of the HA protein to protect us from future seasonal influenza
virus infections [2,5]. The quaternary structure of the HA protein is a homotrimer, with
each monomer composed of two subunits, HA1 and HA2. The HA1 subunit contains
antigenic determinant regions and critical binding sites for the virus to attach to host
cells. Regrettably, mutations in the HA1 subunit can influence the virus’s antigenicity and
receptor binding affinity, and the mutation rate is typically higher than in other regions [6].
Antigenic drift caused by accumulated sequence mutations greatly impedes the progress
in the development of drug treatments and vaccines against potential influenza viruses.

Viruses 2023, 15, 1478. https://doi.org/10.3390/v15071478 https://www.mdpi.com/journal/viruses
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Therefore, the rapid detection of antigenic variation and accurate quantification of antigenic
variation are crucial for designing and screening effective vaccines.

Numerous research studies have been conducted using HA protein sequence or
structure to generate theoretical models and infer antigenic similarity based on sequence
similarity [7–18]. Liao et al. [8] used the difference in each non-conserved residue between
each pair of HA1 protein sequences as a feature to predict the antigenic distance between
HA sequences based on a multiple linear regression model. Ref. [18] used a fitting model to
infer two fitness components of the strains that were prevalent in a given year. Then, based
on the fitness and frequency of each strain, they predicted the frequency of their descendant
strains in the following year. Additionally, the study by Christopher et al. [16] first showed
a good correlation between the results of the experimental antigenicity measurements
and the antigenic distance prediction based on sequences. Other studies [19–21] further
predicted the antigenic variations between influenza vaccines and circulating strains by
exploring amino acid sequence mutations that identify epitope regions and their association
with seasonal influenza. In order to enhance the performance of mutation prediction for
particular residue sites of the influenza A virus, Yin et al. [19] built a time series sample by
simulating the evolutionary path of HA sequences. Ref. [22] encoded protein sequences into
numerical matrices, and subsequently input these matrices into downstream machine learning
models, which was shown to improve the accuracy of predicting influenza antigenicity.

The immune efficacy of influenza vaccines mainly depends on how closely the vac-
cine and circulating virus strains match one another antigenically, so antigenic difference
analysis is crucial for selecting vaccine strains [10]. The hemagglutination inhibition (HI)
assay has currently established itself as a standard technique for determining the antigenic
distance between current circulating influenza virus strains and reference vaccines [23]. The
titer acquired from the HI assay is used to generate antigenic cartography that visualizes the
antigenic characteristics of different virus strains on a two-dimensional plane. In antigenic
maps, we can intuitively observe the antigenic distances and similarities between different
viral strains, and then analyze the virus transmission patterns and vaccine strategies ac-
cordingly. Smith et al. [24], based on Lapedes and Farber’s [25] metric multidimensional
scaling method (MDS), plot antigenic characteristics on the antigenic cartography. The
Euclidean distance in antigenic cartography directly describes the antigenic distance, thus
providing a reliable quantitative interpretation of antigenic differences.

In order to improve conventional cross-reactivity experiments, Cai et al. [26] believe
that modeling to reduce temporal bias in the distribution of HI data is important in antigenic
mapping. They used a low-rank matrix completion method to complete the HI titer
matrix and then applied the improved MDS method (MC-MDS) to generate the antigenic
map. Neher et al. [20] introduced virus potency to explain the systematic changes in HI
titers of a virus in multiple sera and used it as the basis for implementing and validating
the standardized log-transformed titers relative to the homologous titer. Based on this
observation, Lee [27] and Qiu [28] suggested improved antigenic distance calculation
methods to reduce the impact of variations in experimental conditions.

Some efforts have been devoted to exploring the relationship between the genetic
and antigenic characterization of influenza viruses. According to Koel et al. [29], genetic
changes in H3N2 viruses are relatively persistent, while changes in antigenic features
recognizable by the human immune system occur intermittently. This suggests that in-
fluenza viruses evolve in a way that evades recognition by the human immune system,
making the development of effective vaccines more challenging. To conduct a cross-study
of genetic and antigenic characterization, ref. [30] mapped the antigenic distance from HI
titer data onto the HA lineage. They used available antigenic and genomic sequence data
to explain the antigenic novelty and virus transmission rates across the population, and
then determined the antigenic changes between clades of high growth. Bedford et al. [31]
combined antigenic maps with genetic information on the four human influenza virus
subtypes and found that the H3N2 subtype’s antigenic phenotype evolves faster than the
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other three subtypes. Moreover, there is a strong correlation between the antigenic drift of
each influenza strain and the number of new influenza cases each year.

Previous works have tended to analyze the genetic and antigenic patterns of viruses
in isolation. This work aims to use a unified space composed of antigenic and genetic
features to model and analyze the evolutionary dynamics of influenza viruses, with the
main challenges being how to integrate genetic information represented by amino acid
sequences into the space and how to predict antigenic distance quantitatively. To this end,
we propose an effective framework to jointly model antigenic and genetic features through
antigenic network representation learning with the ProtVec of HA1 sequences as node
attributes and antigenic distance converted by HI titer as edge weights. Then, our model
learned effective virus representations by introducing node attribute affinity to predict
antigenic distances. We applied our proposed model to the H3N2 dataset, performed
antigenic distance prediction tasks using the workflow shown in Figure 1, and studied
the antigenic evolutionary dynamics of the H3N2 virus. The model takes two inputs:
the attribute matrix capturing node attributes, embedded using ProtVec [32], and the
link weight matrix representing antigen distances. By calculating the similarity between
attribute matrices, it reveals relationships and patterns among node attributes. The link
weight matrix quantifies distances between strains using an antigenic distance formula. As
the output, the model provides embedding vector representations of strain nodes. These
vectors encode the essential characteristics and relationships of strains in a low-dimensional
latent space.

Compared with previous methods, we significantly reduced the root-mean-square
error of the prediction results and the classification index of antigenic differences. Through
vector analysis based on representation learning, we found that the Pearson correlation
between genetic distance and antigenic distance (between antigenic clusters) was 0.8694
to 0.9573, while the correlation within antigenic clusters was only 0.7119 to 0.8556. This
suggests high global correspondence and some local differences between influenza ge-
netic and antigenic evolution. Eventually, we found that a historical genetic variation of
0.05 ± 0.004813 led to antigenic drift events of H3N2 influenza virus.

Figure 1. Antigenic network representation learning frame based on AANE.

2. Materials and Methods

2.1. Datasets

We used Trevor Bedford’s benchmark dataset [31], which contains 402 H3N2 virus
isolates dated from 1968 to 2011.
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2.1.1. HI Titers

HI titer data were obtained from official documents published by the World Health
Organization. Under the framework of the World Health Organization’s global influenza
surveillance network, influenza centers in various countries collect viral isolates of seasonal
influenza and use the HI assay to calculate titers for antigenic characterization. The range
of HI titers typically spans from 10 to 10,240, as lower dilutions may be subject to potential
non-specific inhibition, while higher titers are usually not used. Due to the lack of sensitivity
of HI assays beyond a certain threshold, accurate data for experimental results on H3N2
strains mainly exist between strains separated by no more than 14 years. At the same
time, some assay data only retain the threshold value, such as “<40”. Specifically, we
arrange the antigen and antibody of the HI assay experiments in a matrix according to
their chronological order. This results in three types of data: (I) conventional accurate HI
titer data showing a band-shaped distribution close to the diagonal of the matrix; (II) data
that are lower or higher than a certain threshold, which is typically slightly deviated from
the diagonal; and (III) entries lacking experimental data, which are more likely to occur in
positions that are significantly off the diagonal.

The HI titer dataset used in our experiments includes 402 viral isolates and 114 an-
tiserum samples. Of these isolates, 187 are from Europe and 215 are from other parts of
the world. We obtained a total of 8599 individual HI titer values in the dataset, of which
1110 (12.9%) are type (II) data, i.e., values lower than a certain threshold indicated by “< t”,
where t ∈ {5, 10, 20, 40, 80, 160}. Considering experimental variations in each study, we
removed the top 10% of experimental values for each isolate pair

∣∣tij − tij
∣∣ arranged in

descending order and calculated the average of the remaining values as the mean titer
between isolate i and reference isolate j.

In actuality, there are three difficulties in interpreting the results of hemagglutination
inhibition (HI) assays. Firstly, in order to obtain optimal and reliable results, measurements
must be performed under specific experimental conditions such as incubation time, red
blood cell concentration, and red blood cell type, which can lead to differences in the results
obtained under different experimental conditions. Secondly, HI titers are influenced by
the affinity of hemagglutinin for red blood cells, and, to some extent, reflect differences in
affinity [33]. In addition, HI assays depend heavily on the antibodies that bind near the
receptor-binding domain, and therefore tend to measure responses to specific epitopes.
Finally, due to the impossibility of performing HI assays for all pairs of antigens and
antisera reactions, the combination of multiple datasets often leads to an incomplete HI
titer matrix.

Smith [24] proposed a way of measuring the antigenic distance between two viruses
based on HI titer data, where the antigenic distance between strain i and j is defined
as follows:

wij = bj − log2(tij) (1)

where bj represents the maximum titer value of the serum j, i.e., bj = log2 max(tj). When
the HI titer value is of the (I) type, t represents the maximum dilution of serum j that is
necessary to inhibit the cell agglutination caused by the virus strain i. When the HI titer
data are of the “< t” type, tij = t.

To enhance the traditional cross-reactivity assay method and reduce the impact of
differences in receptor binding affinities among different virus strains, we were inspired
by Neher’s method [20] of calculating relative titers and used the following formula to
calculate antigenic distance:

wij =
∣∣log2 max(tjj)− log2(tij)

∣∣ (2)

According to the above formula, the antigenic distance between strain i and antiserum
j is converted into the deviation value between the relative titer experimental value of
antiserum j itself and the titer experimental value of strain i relative to antiserum j, where
tjj and tij denotes the titer data between strains. This method, as a supplement, can
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effectively enhance the accuracy and reproducibility of cross-reactivity experiments and
has better application effects in analyzing and comparing the receptor binding affinity
between different virus strains. For two virus strains with an antigenic distance greater
than 4, their antigenicity is considered different, leading to immune escape. Otherwise,
they are regarded as antigenically similar. After processing and calculating according to
the above method, we finally identified 1543 antigenic difference pairs and 2744 antigenic
similarity pairs among 402 strains.

