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Abstract: Influenza, a respiratory disease mainly caused by influenza A and B, viruses of the
Orthomyxoviridae, is still a burden on our society’s health and economic system. Influenza A viruses
(IAV) circulate in mammalian and avian populations, causing seasonal outbreaks with high numbers
of cases. Due to the high variability in seasonal IAV triggered by antigenic drift, annual vaccination is
necessary, highlighting the need for a more broadly protective vaccine against IAV. The safety tested
Modified Vaccinia virus Ankara (MVA) is licensed as a third-generation vaccine against smallpox
and serves as a potent vector system for the development of new candidate vaccines against different
pathogens. Here, we generated and characterized recombinant MVA candidate vaccines that deliver
the highly conserved internal nucleoprotein (NP) of IAV under the transcriptional control of five
newly designed chimeric poxviral promoters to further increase the immunogenic properties of the
recombinant viruses (MVA-NP). Infections of avian cell cultures with the recombinant MVA-NPs
demonstrated efficient synthesis of the IAV-NP which was expressed under the control of the five new
promoters. Prime-boost or single shot immunizations in C57BL/6 mice readily induced circulating
serum antibodies’ binding to recombinant IAV-NP and the robust activation of IAV-NP-specific CD8+
T cell responses. Moreover, the MVA-NP candidate vaccines protected C57BL/6 mice against lethal
respiratory infection with mouse-adapted IAV (A /Puerto Rico/8/1934/HIN1). Thus, further studies
are warranted to evaluate the immunogenicity and efficacy of these recombinant MVA-NP vaccines
in other IAV challenge models in more detail.

Keywords: influenza A virus; nucleoprotein; Modified Vaccinia virus Ankara; vaccine; synthetic
VACYV promoter; CD8+ T cell response
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1. Introduction

Influenza virus epidemics constitute a worldwide major public health threat. Annual
outbreaks of influenza A virus (IAV) and influenza B virus are responsible for considerable
morbidities in the human population. Especially elderly people and infants are at increased
risk for a severe disease course and increased mortality [1,2]. The annual recurrence
of these viruses is mainly caused by processes known as antigenic drift and antigenic
shift [3]. Antigenic drift refers to the viruses’ ability to accumulate mutations in the genes
encoding two major surface proteins, hemagglutinin (HA) and neuraminidase (NA). These
mutations enable immune escape by altered recognition of the virus-neutralizing antibodies.
Antigenic shift refers to the recombination of HA and NA gene subtypes, resulting in the
generation of a new reassortant virus. Besides human IAV, reassortment can also include
subtypes of avian or swine IAV with increased pandemic potential, because the human
population can be immunologically naive regarding these new viruses [4,5].

The currently used inactivated seasonal influenza vaccines mainly induce antiviral
antibodies against the HA protein to neutralize virus attachment and entry [6]. Due to the
high variability of this antigen, the usefulness of these vaccines is limited in the case of the
circulation of a different influenza virus strain than was predicted [7]. Influenza vaccines are
currently updated annually to provide protection given the drifting antigens of the viruses.
Vaccine failure results from strain mismatches and reassortant potentially pandemic viruses.
Thus, more universal influenza vaccines which provide protection against or a reduction in
severe disease from heterologous influenza strains are needed [8,9].

In this approach, the nucleoprotein (NP), as the conserved internal protein, has gained
interest because of its moderate variation between IAV strains. Some strains have more
than 90% amino acid overlap of the NP between different HA-subtypes [10-12]. More-
over, the NP contains potent dominant epitopes, which are targeted by CD4+ and CD8+
T-cells [13,14], and is thus considered an important T-cellular antigen. Especially the virus-
specific CD8+ T cells are important for heterologous protection between different IAV
strains [15].

In addition, mucosal antibodies against IAV are able to neutralize virions early and are
probably capable of blocking infection completely and, thus, preventing transmission [16].
This does not refer to anti-NP antibodies, because the NP is only expressed after infection.
However, anti-NP antibodies might protect against severe disease by preventing the spread
of virions within the body.

One approach towards a more broadly protective universal influenza vaccine is to
elicit strong T cell immunity in combination with robust antibody responses to improve the
reactivity and longevity of the IAV-specific immune response.

Modified Vaccinia virus Ankara (MVA), a highly attenuated and replication-deficient
poxvirus, has been used as a viral vector to generate vaccines against various infectious
diseases such as MERS [17], COVID-19 [18,19], or Ebola [20]. Although evaluation of
these vaccines in clinical trials has revealed an excellent safety and immunogenicity profile
with the induction of both cellular and humoral immune responses [21-25], research
on the improvement of MVA immunogenicity is still ongoing (for review: [26]). One
approach focuses on the modification of vaccinia virus (VACV) promoters that drive
the expression of the recombinant target antigen, aiming to improve the antigen-specific
immune responses [27,28].

VACYV promoters are classified into early, intermediate, and late elements, depending
on the cascade-like timing of the gene expression throughout the poxviral infection [29].
VACYV promoters [30,31] which show early and late elements allow for the expression of
viral genes during the early and late phase of viral replication. Several natural or synthetic
promoters for the expression of foreign antigens driven by the poxviral transcription ma-
chinery were described previously, including the natural early PVGF, late P11 promoters,
and the modified early/late promoter PmHS5 [32,33]. As early poxviral proteins are de-
scribed to elicit strong CD8+ T cell responses [34-36], it is hypothesized that early VACV
promoters are also linked to strong T cell responses towards heterologous antigens [36-38].
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In this context, we aimed to design new synthetic promoters for recombinant gene
expression combining early and late viral promoter elements and to evaluate these chimeric
VACV-specific promoters in recombinant MVA candidate vaccines producing an IAV NP
antigen. Using single shot and prime-boost vaccinations, we demonstrate the induction
of strong immune responses and the protective capacity of MVA vector vaccines using
different promoter systems. Different readouts show protective immunity during acute IAV
infection and allow us to correlate vaccine-induced protection with CD8+ T cell responses.

2. Materials and Methods
2.1. Cell Cultures

Primary chicken embryonic fibroblasts (CEF) were prepared from 10- to 11-day-old
chicken embryos (SPF eggs, VALO, Cuxhaven, Germany) and were maintained in Mini-
mum Essential Medium Eagle (MEM) (Sigma-Aldrich, Taufkirchen, Germany) containing
10% heat-inactivated fetal bovine serum (FBS) (Sigma-Aldrich, Taufkirchen, Germany)
and 1% MEM non-essential amino acid solution (Sigma-Aldrich, Taufkirchen, Germany).
Madin-Darby Canine kidney (MDCK) cells (ATCC CCL-34) were cultured in MEM (Sigma-
Aldrich, Taufkirchen, Germany) containing 10% heat-inactivated FBS and 1% Penicillin—
Streptomycin (Pen/Strep) (Sigma-Aldrich, Taufkirchen, Germany). Cells were maintained
at 37 °C and 5% CO, atmosphere.

2.2. Plasmid Construction

The coding sequence of the full-length influenza A virus (IAV) nucleoprotein (NP)
(A /Puerto Rico/8/1934/H1IN1); GenlD: 956531) was modified in silico to remove gua-
nine or cytosine runs and termination sequences for VACV-specific early transcription.
Furthermore, cleavage sites for the restriction endonucleases Hpal and Notl were added
to the sequence. The modified cDNA sequence was generated by DNA synthesis (Ge-
neWiz, Leipzig, Germany) and was cloned into the MVA transfer plasmid plllred, under
transcriptional control of either the strong natural early promoter PVGF or the synthetic
chimeric promoters PLMU1 (PII + PVGF), PLMU2 (PI + PmH5), PLMU3 (P11 + PVGE),
and PLMU4 (P11 + PmHS5) (pIllred-PLMU1-NP, plllred-PLMU2-NP, pIlIred-PLMU3-NP,
plllred-PLMU4-NP, pllIred-PVGE-NP).

2.3. Generation of Recombinant MVA Vector Viruses

Recombinant MVA delivering NP under control of either the synthetic or natural
promoters (PLMU1-4 and PVGE, respectively) were generated as described previously [19].
In brief, MVA (clonal isolate MVA-F6-sfMR) served as a backbone virus to construct the
recombinant MVA vector viruses. CEF cells at 80-90% confluence were infected with MVA
at a multiplicity of infection (MOI) of 0.05 and were transfected with the above-described
vector plasmids using X-treme Gene PD DNA Transfection Reagent (Roche Diagnostics,
Penzberg, Germany) according to the manufacturer’s instructions. Cells were collected 48 h
post-infection and recombinant viruses were clonally isolated by serial plaque passages
using the co-expression of the fluorescent protein marker mCherry. To obtain vaccine
preparations, recombinant MVA vector viruses were amplified on CEF cell monolayers,
purified by ultracentrifugation through 36% sucrose cushions, and reconstituted in 10 mM
Tris-HCl buffer (pH 9.0) to high-titer stock preparations. Viral titers were determined by
counting plaque-forming units (pfu).

Quality control of recombinant MVA vector viruses was performed in compliance
with standardized in-house protocols [19,39]. PCR analysis of genomic viral DNA was
used to confirm genetic stability and identity of the newly generated viruses. Multi-step
growth experiments using permissive (CEF) and non-permissive cells (human HaCat) were
conducted to test replicative capacity of the recombinant viruses.
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2.4. Western Blot Analysis of Recombinant Proteins

CEF cells were infected with recombinant MVA viruses at a MOI of 1. Cell lysates
were prepared at 0, 4, 8, 12, 24, and 48 h post-infection and were stored at —80 °C. Samples
were resolved by sodium dodecyl sulfate (SDS)-polyacrylamide (10%) gel electrophoresis
(SDS-PAGE), and proteins were transferred onto nitrocellulose membranes by wet elec-
troblotting. Membranes were blocked with PBS/T (0.1% Tween20) containing 5% non-fat
dried milk powder (Carl Roth, Karlsruhe, Germany) for 1 h at room temperature. After-
wards, membranes were probed overnight at 4 °C with a primary antibody (monoclonal
mouse anti-NP (1:100), Biozol, Eching, Germany, or 8-Actin (1:2000), Taufkirchen, Germany)
diluted in blocking buffer. Membranes were washed with PBS/T and were probed with
goat-anti-mouse IgG conjugated to horseradish peroxidase (HRP) (1:5000; Agilent Dako,
Glostrup, Denmark) for 1 h at room temperature. After washing the membranes with
PBS/T, SuperSignal® West Dura Extended Duration substrate (Thermo Fisher Scientific,
Planegg, Gemany) was added for development. Blots were visualized using MicroChemi
4.2 imager (DNR Bio-Imaging Systems, Neve Yaming, Israel).

2.5. Mouse Immunization and Infection Experiments

Specific pathogen-free 6-10-week-old C57BL/6 mice (in-house breed) were housed
in isolated cage units (Techniplast, Hohenpeifienberg, Germany) with access to food and
water ad libitum. The experiments were approved by the Government of Upper Bavaria,
Munich, Germany, and were carried out in accordance with the German regulations for
animal experimentation (Animal Welfare Act).

