


4.9. T lymphocyte subsets in response to the immunogenic factors after 7
days

The next stage of optimization was to prolong the exposure of PBMCs to the
immunogenic factors in order to examine T cell subpopulations. Cells were seeded in 24-well
plates and incubated with the immunogenic factors for 7 days. Briefly, after 3 days of culture,
the medium was replaced with fresh one containing another equal dose of the immunogenic
factors. In the experiment, LPS (0.125 pg/mL), rRBD (2.62 pg/mL), rRBD+Ab
(2.62 pg/mL+2.62 pg/mL preincubated for 24 h at 34.5°C with 5% CO2), AdV1 (100 VP/mL),
AdV2 (100 VP/mL), AdV1+rRBD (100 VP/mL+2.62 ug/mL), AdV2+rRBD (100 VP/mL+
2.62 ng/mL) were applied. After 7 days of culture, the “Immunophenotyping” (Panel 3) was
carried out. CD19" subpopulation are shown in Figure 48. It was observed that CD19" cells
were significantly activated when treated with rRBD alone or in the combination with

adenoviruses or antibody.
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Figure 48 The percentage of CD19" B cells after 7 day incubation of PBMCs with LPS, rRBD, rRBD+Ab,
AdV1, AdV2, AdV1+rRBD, AdV2+rRBD. Legend: Control means untreated peripheral blood mononuclear
cells (PBMCs). LPS means PBMCs treated with lypopolysacharide (LPS) in conc. 0.125 pg/mL. AdV1
stands for 5/3 serotype equipped with ICOSL and CD40L (Garofalo et al., 2021a), AdV1 in conc. of 100
VP/mL. rRBD stands for recombinant receptor binding domain protein in conc. of 2.62 pg/mL (Baran et al.,
2023). ADV2 stands for serotype 5/3 without ICOSL and CD40L (Garofalo et al., 2021a). AdV2 in conc. of
100 VP/mL. Ab means antibody against rRBD, both in conc. of 2.62 pg/mL.
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The rRBD used in this study is a product of genetic recombination of E. coli.
The significant toxicity of rRBD against PBMCs (assessed in the MTS assays, Figure 27) and
the strong activation of lymphocytes (Figure 37) raised doubts about its purity. The product
was expressed in the bacterial system and there was the possible contamination with highly
immunogenic bacterial LPS. Thus it was decided to discontinue rRBD from further analyses.
In subsequent studies, commercially available spike and nucleocapsid proteins of
SARS-CoV-2 were used. Commercially available proteins were produced using highly
controlled and standardized processes, resulting in consistent and highly pure proteins.
For example, in the studies we used InvivoGen proteins that were subjected to two-step quality
control by the producer: 1) The protein has been validated by ELISA upon incubation with
a coated Anti-SARS-CoV-Spike-RBD antibodies, 2) The absence of bacterial LPS
(and different substances, e.g. endotoxins) has been confirmed using HEK-Blue™ TLR2 and
HEK-Blue™ TLR4 cellular assays (his-sars2-n, his-sars2-s1 (InvivoGen, 2023).

Analysis of the commercial proteins (Figures 49-52) showed that only statistically
significant changes occurred between T cells of CD4" subpopulation. Increase in the amount
of CM CD4" T cells, EM CD4" T cells, EMRA CD4" T cells and decrease in the amount
of CD197"CD45RA" CD4" T cells compared with the untreated control were noted
(Figure 50).
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Figure 49 T cell percentage (CD4+, CD8+, CD4+CD8+, CD4-CD8-) after 24-h incubation of PBMCs
with immunogenic factors: AdV1+S-His, AdV1+S-His+N-His, AdV1+N-His. Legend: Control means
peripheral blood mononuclear cells. AdV1 stands for serotype 5/3 equipped with ICOSL and CD40L
(Garofalo et al., 2021a), AdV1 in conc. of 100 VP/cell. Spike-S1-His (0.25 pg/mL) and Nucleocapsid-
His (0.25 pg/mL) mean recombinant protein (InvivoGen USA).
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Figure 50 The percentage of central memory (CM) CD4", effector memory (EM) CD4", effector
memory terminally differentiated (EMRA) CD4", and CD197'CD45RA" CD4" after 24-h incubation
with AdV1+S-His, AdV1+S-His+N-His, AdV1+N-His. Legend: Control means peripheral blood
mononuclear cells. AdV1 stands for serotype 5/3 equipped with ICOSL and CD40L (Garofalo et al.,
2021a), AdV1 in conc. of 100 VP/cell. Spike-S1-His (0.25 pg/mL) and Nucleocapsid-His (0.25 pg/mL)
mean recombinant protein (InvivoGen USA).
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Figure 51 The percentage of central memory (CM) CD8+, effector memory (EM) CD8+, effector
memory terminally differentiated (EMRA) CD8+, and CD197+CD45RA+ CD8+ after 24-h incubation
of PBMCs with AdV1+S-His, AdV1+S-His+N-His, AdV1+N-His. Legend: Control means peripheral
blood mononuclear cells. AdV1 stands for serotype 5/3 equipped with ICOSL and CD40L (Garofalo et
al., 2021a), AdV1 in conc. of 100 VP/cell. Spike-S1-His (0.25 pg/mL) and Nucleocapsid-His (0.25
png/mL) mean recombinant protein (InvivoGen USA).
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Figure 52 The percentage of CD19" B cells after 24-h incubation of PBMCs with AdV1+S-His,
AdV1+S-His+N-His, AdV1+N-His. Legend: Control means peripheral blood mononuclear cells. AdV1
stands for serotype 5/3 equipped with ICOSL and CD40L (Garofalo et al., 2021a), AdV1 in conc. of
100 VP/cell. Spike-S1-His (0.25 pg/mL) and Nucleocapsid-His (0.25 pg/mL) mean recombinant protein
(InvivoGen USA).