The logarithmic linear correlation concentration ratio defined by the shape space
theory of Lapedes and Farber [25] is currently the most widely used method for calculating
antigenic distance.

wij = log

√
tiitjj

tijtji
(3)

There are only 1403 entries for antigenic distance, as calculated by Formula (3). How-
ever, trying to make comparable predictions from the sparse and coarser-grained data
in these 1403 entries is more difficult. We validated our proposed method’s significant
consistency with the popular method by performing a correlation analysis between the
standardized logarithmic transformed antigenic distance calculations and the calculation
method described in Formula (3) (measured with the Pearson correlation coefficient (PCC),
R = 0.9629, 95% confidence interval: 94.86% to 97.68%, see Figure 2a). Similarly, we also
calculated a correlation of 0.9815 between our proposed method and the method used
by Smith. Based on these findings, it can be concluded that the standardized logarithmic
transformation method for antigenic distance calculations can expand the utilization of
influenza monitoring data, and we can better predict major antigenic changes.

A number of studies [20,27,34] have made efforts to explore the relationship between
point mutations and influenza outbreaks based on a small number of amino acid character-
istics. However, these models only measure the contribution of the selected amino acids as
individuals. On the one hand, the lack of background of composite effects is due to the fact
that amino acid changes in HA form a three-dimensional structure spatially. A previous
study [35] analyzed the contributions of individual mutations and their related combined
effects through CNN models. In addition, different amino acid residues have a significant
impact on the antigenicity of H3N2 virus, and how to measure the contribution of different
residues is one of the key issues in sequence processing.

2.1.2. HA Sequences

The HA sequences of 402 virus strains were collected from databases such as NCBI
and GISAID. The lengths of HA1 sequences were 329 for influenza A/H3N2. Sequences
containing missing or abnormal amino acids (i.e., “-”) were manually and automatically
removed, and aligned using Mega. From 1968 to 2011, there were 0 to 30 amino acid changes
between these strains. We defined the genetic distance between two HA sequences as the
sum of pairwise distances between their 329 amino acids. To construct the antigenic network
and represent the attribute information of its nodes, we embedded the HA sequences
into a node attribute information matrix based on ProtVec. ProtVec [32] applies Skip–
Gram to learn the distributed embedding vector representations of influenza virus amino
acid sequences, representing three contiguous amino acid sequences as 100-dimensional
vectors. By training only on protein sequences, the ProtVec feature extraction method
is able to capture various meaningful physical and chemical properties, and can serve
as an informative and dense representation of biological sequences in protein family
classification. Specifically, each HA sequence is represented as a list of 327 contiguous
3 g, and a 327 × 100 matrix is generated as the node attribute information in Figure 2b.
To represent 3 g sequences containing “-” in our study, we utilize the “<unk>” vector
from ProtVec.
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(a) (b)

R=0.9815

Figure 2. (a) The graph illustrates the relationship between the antigenic distance determined by
Formula (3) (x-axis) and the proposed calculation method in this paper (y-axis). The green circles
represent consistent antigenicity comparisons (i.e., similar or dissimilar) between the two calculation
methods, while the red circles represent inconsistent results. The black solid line is the best linear fit
with zero intercept, and the correlation between the two antigenic distance calculation methods is
0.9629 with a 95% confidence interval of 94.86% to 97.68%. There is a correlation of 0.9815 between
our proposed method and the method used by Smith. (b) Using H3N2 HA1 sequence data for ProtVec
continuously distributed the representation as node attribute information. To construct the antigenic
diversity network and represent the node attribute information, we embedded the HA1 amino acid
sequences of 329 in length into a node attribute information matrix using ProtVec. ProtVec applies
Skip–Gram to learn the distributed embedding vector representation of influenza virus amino acid
sequences, representing continuous triplets of amino acid sequences as 100-dimensional vectors.
Through ProtVec representation, each node’s attribute information matrix can be obtained.

2.2. Antigenic Network Representation Learning

In recent years, some interpretable attributed network embedding algorithms have
emerged. For example, accelerated attributed network embedding (AANE) [36] decom-
poses the heterogeneous information similarity matrix and penalizes embedding differences
between adjacent nodes to preserve the similarity of nodes in the original network space
on the new continuous vector representation. Inspired by this observation, this paper
discusses the possibility of integrating the node attribute information similarity matrix
represented by the HA sequence of influenza virus H3N2 and the topological structure
represented by antigenic distance into the network embedding representation learning,
and whether this method can help to better learn node vectors in the antigenic network. In
addition, the rapid mutation and seasonal epidemics require the scalability of antigenic
network embedding representation. AANE embeds noisy network topology and node
attributes to improve the model’s time complexity and convergence speed.

The graph-based attribute network embedding method demonstrates strong robust-
ness in handling missing data. In cases where certain antigenic distances are missing, the
embedding method can utilize the attribute information of the nodes to impute the missing
values, thereby partially compensating for the loss of information. By using the ProtVec
representation of the genetic sequences as node attributes, we were able to exploit the infor-
mative features of each strain. This not only enriches the available information within the
network but also facilitates the extraction of meaningful patterns and relationships between
strains. Meanwhile, graph networks inherently possess the ability to model non-linear
interactions and dependencies, which may be crucial for capturing the complexity of virus
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strain evolution. This flexibility allows our model to better capture the intricate patterns
and dynamics present in the antigenic distance data.

We define the embedding learning of the antigenic network as follows for an antigenic
network G = (V, E, W), where V = {v1, v2, ..., vn} represents the set of n strain nodes. The
attributes of each node are represented by the matrix pi ∈ R

(k−2)×m, which is obtained by
embedding the amino acid sequence of length k using ProtVec. There is also a set of edges
between strain nodes in the network E = {eij}n

i,j=1, and each edge (i, j) ∈ E is associated
with a non-negative antigenic distance wij ∈ W. eij is an unobserved edge when wij = −1.
This study assumes that the antigenic distances between strains are non-negative and
symmetric, used to measure the edge weights between antigenic network nodes. We use
AANE for embedding learning to obtain a d-dimensional vector hi ∈ H for nodes vi. This
embedding method produces a representation of every node in the network space that
combines genetic and antigenic properties, allowing H to maintain the adjacency of both
the topological structure and node attributes simultaneously.

The strain vectors learned through network embedding representation learning should
have the following four advantages: (1) low dimensionality, i.e., the embedding dimension d
should be smaller than the length of the original sequence, in order to improve the efficiency
of downstream tasks; (2) preserving the antigenic features of the original antigenic network
structure, i.e., nodes with structural similarity should still be similar in the new space;
(3) preserving the genetic features of the original antigenic network, i.e., the similarity of
original HA1 sequence should be well captured to complement rather than degrade the
expression of the network structure; and (4) the pairwise similarity of node embedding
vectors should reflect the pairwise similarity of nodes in the original antigenic network.
Compared with pure network embedding, network embedding representation H, which
concurrently maintains the topological structure and node attribute information, performs
better on the link weight prediction challenge.

2.2.1. Network Topological Structure Modeling

To maintain the proximity of nodes in the network while improving the performance of
antigenic distance prediction, we first assume that strains with similar topological structures
or connected by smaller weighted edges are more likely to have similar embedding vector
representations. To accomplish this, we suggest the following loss function to reduce the
differences in embedding between linked strain nodes:

LG = ∑
(i,j)∈E

(wij −
∥∥hi − hj

∥∥
2) (4)

where hi and hj are the vector representations of node vi and node vj, and wij is the edge
weight between them. The key idea of this loss function is to minimize wij −

∥∥hi − hj
∥∥

2.
For the antigenic network, a smaller antigenic distance wij needs to force the difference
between the vector representations hi and hj of two strains to be smaller. By using the
2-norm

∥∥hi − hj
∥∥

2 as the difference metric between vectors, it can not only characterize the
distance between vectors but also alleviate the negative effects of outliers and missing data.

2.2.2. Node Attribute Proximity Modeling

According to social science theories such as homophily and social influence [37,38],
node attribute information is closely related to network topology. Thus, the similarity of
nodes in the network space should be consistent with the similarity of nodes in the attribute
space. Inspired by symmetric matrix factorization, the product of H and HT approximates
the node attribute similarity matrix S. The basic idea is to force the dot product of the
embedding representation of hi and hj to be similar to the corresponding attribute similarity
matrix. Therefore, to maintain node attribute proximity, we define the loss function as
follows:

LS =
∥∥∥S − HHT

∥∥∥2

F
=

n

∑
i=1

n

∑
j=1

(sij − hihT
j )

2
(5)
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where the matrix S ∈ R
n×n represents the 2-norm between the node attribute matrices,

capturing the attribute similarity and the differences between different strains in the joint
space. Specifically, given the node attribute information a, b ∈ R

(k−2)×m based on ProtVec
representation, the formula for calculating node attribute similarity is as follows:

sij =

√
∑k−2

i ∑m
j (aij − bij)

2 (6)

2.2.3. Antigenic Network Embedding Representation Learning

According to Equations (4) and (5), we have implemented two loss functions, LG and
LS, to fit the similarity between network topology and node attributes. To make them
complement each other and form a unified network representation space, our optimization
objective is the following function:

J = ρ ∑
(i,j)∈E

(wij −
∥∥hi − hj

∥∥
2) +

∥∥∥S − HHT
∥∥∥2

F
(7)

ρ functions as both a regularization parameter that balances the number of clusters and a
global parameter that defines the contribution of network structure and attribute informa-
tion to the node representation. The intuitive explanation is that when it approaches 0, the
network topology cannot affect the final node representation H, and each strain will reflect
the similarity of node attributes. When ρ is sufficiently large, the vector representation of
all nodes will tend to reflect the network’s topology fully. We need to use the Euclidean
distance in the new network space to calculate the predicted antigenic distance between
any two strains vi and vj. To ensure the accuracy and reliability of our predictions, we will
follow widely adopted methods for validating network embedding quality.

3. Results

We will address the following three questions through experiments: (1) Does sup-
plementing genetic information represented by HA1 sequences better predict antigenic
distances based on antigenic network learning compared to using only antigenic features?
(2) Can the AANE method used in antigenic network learning achieve more accurate anti-
genic distance prediction than other attribute network embedding learning methods? We
will also further discuss the sensitivity of model parameters, including the regularization
parameter ρ of the loss function and the dimension d of the node representation vector.
(3) By modeling genetic and antigenic features in a combined space, can we gain new
insights into the evolution of H3N2 viruses?