Groups of mice were immunized twice over a 21-day interval with recombinant MVA
vaccines at a dose of 108 pfu intramuscularly in the hind legs. Mice immunized with
non-recombinant MVA (MVA) at a dose of 108 pfu and saline (PBS) served as controls.
Twenty-eight days after booster vaccination, mice were challenged with a lethal dose
(10° TCIDs) of a mouse-adapted influenza A virus (A /Puerto Rico/8/1934/H1N1) by
nasal inoculation. Upon infection, mice were monitored for clinical signs and weighed, and
experiment was terminated 28 days after challenge infection or after humane endpoints
were reached.

Groups of mice were immunized once with recombinant MVA vaccines at a dose
of 10® pfu intramuscularly in the hind legs. Mice immunized with non-recombinant
MVA (MVA) and saline (PBS) respectively served as controls. Twenty-eight days after
prime vaccination, mice were challenged with a lethal dose (10° TCIDsj) of a mouse-
adapted influenza A virus (A /Puerto Rico/8/1934/H1N1) by nasal inoculation. A dose of
103 TCIDs was used, since this infection reproducibly resulted in fatal disease in >90%
of the mice. After challenge infection, mice were monitored daily at least twice for well-
being, health constitution, and clinical signs such as habitus of fur, posture, anorexia,
lethargy/depression, and respiratory symptoms using a clinical score sheet. Weights of
all mice were checked daily. The experiment was terminated eight days or four weeks
post-challenge infection or after humane endpoints were reached.

2.6. Depletion of Specific Subsets of Immune Cells

Depletion of CD8+ T cells was performed as described previously [40]. In brief, 100 pg
of a monoclonal mouse anti-CD8 antibody (clone 2.43, Harlan Bioproducts, Indianapolis,
IN, USA) was injected via the intraperitoneal route on days —2 and —1 prior to challenge
infection, four weeks after prime immunization. Successful depletion of CD8+ T cells was
tested by flow-cytometric analysis of blood cells from antibody-treated mice.

2.7. Necropsy, Histology and Immunohistochemistry

After euthanasia, mice were subsequently necropsied. The lung and a comprehensive
organ panel were macroscopically examined. The percentage of lung affected by pneu-
monia was macroscopically scored using a five-step scoring system (not affected [0%];
affected by 25%, 50%, 75%, and 100%). After determining lung weight, the lung lobes were
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dissected for histology and viral titration. The accessory lobe was deep frozen at —80 °C
for viral titration (see Section 2.9). The other organs were processed for histology following
published guidelines [41-43]. After paraformaldehyde-fixation, paraffin-embedding, and
cutting, sections were stained with hemalum-eosin. For NP detection via immunohisto-
chemistry, a modified mouse-on-mouse protocol [44] after proteinase K incubation was
used. Primary mouse monoclonal anti-NP antibodies (clone HB65) were incubated in vitro
with a biotinylated goat anti-mouse IgG Fab fragment (JacksonImmunoResearch Laborato-
ries) and subsequently saturated with mouse normal serum. This cocktail was added to
the slides and the reaction was developed as previously described [45]. Positive (murine
IAV-infected lung) and negative (first antibody replaced with irrelevant one) controls were
routinely performed to confirm specificity of staining.

2.8. Quantitative Stereologic Examinations

The volumes of inflamed lung tissue compartments within the left lung lobe were
analyzed in two healthy, two mock-vaccinated, and six vaccinated mice using unbiased
quantitative stereological analysis methods. Left lobe was fixed by bronchial infusion with
4% neutrally buffered formaldehyde solution at a transpulmonary pressure of 20 cm H,O.
The bronchus was ligated when the flow ceased [46]. Thereafter, lobes were placed in
fresh fixative for 12 h while intrapulmonary pressure was still maintained. Afterwards,
lung volume was estimated using a submersion method [47]. After paraffin-embedding
and microtome calibration, the lung was exhaustively sectioned in equidistant sections.
Per lobe, 10-12 sections were sampled using a systematic uniform random (SUR) sample
scheme. The relative volumes of the different lung compartments within the lung were
determined from the fractional areas of their section profiles and the area of total pulmonal
tissue in HE stained histological sections. The section areas of inflamed and non-inflamed
tissue compartments were determined by point counting in up to 21 SUR-selected fields
of view (FOV) per section at 200x [48]. In total, 2277 + 546 points were counted per case.
The total volumes of different tissue compartments were calculated from their respective
volume fractions within the lung lobe and the total lung lobe volume.

2.9. Determination of IAV Loads in Mouse Lung Lobes

Left lung lobes obtained at necropsy were weighed and homogenized with a tissue
lyser (Retsch Tissue Lyser MM300, Quiagen GmbH, Hilden, Germany). Subsequently, lungs
were centrifuged twice for 1 min with 1500 rpm at 4 °C and supernatant was transferred
into a fresh tube. Tenfold serial dilutions were prepared and 90% confluent MDCK cells
were inoculated with the virus samples for 1 h at 33-37 °C. Afterwards, cells were washed
twice with plaque assay wash medium (Dulbecco’s Modified Eagle’s Medium (DMEM)
Sigma-Aldrich, Taufkirchen, Germany, +1% Pen/Strep). Then, 2-fold plaque assay medium
(DMEM, 3% Pen/Strep, 4 mM L-glutamine (Thermo Fisher Scientific, Planegg, Germany),
50 mM HEPES (Sigma-Aldrich, Taufkirchen, Germany), 2 ng/mL TPCK-treated trypsin
(Sigma-Aldrich, Taufkirchen, Germany)) was mixed in a 1:1 ratio with 1.6% low melting
point agarose (Biozym Scientific GmbH, Oldendorf, Germany) and was added as an overlay
to the cells. After solidification of the overlay, plates were incubated for 72 h at 33-37 °C.
The agar overlay was removed, and cells were stained with crystal violet. Pulmonal viral
titers were determined by counting plaque-forming units (pfu).

2.10. Quantification of NP-Specifc IgG Antibodies by Enzyme-Linked Immunosorbant Assay
(ELISA)

For analysis of IAV-NP specific serum IgG titers, flat-bottom 96-well ELISA plates
(Nunc. MaxiSorp. Plates, Thermo Scientific) were coated with 50 ng/well recombinant
NP protein [49] and were incubated over night at 4 °C. Plates were blocked with PBS
containing 1% bovine serum albumin (BSA) (Sigma-Aldrich, Taufkirchen, Germany) and
0.15 M sucrose (Sigma-Aldrich, Taufkirchen, Germany) for 1 h at 37 °C. Mice sera were
three-fold serially diluted in PBS containing 1% BSA (PBS/BSA), starting at a 1:30 dilution.
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NP pre-coated ELISA-plates were incubated with the diluted mice sera for 1 h at 37 °C.
Subsequently, plates were washed with PBS/T (0.05% Tween20), probed with goat anti-
mouse IgG HRP (1:2000, Agilent Dako, Denmark) diluted in PBS/BSA, and developed
with 3,3/ ,5,5'-tetramethylbenzidine (TMB) (Sigma-Aldrich, Taufkirchen, Germany). The
absorbance was measured at 450 nm with a 620 nm reference wavelength. Total antibody
titers were calculated as described previously [50].

2.11. CD8+ T-Cell Analysis by Enzyme-Linked Immunospot Assay (ELISpot)

Spleens were harvested at necropsy and splenocytes were prepared as described
previously [51]. In brief, spleens were passed through a 70 pm strainer (Falcon®, A Corning
Brand, Corning NY, USA) and incubated with Red Blood Cell Lysis Buffer (Sigma-Aldrich,
Taufkirchen, Germany). Splenocytes were resuspended in RPMI 1640 medium (Sigma-
Aldrich, Taufkirchen, Germany) containing 10% heat-inactivated FBS and 1% Pen/Strep
and were stimulated with the NP-specific peptide ASNENMETM [NP346374] [52,53]. Non-
stimulated cells and cells stimulated with phorbol myristate acetate/ionomycin (PMA)
or the vaccinia virus specific peptide TSYKFESV [B85¢_p7] [35] served as controls. IFN-y-
producing cells were measured by IFN-y ELISpot assay using the IFN-y ELISpotPLUS
kit (Mabtech, Stockholm, Sweden) according to the manufacturer’s protocol. Automated
ELISPOT plate reader software (A.EL.VIS Eli. Scan, A.EL.VIS ELISPOT Analysis Software,
Hannover, Germany) was used to count and analyze the spots.

2.12. T Cell Analysis in Blood Using FACS Analysis

Mice were bled on day 0, 7, 28, 36, and 56 after initial vaccination. A total of 50 uL
of heparinized blood was preincubated with 10 uL of NP-specific dextramer (Immudex,
Copenhagen, DK) for 15 min at room temperature. After preincubation, anti-mouse CD3
phycoerithrin (PE)-Cy7 (clone 17A2, 1:100, Biolegend), anti-mouse CD4 phycoerithrin
(PE)-Cy7 (clone GK1.5, 1:600, Biolegend), and anti-mouse CD8c Alexa Fluor 488 (clone
53-6.8, 1:300, Biolegend), using 50 puL/sample diluted in FACS buffer, was added. After
30 min on ice, blood samples were incubated with Red Blood Cell Lysis Buffer (Sigma-
Aldrich, Taufkirchen, Germany). Cells were washed and resuspended in FACS Buffer. Data
were acquired by the MACSQuant VYB Flow Analyser (Miltenyi Biotec) and analyzed
using FlowJo (FlowJo LLC, BD Life Sciences, Ashland, OR, USA).

2.13. Data Analysis

Statistical tests and calculations were performed with Microsoft Excel (Microsoft Office
2019, Redmond, WA, USA) and GraphPad Prism version 5 (GraphPad Software Inc., San
Diego, CA, USA). Data were analyzed by Mann-Whitney test unless otherwise indicated.
A p <0.05 was regarded to be statistically significant.