In order to optimized the model, it was studied how the AdV1 and AdV2 concentrations
influence the immune resposne of PBMC and whether it directs the cells to apoptosis.
Cells were seeded and incubated with the immunogenic factors for 7 days. In the experiment,
the cells were treated with AdV1 (1000 VP/PBMC), AdV2 (1000 VP/PBMC), S-His (0.25
pg/mL), N-His (0.25 pg/mL), AdVI1+S-His+N-His (1000 VP/PBMC+0.25 pg/mL+0.25
pg/mL), AdV2+S-His+N-His (1000 VP/PBMC+0.25 pg/mL+0.25 pg/mL). After 7 days
of culture, the immunophenotyping and apoptosis assay were carried out.

The results of the apoptosis assay are shown in Figure 53. It was confirmed, that the
proposed ex vivo model works effectively. Significant increase in the amount of the cells in
early apoptosis was observed when PBMCs were treated with AdV1 (42.34£1.07% vs.
11.48+3.13%), AdV1+S-His+N-His (48.55+0.69% vs. 11.48+3.13%) and a slighter but
significant increase was observed in the samples treated with AdV2+S-His+N-His
(19.84+0.78% vs. 11.4843.13%). Importantly, no amount of cells in necrosis occurred, cells in

late apoptosis were also not numerous.
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Figure 53 Apoptotic PBMC after 7-day incubation with AdV1, AdV2, S-His, N-His, AdV1+S-His+N-
His, AdV2+S-His+N-His. Legend: Untreated means peripheral blood mononuclear cells. AdV1 stands
for serotype 5/3 equipped with ICOSL and CD40L (Garofalo et al., 2021a), AdV1 in conc. of 1000
VP/cell. AdV2 stands for serotype 5/3 without ICOSL and CD40L (Garofalo et al., 2021a), AdV2 in
conc. of 1000 VP/cell. Spike-S1-His (0.25 pg/mL) and Nucleocapsid-His (0.25 pg/mL) mean
recombinant protein (InvivoGen USA).

Cell percentage (%)

The induction of an immune response was assessed. Significant increase in the number
of CD4" cells was observed when PBMCs were treated with AdV1 (56.00+£0.26% vs.
48.17+1.10%) and AdV1+S-His+N-His (46.70£1.61% vs. 48.17+1.10%) (Figure 54).
In contrast, there was an observed decrease in CD8" cells treated with AdV1 (37.93+0.35%)
vs. untreated (44.63+1.07%) and CD8+ cells treated with AdV1+S-His+N-His (38.47+0.38%)
vs. untreated 44.63+1.07%. N-His caused the slight increase in the number of CD4"CD8" cells
(5.27+0.15%) compared to the untreated control (4.81+0.04%). Decrease in the amount of CD4"
CD8 was observed for the samples treated with AdV1+S-His+N-His (1.83+£0.14% vs.
2.3840.19%). Subsequently, it was analyzed how CD4" and CD8" cells differentiate under
the influence of antigens and adjuvants (Figures 55, 56). No changes were observed in the
number of EM CD8" when PBMCs were treated with S-His compared with the untreated
PBMCs (6.23+0.40% vs. 6.27+1.03%). Decrease in the number of CD197'CD45RA*
(50.17£2.20% vs. 51.7342.81%) was observed (Figure 55). No changes in the number of the
EMRA CD4" subpopulations were noted when PBMCs were treated with AdV2 compared with
untreated one (4.27+0.06% vs. 4.50+0.35%). Decrease in number of EMRA was observed when
PBMCs were treated with the AdV1+S-His+N-His (2.97+£0.23% vs. 4.50+0.35%) in Figure 56.
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Moreover, it was noted that PBMCs treated with AdV1 alone or in combination with