3.1. Baseline

To answer the aforementioned questions, we will use the following models as baselines
and describe them in detail:

• Node2vec [39] is a Skip–Gram-based algorithm that generates node sequences through
biased random walks. Hyperparameters p and q are used to control the random
walks, and we adjust them according to the original paper. When p and q are both 1,
node2vec is equivalent to DeepWalk. Node2Vec only uses antigenic distance for an
edge-weighted biased random walk.

• LINE [40] constructs the network using only antigenic distance and generates context
nodes through breadth-first search, where a node’s neighboring nodes are limited
to those that are at most two hops away. LINE models both first-order and second-
order similarities for each node and concatenates the two learned embedding vectors
according to the actual scenario.

• LINE1 constructs the network using only antigenic distance and models first-order sim-
ilarity to learn node representation, which mainly constrains directly connected nodes.
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• LINE2 also constructs the network using only antigenic distances, but focuses on
the neighborhood similarity of nodes and learns node representation by preserving
second-order similarity.

• Attri2vec [41] learns node representation by performing linear or non-linear mapping
on node attributes. To preserve structural similarity, it uses the DeepWalk learning
mechanism so that nodes with similar random walk contexts have similar dense
representations in the subspace. This is achieved by maximizing the probability of the
appearance of context nodes conditioned on the target representation.

• GCN [42] is a graph-specific model that applies convolution on graph nodes to gener-
ate representations for each node.

• By employing the masked self-attention layer, GAT [43] overcomes certain limitations
present in existing methods. The key aspect of GAT lies in stacking multiple layers,
where each layer can implicitly assign varying weights to neighboring nodes without
the need for costly matrix operations or prior knowledge of the graph structure.

• GraphSAGE [44] utilizes local neighborhood sampling to aggregate features and
generate embeddings. Subsequently, a minibatch forward propagation algorithm is
employed to train the data.

• GALA [45] proposes a symmetric graph convolutional autoencoder for generating
low-dimensional latent representations of graphs. Compared to existing graph au-
toencoders, our model features a newly designed symmetric decoder that effectively
utilizes the graph structure for reconstructing node features.

• TADW [46] not only considers the structural information of nodes but also utilizes
the text information of nodes. It implements the DeepWalk idea through matrix
factorization and introduces node text information to improve the expression of
embedding vectors.

3.2. Evaluation of Antigenic Distance Prediction Performance

The performance of antigenic distance prediction is evaluated using two metrics: the
root mean square error (RMSE) and the Pearson correlation coefficient (PCC) between the
predicted and actual antigenic distances. These metrics reflect different aspects of prediction
performance: RMSE amplifies the differences between larger errors and quantifies the
degree of proximity between the prediction and the average true value, while PCC measures
the relative trend between the two. Given n true antigenic distances wij and predicted
antigenic distances dij, the corresponding metrics are defined as follows:

RMSE =

√√√√ 1
n ∑

(i,j)∈E
(wij − dij)

2 (8)

PCC =

∑
(i,j)∈E

(wij − wij)(dij − dij)√√√√ ∑
(i,j)∈E

(wij − wij)
2
√

∑
(i,j)∈E

(dij − dij)
2

(9)

Furthermore, we will evaluate the model’s ability to detect antigenic drift based on the
prediction results. We will assess this capability using four evaluation metrics: accuracy,
precision, recall, and F1 score.

With a default embedding dimension, d, of 50, we set the baseline method’s settings
as recommended in the original paper. All experimental results are arithmetic averages of
10 tests. We divide the dataset into a training set and a test set (75% and 25%), and perform
multiple rounds of training and evaluation through 3-fold cross-validation by dividing the
training set into three subsets and using these subsets alternately as validation sets. Based
on the preliminary findings from Figure 3, we found that the methods based on network
embedding representation learning achieved significantly better performance than LINE1
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in predicting antigenic distances on the H3N2 dataset. We attribute this phenomenon to
the following two reasons: (1) the LINE model was applied to millions of data points,
which is vastly different from the sample size used in this experiment; and (2) in contrast,
LINE1 only models first-order proximity, which cannot capture enough information for
link weight prediction tasks.

(a) Defined by Smith's formula (b) Defined by the proposed formula

Figure 3. Figure depicts the performance of the antigenic network embedding learning model based
on AANE in terms of the RMSE (top) and PCC (bottom) metrics for antigenic distance prediction
tasks, using the H3N2 antigenic network dataset (1968–2011) with d = 50. This model outperforms all
other models. The x-axis represents the percentage of randomly removed nodes from the network
(from 0% to 60%), and the y-axis represents the corresponding evaluation metrics. In (a) and (b), the
predicted results of antigenic distance calculation are shown using the formula defined by Smith and
the proposed normalized logarithmic transformation formula in this paper, respectively. In the left
subplots of (a) and (b), the models that utilize antigenic distance as the only link weight for antigenic
distance prediction are compared with AANE (green line) in terms of RMSE and PCC results. In the
right subplots of (a) and (b), the models that utilize antigenic distance as the link weight and the
ProtVec matrix encoding HA as the node attribute for network embedding learning are compared
with AANE in terms of RMSE and PCC results (green line).

Next, we then evaluate the impact of merging node attribute information. In order
to make a fair comparison with models that utilize node attributes, we use Node2Vec,
LINE1, LINE2, and LINE as controls, which only consider antigenic distance as the link
weight for node vector learning. These methods learn node vectors only through network
structure and then predict antigenic distance. As shown in Figure 3a,b, on the dataset of
all 402 nodes, the model based on attribute network representation learning outperforms
in terms of RMSE and PCC. This confirms our hypothesis that the combination of genetic
and antigenic features proposed by us contributes to antigenic distance prediction tasks.
Horizontally, Figure 3a,b suggests that utilizing both network structure and node attribute
information is beneficial for downstream link prediction tasks.

To further evaluate how much it improves the performance of antigenic distance
prediction in the antigenic network, as well as to verify the robustness of the AANE model,
we further reduced the number of nodes in the network by 10%, 20%, 30%, 40%, 50%, and
60%. Each experiment was repeated 5 times and the average was taken to test the model’s
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robustness in predicting missing antigenic distances. For example, as the number of deleted
nodes increased, LINE (grayish green line in Figure 3b) and Node2Vec (bluish violet line
in Figure 3b) showed an overall decreasing trend in RMSE, with a final decrease in the
predictive performance of 24.6% and 24.9%, respectively.

According to the experimental results in Figure 3a,b, AANE consistently outperformed
Attri2Vec, GCN, GAT, GraphSAGE, GALA, and TADW. All of these approaches execute
node embedding learning and represent the network using node attributes and link weights.
This illustrates how effective AANE is. For example, on the dataset consisting of all nodes,
AANE achieved a 38.1% and 13.1% improvement over TADW and GALA, respectively.
Although TADW is effective in learning information-based node embeddings using rich
node text features, its mechanism is not as straightforward, i.e., a clear objective is not
provided for how the network structure and node attributes interact with each other.

We compared the predicted antigenic distances of all models with the actual antigenic
distances by linear fitting (Figure 4). The results show that the attribute network embedding
method had a greater advantage in reducing FN data and increasing TN data. Meanwhile,
AANE’s predicted values had good robustness and a more uniform distribution when
linearly fitted with the actual distances. The reason for Node2vec’s performance exceed-
ing our expectations may be explained here. We believe that Node2vec does not reflect
structural information well. Due to the limited sample size and walk length, it is almost
impossible to include two structurally similar nodes in the same sequence through biased
walks when the distance between them is very large. This is also related to hyperparameter
selection. We set p as 1 and q as 2. The larger q is, the more the embedding tends to express
homogeneity. As the number of nodes decreases, nodes with experimental data are often
those that are close to their own antigenic distances. Therefore, when expressing network
structure, it tends to embed peripheral and central nodes as similar vectors (TN- and FN-
predicted values in Figure 4b,f occupy a considerable part). In fact, these predicted values,
which fit the original data distribution more closely, can obtain better predictive ability. We
followed the author’s recommendation and did not stack higher layers of GCN. Perhaps
there will be better performance with more than three layers of GCN, but this is not within
the scope of this paper. GCN has the same drawback as Attri2Vec—the over-smoothing
problem (that is, after multiple layers of stacking, the node’s representation vectors tend to
be consistent, and the nodes are difficult to distinguish). Due to the low-pass filter effect
of GCN, the aggregated features continuously merge the node features, which tend to be
the same after multiple iterations. GAT has more parameters than GCN and is trained in
a full-batch manner. It only considers 1-hop neighbors and does not utilize higher-order
neighbors. When higher-order neighbors are used, excessive smoothing is prone to occur.
Attri2Vec has a strong bias toward node attributes, so it is not practical to maximize the
attribute information difference among strains with no more than 30 different amino acids
even after ProtVec representation.

We tested the ability of all models to successfully predict antigenic escape (as described
in Section 2.1, where the antigenic distance between two strains is higher than the antigenic
escape threshold (dij = 4)). The main evaluation metrics for qualitative results are accuracy,
precision, recall, and F1 score, as shown in Figure 5. Our results show that the AANE
model accurately predicted the antigenic distance between two strains with an accuracy of
91.25%, and other metrics also showed significant advantages.

As shown in Figures 3 and 5, we will present a comprehensive analysis including
quantitative evaluation and statistical measures to validate the accuracy and reliability of
our defined distances. We compared the predictive performance of the antigenic distances
obtained with the computational methods defined by Smith on all benchmark models. As
for Equation (3), we chose to discard this set of comparisons because of the small number
of entries obtained. We could not obtain more substantial results with these network
embedding methods. We found erratic metric fluctuations in the sequential reduction in
the number of nodes on the antigenic dataset defined by Smith, a phenomenon that occurs
in most of the benchmark methods. As we feared, the formula defined by Smith tended to
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obtain certain fixed values during the calculations performed on the titer data we collected
(also found in Figures 2a), even though it allowed us to obtain more entries of antigenic
data. This comparative analysis will help to confirm the validity of our proposed method
and to obtain a clearer picture of the differences between the “actual” antigenic distances
in our study and the established criteria.