3. Results
3.1. Design and In Vitro Testing of Recombinant MVA Vaccines Delivering NP by Chimeric
Promoters

We designed four synthetic vaccinia virus early/late promoters to test their capacity
to activate robust NP-specific cellular and humoral responses compared to the strong early
natural PVGF promoter. NP gene sequences were introduced into the deletion site III of
MVA by homologous recombination, and placed under the control of the newly designed
chimeric promoters PLMU1, PLMU2, PLMU3, and PLMU4, as well as the natural PVGF
promoter, as already established (Figure 1a,b) [38]. The genetic integrity of the recombinant
viruses was confirmed by the PCR analysis of the viral DNA, demonstrating the site-specific
insertion of the IAV-NP gene sequence, the absence of non-recombinant MVA, and the
proper removal of the mCherry marker gene (Figure Sla). Furthermore, the genetic stability
of the recombinant MVA viruses was confirmed by PCR targeting the six major deletion
sites and the C7L gene locus of MVA (Figure S1b).
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Figure 1. (a) Schematic diagram of the MVA genome with the major deletion sites I through VI. The
site of deletion III was targeted for insertion of the gene sequence encoding the nucleoprotein (NP) of
influenza A virus strain A /Puerto Rico/8/1934/HIN1 (IAV). IAV-NP was placed under transcrip-
tional control of either the natural early vaccinia virus promoter PVGF or the synthetic chimeric
promoters PLMU1, PLMU2, PLMU3, and PLMU4 within the MVA vector plasmid plllred-PGVF-NP,
plIred-PLMU1-NP, plllred-PLMU2-NP, pIllred-PLMU3-NP, or plllred-PLMU4-NP. Insertion oc-
curred via homologous recombination between MVA DNA sequences (flank-1 and flank-2) adjacent
to deletion site III in the MVA genome and copies cloned in the vector plasmid. MVA-PVGF-NP,
MVA-PLMU1-NP, MVA-PLMU2-NP, MVA-PLMU3-NP, and MVA-PLMU4-NP were clonally isolated
by plaque purification screening for co-production of the red fluorescent marker protein mCherry.
A repetition of short flank-1-derived DNA sequences (del) served to remove the marker gene by
intragenomic homologous recombination (marker gene deletion). Created with BioRender.com.
(b) Overview of chimeric promoter design. Created with BioRender.com. (c) Synthesis of full-length
IAV-NP. CEF cells were infected at a MOI of 1 and cell lysates were prepared at the indicated time-
points. Polypeptides in cell lysates were separated by SDS-PAGE and analyzed with a monoclonal
antibody directed against the nucleoprotein (1:100). Created with BioRender.com.

The recombinant viruses replicated efficiently in chicken embryo fibroblasts (CEF), but
not in the human HaCat cells (Figure Slc). To further characterize the expression pattern of
the recombinant IAV-NP, the total cell lysates from CEF cells infected with the recombinant
MVA viruses were analyzed by Western Blot. The mouse monoclonal antibody directed
against the NP revealed one prominent protein band that migrated with molecular masses
of ~56 kDa (Figure 1c). In general, NP synthesis was detectable at 8 h post-infection (hpi)
and increased over 24 to 48 hpi. Of note, in cell lysates from MVA-PVGF-NP-infected cells,
a first NP band was visible at 4 hpi (Figure 1c).

3.2. Immunogenicity and Protective Efficacy of MVA-NPcandidate Vaccine after a Prime-Boost
Vaccination Regimen

To evaluate the immunogenicity and efficacy of the MVA candidate vaccines, we
designed vaccination-challenge studies which compared different immunization strate-
gies. In the first experiment, C57BL/6 mice were vaccinated twice, 21 days apart, with
non-recombinant MVA or saline (PBS) as controls or with one of the five MVA vaccines
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(108 pfu). Four weeks after booster vaccination, the mice were challenged with a lethal dose
of a mouse-adapted influenza A virus (A /Puerto Rico/8/1934/H1N1) by nasal inoculation.
The experiment was terminated and all mice were necropsied at day 28 after the IAV
challenge or after humane endpoints were reached. All of the mice from the two control
groups showed clinical abnormalities (ruffled fur, hunched position, and body weight
loss) and had to be euthanized at day 8 after the challenge infection (Figure 2a,b). The
necropsy at day 8 after the challenge revealed multifocally reddened and consolidated
lungs (suggestive of pneumonia) with increased lung scores (Figure 2c). Furthermore, in
histologic pulmonic sections, we could confirm a pneumonia with epithelial necrosis, an
influx of granulocytes and macrophages, alveolar edema, and septal necrosis (Figure 2d).
Immunohistochemistry detected the NP antigen in intact and necrotic epithelia (Figure 2d),
as well as in macrophages and alveolar septa.
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Figure 2. Protective capacity of MVA-PVGF-NP (PVGE, n = 5), MVA-PLMU1-NP (PLMU1, n = 5),
MVA-PLMU2-NP (PLMU2, n = 5), MVA-PLMU3-NP (PLMU3, n = 5), or MVA-PLMU4-NP (PLMU4,
n = 5) prime-boost immunization against A /Puerto Rico/8/1934/HIN1 infection in C57BL/6 mice.
Groups of mice were immunized twice over a 21-day interval with 10® pfu MVA-PVGF-NP, MVA-
PLMU1-NP, MVA-PLMU2-NP, MVA-PLMU3-NP, or MVA-PLMU4-NP. Mice immunized with non-
recombinant MVA (MVA, n = 3) or saline (PBS, n = 3) served as controls. Four weeks post-booster
immunization, mice were infected intranasally with a lethal dose of A /Puerto Rico/8/1934/HIN1
and were monitored for (a) body weight changes and (b) behaviour and general condition in clinical
scores. Mice were euthanized 28 days after the challenge or after humane endpoints were reached.
At necropsy, (c) percent of lung affected by pneumonia was determined, (d) pulmonal macroscopic
and histologic lesions were recorded in routine stain and immunohistochemistry (displaying intact
and necrotic epithelia with Influenza antigen), and, additionally, (e) pulmonary viral loads, (f) serum
IgG antibodies, and (g) IFN-y+ spot-forming cells (SFC) were analyzed by ELISPOT.
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However, the mice vaccinated with the recombinant MVA vaccines exhibited im-
proved clinical outcomes after the lethal IAV challenge, except for two mice from the
MVA-PVGF-NP-vaccinated group, which died at day 11 after the challenge due to clinical
disease with severe respiratory symptoms and substantial weight loss. At necropsy, the
two euthanized MVA-PVGF-NP-vaccinated mice exhibited severe pneumonia, with IAV
detection in one animal. All other mice vaccinated with the MVA-PVGF-NP candidate
vaccine were sufficiently protected from death; however, they developed different degrees
of weight loss eight days after the challenge, with the lowest values ranging between 72%
and80% of their initial body weight. Likewise, mice immunized with the MVA-PLMU-
NP candidate vaccines continuously lost weight six—eight days after the challenge, with
MVA-PLMU1-NP demonstrating the highest weight loss (lowest value: 82% of initial body
weight) compared to MVA-PLMU2-NP, MVA-PLMU3-NP, MVA-PLMU4-NP (lowest body
weight value: 89%, 84%, and 88% of initial body weight, respectively).

At necropsy, the viral titration revealed infectious virus in 2/3 PBS and 3/3 non-
recombinant MVA-vaccinated mice and one animal that was immunized with MVA-PVGEF-
NP. MVA-PLMU-NP-vaccinated animals did not display detectable infectious virus, which
was in line with the mostly unremarkable gross pathology 28 days after the challenge,
with only a few reddened pulmonic areas (Figure 2e). The serologic analyses at the end
of the experiment revealed comparable levels of anti-NP serum IgG for MVA-PVGF-NP,
MVA-PLMU1-NP, MVA-PLMU2-NP, and MVA-PLMU3-NP, with mean titers of 1:19,163,
1:20,850, 1:21,850, and 1:19,995, respectively. The mice immunized with MVA-PLMU4-NP
showed lower serum IgG antibodies, with a mean titer of 1:6131 (Figure 2f).

To assess the activation of IAV-specific cellular immunity, we monitored NP-specific
CD8+ T cells in the immunized and IAV-infected mice. Splenocytes were prepared
upon necropsy and the cells were re-stimulated with the influenza A virus (A/Puerto
Rico/8/1934/HIN1) H2-DP-restricted peptide NP346-374 [52,53]. Immunization with the
recombinant MVA vaccines induced NP346_374-specific CD8+ T cell responses with mean
numbers of 127 IFN-y spot-forming cells (SFCs) in 10° splenocytes for MVA-PVGF-NP,
92 SFCs for MVA-PLMU1-NP, 95 SECs for MVA-PLMU2-NP, 66 SFCs for MVA-PLMU3-NP,
and 78SFCs for MVA-PLMU4-NP (Figure 2g).

3.3. Immunogenicity and Protective Efficacy of MVA-NP Candidate Vaccines Using a Prime
Vaccination Regimen

Since our recombinant MVA vaccines were confirmed to be protective in the IAV-
mouse model using a prime-boost immunization model, we tested whether the protection
against a lethal IAV challenge is sufficient after a single vaccination. Therefore, mice were
vaccinated once with the recombinant MVA candidate vaccines and were infected with a
lethal dose of IAV (A /Puerto Rico/8/1934/HINI1) 28 days post-vaccination (d.p.v.). Again,
the mice were sacrificed 28 days after challenge infection or after humane endpoints were
reached. The mice immunized with non-recombinant MVA or saline displayed similar
signs of disease as observed before and had to be euthanized eight days after the challenge.
The mice vaccinated with the recombinant MVA vaccines were protected against a lethal
IAV challenge. The mice body weight curves displayed a similar course when compared to
the previous experiment (Figure 3a,b). The weight loss of the MVA-PVGF-NP-vaccinated
mice was, again, more pronounced than in the other groups. The lung scores did not
show statistically significant differences between the recombinant MVA-vaccinated groups
(Figure 3c). The lung histology of these animals displayed no acute lesions and was
comparable to the first experiment. The immunohistochemistry did not reveal the NP
antigen in any of the vaccinated mice and, furthermore, no infectious virus was detectable
in the lungs from the vaccinated animals (Figure 3d). The serological analyses at the end of
the experiment revealed comparable serum IgG titers for MVA-PVGF-NP, MVA-PLMU2-
NP, MVA-PLMU3-NP, and MVA-PLMU4-NP, with mean titers of 1:17,987, 1:16,560, 1:17,712,
and 1:12,613, respectively. The mice immunized with MVA-PLMU1-NP showed lower
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serum IgG antibodies, with a mean titer of 1:9095. (Figure 3e). However, this was not
statistically significant when compared to the other recombinant MVA groups.
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Figure 3. Protective capacity of MVA-PVGF-NP (PVGE, n = 5), MVA-PLMU1-NP (PLMU1, n = 5),
MVA-PLMU2-NP (PLMU2, n = 5), MVA-PLMU3-NP (PLMUS3, n = 5), or MVA-PLMU4-NP (PLMU4,
n = 5) prime immunization against A /Puerto Rico/8/1934/HI1NT1 infection in C57BL/6 mice. Groups
of mice were immunized once with 108 pfu MVA-PVGF-NP, MVA-PLMU1-NP, MVA-PLMU2-NP,
MVA-PLMU3-NP, or MVA-PLMU4-NP. Mice immunized with non-recombinant MVA (MVA, n = 3)
or saline (PBS, n = 3) served as controls. After 28 d.p.v., mice were infected intranasally with a lethal
dose of A /Puerto Rico/8/1934/HIN1 and mice were monitored for (a) body weight changes and
(b) behaviour and general condition in clinical scores. Mice were euthanized 28 days after the
challenge infection or after humane endpoints were reached. At necropsy, (c) percent affected by
pneumonia was determined, and, additionally, (d) pulmonary viral loads, (e) serum IgG antibodies,
and (f) IFN-y+ spot-forming cells (SFC) were analyzed by ELISPOT.