S-His and N-His showed elevated number of NAIVE CD47/CD8" and SCM CD4'/CDS8"
(Figures 57, 58).
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Figure 54 T cell percentage (CD4", CD8*, CD4"CD8", CD4'CDS") after 7-day incubation of PBMCs
with AdV1, AdV2, S-His, N-His, AdV1+S-His+N-His, AdV2+S-His+N-His. Legend: Untreated means
peripheral blood mononuclear cells. AdV1 stands for serotype 5/3 equipped with ICOSL and CD40L
(Garofalo et al., 2021a), AdV1 in conc. of 1000 VP/cell. AdV2 stands for serotype 5/3 without ICOSL
and CD40L (Garofalo et al., 2021a), AdV2 in conc. of 1000 VP/cell. Spike-S1-His (0.25 pg/mL) and
Nucleocapsid-His (0.25 pg/mL) mean recombinant protein (InvivoGen USA).
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Figure 55 T cell percentage (central memory (CM) CD8", effector memory (EM) CD8", effector
memory terminally differentiated (EMRA) CD8", and CD197'CD45RA"* CD8") after 7-day incubation
with AdV1, AdV2, S-His, N-His, AdV1+S-His+N-His, AdV2+S-His+N-His. Legend: Untreated means
peripheral blood mononuclear cells. AdV1 stands for serotype 5/3 equipped with ICOSL and CD40L
(Garofalo et al., 2021a), AdV1 in conc. of 1000 VP/cell. AdV2 stands for serotype 5/3 without ICOSL
and CD40L (Garofalo et al., 2021a), AdV2 in conc. of 1000 VP/cell. Spike-S1-His (0.25 pg/mL) and
Nucleocapsid-His (0.25 pg/mL) mean recombinant protein (InvivoGen USA).
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Figure 56 T cell percentage (central memory (CM), effector memory (EM), effector memory terminally
differentiated (EMRA), and CD197*CD45RA" among CD4") after 24 h incubation with AdV1, AdV2,
S-His, N-His, AdV1+S-His+N-His, AdV2+S-His+N-His. Legend: Untreated means peripheral blood
mononuclear cells. AdV1 stands for serotype 5/3 equipped with ICOSL and CD40L (Garofalo et al.,
2021a), AdV1 in conc. of 1000 VP/cell. AdV2 stands for serotype 5/3 without ICOSL and CD40L
(Garofalo et al., 2021a), AdV2 in conc. of 1000 VP/cell. Spike-S1-His (0.25 pg/mL) and Nucleocapsid-
His (0.25 pg/mL) mean recombinant protein (InvivoGen USA).
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Figure 57 The heat map analysis of NATVE and SCM cells from the subpopulations of
CD4*CD45RACD197" after 7-day treatment of PBMCs with AdV1, AdV2, S-His, N-His, AdV1+S-
His+N-His, AdV2+S-His+N-His. Legend: Untreated means peripheral blood mononuclear cells. AdV1
stands for serotype 5/3 equipped with ICOSL and CD40L (Garofalo et al., 2021a), AdV1 in conc. of
1000 VP/cell. AdV2 stands for serotype 5/3 without ICOSL and CD40L (Garofalo et al., 2021a), AdV2
in conc. of 1000 VP/cell. Spike-S1-His (0.25 pg/mL) and Nucleocapsid-His (0.25 pg/mL) mean
recombinant protein (InvivoGen USA).
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Figure 58 The heat map analysis of NAIVE and SCM cells from the subpopulations of
CD8'CD45RA'CD197" by PBMCs treated with AdV1, AdV2, S-His, N-His, AdV1+S-His+N-His,
AdV2+S-His+N-His. Legend: Untreated means peripheral blood mononuclear cells. AdV1 stands for
serotype 5/3 equipped with ICOSL and CD40L (Garofalo et al., 2021a), AdV1 in conc. of 1000 VP/cell.
AdV2 stands for serotype 5/3 without ICOSL and CD40L (Garofalo et al., 2021a), AdV2 in conc. of
1000 VP/cell. Spike-S1-His (0.25 pg/mL) and Nucleocapsid-His (0.25 pg/mL) mean recombinant
protein (InvivoGen USA).