(a) LINE1 (d) LINE

(e) Attri2vec (f) GCN (g) GAT (h) TADW

(j) GALA

(b) Node2Vec (c) LINE2

(i) GraphSAGE (k) AANE

Figure 4. Linear regression analysis of predicted values (y-axis) versus actual values (x-axis) for
different models (solid black line). Green dots represent true-positive (TP) predictions; blue dots
represent true-negative (TN) predictions; red dots represent false-positive (FP) predictions and yellow
dots represent false-negative (FN) predictions.

3.3. Parameter Sensitivity Study

In this section, we looked into the effects of two significant parameters, ρ and d. As
described in Section 2.2.3, ρ in AANE balances the contribution of network structure and
node attributes. To study the effect of ρ, we changed it from 10−3 to 106. As there are up
to 35 or more different combinations of hyperparameters (a, b), we only give the optimal
value of another parameter b under a specific parameter a. Table 1 shows the RMSE and
PCC results of antigenic distance prediction under different ρ values. Setting ρ = 10−3

almost ignores the influence of network structure information, and nodes tend to have
the same embedding vector representation. As ρ increases, AANE predicts the antigenic
distance based on the topological structure, and the performance gradually improves. As
shown in the figure, when ρ is close to 105, the performance of antigenic distance prediction
peaks. When ρ continues to increase, the performance will decrease, as larger ρ values tend
to make all nodes too dependent on sparse structural information. However, we cannot
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directly infer from this so-called optimal value that genetic information only contributes
0.001% to the distance prediction task because the two dimensions are intuitively very
different. Nevertheless, from the overall trend of change, it indicates to some extent that
genetic information contributes to the advantage of using attribute network embedding for
antigenic distance prediction, as shown by the improvement in the RMSE value.

(a)Defined by Smith's formula (b) Defined by the proposed formula

Figure 5. The antigenic distances predicted by the model were converted to antigenic differences
(using D(i,i+1) = 4 as the threshold for binary classification) and measured on the H3N2 dataset with
different classification metrics: accuracy, precision, recall, and F1 score. (a) and (b) represent the
results of predictions using the antigenic distance data calculated using the formula defined by Smith
and the antigenic distance data calculated using Equation (3), respectively.

Table 1. Different combinations of the regularization parameter ρ and embedding dimension d affect
the prediction results of antigenic distance.

Parameters RMSE PCC

(ρ = 10−3, d = 150) * 2.1994 0.6956
(ρ = 10−2, d = 150) 2.0167 0.7354
(ρ = 10−1, d = 150) 1.9503 0.7462

(ρ = 1, d = 150) 1.8559 0.7662
(ρ = 10, d = 120 ) 1.7025 0.7897
(ρ = 102, d = 120) 1.6603 0.8018
(ρ = 103, d = 120) 1.2973 0.8660
(ρ = 104, d = 100) 0.8899 0.9336
(ρ = 105, d = 50) 0.8678 0.9373
(ρ = 106, d = 20) 1.5160 0.8311
(d = 20 , ρ = 106) 1.6102 0.8086
(d = 32 , ρ = 106) 0.9746 0.9197
(d = 50 , ρ = 105) 0.8730 0.9362
(d = 64 , ρ = 105) 0.9120 0.9303
(d = 80 , ρ = 103) 1.1248 0.8965
(d = 100 , ρ = 104) 0.8950 0.9326
(d = 120 , ρ = 103) 1.3108 0.8652
(d = 150 , ρ = 102) 1.7906 0.7753

* The first parameter represents the determined parameter, and the second parameter represents the optimal value
under the condition of the first parameter.
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Following the rules we established when building the network representation model
(Section 2.2), dimension d should be less than 329. Specifically, we changed the embed-
ding dimension from 20 to 150, and Table 1 shows the prediction performance on the
dataset. From the results, we found that by increasing d, the performance of the method
first increases and then remains stable. This indicates that low-dimensional representations
perform well in capturing most of the meaningful information. In reality, determining an
appropriate dimension is not easy, especially for antigenic distance prediction. Although
a lower dimension has lower time and space complexity, it will undoubtedly lose a lot of
information originally present in the network. Higher dimensions may improve recon-
struction accuracy to some extent, but at the same time, the Euclidean distance between
vectors of higher dimensions will likely become larger. Based on our experimental results,
we can conclude that model performance is relatively stable within a small range of node
embedding dimensions, and performance declines when the node embedding dimension
is too small or too large.

3.4. Antigenic Evolution Dynamic Analysis

The effectiveness of the model has enabled us to explore the dynamics of influenza
antigenic evolution based on vector representation in the joint space. As shown in Figure 6,
we first performed preliminary clustering by year and calculated the average antigenic
distance D(i,i+1) between all pairs of strains from year i and i + 1 for the 44-year period,
resulting in 41 data points (except for 1978 in the H3N2 dataset). Then, we merged adjacent
clusters that had the smallest antigenic distance (D(i,i+1) < 4) without antigenic variation,
and each new cluster was named after the earliest year in the cluster. For example, 1982
and 1983 strains had the smallest antigenic distance (0.045804) and were merged into a new
cluster, followed by recalculating the average antigenic distance to 1981 and 1984 strains.
All strains were finally grouped into seven significant antigenic drift episodes, as seen in
Figure 6b. We calculated the antigenic distance between each pair of strains in each event.
In an antigenic drift event E including n strains, the antigenic variation level of strain i was
defined as

Ci =

∑
j∈E

dij

n − 1
(10)

where dij represents the antigenic distance between strain i and all other strains j within
the same event E. The strain with the smallest antigenic variation value within the current
cluster is chosen as the dominant strain (which has the smallest average antigenic distance
to all other strains in the cluster) and is used to name the event. Between 1968 and 2011, we
discovered seven significant antigenic drift events: BI68, BI73, LY79, VI87, MA93, FU00,
and ST09.

Based on the clustering results, we quantified the relationship between antigenic and
genetic distances among strains. The genetic distance was calculated from the amino
acid sequence differences between strains. In our study, the differences in the number of
identified antigenic drift events compared to the research conducted by Smith et al. [24]
could be attributed to various factors, including the datasets used, the definition of antigenic
distance, and the specific criteria employed to define antigenic drift events. Furthermore,
we looked at the roughly evolutionary relationship between H3N2’s genetic and antigenic
characteristics. First, for the global time scale, the Pearson correlation coefficient between
genetic and antigenic distances was 0.8559, indicating a roughly linear relationship between
genetic and antigenic differences during the inter-epochal evolution of influenza, which
is consistent with the relationship observed by Smith et al. [24]. We randomly selected
some strains within and between each cluster event to calculate their average genetic and
antigenic distances. Surprisingly, the genetic–antigenic evolutionary relationship between
clusters showed a stronger linear pattern than that within clusters (Figure 7). Moreover, the
genetic and antigenic evolution between the seven adjacent antigenic drift events showed a
linear correlation of 0.8694 to 0.9573, while the evolution within clusters was characterized
by discontinuous development (see Figure 8). Furthermore, we calculated that an average
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of 0.05 ± 0.004813 units of genetic variation led to the occurrence of an antigenic drift event.
However, the distribution of genetic distances between different antigenic drift events
varied greatly, and the distribution within clusters was more concentrated, even though
they were usually very small. This aligns with earlier studies [47,48], which suggested that
strong selection and neutral antigenic evolution alternated during antigenic drift events.
As a result, the new vector space learned by the antigenic network representation learning
method can explain the short-term and long-term patterns of the relationship between
genetic and antigenic distances. Moreover, this method greatly improves the resolution
and accuracy of antigenic differences.

1982 1983

1981 0.045804

0.750077
1973 1974

0.912233

1980

1.278368

1984

3.727973

1972

2.306072
1975
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1990 1991

0.9578791989 1992

2.824779 2.177809

1968 1969
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2001 2002
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Figure 6. Antigenic clustering over the past four decades (1968–2011). (a) During the entire clustering
process, adjacent clusters with the smallest antigenic distance in the current collection of all clusters
are selected successively and merged into a new cluster without antigenic variation (D(i,i+1) < 4).
(b) Each circle represents all strains in a given year, and the numerical values between two circles
represent the average antigenic distance between clusters during the updating process. Adjacent
clusters with similar antigenicity are merged into new clusters, and the strain with the smallest
antigenic variation in each cluster is used to name the final cluster.
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Figure 7. Comparison of the relationship between genetic distance and antigenic distance in the
same cluster.

Figure 8. Comparison of the relationship between genetic distance and antigenic distance in
adjacent clusters.

4. Discussion

Certainly, there have been some notable achievements in the field. For instance,
ref. [49] proposed a novel approximation method for antigenic distance, which is based
on deep learning in the feature space induced by hemagglutinin protein sequences and
convolutional neural networks (CNNs). On the other hand, ref. [50] evaluated the pre-
dictive capability of their method by conducting laboratory measurements. We recognize
the importance of a thorough comparison and evaluation with other relevant methods.
However, the experimental results indicate that our study is an initial exploration of the
proposed method and provides a foundation for future investigations and advances.

Historical experience shows that antigenic data cannot significantly reflect genetic
data. This article proposes a method based on the AANE model for network representation
learning to integrate HA sequence data into the antigenic network structure. This method
can quantitatively predict the antigenic differences between strains well. Since the HA
sequence and titer data provide different sources of information, it is crucial to capture their
key features to learn the comprehensive representation of strains in the antigenic network.
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For instance, specific epitope positions on the HA protein and the amino acids that make
up the epitope may differ due to host species and genotype. The affinity matrix can map
specific amino acid mutations between different nodes to the perspective of the entire
sequence, which is another reason why we think it should be introduced. Its biological
characterization distinguishes the differences in the three continuous amino acid sequences.

In this paper, the antigenic distance is inferred using both genetic and antigenic
data, which differs from the positions inferred solely from the HI data. If the HI data
are abundant, we expect smaller differences in prediction when genetic data are included
(possibly only for H3N2). In contrast, if the HI data are limited, we expect genetic data to
play a greater role in determining antigenic positions. As described in Section 3.3, genetic
and antigenic features are not complementary, but rather genetic features complement
antigenic features to explain quantitative differences in antigenicity. This is in line with
our original intention of incorporating genetic information into the network structure to
improve antigenic distance prediction performance. Furthermore, our validation of the
contribution of hyperparameters of the loss function to the prediction task also supports
the same viewpoint.