The induction of cellular immune responses after prime immunization and the IAV
challenge were tested as described above. Splenocytes were prepared upon necropsy and
restimulated with the CD8+ T cell epitope NP344 374 [52,53]. Immunization with MVA-
PVGEF-NP and MVA-PLMU4-NP induced higher CD8+ T cell responses (mean 64 SFCs and
43 SFCs, respectively) compared to immunization with MVA-PLMU1-NP, MVA-PLMU2-NP,
and MVA-PLMU3-NP (mean 37 SFCs, 32 SFCs, and 19 SFECs, respectively (Figure 3f).

Since all four chimeric promoters induced a protective effect against the lethal IAV
challenge and produced comparable antibody and T-cell responses in the first vaccination
experiments, we aimed to analyze the activation of peripheral blood NP-specific CD8+
T cell expansion in a next step. Mice were prime vaccinated and challenged 28 d.p.v.
The levels of NP-specific CD8+ T cells were analyzed on days 0, 7, 28, 36, and 56 after
their initial immunization. The control vaccinated animals did not mount NP-specific
CD8+ T cells. In contrast, we confirmed T cell expansion in all MVA-NP-vaccinated
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animals. In MVA-PVGF-NP-, MVA-PLMU1-NP-, MVA-PLMU2-NP-, and MVA-PLMU3-
NP-vaccinated mice, we detected similar levels of NP-specific CD8+ T cells starting on day
36 after the initial vaccination. On day 36, we detected a mean of 1525 NP-specific CD8+
T cells in MVA-PVGF-NP-vaccinated animals, a mean of 1297 NP-specific CD8+ T cells
in MVA-PLMU1-NP-, 2326 NP-specific CD8+ T cells in MVA-PLMU2-NP-, and a mean
of 2178 NP-specific CD8+ T cells in MVA-PLMU3-NP-vaccinated animals (Figure 4) [54].
These levels remained constant until day 56. Interestingly, in MVA-PLMU4-NP-vaccinated
animals, we had already detected NP-specific CD8+ T cells seven days after the initial
vaccination, with a mean of 1306 NP-specific CD8+ T cells. These titers further increased
until day 28 after the initial vaccination, with a mean of 4448 NP-specific CD8+ T cells. On
day 36 post-initial vaccination, the MVA-PLMU4-NP-vaccinated animals mounted a mean
of 5867 NP-specific T cells, which then finally maintained with a mean of 8343 NP-specific
CD8+ T cells on day 56. These data indicated that MVA-PLMU4-NP induced considerably
higher levels of NP-specific CD8+ T cells in the blood.
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Figure 4. CD8+ T cell expansion in MVA —NP—primed C57BL/6 mice. Groups of mice (n = 2-5) were
immunized once with 108 pfu MVA-PVGE-NP (n = 5 per group), MVA-PLMU1-NP, MVA-PLMU2-NP,
MVA-PLMU3-NP, or MVA-PLMU4-NP (n = 5 per group). Mice immunized with non-recombinant
MVA (MVA, n = 3) or saline without (PBS, n = 2) and with challenge (PBS + IAV, n = 3) served as
controls. At w4 post-immunization, mice were infected intranasally with a lethal dose of A /Puerto
Rico/8/1934/HIN1 and peripheral blood was tested at the indicated time points for IAV-NP-specific
CD8+ T-cell expansion.

3.4. Immunogenicity Is Already Established at d§ p.i. in Selected Vaccines after Prime Vaccination

Next, based on the results from the immunogenicity and efficacy testing, we aimed
to further characterize the rapidly protective capacity of the selected promising MVA-
NP candidate vaccines in more detail early after lethal IAV challenge infection. For this,
we again performed single vaccination with MVA-PLMU4-NP and challenged all mice
28 d.p.v. For comparison, MVA-PVGF-NP expressing the NP under the strong PVGF
early promoter was included as a candidate vaccine. The morbidity and mortality were
monitored, as in previous experiments. Eight days after the challenge, all mice were
euthanized and analyzed for their viral load, immune responses, and pathology (Figure 5).
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All mice from the two control groups displayed weight loss, and one mouse from the
MVA control group had to be euthanized seven days after the challenge. (Figure 5a).
The mice immunized with MVA-PVGEF-NP displayed weight loss without any clinical
symptoms but recovered and started to gain weight. The mice immunized with MVA-
PLMU4-NP displayed initial weight loss but recovered and were able to regain their
initial body weight eight days after the challenge infection. The relative lung weights
were significantly lower in the MVA-PVGF-NP- and MVA-PLMU4-NP-immunized mice
compared to the PBS- and MVA-vaccinated mice (Figure 5b). In addition, the relative lung
weights of the MVA-PLMU4-vaccinated mice were significantly lower than those of the
MVA-PVGE-NP-vaccinated mice (Figure 5b). Likewise, the lung scores were significantly
lower in recombinant MVA-NP-vaccinated mice compared to the control groups, and the
lung scores of the MVA-PLMU4-vaccinated mice were significantly lower than those of the
MVA-PVGF-NP-vaccinated mice (Figure 5c). To complement the subjective lung scoring
with objective quantitative stereological estimation, the absolute volume of the inflamed
left lung lobe was determined. The absolute volume of the inflamed left lung lobe was
significantly reduced in the vaccinated mice compared to the control groups. The absolute
volume of the inflamed lung parenchyma was significantly correlated with the relative left
lung lobe weight (Spearman’s r = 0.75; p = 0.0098) (Figure 5d).

Lung viral loads were detected in 7/9 (77.8%) control mice, in 4/7 (57.1%) MVA-PVGEF-
NP-vaccinated mice, and in 1/9 (11.1%) MVA-PLMU4-NP-vaccinated mice (Figure 5e). The
vaccinated mice displayed significantly reduced lung viral loads when compared to the
control mice. The lung viral loads between the MVA-PVGE-NP- and MVA-PLMU4-NP-
vaccinated mice showed no obvious or statistically significant differences.

A serological analysis revealed similar levels of anti-NP serum IgG in MVA-PVGF-
NP- and MVA-PLMU4-NP-immunized mice, with mean titers of 1:14,445 and 1:13,015,
respectively (Figure 5f). Furthermore, the induction of CD8+ T cell responses upon re-
stimulation of splenocytes with the NP-specific epitope NP3g4_374 could be confirmed in
the MVA-PVGF-NP- and MVA-PLMU4-NP-immunized mice, with means of 43 SFCs and
66 SFCs, respectively. (Figure 5g).

3.5. Role of CD8+ T Cells for the Protective Capacity of MVA-PVGF-NP and MVA-PLMU4-NP
Induced Protection

To evaluate the role of CD8+ T cells in the outcome of protective immunity after
a single vaccination with MVA-PVGE-NP or MVA-PLMU4-NP, the mice were depleted
of CD8+ T cells before IAV challenge 28 d.p.v., as established before. The experiment
was terminated 28 days after the challenge infection or after humane endpoints were
reached. The mice vaccinated with MVA-PLMU4-NP or MVA-PVGF-NP were protected
and survived, as expected from the previous experiments. MVA-PVGF-NP-vaccinated and
CD8+ T cell-depleted mice succumbed to the IAV infection within a similar time frame
to the control mice. The MVA-PLMU4-NP-vaccinated and CD8+ T cell-depleted mice
displayed non-significant (area under the curve comparison) weight loss after the challenge
but regained weight thereafter and survived until the experiment’s termination (Figure 6a).
The lung weights and scores were significantly different between the MVA-PVGF-NP- and
MVA-PLMU4-NP-vaccinated and CD8+ T cell-depleted mice (Figure 6b,c). The lungs of the
MVA-PVGF-NP-vaccinated and CD8+ T cell-depleted mice displayed red pneumonic areas
upon macroscopic examination (Figure 5d). In histologic sections, the lungs displayed
epithelial necrosis, the influx of granulocytes and macrophages, alveolar oedema, and
septal necrosis. Immunohistochemistry detected the NP antigen in intact and necrotic
epithelia and macrophages in 4/5 animals. The necropsy findings of the other groups were
comparable to previous experiments. Lung viral load could be detected in the control mice
and MVA-PVGF-NP-vaccinated and CD8+ T cell-depleted mice (Figure 6e). Serological
analysis revealed higher serum IgG titers in the MVA-PVGF-NP-vaccinated and CD8+ T
cell-depleted mice, MVA-PVGF-NP-vaccinated mice, or MVA-PLMU4-NP-vaccinated mice,
with mean titers of 1:26,723, 1:24,141, and 1:21,357, respectively. The MVA-PLMU4-NP-



Pathogens 2023, 12, 867 13 of 21

vaccinated and CD8+ T cell-depleted mice showed anti-NP serum IgG antibodies with a
mean titer of 1:38,095 (Figure 6f).
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Figure 5. Protective capacity of MVA—PVGF—NP (PVGF, n = 6) or MVA—PLMU4—-NP (PLMU4,
n = 9) prime immunization against A /Puerto Rico/8/1934/HIN1 infection in C57BL/6 mice. Groups
of mice were immunized once with 108 pfu MVA-PVGF-NP or MVA-PLMU4-NP. Mice immunized
with non-recombinant MVA (MVA, n = 6) or saline (PBS, n = 3) served as controls. Then, 28 d.p.v.,
mice were infected with a lethal dose of A/Puerto Rico/8/1934/H1IN1 and were monitored for
(a) body weight changes. End point of the study was eight days post-challenge. At necropsy, (b,c)
relative lung weights and percent affected by pneumonia, as well as (d) quantitative stereological
estimation of lung volume affected by pneumonia, were determined; additionally, (e) pulmonary
viral loads, (f) serum IgG antibodies, and (g) IFN-y+ spot-forming cells (SFC) were analyzed. Data
were analyzed by Mann-Whitney test unless otherwise indicated. Asterisks represent statistically
significant differences: * p < 0.05.
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Figure 6. Protective capacity of MVA—PVGF—NP (PVGF, n = 3), or MVA—-PLMU4—-NP (PLMU4,
n = 6) prime immunization against A /Puerto Rico/8/1934/HIN1 infection in CD8+ T cell-depleted
C57BL/6 mice (combination of two experiments). Groups of mice were immunized once with 108 pfu
MVA-PVGEF-NP or MVA-PLMU4-NP. Mice immunized with non-recombinant MVA (MVA, n = 9) or
saline (PBS, n = 3) served as controls. Prior to challenge infection with A /Puerto Rico/8/1934/HIN1
at 28 d.p.v., CD8+ T cells were depleted by intraperitoneal injection of an anti-CD8+ antibody in
MVA-PVGF-NP- and MVA-PLMU4-NP-vaccinated mice (n = 5, each). (a) Body weight was monitored.
Mice were euthanized 28 days after challenge or after humane end points were reached. At necropsy,
(b—d) relative lung weight and percent affected by pneumonia were determined and, additionally,
(e) pulmonary viral loads and (f) serum IgG antibodies were analyzed. Data were analyzed by Mann—
Whitney test unless otherwise indicated. Asterisks represent statistically significant differences
between two groups: ** p < 0.01.