Analysis of the humoral response induced by AdV1, AdV2, S-His, N-His,
AdV1+S-His+N-His, AdV2+S-His+N-His showed that AdV1 alone (4.17+0.25% vs.
3.17+0.06%) and in combination with S-His and N-His (3.874+0.25% vs. 3.174+0.06%) slightly
increased the number of CD19” cells (Figure 59). Decrease in the number of CD19" cells was
also observed in PBMCs treated with S-His (3.03£0.06% vs. 3.17+£0.06%). The use of both
platforms resulted in changes in the number of NCS cells. NCS decreased in PBMCs treated
with AdV1+S-His+N-His (66.93+£1.40% vs. 82.07+0.50%). NCS increased in PBMCs treated
with AdV2+S-His+N-His (84.23+0.55% vs. 82.07+0.50%) (Figure 60).
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Figure 59 The percentage of CD19" B cells after 7-day incubation of PBMCs with AdV1, AdV2, S-
His, N-His, AdV1+S-His+N-His, AdV2+S-His+N-His. Legend: Untreated means peripheral blood
mononuclear cells. AdV1 stands for serotype 5/3 equipped with ICOSL and CD40L (Garofalo et al.,
2021a), AdV1 in conc. of 1000 VP/cell. AdV2 stands for serotype 5/3 without ICOSL and CD40L
(Garofalo et al., 2021a), AdV2 in conc. of 1000 VP/cell. Spike-S1-His (0.25 pg/mL) and Nucleocapsid-
His (0.25 pg/mL) mean recombinant protein (InvivoGen USA).
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Figure 60 The subsets of the memory B cell (CD19°CD24°CD38") CS, NCS, and NAIVE noted after
24-h incubation of PBMCs with immunogenic factors: AdV1, AdV2, S-His, N-His, AdV1+S-His+N-
His, AdV2+S-His+N-His. Legend: Untreated means peripheral blood mononuclear cells. AdV1 stands
for serotype 5/3 equipped with ICOSL and CD40L (Garofalo et al., 2021a), AdV1 in conc. of 1000
VP/cell. AdV2 stands for serotype 5/3 without ICOSL and CD40L (Garofalo et al., 2021a), AdV2 in
conc. of 1000 VP/cell. Spike-S1-His (0.25 pg/mL) and Nucleocapsid-His (0.25 pg/mL) mean
recombinant protein (InvivoGen USA).
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4.10. Calu-3 micovilli imaging using SEM

Calu-3 cells cultured on Corning® Transwell® Inserts developed microvilli on their

surface of a maximum length 1 um (Figure 61).

SU8200 10.0kV 9.2mm x50.0k SE(UL)

Figure 61 SEM nr 1 (Hitachi SU8230): Microvilli (yellow arrows) on the surface of Calu-3 cell line
growing on Corning® Transwell® Inserts. Bar=1 pm.

4.11. PBMC and Calu-3 transcriptome analysis

In recent years, genome sequencing has become a powerful tool for investigating theintricate
complexity of genetic information and providing new insights into the molecular basis of the
immune studies. In these studies, the focus was put on the comprehensive genome sequencing
of two distinct cellular system: PBMC and Calu-3. Through genome sequencing of PBMCs,
we aim to shed a light on key genetic variants, gene expression profiles, and potential
biomarkers associated with the immune system function during the vaccination process.
Similarly, the Calu-3 cell line derived from human lung adenocarcinoma is the model system
for studying respiratory diseases, drug discovery, and host-pathogen interactions. PBMCs were
treated with AdVI+rRBD (100 VP/mL+2.62 pg/mL) and AdVI+S+N (100 VP/mL+
0.25 pg/mL+0.25 pg/mL) and incubated for 72 h at 34.5°C with 5% COz (three technical
replicates). Calu-3 cells were treated with AdV1+S+N (100 VP/mL+0.25 pg/mL+0.25 pg/mL)
and incubated for 72 h at 34.5°C with 5% COz (three technical replicates). After the incubation,
RNA was extracted from the cell pellets using Total RNA Mini Kit (A&A Biotechnology,
Gdansk, Poland). RNA was measured with two complementary methods — NanoQuant plate,
Spark plate reader (Tecan, Switzerland) and Qubit Fluorometric Quantification (Thermo Fisher

Scientific Inc., USA). Table 23 presents the summary of the up- and downregulated genes.
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PBMC PBMC

Sample Calu-3
. AdV1+rRBD vs. AdV1+S+N vs.
comparison Ad1+S+N vs. Control
Control Control
Genes 4036 genes (11%) Up 53 gens (0.15%) Up 3 gens (0.0083%) Up
Upregulated /
5376 genes (15%) 127 genes (0.35%) 1 genes (0.0028%)
Downregulated
Down Down Down

Table 24 Summary of gene numbers up- and downregulated in the sequenced samples.
4.11.1. PBMC:s treated with AdV1+rRBD vs. Control
RNA seq of PBMCs treated with AdV1+rRBD showed changes in the expression of
many genes (Figure 62). It is possible, that rRBD was contaminated with LPS, as it was
extracted from the E. coli expression system. LPS binds to multiple sites on the SARS-CoV-2
spike protein, resulting in amplified proinflammatory responses. The S protein acts as an
intermediary in the transfer of LPS to the host receptors, suggesting that the S protein

contributes to hyperinflammation (Samsudin et al., 2022).
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Figure 62 Gene expression changes in PBMC treated with AdVI1+rRBD vs. PBMC control.
Significantly up and downregulated genes marked in blue (adj p-value < 0.05). Legend: PBMC control
means peripheral blood mononuclear cells. AdV1 stands for serotype 5/3 equipped with ICOSL and
CD40L (Garofalo et al., 2021a), AdV1 in conc. of 100 VP/cell. rRBD stands for recombinant receptor
binding domain protein (Baran et al., 2023 accepted for publication), rRBD in conc. of 2.62 pg/mL.
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4.11.2. PBMC:s treated with AdV1+S+N vs. Control