Little is known about the relationship between influenza virus antigenic phenotype
changes and genetic sequence changes. A helpful framework for investigating influenza
is provided by the work of Bedford et al. [31], which may be used to identify which
alterations to virus genes lead to changes in antigenicity. Our model for antigenic network
learning based on AANE optimizes the observed different patterns (such as homogeneity
and structure) in the network, proposes a robust objective function, and makes some
assumptions about the relationship between the underlying network structure and the
prediction task. We can determine its effectiveness and scalability by observing how the
learned vectors reflect the relationship between genetic evolution and antigenic evolution.
Information about the virus’s “antigenic dynamics” can be reflected in the evolutionary
perspective captured between antigenic drift events, especially in the long-term and short-
term patterns of antigenic evolution.

5. Conclusions

The main contributions of this paper can be summarized as follows. We propose an
effective attribute network embedding framework to learn low-dimensional representations
of strains from both the node attribute affinity matrix and topological structure information.
By expanding the utilization of influenza surveillance data and the representation of
sequence biology significance, we validated the basis of joint spatial modeling, which
supports the combination of genetic and antigenic features on real datasets. Through
the learned low-dimensional representations, we can better predict the antigenic distance
between any strains in the network and explore the new dynamics of antigenic evolution.
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Abstract: Notwithstanding the presence of a smallpox vaccine that is effective against monkeypox
(mpox), developing a universal vaccine candidate against monkeypox virus (MPXV) is highly re-
quired as the mpox multi-country outbreak has increased global concern. MPXV, along with variola
virus (VARV) and vaccinia virus (VACV), belongs to the Orthopoxvirus genus. Due to the genetic
similarity of antigens in this study, we have designed a potentially universal mRNA vaccine based
on conserved epitopes that are specific to these three viruses. In order to design a potentially uni-
versal mRNA vaccine, antigens A29, A30, A35, B6, and M1 were selected. The conserved sequences
among the three viral species—MPXV, VACV, and VARV—were detected, and B and T cell epitopes
containing the conserved elements were used for the design of the multi-epitope mRNA construct.
Immunoinformatics analyses demonstrated the stability of the vaccine construct and optimal binding
to MHC molecules. Humoral and cellular immune responses were induced by immune simulation
analyses. Eventually, based on in silico analysis, the universal mRNA multi-epitope vaccine candidate
designed in this study may have a potential protection against MPXV, VARV, and VACV that will
contribute to the advancement of prevention strategies for unpredictable pandemics.

Keywords: monkeypox; mpox; MPXV; universal vaccine; multi-epitope mRNA vaccine; immunoinformatics

1. Introduction

Unforeseeable outbreaks of infectious diseases are causing a rise in the worldwide risk
to public health. Monkeypox virus (MPXV) has emerged in May 2022 and affected more
than 86,000 people until now [1]. Monkeypox (mpox) is a zoonotic disease that has been
largely neglected although there were cases in its endemic areas—West and Central Africa.
MPXV, along with variola virus (VARV), vaccinia virus (VACV), and cowpox virus, belongs
to the genus Orthopoxvirus, family Poxviridae. MPXV is a large, 200–300 nm, brick-shaped
virus that exists in two different infectious forms: extracellular enveloped virions (EVs)
and intracellular mature virions (MVs). EVs have an extra envelope compared to MVs.
The genome of MPXV is about 197 kb linear double-stranded DNA (dsDNA) that encodes
approximately 190 proteins [2–4]. Due to their intricate structure, many viral antigens and
their functions still need to be studied.

Except for Africa, there was an outbreak in the United States (US) in 2003 when im-
ported prairie dogs from Ghana spread the virus, and, consequently, there were
47 confirmed cases [5,6]. Interestingly, the prairie dogs were housed with African ro-
dents, so the virus could have been transmitted via the rodents [7]. In addition, single
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cases of mpox were identified in different countries such as the US [8,9], Israel, the United
Kingdom (UK), and Singapore and all were linked to travel to Nigeria [10]. What caused
the MPXV virus outbreak this time? This and many other questions are unanswered until
now. However, it is assumed that eradicating smallpox and ceasing vaccination in 1980
globally led to increased cases of mpox. This theory is quite convincing as more than 70%
of people are unvaccinated against the smallpox virus today, and most cases of mpox take
place in younger people. Interestingly, most of the cases occur in men who have sex with
men (MSM), and close physical contact plays a key role in transmission [11–13]. Indeed,
the sex-related infection rate was always observed even before the current outbreak—males
predominated over females, while children accounted for the majority of cases [7]. The fatal-
ity rates range from 1% to 11% [14], and the disease is more severe in young children [15,16].
There are two genetic clades of MPXV: the Central African (Democratic Republic of the
Congo (DRC), previously known as Zaire) and the West African clades. Out of these
two clades, the Central African clade is more virulent and deadly. Unlike the coronavirus
disease 2019 (COVID-19) and influenza viruses, the MPXV is a dsDNA [17] virus and
is more stable. Generally, the mutation rate of DNA viruses is much lower than RNA
viruses. Therefore, the assumption of an MPXV mutation as the only reason for the current
outbreak would not be rational. However, a few mutations still take place, and it should
not be completely neglected. Even though a smallpox vaccine is quite effective against
the MPXV virus, there is still a necessity for developing a new, universal vaccine based
on conserved elements. Moreover, apparently, the smallpox vaccine cannot completely
protect from MPXV [18]. Additionally, in the worst-case scenario, if certain mutations
take place in MPXV and the effectiveness of the smallpox vaccine to MPXV decreases, the
situation will also worsen. Although the daily confirmed cases of mpox are significantly
decreasing, it is globally spread, and the re-emergence of the same clade or even the spread
of the Central African clade is anticipated. Remarkably, messenger RNA (mRNA)-based
vaccines have revolutionized the field of vaccinology due to their favorable safety profile,
low-cost manufacturing, high potency, and rapid development among other impressive
advantages [19–21]. mRNA vaccine contains the antigen sequence that is translated into
the corresponding protein after the introduction into the host body. After the antigen is
released, it is recognized by antigen-presenting cells (APCs) and phagocytosed. The vaccine
antigen is then processed into small peptides that are presented on the cell surface via
major histocompatibility complex (MHC) I and II, and the cellular and humoral immune
responses are induced [20].

In this research, five antigen proteins were selected from MPXV, VACV, and VARV. The
corresponding sequences were retrieved and aligned. Conserved sequences were detected
in each protein. Relevant T cell epitopes that were tested through experimentation were
searched in the immune epitope database (IEDB), sorted according to the optimal results,
and selected, while B cell epitopes were predicted via IEDB due to the lack of B cell epitope
data in the database. The multi-epitope mRNA vaccine made up of the conserved epitopes
of A29, A30, A35, B6, and M1 proteins (encoded by the genes A29L, A30L, A35R, B6R, and
M1R, respectively) was constructed. Various properties of the vaccine were assessed in silico.
Based on the obtained results, the mRNA construct proposed in this study has potentially
high efficiency and elicits protection from MPXV, VARV, and VACV. The proposed construct
represents a favorable candidate for developing the mRNA vaccine for global purposes. The
contribution of the design of this potentially universal vaccine candidate is one step forward
in the advancement of vaccine development and pandemic alertness.

2. Methods

2.1. Antigen Selection

Five antigens that are common for MPXV, VARV, and VACV were selected: A29 (A30
in VARV, A27 in VACV), A30 (A31 in VARV, A28 in VACV), A35 (A36 in VARV, A33 in
VACV), M1 (M1 in VARV, L1 in VACV), and B6 (B7 in VARV, B5 in VACV). These proteins
are highly conserved among the orthopoxviruses and serve important functions in immune
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response [3,22–27]. All five antigens were selected based on their functions in immune
response and their successful application in previous vaccine studies [24,27–29]. The
selected antigens along with their functions are given in Table 1.

Table 1. Selected antigens among MPXV, VARV, and VACV, and their location in the virus, function,
and characteristics.

Name (MPXV) Name (VARV) Name (VACV) Location Function and Characteristics

A29 A30 A27 MV
Surface membrane fusion protein;

Binds to cell surface heparan;
Neutralizing antibody target

A30 A31 A28 MV

Envelope protein;
Virus entry into a host;

Cell–cell fusion (syncytial formation);
Neutralizing antibody target

A35 A36 A33 EV

Envelope glycoprotein;
Formation of actin-containing microvilli and

cell-to-cell spread of virion;
Neutralizing antibody target;

Target of complement-mediated cytolysis

B6 B7 B5 EV
Palmitylated glycoprotein;

Required for efficient cell spread;
Complement control

M1 M1 L1 MV
Myristylated surface membrane protein;

Virus entry into a host;
Neutralizing antibody target

Notes: MPXV, monkeypox virus; VARV, variola virus; VACV, vaccinia virus.

2.2. Selection of Conserved Regions and Epitopes

The amino acid sequences of A29, A30, A35, B6, and M1 of MPXV and the correspond-
ing proteins of VARV and VACV were retrieved from the National Center for Biotechnology
Information (NCBI) database in FASTA format. In total, 372 sequences were downloaded
for the antigen A29: 159 A29 (MPXV), 120 A30 (VARV), and 93 A27 (VACV). This protein is
110 amino acids in length, thus, the sequences longer or shorter than 110 amino acids were
removed, and the rest (176 sequences) were aligned together. A total of 433 sequences were
retrieved for the antigen A30: 363 A30 (MPXV), 8 A31 (VARV), and 62 A28 (VACV). As
the full length of this protein is 146 amino acids, all the shorter or longer sequences were
removed, and the remaining 158 sequences were aligned together. A total of 365 sequences
of the antigen A35 were downloaded: 153 A35 (MPXV), 109 A36 (VARV), and 103 A33
(VACV). As the full-length sequence of A35 is 181 amino acids, A36 is 184, and A33 is 185,
all the records shorter than 181 and longer than 185 were removed, and the remaining
194 sequences were aligned. In total 365 sequences of antigen B6 were retrieved: 180 B6
(MPXV), 6 B7 (VARV), and 179 B5 (VACV). The full length of this protein is 317 amino
acids, thus, all the sequences shorter or longer than 317 amino acids were removed, and
the rest of the sequences (196) were aligned. A total of 391 sequence records of antigen M1
were retrieved from NCBI: 82 M1 (MPXV), 6 M1 (VARV), and 303 L1 (VACV), which were
aligned together. As the full length of this protein is 250 amino acids, all the sequences
shorter or longer than 250 were removed, and the remaining 346 sequences were aligned
together. The conserved sequences were identified via the bioinformatics software Jalview
2.11.1.4 [30]. The filter of conservation threshold was given 10 “below threshold”.