4. Discussion

In the current study, we aimed to evaluate the effect of newly composed, VACV-
specific promoters on the immunogenicity and efficacy of MVA-based candidate vaccines.
We used the influenza A virus nucleoprotein as a model antigen in a mouse model for
lethal IAV challenge infection. NP represents a relatively conserved viral protein across
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IAV strains and, therefore, serves as a promising target to induce cross-protective cytotoxic
T-cells against heterologous IAV infection [14,15,55]. Hereby, the protective immunity
against IAV is considered to predominantly involve CD8+ T cells targeted to different NP
epitopes [56]. More surprisingly, antibodies directed against NP also show antiviral activity
and contribute to long-lasting anti-IAV antibody responses [57,58]. The hypothesis of this
study was that the use of composed natural or modified promoters would result in an
improved delivery and presentation of NP antigen which, subsequently, would strengthen
the activation of [AV-specific immune responses.

Using this approach, we confirmed that robust NP-specific immune responses after
vaccination with a recombinant MVA-NP vaccine can be achieved just by promoter design.
This is an important finding, because NP modifications itself did not lead to improved
antibody or T-cell responses in a previous study [56]. The combination of early and late
promoter elements is well established for the expression of vaccine antigen in VACV- or
MVA-based vaccines. Classical early-late promoters allow for a continuous antigen ex-
pression during the MVA replication cycle and a balanced immune response involving the
activation of humoral and cellular immune responses [59]. This has been confirmed in sev-
eral previous studies, when high levels of gene expression or protective immune responses
induced by MVA have been obtained with synthetic promoters using different target anti-
gens [28,60]. Thus, the local abundance of target proteins induced by synthetic promoters
during early and late gene expression suggests enhanced cellular and humoral immune
responses by improved presentation to effector cells locally and in lymph nodes [61]. In our
study, as a proof of principle, we confirmed that using strong early elements or late-early
combinations for the design of MVA-specific promoters represents a promising tool to
further improve MVA vector-induced immunogenicity and efficacy.

When comparatively testing the expression of NP under the control of four newly
designed late-early promoters and one strong early promoter, we did not detect obvious
differences when using Western Blot analysis. Of note, future analysis using FACS analysis
may contribute to characterizing the expression of NP driven by the different promoters in
more detail. Our data are in line with previous data using the NP under the expression
control of the well-established early-late promoter PmHS5 [14]. In a mouse model for lethal
IAV challenge infection, the different recombinant MVA-NP candidate vaccines improved
the disease outcome when using prime-boost immunization strategies compared to control
vaccinated mice. In the prime-boost vaccination schedule, we identified a MVA-PVFG-NP
candidate vaccine to induce the lowest level of protection, since two out of the five mice
died due to morbidity. Interestingly, we did not observe any differences in the immune
responses after prime-boost vaccination and IAV-challenge infection, which could explain
this reduced protective efficacy of MVA-PVGEF-NP vaccination in this experimental setting.
It will be of interest to further characterize the immune responses before challenge infection
to identify more subtle differences in the quality and levels of immune responses that could
be due to the IAV challenge infection itself. The impact of a challenge infection on the
pre-existing antigen-specific immune responses has already been demonstrated in previous
studies for IAV [62]. An important readout for vaccine-induced protection can be seen
in the determination of viral load in the lungs. We did not analyze the viral load of the
two MVA-PVGF-NP-vaccinated mice which succumbed to IAV infection. Thus, we cannot
exclude that there were some effects of the MVA-PVGF-NP vaccination compared to control
mice. At the end of the experiment, 28 days after infection, we did not detect virus in
the lungs of the MVA-PLMU-NP-vaccinated mice. Here, it will be also helpful to further
analyze the viral load at earlier time points to better compare the protective efficacy of
these new promoter constructs with the one mediated by the PVGF-promoter. This effort
might also further contribute to identifying immune correlates of protection. In this context,
based on previous studies, the humoral immune responses are considered as a correlate of
protection after prime-boost vaccination. In our previous studies, we confirmed that the
strict early expression of vaccine antigens is associated with the more robust activation of a
cellular immune response [38,63].
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From this, we hypothesize that there are subtle differences in the quality and quantity
of humoral immune responses after MVA-PVGF-NP vaccination which might account for
the reduced outcome of protection after a prime-boost vaccination schedule. Of note, MVA-
PVGF-NP-vaccinated mice mounted higher levels of NP antigen-specific T cells compared
to the mice vaccinated with the MVA-PLMU-NP candidate vaccines. Since we also detected
significantly higher levels of infectious virus in the lungs, a higher viral load in the lungs
could be a possible explanation for the increased T cell response. A direct impact of higher
virus loads on the magnitude of immune responses has been also reported by other studies
on IAV and also on yellow fever virus [64,65]. Moreover, the earlier NP synthesis when
under the transcriptional control pf PVGF also could have contributed to the increased
activation of T cells.

Interestingly, this less-efficient protective efficacy of the MVA-PVGF-NP candidate vac-
cine was blurred when we characterized the immunogenicity and efficacy of a single vacci-
nation. In this prime-only vaccination schedule, the MVA-PVGF-NP and MVA-PLMU4-NP
candidate vaccines proved to be beneficial in the activation of NP-specific T cells. Of note,
protective efficacy after a single vaccination was also found with PLMU1-, PLMU2-, and
PLMU3-promoter constructs. Following these vaccinations, we did not detect viral loads in
the lungs at the end of the experiment and no obvious morbidity that necessitated euthaniz-
ing the mice before the end of the experiment. In contrast, high viral loads were detected in
the lungs of the control mice. Since control mice had to be euthanized earlier in the experi-
ment due to severe morbidity, it will be of interest to analyze the viral load in the lungs of
MVA-NP-vaccinated mice at earlier time points to possibly detect differences and identify
the mechanism of protection as mediated by the different MVA-NP-constructs. Previous
studies have already confirmed that virus is present within the lungs of NP-vaccinated and
challenged animals, indicating that there is no sterile immunity induced by the NP antigen.
Such data may further support a role for T cells in mediating early protection. Interestingly,
the robust activation of NP-specific antibodies was rapidly detectable in MVA-PVGE-NP- or
MVA-PLMU4-NP-vaccinated mice. Moreover, the protective efficacy, as seen by morbidity
and mortality, and also lung pathology, appeared to be significantly improved in MVA-
PVGEF-NP and MVA-PLMU4-NP candidate vaccines, with significantly reduced viral loads
in the lungs compared to the control mice. Thus, MVA-PVGE-NP and MVA-PLMU4-NP
elicited a protective immune response already at eight days post-challenge infection. At
this time point, the immune response either overcomes IAV infection or the virally-induced
lesions lead to the death of infected mice, as seen for the control mice.

Thus, we hypothesize that viral load at earlier time points after challenge infection
might also correlate with the detection of NP-specific CD8+ T cells in these mice. This is in
line with previous studies where early vaccine-induced protection has been correlated with
the activation of antigen-specific T cells [61]. This strong and early activation of T cells was
further confirmed when we detected robust NP-specific CD8+ T cells after vaccination in
the peripheral blood after single MVA-PVGF-NP or MVA-PLMU4-NP vaccination. From
these data, we hypothesize that the protective efficacy of MVA-PVGF-NP or MVA-PLMU4-
NP at such early time points is mainly mediated by CD8+ T cells. This has already been
demonstrated in previous studies, where robust NP-specific CD8+ T cells were associated
with improved protection against lethal IAV challenge infection in mice [14,55,66,67]. Of
note, to further investigate the pattern of NP-epitope-specific CD8+ T cells in peripheral
blood, additional experiments are useful to analyze these CD8+ T cell populations in the
spleen simultaneously. Indeed, the depletion of CD8+ T cells completely abrogated the
robust MVA-PVGF-NP-induced protection and reduced the protective efficacy of MVA-
PLMU4-NP, emphasizing the potential of these newly designed promoters to strongly
activate T cell responses. Our data from the CD8+ T cell depletion experiments indicated a
tendency towards a slightly reduced disease severity, as seen by the viral load, pathology,
and morbidity in the MVA-PLMU4-NP-vaccinated and CD8+-depleted mice. These data
indicate that MVA-PLMU4-NP vaccination resulted in a different activation of immune
responses that are not completely abrogated by the CD8+ T cell depletion. This might be
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best explained by the late gene expression from the PLMU4-promoter, which could also
drive a stronger activation of other components of the immune system. In this context, it
will be interesting to also evaluate the possible role of CD4+ T cells in mediating such a
partial vaccine-induced protection against lethal IAV challenge infection. Moreover, the
role of NP-IgG binding antibodies could be also analyzed in more detail in future studies.
High levels of anti-NP antibodies induced by MVA-PLMU4-NP may have contributed
to vaccine-induced protection. This is supported by previous studies which demonstrate
the protective capacity of anti-NP IgG [57,58]. This is surprising because NP, an internal
structural protein produced within the infected cell, should remain largely undetected by
the B cell arm of the immune system.

The involvement of antibody-dependent, cell-mediated cytotoxicity (ADCC) with
the secretion and/or cell surface presentation of NP has been proposed, but the exact
mechanisms of protection correlating with the antiviral activity of anti-NP IgG remain
unclear [57]. In this context, it will be also of interest to characterize the levels of virus-
neutralizing antibodies after IAV-challenge infection. A potential role for IAV-neutralizing
antibodies has been already confirmed by a different experimental approach.

The robust activation of T cells is a promising approach to overcome the limitations of
vaccines. In addition to an important role for antibodies, CD4+ and also CD8+ T cells might
then also contribute to improved vaccine-induced protection. This is especially true for
licensed IAV vaccines which have to be updated every season due to the emergence of new
IAV strains. In this context, the activation of T cells and, more precisely, the activation of NP-
specific T cells has been considered to induce more cross-reactive protection, as confirmed
in previous studies [68]. In this context, it will be of interest to also evaluate the capacity of
PVGF-promoter construct and PLMU4-promoter construct to mediate protection against
other IAV strains.

A recombinant MVA expressing NP and M1 as target antigens has already been
employed in human trials, leading to T- cell expansion and partial protection after IAV
challenge [69,70]. This vaccine uses the natural early-late promoter P7.5 to deliver NP. P7.5
is a well-characterized promoter of moderate late transcriptional activity which is capable
of inducing solid T cell responses. However, experiments show that the antigen delivery
by MVA and the consequent immune response can be enhanced by using the stronger
synthetic early-late promoter PmHS [61]. Thus, our approach, to further enhance this NP
specific T cell response by the use of new composite promoters for the expression of NP in
MVA-based candidate vaccines proved to be promising and should be analyzed in more
detail in future studies which should also involve challenge infection with different IAVs
and use other animal models. Moreover, the use of these new promoters might also be a
promising approach against other pathogens, e.g., betacoronaviruses, where a strong T cell
response might be the key for achieving robust vaccine induced crossed-protection.