RNA-seq of PBMCs treated with AdV1+S+N (vs. control) showed 53 upregulated
genes and 127 downregulated genes (padj < 0.05) (Figure 63). Among them special attention
should be put on genes related to the Rapl signalling pathway (p.q=3.447x102 24):
ENSG00000154380, ENSG00000076864, ENSG00000101333, ENSG00000164742,
ENSG00000160867, ENSG00000138193, ENSG00000114353, ENSG00000183454. The

Rapl1 signaling plays a key role in the immune response to the antigens. RAP1 is:
e involved in the development and differentiation of the T-cells,
e acomponent of the TCR signaling pathway,
e required for optimal T-cell activation and proliferation,
e involved in the regulation of Treg cells,

e playing a role in B-cell development (Katagiri et al., 2002; Kinashi and Katagiri, 2005).
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Figure 63 PBMC AdV1+S+N vs. PBMC control gene expression changes. In blue are significantly up
and downregulated genes (adj p-value < 0.05). Legend: PBMC control means peripheral blood
mononuclear cells. AdV1 stands for serotype 5/3 equipped with ICOSL and CD40L
(Garofalo et al., 2021a), AdV1 in conc. of 100 VP/cell. Spike-S1-His (0.25 pg/mL) and Nucleocapsid-
His (0.25 pg/mL) are recombinant proteins (InvivoGen USA).

123



Ensembl

Gene ID

Comments

ENAH Gene
The ENAH gene encodes a protein involved in actin-based motility, regulating
ENSGO00000 | actin filament assembly and cell adhesion/motility. Certain splice variants of this
154380 gene are associated with tumor invasiveness, potentially serving as prognostic
markers. ENAH is part of the Ena/VASP protein family, contributing to

cytoskeleton remodeling and cell polarity, including filopodia formation.

RAPI1 GTPase Activating Protein (RAP1GAP)

The RAP1GAP gene encodes a GTPase-activating protein (GAP) that regulates
the activity of the RAPI protein. RAP1 acts as a molecular switch, cycling
ENSGO000000 | between an inactive GDP-bound form and an active GTP-bound form. RAP1GAP
76364 promotes the hydrolysis of GTP, returning RAP1 to its inactive state. RAP1 is
involved in various cellular processes such as cell proliferation, adhesion,
differentiation, and embryogenesis. Mutations in RAP1GAP have been associated

with Tuberous Sclerosis.

PLCB4 gene
The PLCB4 gene encodes a protein that catalyzes the conversion of
ENSG00000
101333 phosphatidylinositol 4,5-bisphosphate into inositol 1,4,5-trisphosphate and

diacylglycerol. This reaction, which requires calcium, plays a crucial role in

intracellular signal transduction in the retina.

ADCYI gene
The ADCYI gene encodes a member of the adenylate cyclase gene family that is
ENSGO00000 | primarily expressed in the brain. ADCY1 is involved in catalyzing the formation
164742 of cyclic AMP (cAMP) in response to G-protein signaling and may play roles in
regulatory processes, memory, learning, and circadian rhythm regulation in the

retina.

Table 25 Genes related to Rapl pathway expressed in PBMCs treated with AdV1+S+N
(GeneCards.org; Accessed on: 01.06.2023 r.)
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FGFR4 gene

The FGFR4 gene encodes a tyrosine kinase and cell surface receptor for
ENSG00000

160867

fibroblast growth factors (FGFs). This protein is involved in the regulation of
various pathways, including cell proliferation, differentiation, migration, lipid
metabolism, bile acid biosynthesis, vitamin D metabolism, glucose uptake, and

phosphate homeostasis.

PLCEI gene
The PLCE1! gene encodes a phospholipase enzyme that plays a crucial role in
cellular signaling. It catalyzes the breakdown of phosphatidylinositol-4,5-
bisphosphate to generate two important second messengers, inositol 1,4,5-
triphosphate (IP3) and diacylglycerol (DAG). These second messengers regulate
ENSG00000 various cellular processes such as cell growth, differentiation, and gene
138193 expression. The enzyme is regulated by small GTPases of the Ras and Rho
families as well as heterotrimeric G proteins. Mutations in the PLCE] gene are
associated with early-onset nephrotic syndrome, characterized by proteinuria,
edema, and kidney abnormalities. PLCE1 has a bifunctional nature, also serving
as a Ras guanine-exchange factor (RasGEF) that regulates small GTPases of the
Ras superfamily. It plays roles in cell survival, cell growth, actin organization,

and T-cell activation.

GNAI2 gene
ENSG00000

114353

The GNAI2 gene encodes an alpha subunit of guanine nucleotide binding proteins
(G proteins). These proteins are involved in various signaling pathways as

modulators or transducers.

GRIN24 gene
ENSG00000

183454 The GRIN24 is a gene that encodes a subunit of NMDA receptors, which
are involved in memory and learning. The GRIN2A protein contributes to
excitatory postsynaptic current, synaptic potentiation, and learning.