Experimentally tested T cell epitopes and MHC ligands of each antigen were found on
IEDB [31] according to the species of orthopoxviruses (MPXV, VARV, and VACV) and host
(human). IEDB is an excellent database supported by experimental data of humans and
animals on antibody and T cell epitopes. IEDB also incorporates immunoinformatics tools
for epitope prediction [31]. As there were no B cell epitopes found on IEDB, the Bepipred
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linear epitope prediction tool (v2.0) was used to predict B cell epitopes [32]. Ultimately,
experimentally tested T cell epitopes were retrieved from IEDB; epitopes containing con-
served sequences were ranked and the most studied ones were selected. On the other hand,
linear B cell epitopes were predicted using the consensus sequence of each antigen.

2.3. Vaccine Design

For the construction of the multi-epitope mRNA vaccine, the epitopes were arranged
orderly. B cell epitopes were joined with a flexible linker KK [33,34], while a GGGS linker
was used to connect the T cell epitopes [35]. The leading sequence of tissue plasminogen
activator (tPA) that augments the antigen presentation [36] was used as a signal sequence
(MDAMKRGLCCVLLLCGAVFVSPS). The incorporation of the amino acid sequence of
interleukin 6 (IL-6) was done to enhance the immunogenicity of the vaccine [37]. The
pan-HLA DR binding epitope (PADRE sequence) was connected to the IL-6 sequence via a
GGGS linker and to an epitope of the B cell via EAAAK [34,38]. A polyhistidine (6x) tag
was placed on the C-terminal of the vaccine sequence for facilitating the fusion protein
detection [39]. The complete open reading frame of the proposed vaccine is given in the
Supplementary Materials.

2.4. Prediction of Vaccine Properties

To check whether the antigen could provoke an allergic response, the AlgPred server,
a highly accurate tool, was used to predict its allergenicity [40]. As the prediction tool, a
hybrid approach—Support Vector Machine (SVMc) algorithm + IgE epitope + ARPs BLAST
+ MAST—was selected [40,41]. This method detects the allergenicity of the protein based
on the composition of amino acids and dipeptides using SVM, which is a motif-based
technique using the software MAST. Ultimately, the tool specifies the antigen as an allergen if
it contains a segment identical to the known IgE epitopes or similar to allergen-representative
proteins [40,41]. For the prediction of antigenicity, server Vaxijen v2.0, which is based on an
alignment-independent prediction of protective antigens, was used [42]. Vaxijen categorizes
viral, bacterial, and tumor antigens according to their physicochemical characteristics [43].

ProtParam was used to calculate the physicochemical properties [44]. The following
parameters were characterized: the molecular weight (MW) of the multi-peptide, the
atomic and amino acid composition, the theoretical isoelectric point (pI), the instability,
the estimated half-life, the grand average of hydropathicity (GRAVY), and the aliphatic
indexes. MW was calculated by adding the average isotopic masses of amino acids and the
average isotopic mass of one water molecule. In addition to the MW, the pI, which plays a
crucial role in pH-dependent properties, was computed based on the pKa value of amino
acids, which plays an essential role in characterizing the pH-dependency of the protein.
The estimated half-life denotes the duration required from the synthesis of the protein until
its decay and reduction to half of its original amount within the cell. The instability index
is used to evaluate the stability of the protein in a test tube. An instability index of less than
40 is considered an indication of stability. When this measure is >40, the protein of interest
is considered unstable. To compute GRAVY, the hydropathy values of each amino acid are
summed up and then divided by the total residue number in the protein. A higher number
denotes that the amino acids are more hydrophobic [44]. An aliphatic index is used to
characterize the protein relative volume that is taken up by amino acids that have aliphatic
side chains, and it is considered a positive factor in augmenting its thermostability.

2.5. Tertiary Structure Prediction and Evaluation of Its Quality; Discontinuous B Cell
Epitope Prediction

RoseTTAFold was used to generate the tertiary structure of the vaccine protein [45]. By
combining the sequence data of a one-dimensional protein with the two-dimensional data of
the distances between the amino acids, as well as the prediction of the
three-dimensional atomic structure, this tool is able to forecast the configuration and
interplay of the protein [45]. After preparing the structure of the vaccine protein, it was
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refined with GalaxyRefine [46]. Through the use of molecular dynamics simulation, this
immunoinformatics approach reconstructs and reorganizes the amino acid side chains,
while also relaxing the overall protein structure [46]. Subsequently, the Ramachandran
plot and ERRAT were used to verify the quality of the protein tertiary structure. The
Ramachandran plot visualizes the energetically allowed regions for backbone dihedral
angles ψ against ϕ of amino acid residues in protein structures, which allows the testing
of the quality of protein structures [47]. The ERRAT score serves as a quality indicator
for the non-bonded interactions, where a larger score suggests a superior quality of the
protein tertiary structure. ElliPro was employed for the prediction of B cell conformational
epitopes based on the 3D structure of the protein [48].

2.6. Immune Simulation

Humoral and cellular immune responses driven against the proposed multi-epitope
vaccine protein were analyzed via the C-ImmSim server (https://kraken.iac.rm.cnr.it/C-
IMMSIM/; accessed on 31 August 2022). This immunoinformatics approach provides
the service of immune simulation and characterizes the immune system responses, both
humoral and cellular, towards vaccination. For predicting immune epitopes and analyzing
immune interactions, C-ImmSim applies a position-specific scoring matrix in combination
with machine learning techniques. After uploading the sequence of vaccine antigen in
FASTA format, the server predicted the immune responses [49]. The “Allele Frequency Net
Database” identified the most widespread HLA-A, HLA-B, and DRB alleles globally. The
outcome indicated HLA-A*02:01, HLA-A*01:01, HLA-B*07:02, HLA-B*08:01, DRB1*07:01,
and DRB1*15:01. The vaccine was administered thrice with an interval of four weeks
between each injection. The simulation volume was adjusted at 10, and the simulation
progressed through 270 steps. The vaccine used during the simulation did not comprise
LPS. The random seed was 12345, and time periods were set at 1, 85, and 169 [50].

2.7. In Silico Validation of Vaccine Protein Binding to the Host Receptors

In order to assess the binding capacity of vaccine protein to antigen recognition recep-
tors, molecular docking was carried out with a ClusPro server. ClusPro calculates the dock-
ing interaction between two protein structures and provides a list of potential complexes in
order of priority. It is performed based on a predicted conformation of ligand, orientation,
and position as well as binding affinity analysis. Ultimately, the complexes that exhibit
good electrostatic and desolvation energies are chosen [51]. A molecular docking of vaccine
construct with MHC-I (HLA-A*02:01) (6TDS) and MHC-II (HLA-DRB1*01:01) (1AQD) host
receptors was carried out. The following epitopes of the vaccine construct were docked with
the MHC molecules: TLFPGDDDL (A29/A30/A27), NTLSERISSK (M1/M1/L1)—MHC-
I ligands; FFIVVATAAVCLLFI (A30/A31/A28), LSMITMSAFLIVRLN (A35/A36/A33),
ASYISCTANSWNVIP (B6/B7/B5), and KIQNVIIDECY (M1/M1/L1)—MHC-II ligands.
The tertiary structure of these epitopes of the vaccine construct was predicted with Al-
phaFold2 [52,53]. The PDB files 6TDS and 1AQD were edited and cleaned to remove
heteroatoms, bound peptides, and water molecules.

3. Results

3.1. Selecting Conserved Epitopes

The selected antigens in the virus are illustrated in Figure 1. All the conserved se-
quences and epitopes of each antigen are given in the Supplementary Materials
(Tables S1–S10). The strategy for designing a potentially universal MPXV mRNA vac-
cine based on the conserved epitopes is given in Figure 2. The ultimately selected epitopes
that were used for the vaccine design along with the MPXV multi-epitope universal mRNA
vaccine construct and the plasmid vector are given in Figure 3.
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Figure 1. Structure of MPXV and selected viral antigens. Red font indicates the names of the antigens
in MPXV, VARV, and VACV. Underline indicates the special emphasis on the name of antigen in
MPXV. MPXV, monkeypox virus; VARV, variola virus; VACV, vaccinia virus.

Figure 2. Strategy of designing a potentially universal MPXV mRNA vaccine. MPXV, monkeypox
virus. MPXV, monkeypox virus; VARV, variola virus; VACV, vaccinia virus.
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Figure 3. Schematic illustration of the designed mRNA and plasmid. (A) Table of selected conserved
epitopes for the mRNA vaccine design. (B) Plasmid scheme. (C) Final design of the multi-epitope
mRNA vaccine construct.

3.2. Assessment of Structure

Using RoseTTAFold, the tertiary structure of the protein of the vaccine was predicted
and subsequently refined by GalaxyRefine (Figure 4). The tool generated five models out
of which the one with the better characteristics was selected for the docking analysis. Of
the amino acids, 93.0% were located in the most favored region of the Ramachandran, 6.3%
were in the allowed region, 0.4% were in regions that were generously allowed, and 0.4%
of the amino acid residues were in the outlier region. These parameters, along with the
ERRAT with an overall quality factor of 92.9825, indicate the desired level of the quality of
the vaccine product (Figure 5).

3.3. Physicochemical Properties, Allergenicity, and Antigenicity Analyses

According to the physicochemical properties predicted by ProtParam, the vaccine
sequence contains 647 amino acid residues, and its MW is 68.97777 kDa. The theoret-
ical pI was computed to be 9.31. The vaccine contains 55 negatively charged residues
(Asp + Glu). The instability index was 39.82, which classifies the vaccine as stable. The
estimated half-life in vitro was 100 h, while the estimated half-lives in vivo in yeast and
E. coli were 20 h and 10 h, respectively. The aliphatic index was 82.32, which implies that
the vaccine construct has a high level of thermostability. The vaccine’s GRAVY score was
−0.233, which suggests that the protein is hydrophilic.

The allergenicity prediction via the AlgPred server showed that the multi-epitope
vaccine was non-allergen, while the server VaxiJen v2.0 with the default parameters and the
threshold 0.4 [54] demonstrated its probable antigenicity with the antigenic score 0.4656.
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Figure 4. Tertiary structure of the protein comprising multiple epitopes.