5. Conclusions

In summary, our data indicate a beneficial effect of the use of the PVGF- and the
PLMU4-promoters on the immunogenicity and protective efficacy of a MVA-NP candidate
vaccine in a lethal IAV mouse model. However, since we did not detect a direct correlation
between the outcome of protection and the activation of specific immune responses. neither
for the PVGF-promoter construct nor for the PLMU4-promoter construct, future, more
detailed studies have to be undertaken which also evaluate more and different time-points
before and after challenge infection. In this context, follow-up experiments will be required
to analyze the immunogenicity of the different MVA-NP candidate vaccines prior to the
challenge in more detail. Such future studies should also analyze the viral load in the organs
at the same time post-challenge infection. These data will further contribute to correlating
specific immune responses with the outcome of protection as induced by the different
MVA-NP candidate vaccines. Moreover, future studies, also using other pathogens, will
be important to further characterize the promoter effect on vaccine-induced protection in
more detail.



Pathogens 2023, 12, 867 18 of 21

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/pathogens12070867/s1, Figure S1: Virological characterization of
MVA-PVGF-NP, MVA-LMU1-NP, MVA-LMU2-NP, MVA-LMU3-NP, MVA-LMU4-NP.

Author Contributions: Conceptualization, A.V. and G.S.; methodology, A.V., G.S. and M.C.L.; formal
analysis, A.V,, M.C.L,,SJ., A-TL-A, L-M,, S.A-N.,, AF, AB, RF, JJ.R. and A.T,; investigation,
AV,MCL,S]J, LM, A-TL.-A, AF and A.T.; writing—original draft preparation, A.V., G.S. and
M.C.L.; writing—review and editing, A.V., G.S., M.C.L. and A.T.; project administration, A.V. and
G.S.; funding acquisition, G.S. All authors have read and agreed to the published version of the
manuscript.

Funding: This project was financially supported by the EU grants FLUNIVAC (project-ID 602604) and
EC H2020 ENDFLU (No 874650) and by the German Centre for Infection Research (DZIF TTU01.901,
TTU01.802).

Institutional Review Board Statement: All animal experiments were handled in compliance with the
European and national regulations for animal experimentation (European Directive 2010/63/EU; An-
imal Welfare Acts in Germany) and Animal Welfare Act, approved by the Regierung von Oberbayern
(138-2015, Munich, Germany).

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

Acknowledgments: We thank Patrizia Bonert, Ursula Klostermeier, Johannes Doring and Axel Grof3
for expert help in mice studies.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1. Mameli, C.; Cocchi, I.; Fumagalli, M.; Zuccotti, G. Influenza Vaccination: Effectiveness, Indications and Limits in the Pediatric
Population. Front. Pediatr. 2019, 7, 317. [CrossRef] [PubMed]

2. Fleming, D.M,; Elliot, A.]. The impact of influenza on the health and health care utilisation of elderly people. Vaccine 2005, 23
(Suppl. 1), S1-S9. [CrossRef] [PubMed]

3. Sandbulte, M.R.; Westgeest, K.B.; Gao, J.; Xu, X.; Klimov, A.L; Russell, C.A.; Burke, D.F,; Smith, D.].; Fouchier, R.A.M.; Eichelberger,
M.C. Discordant antigenic drift of neuraminidase and hemagglutinin in HIN1 and H3N2 influenza viruses. Proc. Natl. Acad. Sci.
USA 2011, 108, 20748-20753. [CrossRef]

4. Kim, H.; Webster, R.G.; Webby, R.J. Influenza Virus: Dealing with a Drifting and Shifting Pathogen. Viral Immunol. 2018, 31,
174-183. [CrossRef] [PubMed]

5. Smith, D.J.; Lapedes, A.S.; de Jong, ].C.; Bestebroer, T.M.; Rimmelzwaan, G.E; Osterhaus, A.D.M.E.; Fouchier, R.A.M. Mapping
the antigenic and genetic evolution of influenza virus. Science 2004, 305, 371-376. [CrossRef]

6. Krammer, F. The human antibody response to influenza A virus infection and vaccination. Nat. Rev. Immunol. 2019, 19, 383-397.
[CrossRef] [PubMed]

7. Krammer, E; Palese, P. Advances in the development of influenza virus vaccines. Nat. Rev. Drug Discov. 2015, 14, 167-182.
[CrossRef] [PubMed]

8.  Gouma, S.; Anderson, E.M.; Hensley, S.E. Challenges of Making Effective Influenza Vaccines. Annu. Rev. Virol. 2020, 7, 495-512.
[CrossRef] [PubMed]

9. Wei, C.-J.; Crank, M.C.; Shiver, J.; Graham, B.S.; Mascola, J.R.; Nabel, G.J. Next-generation influenza vaccines: Opportunities and
challenges. Nat. Rev. Drug Discov. 2020, 19, 239-252. [CrossRef]

10. Doud, M.B.; Ashenberg, O.; Bloom, ].D. Site-Specific Amino Acid Preferences Are Mostly Conserved in Two Closely Related
Protein Homologs. Mol. Biol. Evol. 2015, 32, 2944-2960. [CrossRef]

11.  Van Reeth, K.; Brown, I.; Essen, S.; Pensaert, M. Genetic relationships, serological cross-reaction and cross-protection between
H;N, and other influenza A virus subtypes endemic in European pigs. Virus Res. 2004, 103, 115-124. [CrossRef]

12.  Altmiiller, A.; Fitch, W.M.; Scholtissek, C. Biological and genetic evolution of the nucleoprotein gene of human influenza A
viruses. J. Gen. Virol. 1989, 70 Pt 8,2111-2119. [CrossRef] [PubMed]

13.  Chen, W,; Antén, L.C.; Bennink, ].R.; Yewdell, ].W. Dissecting the multifactorial causes of immunodominance in class I-restricted
T cell responses to viruses. Immunity 2000, 12, 83-93. [CrossRef]

14. Hessel, A.; Savidis-Dacho, H.; Coulibaly, S.; Portsmouth, D.; Kreil, T.R.; Crowe, B.A.; Schwendinger, M.G.; Pilz, A.; Barrett, PN.;

Falkner, FE.G.; et al. MVA vectors expressing conserved influenza proteins protect mice against lethal challenge with H5N7, HgN,
and HyNj viruses. PLoS ONE 2014, 9, e88340. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/pathogens12070867/s1
https://www.mdpi.com/article/10.3390/pathogens12070867/s1
https://doi.org/10.3389/fped.2019.00317
https://www.ncbi.nlm.nih.gov/pubmed/31417886
https://doi.org/10.1016/j.vaccine.2005.04.018
https://www.ncbi.nlm.nih.gov/pubmed/15908058
https://doi.org/10.1073/pnas.1113801108
https://doi.org/10.1089/vim.2017.0141
https://www.ncbi.nlm.nih.gov/pubmed/29373086
https://doi.org/10.1126/science.1097211
https://doi.org/10.1038/s41577-019-0143-6
https://www.ncbi.nlm.nih.gov/pubmed/30837674
https://doi.org/10.1038/nrd4529
https://www.ncbi.nlm.nih.gov/pubmed/25722244
https://doi.org/10.1146/annurev-virology-010320-044746
https://www.ncbi.nlm.nih.gov/pubmed/32392457
https://doi.org/10.1038/s41573-019-0056-x
https://doi.org/10.1093/molbev/msv167
https://doi.org/10.1016/j.virusres.2004.02.023
https://doi.org/10.1099/0022-1317-70-8-2111
https://www.ncbi.nlm.nih.gov/pubmed/2769232
https://doi.org/10.1016/S1074-7613(00)80161-2
https://doi.org/10.1371/journal.pone.0088340
https://www.ncbi.nlm.nih.gov/pubmed/24523886

Pathogens 2023, 12, 867 19 of 21

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Hillaire, M.L.B.; Osterhaus, A.D.M.E.; Rimmelzwaan, G.F. Induction of virus-specific cytotoxic T lymphocytes as a basis for the
development of broadly protective influenza vaccines. J. Biomed. Biotechnol. 2011, 2011, 939860. [CrossRef] [PubMed]
Nachbagauer, R.; Krammer, F. Universal influenza virus vaccines and therapeutic antibodies. Clin. Microbiol. Infect. 2017, 23,
222-228. [CrossRef]

Song, E; Fux, R.; Provacia, L.B.; Volz, A.; Eickmann, M.; Becker, S.; Osterhaus, A.D.M.E.; Haagmans, B.L.; Sutter, G. Middle
East Respiratory Syndrome Coronavirus Spike Protein Delivered by Modified Vaccinia Virus Ankara Efficiently Induces Virus-
Neutralizing Antibodies. J. Virol. 2013, 87, 11950-11954. [CrossRef] [PubMed]

Meyer zu Natrup, C.; Tscherne, A.; Dahlke, C.; Ciurkiewicz, M.; Shin, D.-L.; Fathi, A.; Rohde, C.; Kalodimou, G.; Halwe, S;
Limpinsel, L.; et al. Stabilized recombinant SARS-CoV-2 spike antigen enhances vaccine immunogenicity and protective capacity.
J. Clin. Investig. 2022, 132, €159895. [CrossRef]

Tscherne, A.; Schwarz, ]. H.; Rohde, C.; Kupke, A.; Kalodimou, G.; Limpinsel, L.; Okba, N.M.A.; Bo3njak, B.; Sandrock, I.; Odak, L;
et al. Immunogenicity and efficacy of the COVID-19 candidate vector vaccine MVA-SARS-2-S in preclinical vaccination. Proc.
Natl. Acad. Sci. USA 2021, 118, €2026207118. [CrossRef] [PubMed]

Kupke, A.; Volz, A; Dietzel, E.; Freudenstein, A.; Schmidt, J.; Shams-Eldin, H.; Jany, S.; Sauerhering, L.; Krdhling, V.; Gell-
horn Serra, M.; et al. Protective CD8* T Cell Response Induced by Modified Vaccinia Virus Ankara Delivering Ebola Virus
Nucleoprotein. Vaccines 2022, 10, 533. [CrossRef]

Koch, T,; Dahlke, C.; Fathi, A.; Kupke, A.; Krdhling, V.; Okba, N.M.A.; Halwe, S.; Rohde, C.; Eickmann, M.; Volz, A; et al. Safety
and immunogenicity of a modified vaccinia virus Ankara vector vaccine candidate for Middle East respiratory syndrome: An
open-label, phase 1 trial. Lancet Infect. Dis. 2020, 20, 827-838. [CrossRef] [PubMed]

Nyombayire, J.; Ingabire, R.; Magod, B.; Mazzei, A.; Mazarati, ].-B.; Noben, J.; Katwere, M.; Parker, R.; Nsanzimana, S.; Wall,
K.M.; et al. Monitoring of Adverse Events in Recipients of the 2-Dose Ebola Vaccine Regimen of Ad26.ZEBOV Followed by
MVA-BN-Filo in the UMURINZI Ebola Vaccination Campaign. J. Infect. Dis. 2022, 227, 268-277. [CrossRef]