Table 25 (continued) Genes related to Rapl pathway expressed in PBMCs treated with AdV1+S+N
(GeneCards.org; Accessed on: 01.06.2023 r.)
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4.11.3. Calu-3 treated with AdV1+S+N vs. Control

Analysis of Calu-3 sample treated with AdV1+S+N showed statistically significant
expression of genes engaged in interleukin-10 production, regulation of interleukin-10
production, IL10-IL10RA complex, Deltal homodimer complex, and Toxoplasmosis (Figure

64).
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Figure 64 Calu-3 Ad1+S+N vs. Calu-3 control gene expression changes. Blue dots mark significantly
up and downregulated genes (adj p-value < 0.05), blue lines show two fold change. Legend: PBMC
control means peripheral blood mononuclear cells. AdV1 stands for serotype 5/3 equipped with ICOSL
and CD40L (Garofalo et al., 2021a), AdV1 in conc. of 100 VP/cell. Spike-S1-His (0.25 pg/mL) and
Nucleocapsid-His (0.25 pg/mL) are recombinant proteins (InvivoGen USA).

4.12. 3D model implementation in T cells’ response studies

The establishment of 3D model was followed by the immune studies (Figures 65 —67).
No statistically significant differences between the treatments and the untreated control were
noted. V2 (AdV2+S-His+N-His) resulted in CD4" slightly increased (61.07+9.15%) compared
to the untreated control (59.13+£8.84%). For V1 (AdV1+S-His+N-His) vs. untreated control,
the statistically insignificant changes were noted in CD8"EMRA subpopulation (51.57+8.74%
vs. 46.93+46.18%). Similar response was observed in V2 (AdV2-S-His+N-His) treated samples
~ 50.33+7.55% of CD8"'EMRA subpopulation compared to 46.93+46.18% in the untreated
control . It is known that EMRA T cells show strong lymphocyte activation (Tian et al., 2017).
The proposed model works and can be used as a non-clinical method fortesting immunogenic

factors.
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Figure 65 Percentage of T cells (CD4", CD8", CD4"CD8", CD4CDS") incubated according to the
following manner. AdV1+S-His+N-His (V1) and AdV2+S-His+N-His (V2) were added to the PBMC
site of culture and left for 72 h incubation. The cells were rinsed and followed by 96 h immunogen-free
incubation. Untreated control is peripheral blood mononuclear cells (PBMCs). AdV 1 stands for serotype
5/3 equipped with ICOSL and CD40L (Garofalo et al., 2021a), AdV1 in conc. of 100 VP/cell. AdV2
meansadenovirus serotype 5/3 without ICOSL and CD40L. Spike-S1-His (0.25 pg/mL) and
Nucleocapsid-His (0.25 pg/mL) are recombinant proteins (InvivoGen USA).
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Figure 66 The percentage of central memory (CM) CD8", effector memory (EM) CD8", effector
memory terminally differentiated (EMRA) CD8", and CD197"'CD45RA* CD8" incubated according to
the following manner. AdV1+S-His+N-His (V1) and AdV2+S-His+N-His (V2) were added to the
PBMC site of culture and left for 72 h incubation. The cells were rinsed and followed by 96 h
immunogen-free incubation. Untreated control means peripheral blood mononuclear cells (PBMC).
AdV1 stands for serotype 5/3 equipped with ICOSL and CD40L (Garofalo et al., 2021a), AdV1 in conc.
of 100 VP/cell. AdV2 stands foradenovirus serotype 5/3 without ICOSL and CD40L. Spike-S1-His
(0.25 pg/mL) and Nucleocapsid-His (0.25 pg/mL) are recombinant proteins (InvivoGen USA).
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Figure 67 The percentage of central memory (CM) CD8", effector memory (EM) CD8", effector
memory terminally differentiated (EMRA) CD8*, and CD197°CD45RA* CD8" incubated according to
the following manner. AdV1+S-His+N-His (V1), AdV2+S-His+N-His (V2) and AdV5 were added to
the PBMC site of culture and left for 72 h incubation. The cells were rinsed and followed by 96 h
immunogen-free incubation. Untreated control means peripheral blood mononuclear cells (PBMC).
AdV1 stands for serotype 5/3 equipped with ICOSL and CD40L (Garofalo et al., 2021a), AdV1 in conc.
of 100 VP/cell. AdV2 means adenovirus serotype 5/3 without ICOSL and CD40L. Spike-S1-His (0.25
ug/mL) and Nucleocapsid-His (0.25 pg/mL) mean recombinant protein (InvivoGen USA). AdVS5 wt
stands for adenovirus serotype 5.

4.13. Detection of soluble cytokines

The cytometric bead array was performed to measure the secretion of 12 cytokines
(IL-1 alpha, IL-1 beta, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12p70, IL-17A, IL-17F, TNF alpha,
INF gamma). Immunogenic factors representing the vaccination process were added to cell
growth medium including PBMCs located under the insert. After 72 h incubation, PBMCs were
rinsed and returned to the wells in the fresh culture medium without the immunogenic factors
for the next 4 days of incubation. In the sample with proposed vaccine platform several
cytokines were elevated compared to the control. AdV1+S-His+N-His caused increase in
IL-10, IL-12p70, and IL-8 compared to the untreated control (Figure 68). Interestingly, the
samples treated with AdV1+S-His, AdV1+N-His and AdV1+S-His+N-His showed elevated
level of INF-y. Treatment of the cells with the composition of AdV1+N-His, without spike
protein, caused increase in IL-6 and IL-17F levels, and decrease in IL-17A and IL-2 levels,

when compared to the untreated control. No changes in the level of IL-1a were observed.