Figure 5. Ramachandran plot assessing vaccine structure quality. Each dot shows the amino acids.
The positioning of these dots reflects the backbone dihedral angles ψ versus ϕ of the amino acids
present in the vaccine product. Triangles indicate glycine, squares indicate prolines, while circles
denote non-glycine and non-proline residues.

3.4. Conformational B Cell Epitopes

In total, four discontinuous B cell epitopes were predicted with the scores 0.69–0.859.
The sizes varied between 44 and 109 residues. The presence of the conformational epitopes
in the vaccine product indicates its potential capacity to induce a humoral immune response
when the vaccine is administered in vivo. All the predicted discontinuous epitopes are
given in Table 2 and illustrated in Figure 6.
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Table 2. Discontinuous B cell epitopes predicted by ElliPro.

# Epitopes Residue Number Score

1

A:K287, A:E289, A:Q290, A:T291, A:S292, A:K293,
A:K294, A:V295, A:S296, A:E297, A:L298, A:Y299,
A:N300, A:K301, A:P302, A:L303, A:Y304, A:K305,
A:K306, A:E307, A:E308, A:K309, A:N310, A:G311,
A:N312, A:T313, A:S314, A:W315, A:N316, A:D317,
A:T318, A:V319, A:K320, A:K321, A:P322, A:D323,
A:D324, A:E325, A:T326, A:D327, A:L328, A:S329,

A:K330, A:L331

44 0.859

2

A:I511, A:V512, A:R513, A:L514, A:N515, A:Q516,
A:C517, A:M518, A:S519, A:A520, A:N521, A:G522,
A:G523, A:G524, A:S525, A:A526, A:S527, A:Y528,
A:I529, A:S530, A:C531, A:T532, A:A533, A:N534,
A:S535, A:N537, A:I539, A:G546, A:V547, A:I548,
A:H549, A:L550, A:S551, A:C552, A:K553, A:S554,
A:G555, A:F556, A:I557, A:L558, A:T559, A:G560,

A:G561, A:G562, A:S563, A:M564, A:K565, A:T566,
A:I567, A:S568, A:V569, A:V570, A:S589, A:V592,

A:L593, A:V594, A:C595, A:S596, A:C597, A:N598,
A:G599, A:G600, A:G601, A:S602, A:K603, A:I604,
A:Q605, A:N606, A:V607, A:I608, A:I609, A:D610,
A:E611, A:C612, A:Y613, A:G614, A:G615, A:G616,
A:S617, A:A618, A:A619, A:L620, A:F621, A:M622,
A:Y623, A:Y624, A:A625, A:K626, A:R627, A:G628,
A:G629, A:G630, A:S631, A:N632, A:T633, A:L634,
A:S635, A:E636, A:R637, A:I638, A:S639, A:S640,

A:K641, A:H642, A:H643, A:H644, A:H645, A:H646,
A:H647

109 0.761

3

A:K212, A:D216, A:N217, A:K218, A:K221, A:G224,
A:G225, A:T226, A:P227, A:A228, A:K229, A:K230,
A:Q231, A:D232, A:V233, A:N234, A:D235, A:T236,
A:I237, A:S238, A:D239, A:K240, A:K241, A:G242,
A:P243, A:N244, A:N245, A:T246, A:R247, A:K248,
A:K249, A:S250, A:T251, A:H252, A:R253, A:K254,
A:V255, A:F401, A:I402, A:V403, A:V404, A:A405,
A:T406, A:A407, A:A408, A:V409, A:C410, A:L411,
A:L412, A:F413, A:I414, A:G415, A:G416, A:G417,
A:S418, A:M419, A:N420, A:S421, A:L422, A:S423,
A:I424, A:F425, A:F426, A:I427, A:V428, A:V429,

A:A430, A:T431, A:A432, A:A433

70 0.733

4

A:D9, A:V10, A:A11, A:A12, A:P13, A:H14, A:R15,
A:Q16, A:P17, A:L18, A:T19, A:S20, A:S21, A:E22,

A:R23, A:I24, A:D25, A:M66, A:A67, A:E68, A:K69,
A:D70, A:G71, A:C72, A:F73, A:Q74, A:S75, A:G76,
A:F77, A:N78, A:E79, A:E80, A:T81, A:C82, A:L83,
A:V84, A:K85, A:I86, A:I87, A:T88, A:L91, A:V120,
A:L121, A:I122, A:Q123, A:F124, A:L125, A:Q126,

A:K128, A:A129, A:K130, A:N131, A:L132, A:D133,
A:A134, A:I135, A:T136, A:T137, A:P138, A:D139,
A:P140, A:T141, A:T142, A:A144, A:S145, A:T148,
A:K149, A:S176, A:L177, A:R178, A:A179, A:L180,

A:R181, A:Q182, A:M183, A:G184, A:G185, A:G186,
A:S187, A:A188, A:K189, A:F190, A:V191, A:A192,
A:A193, A:W194, A:T195, A:K197, A:A198, A:E201

90 0.69
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Figure 6. Predicted discontinuous epitopes of B cell epitopes in the vaccine product. The subfigure
numbers (1–4) correspond to the conformational B cell epitope numbers listed in Table 2.

3.5. Molecular Docking and Immune Responses following Immune Simulation

The molecular docking analysis of epitopes with the MHC-I and MHC-II molecules
revealed the stable binding (Figure 7). The molecular docking results are given in the
Supplementary Materials (Tables S11 and S12). In total, three doses were administered
four weeks apart for the immune simulation—day 0, day 28, and day 56 with an 8 h offset.
As expected, the immune response was also compatible with the immune responses that
are elicited in general after in vivo immunization. The immune responses after receiving
additional and booster doses were more robust compared to the first shot. The immune
responses following the second and third shots were stronger in comparison to the prime
immunization. The antigen level was decreased while elevated levels of antibodies, includ-
ing IgG1, IgG1 + IgG2, IgM, and IgG + IgM, were detected. Antigen abundance peaked at
each vaccine injection (Figure 8A). The humoral response surged after each immunization,
and the antibody levels remained high for weeks after the last vaccine injection. Following
immunization, the activation of the B cell population, resulting in an increased number
of B cells producing antibodies, was observed (Figure 8B). The counts of CD8 T-cytotoxic
lymphocytes show the ignorable number of anergic cells and activation of T-cytotoxic cells
(Figure 8C). The counts of CD4 T-helper lymphocytes demonstrate that the duplication
phase starts immediately after each injection (Figure 8D). The cytokine production was also
manifested upon immunization; particularly, high levels of IFN-γ, TGF-β, and IL-10 were
induced by the infection (Figure 8E). The other parameters of the immune response elicited
by the vaccine are presented in the Supplementary Materials (Figure S1).
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Figure 7. Representation of predicted molecular docking between epitopes of a multi-epitope vaccine
construct and host receptors. The MHC molecules are displayed in cyan color and the epitope
is shown in magenta. (A) Docked complex of epitope TLFPGDDDL (A29/A30/A27) and MHC-
I. (B) Docked complex of epitope NTLSERISSK (M1/M1/L1) and MHC-I. (C) Docked complex
of epitope LSMITMSAFLIVRLN (A35/A36/A33) and MHC-II. (D) Docked complex of epitope
ASYISCTANSWNVIP (B6/B7/B5) and MHC-II. (E) Docked complex of epitope KIQNVIIDECY
(M1/M1/L1) and MHC-II. (F) Docked complex of epitope FFIVVATAAVCLLFI (A30/A31/A28)
and MHC-II.
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Figure 8. Immune responses elicited after in silico immunization. (A) Antibodies produced
in response to immune simulation. Immunoglobulin subclasses are given in different colors.
(B) Representation of evolution of B cell populations following the immunization with three doses.
(C) Generation of CD8 T-cytotoxic lymphocytes induced by antigen exposure. The resting state
denotes T-cytotoxic cells not actively engaged in fighting the infection, while the anergic state denotes
the unresponsiveness of the CD8 T-cytotoxic cells due to repeated and prolonged exposure to the
antigen. (D) Production of CD4 T-helper cells induced by exposure to the vaccine antigen. (E) The
cytokine profile in response to the vaccine injections. The inserted graph shows the IL-2 level with
the Simpson Index. D indicates a danger signal. (F) Schedule of in silico immunization.
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4. Discussion