Volkmann, A.; Williamson, A.-L.; Weidenthaler, H.; Meyer, T.P.; Robertson, ].S.; Excler, ].-L.; Condit, R.C.; Evans, E.; Smith, ER,;
Kim, D.; et al. The Brighton Collaboration standardized template for collection of key information for risk/benefit assessment of
a Modified Vaccinia Ankara (MVA) vaccine platform. Vaccine 2020, 39, 3067-3080. [CrossRef]

Gilbert, S.C. Clinical development of Modified Vaccinia virus Ankara vaccines. Vaccine 2013, 31, 4241-4246. [CrossRef] [PubMed]
Wang, Z.; Martinez, ].; Zhou, W.; La Rosa, C.; Srivastava, T.; Dasgupta, A.; Rawal, R; Li, Z.; Britt, W.].; Diamond, D. Modified
Hs promoter improves stability of insert genes while maintaining immunogenicity during extended passage of genetically
engineered MVA vaccines. Vaccine 2009, 28, 1547-1557. [CrossRef] [PubMed]

Volz, A.; Sutter, G. Modified Vaccinia Virus Ankara: History, Value in Basic Research, and Current Perspectives for Vaccine
Development. Adv. Virus Res. 2017, 97, 187-243. [CrossRef] [PubMed]

Alharbi, N.K. Poxviral promoters for improving the immunogenicity of MVA delivered vaccines. Hum. Vaccin. Immunother. 2018,
15, 203-209. [CrossRef]

Moss, B. Genetically engineered poxviruses for recombinant gene expression, vaccination and safety. Proc. Natl. Acad. Sci. USA
1996, 93, 11341-11348. [CrossRef] [PubMed]

Yang, Z.; Maruri-Avidal, L.; Sisler, J.; Stuart, C.A.; Moss, B. Cascade regulation of vaccinia virus gene expression is modulated by
multistage promoters. Virology 2013, 447, 213-220. [CrossRef]

Moss, B. Poxvirus DNA Replication. Cold Spring Harb. Perspect. Biol. 2013, 5, a010199. [CrossRef]

McFadden, G. Poxvirus tropism. Nat. Rev. Microbiol. 2005, 3, 201-213. [CrossRef] [PubMed]

Chakrabarti, S.; Brechling, K.; Moss, B. Vaccinia virus expression vector: Coexpression of beta-galactosidase provides visual
screening of recombinant virus plaques. Mol. Cell. Biol. 1985, 5, 3403-3409. [CrossRef] [PubMed]

Sutter, G.; Moss, B. Nonreplicating vaccinia vector efficiently expresses recombinant genes. Proc. Natl. Acad. Sci. USA 1992, 89,
10847-10851. [CrossRef] [PubMed]

Oseroff, C.; Peters, B.; Pasquetto, V.; Moutaftsi, M.; Sidney, J.; Panchanathan, V.; Tscharke, D.C.; Maillere, B.; Grey, H.; Sette, A.
Dissociation between epitope hierarchy and immunoprevalence in CD8 responses to vaccinia virus western reserve. J. Immunol.
2008, 180, 7193-7202. [CrossRef] [PubMed]

Tscharke, D.C.; Karupiah, G.; Zhou, J.; Palmore, T.; Irvine, K.R.; Haeryfar, 5.M.M.; Williams, S.; Sidney, J.; Sette, A.; Bennink, J.R,;
et al. Identification of poxvirus CD8" T cell determinants to enable rational design and characterization of smallpox vaccines. J.
Exp. Med. 2005, 201, 95-104. [CrossRef] [PubMed]

Baur, K.; Brinkmann, K.; Schweneker, M.; Pétzold, ].; Meisinger-Henschel, C.; Hermann, J.; Steigerwald, R.; Chaplin, P;
Suter, M.; Hausmann, J. Immediate-early expression of a recombinant antigen by modified vaccinia virus ankara breaks the
immunodominance of strong vector-specific B8R antigen in acute and memory CD8 T-cell responses. ]. Virol. 2010, 84, 8743-8752.
[CrossRef]

Orubu, T.; Alharbi, N.K.; Lambe, T.; Gilbert, S.C.; Cottingham, M.G. Expression and cellular immunogenicity of a transgenic
antigen driven by endogenous poxviral early promoters at their authentic loci in MVA. PLoS ONE 2012, 7, e40167. [CrossRef]
Marr, L,; Liilf, A.-T.; Freudenstein, A.; Sutter, G.; Volz, A. Myristoylation increases the CD8* T-cell response to a GFP prototype
antigen delivered by modified vaccinia virus Ankara. J. Gen. Virol. 2016, 97, 934-940. [CrossRef]

Kremer, M.; Volz, A.; Kreijtz, ] H.C.M.; Fux, R.; Lehmann, M.H.; Sutter, G. Easy and efficient protocols for working with
recombinant vaccinia virus MVA. Methods Mol. Biol. 2012, 890, 59-92. [CrossRef]


https://doi.org/10.1155/2011/939860
https://www.ncbi.nlm.nih.gov/pubmed/22007149
https://doi.org/10.1016/j.cmi.2017.02.009
https://doi.org/10.1128/JVI.01672-13
https://www.ncbi.nlm.nih.gov/pubmed/23986586
https://doi.org/10.1172/JCI159895
https://doi.org/10.1073/pnas.2026207118
https://www.ncbi.nlm.nih.gov/pubmed/34162739
https://doi.org/10.3390/vaccines10040533
https://doi.org/10.1016/S1473-3099(20)30248-6
https://www.ncbi.nlm.nih.gov/pubmed/32325037
https://doi.org/10.1093/infdis/jiac283
https://doi.org/10.1016/j.vaccine.2020.08.050
https://doi.org/10.1016/j.vaccine.2013.03.020
https://www.ncbi.nlm.nih.gov/pubmed/23523410
https://doi.org/10.1016/j.vaccine.2009.11.056
https://www.ncbi.nlm.nih.gov/pubmed/19969118
https://doi.org/10.1016/bs.aivir.2016.07.001
https://www.ncbi.nlm.nih.gov/pubmed/28057259
https://doi.org/10.1080/21645515.2018.1513439
https://doi.org/10.1073/pnas.93.21.11341
https://www.ncbi.nlm.nih.gov/pubmed/8876137
https://doi.org/10.1016/j.virol.2013.09.007
https://doi.org/10.1101/cshperspect.a010199
https://doi.org/10.1038/nrmicro1099
https://www.ncbi.nlm.nih.gov/pubmed/15738948
https://doi.org/10.1128/MCB.5.12.3403
https://www.ncbi.nlm.nih.gov/pubmed/3939316
https://doi.org/10.1073/pnas.89.22.10847
https://www.ncbi.nlm.nih.gov/pubmed/1438287
https://doi.org/10.4049/jimmunol.180.11.7193
https://www.ncbi.nlm.nih.gov/pubmed/18490718
https://doi.org/10.1084/jem.20041912
https://www.ncbi.nlm.nih.gov/pubmed/15623576
https://doi.org/10.1128/JVI.00604-10
https://doi.org/10.1371/journal.pone.0040167
https://doi.org/10.1099/jgv.0.000425
https://doi.org/10.1007/978-1-61779-876-4_4

Pathogens 2023, 12, 867 20 of 21

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Volz, A.; Langenmayer, M.; Jany, S.; Kalinke, U.; Sutter, G. Rapid Expansion of CD8* T Cells in Wild-Type and Type I Interferon
Receptor-Deficient Mice Correlates with Protection after Low-Dose Emergency Immunization with Modified Vaccinia Virus
Ankara. J. Virol. 2014, 88, 10946-10957. [CrossRef]

Kittel, B.; Ruehl-Fehlert, C.; Morawietz, G.; Klapwijk, J.; Elwell, M.R.; Lenz, B.; O’Sullivan, M.G.; Roth, D.R.; Wadsworth, P.F.
Revised guides for organ sampling and trimming in rats and mice—Part 2: A joint publication of the RITA and NACAD groups.
Exp. Toxicol. Pathol. 2004, 55, 413—431. [CrossRef] [PubMed]

Morawietz, G.; Ruehl-Fehlert, C.; Kittel, B.; Bube, A.; Keane, K.; Halm, S.; Heuser, A.; Hellmann, ]J. Revised guides for organ
sampling and trimming in rats and mice—Part 3: A joint publication of the RITA and NACAD groups. Exp. Toxicol. Pathol. 2004,
55,433-449. [CrossRef] [PubMed]

Ruehl-Fehlert, C.; Kittel, B.; Morawietz, G.; Deslex, P.; Keenan, C.; Mahrt, C.R.; Nolte, T.; Robinson, M.; Stuart, B.>.; Deschl, U.
Revised guides for organ sampling and trimming in rats and mice—Part 1. Exp. Toxicol. Pathol. 2003, 55, 91-106. [CrossRef]
[PubMed]

Goodpaster, T.; Randolph-Habecker, J. A flexible mouse-on-mouse immunohistochemical staining technique adaptable to
biotin-free reagents, immunofluorescence and multiple antibody staining. J. Histochem. Cytochem. 2014, 62, 197-204. [CrossRef]

Langenmayer, M.C,; Lulf-Averhoff, A.-T.; Adam-Neumair, S.; Fux, R.; Sutter, G.; Volz, A. Distribution and absence of generalized
lesions in mice following single dose intramuscular inoculation of the vaccine candidate MVA-MERS-S. Biologicals 2018, 54, 58-62.
[CrossRef]

Knust, J.; Ochs, M.; Gundersen, H.].G.; Nyengaard, ].R. Stereological estimates of alveolar number and size and capillary length
and surface area in mice lungs. Anat. Rec. 2009, 292, 113-122. [CrossRef] [PubMed]

Weibel, E.R;; Kistler, G.S.; Scherle, W.E. Practical stereological methods for morphometric cytology. J. Cell Biol. 1966, 30, 23-38.
[CrossRef] [PubMed]

Howard, V.; Reed, M. Unbiased Stereology; Garland Science: New York, NY, USA, 2004; ISBN 9781135331689.