128



IL-1a
=
5
208
s
.—'.H. 0.6
B
G 04
o
§
o 0.2
w
[
i 0.0
R ]
g
Ll
L S
SL'\
v
INF-y
020
E
2
= 15 L]
5 @
2
= 10 .
c
3
g 5
o
w
=
ic 0 * T T T
E R R ]
3
\@é :;2‘ “,}’ -\j‘
\3‘\ §\ Sg\ ‘{‘\9
vow e
&
IL-12p70
Z 6000
E
E L]
§ 4000
T
E
=
@
g 2000
Q
Q
T
c
E o
a°"°b 3 e-’y &
& &S
8 K
W
&
IL-8
I 6000
% .
§ 4000
g
e
g 2000
g 2
8
g
L o© T
R
@
@-‘5'6' ‘\\"rg,b \"\l}a\ 5“\»
3 3
& & &
\\:\
W

IL-17A IL-6
= 3 8000
g1 2
B B .
2 . . . = 6000
= c
5 1.0 S
=
g £ a000
§ 05 g
& § 2000
8 o
| g
Ely © o
L T T - 2 T
& e e Fg & ,‘\*@ F
& G N & 7 &
« x B o & & g"\"
o 8"\ s\\ & \"hl I &
¥ ¢ & o
& &
§
&
TNF-a IL-2
T 60 £ o
E
2 ' E:
& S04 o
§ 40 . 2 B
5 % 2000
g 8
g 40 & 1000
=] =]
£ o E 9
> & R ]
& ¥ & 2 & :\"’g- \"‘\g‘ &
& g S
¥ &
L &
& ¥
IL-17F IL-10
= 50 T 50
S %
E 40 @ a 40 °
c c
o o
= 30 = 30
g g
§ 20 § 20
g §
8 10 . = 3 10 a
- o Ll
g . o .
ic 0 T T T T ic T T T T
& & 4@ IR
e°‘°b & & & & & & &
LA
o & 8 o S S
L ¥ oY g
& &
¥ ¥
IL4 IL1B
5100 = 8000
= E
S a0 L ‘gf
= < cooo- e
2 w0 2
E £ 4000
g 40 5
c g
8 o4 = B g 2000
k] 5
e
i o E o
‘s_ﬁb S a4 &55 & e ge
(\6‘& q\l At '55“ o \,‘@ t""\
3 )
& & & &
N n
8 s
¥ ¥

Figure 68 Cytokine profiling from 3D model samples. Legend: Untreated control means PBMCs. AdV1
stands for serotype 5/3 equipped with ICOSL and CD40L (Garofalo et al., 2021a), AdV1 in conc. of
100 VP/cell. Spike-S1-His (0.25 pg/mL) and Nucleocapsid-His (0.25 pg/mL) mean recombinant protein

(InvivoGen USA).
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4.14. In vivo analysis of adenovirus-based platform

In order to check the effect of the components of the vaccine platform on the survival
of mice, an in vivo experiment was performed. For all treatments used, 100% survival was
recorded on the 28th day of the experiment (Figure 70). Over the course of 7 days, increasing
weight of mice was observed in all study groups (Figure 69). The exception is one of the mice
treated with AdV1+S-His+N-His, which showed a statistically insignificant weight loss on day
7 (Figure 71). After the experiment was completed, organs were prepared from the mice. No
significant differences were observed in the size of the lungs, peritoneal sac, liver, heart, spleen

and kidneys between the tested samples and the control (PBS) (Table 26).
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Figure 69 Mouse weight gain curves — the means. AdV1 stands for serotype 5/3 equipped with ICOSL
and CD40L (Garofalo et al., 2021a), AdV wt stands for serotype 5/3 without costimulatory ligands.
AdV’s were used in conc. of 1x10' VP/mL. Spike-S1-His (10 pg/mL) and Nucleocapsid-His (10
pg/mL) mean recombinant protein (InvivoGen USA).
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Figure 70 Mouse survivability in 28" day of the experiment — the means. AdV 1 stands for serotype 5/3
equipped with ICOSL and CD40L (Garofalo et al., 2021a), AdV wt stands for serotype 5/3 without
costimulatory ligands. AdV’s were used in conc. of 1x10' VP/mL. Spike-S1-His (10 ug/mL) and
Nucleocapsid-His (10 pg/mL) mean recombinant protein (InvivoGen USA).
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Figure 71 Mouse individual weight gain curves. AdV1 stands for serotype 5/3 equipped with ICOSL
and CD40L (Garofalo et al., 2021a), AdV wt stands for serotype 5/3 without costimulatory ligands.
AdV’s were used in conc. of 1x10" VP/mL. Spike-S1-His (10 pg/mL) and Nucleocapsid-His (10
pg/mL) mean recombinant protein (InvivoGen USA).
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Table 26 Pictures of mouse organs prepared after day 7 of in vivo analysis of adenovirus-based platform.
AdV1 stands for serotype 5/3 equipped with ICOSL and CD40L (Garofalo et al., 2021a), AdV wt stands
for serotype 5/3 without costimulatory ligands. AdV’s were used in conc. of 1x10'° VP/mL. Spike-S1-
His (10 pg/mL) and Nucleocapsid-His (10 pg/mL) mean recombinant protein (InvivoGen USA).
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Discussion