Mpox was known to be a rare zoonotic disease caused by the MPXV that usually
emerged in rural rainforest regions of African countries [7]. The genus Orthopoxvirus
contains four species that are pathogenic to humans: VARV (the causative agent of small-
pox), MPXV, VACV, and cowpox. Smallpox and mpox are often life-threatening diseases,
whereas vaccinia and cowpox are generally associated with local lesions. MPXV received
this name as it was first isolated from laboratory macaque monkeys imported from Sin-
gapore to Copenhagen, Denmark, in 1958 [55]; however, it is considered that the host
and the main source of MPXV are rodents such as squirrels, Gambian rats, etc. [56]. The
first human case was documented in the Democratic Republic of the Congo (DRC) in
1970 while smallpox surveillance was taking place [7]. Particularly, a nine-month-old boy
was admitted to the hospital with suspected smallpox. The specimens were sent to the
Smallpox Reference Centre of the World Health Organization (WHO) where MPXV was
isolated [57]. The symptoms of mpox include fever, malaise, respiratory symptoms, fatigue,
lymphadenopathy, headache, and muscle aches, along with the main symptom—a rash
similar to pimples and blisters that are itchy and painful and eventually crust over and are
healed. The manifestation of mpox is similar to other rash diseases, hence, misdiagnoses
often take place. Instead of mpox, mostly, chickenpox caused by Varicella zoster virus is
mistakenly diagnosed [15,58,59]. The rush is usually concentrated on the face and extrem-
ities including palms and soles of the feet; however, according to the evidence during
the current mpox outbreak, it is also localized in the perineal/perianal area as well as on
the genitals [60,61]. Although mpox usually resolves by itself, the recent 2022 outbreak
demonstrated that it is a life-threatening disease [62]. Indeed, after all, MPXV is categorized
as a high-threat virus that belongs to biosafety level 3, according to EU regulations [63].
The possible reasons why MPXV is being spread more than usual include the increased
exotic animal trade and international travel [58], the introduction from a single origin with
super-spreader events [64], the long period of MPXV cryptic dissemination in humans
as well as in animals in non-endemic countries [64], the affected human immunity levels
due to the COVID-19 global pandemic while gaining the adaptability by the MPXV, and
the waning of the immunity against smallpox in the world population which is caused
by terminating the vaccination since 1980 when the disease was announced eradicated by
WHO [7,55,56,65]. The latter one seems more reasonable as today only approximately 30%
of the world population is vaccinated against smallpox [58] and the majority of infected
people are younger than 50 and have never been vaccinated against smallpox. Vaccina-
tion to smallpox induced coincident immunity to MPXV, but smallpox eradication and
halted vaccination as well as lack of vaccination triggered the MPXV to acquire clinical
relevance [66]. Although the smallpox vaccine protects from MPXV [67], there are cases
of MPXV infection in patients who are vaccinated against smallpox [18]. Mpox has the
potential to grow as a global threat which necessitates the development of a specific vaccine.
Moreover, if MPXV is spread easily due to the waned immunity against smallpox, smallpox
itself might also re-emerge anytime soon, and that could be a huge plague. In addition,
the “forgotten” viruses should get more attention as from time to time they manage to
emerge, and in the case of the highly deadly virus, it would cause an unprecedentedly ad-
verse outcome for the human population, e.g., Crimean-Congo hemorrhagic fever (CCHF)
virus, Zika, Ebola, etc. Although they are considered to be limited geographically, the
possibility of their spreading wider is high. MPXV was also reckoned as geographically
limited and did not get much attention; however, in 2003, the outbreak took place outside
of Africa for the first time which led to the increased attention to this virus. Moreover,
there is a number of cases that are not reported due to the lack of surveillance systems in
endemic areas, which most possibly resulted in the expansion of geographic areas [68].
According to the history of epidemics and pandemics, although the number of cases is
not increasing recently, the new wave of MPXV can pose a higher risk to the health of
the world population. Hence, it is important to design a more specific and universal
vaccine against MPXV that will have fewer side effects. As MPXV, VARV, and VACV are
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from the same genus and their genomes are conserved, it is prudent to develop a vaccine
based on the conserved elements. In this study, five antigens—A29, A30, A35, M1, and
B6—were selected according to their importance for the viral life cycle. Importantly, these
antigens have shown favorable outcomes when they were used in the line of studies and
elicited protection from the MPXV challenge. Buchman et al., as well as Heraud et al., have
challenged the non-human primates intradermally with the lethal dose of MPXV after the
vaccination with a subunit vaccine consisting of VACV membrane proteins A33, B5, L1, and
A27 [28,29] (see the names of the corresponding proteins of MPXV and VARV in Table 1),
and all the animals survived. Hooper et al. used a DNA vaccine comprising the same
antigens of VACV and demonstrated that the immunization with DNA vaccine encoding
these four antigens protected rhesus macaques from a severe disease after the lethal MPXV
challenge [27]. On the other hand, Hirao et al. used a DNA vaccine encoding eight antigens
of VACV—A4, A56, F9, H3, A27, A33, B5, and L1—to immunize cynomolgus macaques
and showed that the vaccination elicited protective immunity in the animals [24]. As to the
fifth selected antigen in the current study, A28, it is one of at least eight transmembrane
proteins in the VACV entry/fusion complex subunit and is evidenced to be a target of
neutralizing and protective antibodies in rabbits [69].

The vaccine used for the eradication of smallpox was the live VACV-based vaccine that
necessitated special precautions to protect from spreading the VACV from their vaccination
spot [70]. Although the current VACV-based vaccine that is currently used against MPXV
is a highly effective attenuated Modified Vaccinia Ankara-Bavarian Nordic (MVA-BN)
virus [71,72], the development of a potentially universal next-generation vaccine against
MPXV, VARV, and similar viruses from the same genus is reasonable. Nucleic acid vaccines,
specifically mRNA-based vaccines, have recently garnered significant interest due to their
remarkable advantages over other types of nucleic acid and conventional vaccines [73].
mRNA vaccines are highly potent, safe, cost-effective, and rapidly manufactured [19–21].
Indeed, the current COVID-19 pandemic has proven the superiority of mRNA vaccines
over any other vaccines [74–76]. The advantages of mRNA-based immunization include
efficacy, safety (no risk of genome integration as it is directly translated into the cytoplasm
unlike DNA vaccines), cell-free manufacturing, and fast production. Hence, as mRNA
technology represents a promising strategy, designing an mRNA vaccine against MPXV,
VARV, and VACV is definitely reasonable [77,78].

Smallpox is the only infectious disease that is considered to be globally eradicated since
1980 [79]. However, the course of pandemic events in world history has revealed that a
new pandemic can emerge unexpectedly despite the rapid advancement of science with
numerous valuable studies. Thus, even though smallpox has been eliminated, there is a
risk of re-emergence. Moreover, in the past, it killed millions of people until the effective
vaccine was developed [80]. The current outbreak of mpox is an example of it. In addition,
although VACV is not regarded as dangerous, evidently, it causes infection [81], and there
is a possibility that it will become more virulent in the future. Accordingly, designing a
potentially universal vaccine that can be protective to MPXV as a current emergency, VARV
as a potential re-emergency, and VACV as its effective application as a vaccine seems prudent.

Noteworthily, a number of excellent immunoinformatics tools are available for finding
the conserved sequences of the selected antigens [82–84], for finding experimentally tested epi-
topes or predicting the epitopes on the IEDB [31], and for the prediction of certain properties
and immune response induced by the designed vaccine [30,40–47,49,51,85–87]. These in silico
analyses save time and allow us to predict the potential outcome of the designed vaccine.
Moreover, rather than commencing the time-consuming and expensive in vitro/in vivo
experiments directly, using the immunoinformatics analysis that is favorable to formulate
the universal MPXV mRNA vaccine and screen the multi-epitope construct containing
conserved elements using in silico approaches seems very reasonable. Indeed, a line of
research has been dedicated to developing vaccines for COVID-19 [41,88], influenza [89–91],
and other viruses [92–94] using bioinformatics approaches. Until now, there is no study
focusing on designing a multi-epitope universal mRNA vaccine against MPXV, VARV, and
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VACV together. Hence, in the current study, epitopes of T cells that have already undergone
experimental testing were chosen for their potential to enhance the favorable results of
the proposed mRNA vaccine. On the other hand, B cell epitopes were predicted via IEDB
prediction software [32] as there were no experimentally tested B cell epitopes found in
the database. As the optimization of the final construct is of great importance and linkers
that connect the epitopes to each other play a crucial role, flexible KK [41] and GGGS [35]
linkers along with a rigid EAAAK linker [34,38] were used. The flexible linkers used here
improved folding and stability in fusion proteins, while the EAAAK attached the peptides
to each other to achieve an immunologically active multi-peptide [33].

In silico immunization showed that the vaccine designed for MPXV, VARV, and VACV
in this study elicits optimal humoral and cellular immune responses following repeated
immunization. In silico immunization with the proposed vaccine stimulated the B cell
population, and increased the production of immunoglobulins, CD8 T-cytotoxic and CD4
T-helper cells, memory cells, as well as cytokines. In addition, the molecular docking
showed favorable binding to the MHC molecules and other physicochemical parameters of
the vaccine demonstrated stability and optimal characteristics of the vaccine.

The in vivo validation of the efficacy and safety of the potentially universal mRNA
vaccine, which was designed and tested in silico in this study, is unquestionably necessary.
For this, the multi-epitope antigen should be subcloned into an expression vector, trans-
formed into DH5α competent cells, amplified, extracted and purified, linearized, in vitro
transcribed, and encapsulated with lipid nanoparticles (LNPs). Then, the animal immu-
nization experiment should be conducted for the assessment of immune responses. The
schematic illustration of the steps needed for the development of a potentially universal
mRNA vaccine candidate for MPXV, VARV, and VACV is shown in Figure 9.

Figure 9. A roadmap for developing a potentially universal multi-epitope mRNA vaccine candidate
against MPXV. MPXV, monkeypox virus.

5. Conclusions

Taken together, it is conceivable that mpox outbreaks will take place more frequently
in the future [95]. Thus, more research is urgently needed for developing a specific and
universal MPXV vaccine and therapeutics for the prevention and treatment of the disease,
respectively. To the best of our knowledge, this is the first study focusing on designing
of multi-epitope universal mRNA MPXV vaccine that will be potentially effective against
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VARV and VACV as well. Indeed, immunoinformatics presents a promising strategy
for contributing to the rapid development of mRNA vaccines, which could be achieved
through subsequent pre-clinical and clinical investigations. This would enable the preven-
tion, mitigation, and management of potential outbreaks before they escalate into deadly
pandemics. Moreover, given that predicting the timing and location of the next pandemic
is unfeasible, it is essential to have readily developed vaccine candidates that can be used
swiftly to contain outbreaks before they escalate into worldwide pandemics. In summary,
the current study demonstrated that the multi-epitope construct for mpox proposed here
seems to be an auspicious candidate owing to the potential to induce an immune response
against the two clades of MPXV and same family viruses—VACV and VARV—that might
lay the groundwork to the alertness for epidemics and pandemics.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/v15051120/s1, Figure S1: Immune simulation results; Table
S1: List of T cell epitopes (antigen A29L-A30L-A27L) containing conserved amino acid sequences
(origin VACV); Table S2: List of B cell epitopes (antigen A29L-A30L-A27L); Table S3: List of T cell
epitopes (antigen A30L/A31L/A28L) containing conserved amino acid sequences (origin VACV);
Table S4: List of B cell epitopes (antigen A30L/A31L/A28L); Table S5: List of T cell epitopes (antigen
A35R-A36R-A33R) containing conserved amino acid sequences (origin VACV); Table S6: List of B
cell epitopes (antigen A35R-A36R-A33R); Table S7: List of T cell epitopes (antigen B6R-B7R-B5R)
containing conserved amino acid sequences (origin VACV and VARV); Table S8: List of B cell epitopes
(antigen B6R-B7R-B5R); Table S9: List of T cell epitopes (antigen M1R-M1R-L1R) containing conserved
amino acid sequences (origin VACV); Table S10: List of B cell epitopes (antigen M1R-M1R-L1R); Table
S11: Molecular docking results of the final vaccine constructs with MHC-I; Table S12: Molecular
docking results of the final vaccine constructs with MHC-II.
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