Kalodimou, G.; Veit, S.; Jany, S.; Kalinke, U.; Broder, C.C.; Sutter, G.; Volz, A. A Soluble Version of Nipah Virus Glycoprotein G
Delivered by Vaccinia Virus MVA Activates Specific CD8 and CD4 T Cells in Mice. Viruses 2019, 12, 26. [CrossRef]

Fux, R.; Wolf, G. Transient elimination of circulating bovine viral diarrhoea virus by colostral antibodies in persistently infected
calves: A pitfall for BVDV-eradication programs? Vet. Microbiol. 2012, 161, 13-19. [CrossRef]

Veit, S.; Jany, S.; Fux, R; Sutter, G.; Volz, A. CD8* T Cells Responding to the Middle East Respiratory Syndrome Coronavirus
Nucleocapsid Protein Delivered by Vaccinia Virus MVA in Mice. Viruses 2018, 10, 718. [CrossRef]

Townsend, A.R.; Rothbard, J.; Gotch, EM.; Bahadur, G.; Wraith, D.; McMichael, A.]J. The epitopes of influenza nucleoprotein
recognized by cytotoxic T lymphocytes can be defined with short synthetic peptides. Cell 1986, 44, 959-968. [CrossRef]

Vitiello, A.; Yuan, L.; Chesnut, R.W,; Sidney, J.; Southwood, S.; Farness, P,; Jackson, M.R.; Peterson, P.A.; Sette, A. Immunodomi-
nance analysis of CTL responses to influenza PR8 virus reveals two new dominant and subdominant Kb-restricted epitopes. J.
Immunol. 1996, 157, 5555-5562. [CrossRef] [PubMed]

Kremer, M.; Suezer, Y.; Volz, A_; Frenz, T.; Majzoub, M.; Hanschmann, K.-M.; Lehmann, M.H.; Kalinke, U.; Sutter, G. Critical Role
of Perforin-dependent CD8* T Cell Immunity for Rapid Protective Vaccination in a Murine Model for Human Smallpox. PLoS
Pathog. 2012, 8, €1002557. [CrossRef] [PubMed]

Sridhar, S.; Begom, S.; Bermingham, A.; Hoschler, K.; Adamson, W.; Carman, W.; Bean, T.; Barclay, W.; Deeks, ].J.; Lalvani, A.
Cellular immune correlates of protection against symptomatic pandemic influenza. Nat. Med. 2013, 19, 1305-1312. [CrossRef]
[PubMed]

Altenburg, A.F,; Magnusson, S.E.; Bosman, F; Stertman, L.; de Vries, R.D.; Rimmelzwaan, G.F. Protein and modified vaccinia
virus Ankara-based influenza virus nucleoprotein vaccines are differentially immunogenic in BALB/c mice. Clin. Exp. Immunol.
2017, 190, 19-28. [CrossRef] [PubMed]

Lamere, M.W.; Lam, H.-T.; Moquin, A.; Haynes, L.; Lund, EE.; Randall, T.D.; Kaminski, D.A. Contributions of antinucleoprotein
IgG to heterosubtypic immunity against influenza virus. J. Immunol. 2011, 186, 4331-4339. [CrossRef]

Lamere, M.W.; Moquin, A.; Lee, FE.-H.; Misra, R.S.; Blair, P.J.; Haynes, L.; Randall, T.D.; Lund, EE.; Kaminski, D.A. Regulation of
antinucleoprotein IgG by systemic vaccination and its effect on influenza virus clearance. J. Virol. 2011, 85, 5027-5035. [CrossRef]
Kastenmuller, W.; Gasteiger, G.; Gronau, J.H.; Baier, R.; Ljapoci, R.; Busch, D.H.; Drexler, I. Cross-competition of CD8" T cells
shapes the immunodominance hierarchy during boost vaccination. J. Exp. Med. 2007, 204, 2187-2198. [CrossRef]

Florek, K.R.; Weinfurter, ].T.; Jegaskanda, S.; Brewoo, ].N.; Powell, T.D.; Young, G.R.; Das, S.C.; Hatta, M.; Broman, K.W.; Hungnes,
O.; et al. Modified vaccinia virus Ankara encoding influenza virus hemagglutinin induces heterosubtypic immunity in macaques.
J. Virol. 2014, 88, 13418-13428. [CrossRef]

Becker, P.D.; Norder, M.; Weissmann, S.; Ljapoci, R.; Erfle, V.; Drexler, I.; Guzman, C.A. Gene Expression Driven by a Strong Viral
Promoter in MVA Increases Vaccination Efficiency by Enhancing Antibody Responses and Unmasking CD8" T Cell Epitopes.
Vaccines 2014, 2, 581-600. [CrossRef]

Lanthier, P.A.; Huston, G.E.; Moquin, A.; Eaton, S.M.; Szaba, EM.; Kummer, L.W.; Tighe, M.P.; Kohlmeier, J.E.; Blair, PJ.; Broderick,
M_; et al. Live attenuated influenza vaccine (LAIV) impacts innate and adaptive immune responses. Vaccine 2011, 29, 7849-7856.
[CrossRef] [PubMed]

Gasteiger, G.; Kastenmuller, W.; Ljapoci, R.; Sutter, G.; Drexler, I. Cross-Priming of Cytotoxic T Cells Dictates Antigen Requisites
for Modified Vaccinia Virus Ankara Vector Vaccines. J. Virol. 2007, 81, 11925-11936. [CrossRef] [PubMed]


https://doi.org/10.1128/JVI.00945-14
https://doi.org/10.1078/0940-2993-00349
https://www.ncbi.nlm.nih.gov/pubmed/15384248
https://doi.org/10.1078/0940-2993-00350
https://www.ncbi.nlm.nih.gov/pubmed/15384249
https://doi.org/10.1078/0940-2993-00311
https://www.ncbi.nlm.nih.gov/pubmed/14620530
https://doi.org/10.1369/0022155413511620
https://doi.org/10.1016/j.biologicals.2018.05.004
https://doi.org/10.1002/ar.20747
https://www.ncbi.nlm.nih.gov/pubmed/19115381
https://doi.org/10.1083/jcb.30.1.23
https://www.ncbi.nlm.nih.gov/pubmed/5338131
https://doi.org/10.3390/v12010026
https://doi.org/10.1016/j.vetmic.2012.07.001
https://doi.org/10.3390/v10120718
https://doi.org/10.1016/0092-8674(86)90019-X
https://doi.org/10.4049/jimmunol.157.12.5555
https://www.ncbi.nlm.nih.gov/pubmed/8955206
https://doi.org/10.1371/journal.ppat.1002557
https://www.ncbi.nlm.nih.gov/pubmed/22396645
https://doi.org/10.1038/nm.3350
https://www.ncbi.nlm.nih.gov/pubmed/24056771
https://doi.org/10.1111/cei.13004
https://www.ncbi.nlm.nih.gov/pubmed/28665497
https://doi.org/10.4049/jimmunol.1003057
https://doi.org/10.1128/JVI.00150-11
https://doi.org/10.1084/jem.20070489
https://doi.org/10.1128/JVI.01219-14
https://doi.org/10.3390/vaccines2030581
https://doi.org/10.1016/j.vaccine.2011.07.093
https://www.ncbi.nlm.nih.gov/pubmed/21816194
https://doi.org/10.1128/JVI.00903-07
https://www.ncbi.nlm.nih.gov/pubmed/17699574

Pathogens 2023, 12, 867 21 of 21

64.

65.

66.

67.

68.

69.

70.

Akondy, R.S.; Johnson, PL.F,; Nakaya, H.I.; Edupuganti, S.; Mulligan, M.].; Lawson, B.; Miller, ].D.; Pulendran, B.; Antia, R,;
Ahmed, R. Initial viral load determines the magnitude of the human CD8 T cell response to yellow fever vaccination. Proc. Natl.
Acad. Sci. USA 2015, 112, 3050-3055. [CrossRef] [PubMed]

Bruder, D.; Srikiatkhachorn, A.; Enelow, R.I. Cellular immunity and lung injury in respiratory virus infection. Viral Immunol.
2006, 19, 147-155. [CrossRef]

Heinen, PP; de Boer-Luijtze, E.A.; Bianchi, A.T.J. Respiratory and systemic humoral and cellular immune responses of pigs to a
heterosubtypic influenza A virus infection. J. Gen. Virol. 2001, 82, 2697-2707. [CrossRef]

Hayward, A.C.; Wang, L.; Goonetilleke, N.; Fragaszy, E.B.; Bermingham, A.; Copas, A.; Dukes, O.; Millett, E.R.C.; Nazareth, L;
Nguyen-Van-Tam, J.S.; et al. Natural T Cell-mediated Protection against Seasonal and Pandemic Influenza: Results of the Flu
Watch Cohort Study. Am. J. Respir. Crit. Care Med. 2015, 191, 1422-1431. [CrossRef]

Grant, E.J.; Josephs, TM.; Loh, L.; Clemens, E.B.; Sant, S.; Bharadwaj, M.; Chen, W.; Rossjohn, J.; Gras, S.; Kedzierska, K. Broad
CD8* T cell cross-recognition of distinct influenza A strains in humans. Nat. Commun. 2018, 9, 5427. [CrossRef]

Berthoud, T.K.; Hamill, M.; Lillie, PJ.; Hwenda, L.; Collins, K.A.; Ewer, K.J.; Milicic, A.; Poyntz, H.C.; Lambe, T.; Fletcher,
H.A,; et al. Potent CD8" T-cell immunogenicity in humans of a novel heterosubtypic influenza A vaccine, MVA-NP+M1. Clin.
Infect. Dis. 2011, 52, 1-7. [CrossRef]

Lillie, PJ.; Berthoud, T.K.; Powell, T.J.; Lambe, T.; Mullarkey, C.; Spencer, A.J].; Hamill, M.; Peng, Y.; Blais, M.-E.; Duncan,
C.J.A; et al. Preliminary assessment of the efficacy of a T-cell-based influenza vaccine, MVA-NP+M1, in humans. Clin. Infect. Dis.
2012, 55, 19-25. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1073/pnas.1500475112
https://www.ncbi.nlm.nih.gov/pubmed/25713354
https://doi.org/10.1089/vim.2006.19.147
https://doi.org/10.1099/0022-1317-82-11-2697
https://doi.org/10.1164/rccm.201411-1988OC
https://doi.org/10.1038/s41467-018-07815-5
https://doi.org/10.1093/cid/ciq015
https://doi.org/10.1093/cid/cis327

	Introduction 
	Materials and Methods 
	Cell Cultures 
	Plasmid Construction 
	Generation of Recombinant MVA Vector Viruses 
	Western Blot Analysis of Recombinant Proteins 
	Mouse Immunization and Infection Experiments 
	Depletion of Specific Subsets of Immune Cells 
	Necropsy, Histology and Immunohistochemistry 
	Quantitative Stereologic Examinations 
	Determination of IAV Loads in Mouse Lung Lobes 
	Quantification of NP-Specifc IgG Antibodies by Enzyme-Linked Immunosorbant Assay (ELISA) 
	CD8+ T-Cell Analysis by Enzyme-Linked Immunospot Assay (ELISpot) 
	T Cell Analysis in Blood Using FACS Analysis 
	Data Analysis 

	Results 
	Design and In Vitro Testing of Recombinant MVA Vaccines Delivering NP by Chimeric Promoters 
	Immunogenicity and Protective Efficacy of MVA-NPcandidate Vaccine after a Prime-Boost Vaccination Regimen 
	Immunogenicity and Protective Efficacy of MVA-NP Candidate Vaccines Using a Prime Vaccination Regimen 
	Immunogenicity Is Already Established at d8 p.i. in Selected Vaccines after Prime Vaccination 
	Role of CD8+ T Cells for the Protective Capacity of MVA-PVGF-NP and MVA-PLMU4-NP Induced Protection 

	Discussion 
	Conclusions 
	References