Understandring the immune response is essential for developing effective
immunotherapy. In recent years, the use of PBMCs as an in vitro model has gained significant
attention for studying immune response. The aim of my study was to establish reliable and
optimized model engaging PBMCs along with the Calu-3 cell line for immunogenic factors
development. Moreover, I presented the first in vifro investigation utilizing the adenoviral
platform for delivering T cell immunogens ICOS and CD40 ligands in combination with
antigens: rRBD or S-His or/and N-His.

Since the Calu-3 cells demonstrate a respiratory bronchial epithelial cell-like phenotype,
these cells are used to study the pathology of the respiratory infections (Bol et al., 2014;
Harcourt et al., 2011; Lee et al., 2021; Lodes et al., 2020). The Calu-3 cells are capable of
secreting mucus, which makes them a good reflection of the conditions in the human body. My
results indicated that the Calu-3 cell line cultured onto Transwell inserts in air-liquid conditions
managed towards mucociliary phenotype, which is expressed as a cilia structure on its surface
in contact with air (Figure 61). Harcourt et al., (2011) showed that the polarized Calu-3 cells
are susceptible to respiratory syncytial virus (RSV) infection and predominantly release
infectious virus from their apical surface, that proved the Calu-3 as a valuable in vitro model
for investigating host responses to RSV infection. Since there was the emerging need of the
respiratory infection model in COVID-19 pandemic, the Calu-3 cells’ susceptibility to SARS-
CoV-2 was studied. In the study (Dighe et al., 2022), several cell lines such as Caco-3, Calu-3
and VERO E6 were tested simultaneously to establish their susceptibility to SARS-CoV-2 entry
and response mechanism to infections. SARS-CoV-2 Omicron (BA.1.1) replicates in Calu-3
more efficiently than in Caco-2. SARS-CoV and SARS-CoV-2 enter host cells via ACE2, and
the kinetics of the STAT transcription factor’s phosphorylation after virus infection can vary
depending on the cell type (Dighe et al., 2022). In Calu-3 cells infected with SARS-CoV-2,
STATI1 and STAT3 are activated, the inhibitors targeting STAT3 effectively suppress the
SARS-CoV-2 production. The same transcription factors are activated in the VERO E6 cell
line; however the mechanism of the virus entry and replication differs between these cell lines.
In VERO ES6, the phosphorylation of STAT1 and STAT3 decreases over time. Contrariwise, in
Calu-3, phosphorylation persists leading to lower virus production (Dighe et al., 2022). It is
therefore crucial to consider that the cellular responses to the SARS-CoV-2 infection vary
depending on the host cell type, emphasizing the importance of using appropriate cell lines to

study the pathophysiology and evaluate therapeutics for SARS-CoV-2 (Dighe et al., 2022).
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In vitro studies of the immune response require not only careful cell line selection, but
also experimental conditions. Cell lines are grown in culture media with the addition of FBS
providing essential nutrients and growth factors necessary for cell growth. However, FBS also
contains bioactive molecules that may influence the immune response of PBMCs in vitro
(Liu et al., 2023). These include cytokines, growth factors, hormones, lipids and proteins.
In my study, in order to minimize the influence of exogenous factors on the immune response,
the Opti-MEM medium was used, which allowed to reduce the amount of FBS to 5%.
Moreover, it is an optimal medium for co-culture of cell lines in the 3D models used in my
study. Total resignation from FBS decreases cell viability and destabilizes cellular protein
expression (Rashid and Coombs, 2019).

PBMCs are heterogenous population of blood cells that includes monocytes,
lymphocytes, and macrophages. The composition of PBMCs’ may vary based on factors like
the donor’s age. They are easily accessible from peripheral blood samples, such as buffy coats,
and serve a valuable source for studying immune cell function and interactions. In my study,
the incorporation of Opti-MEM into cell culture systems provided comparable outcomes in
terms of viability and programmed cell death (Figures 23-24). It is important to consider the
specific requirements of each study and the impact of the isolation and cryopreservation
processes on the parameters being measured (Baran, 2022). Jeurink et al., (2008) showed that
the kinetics of non-viable cells is changing during the passing time of the culture. Furthermore,
Glaczynska et al., (2021) showed that low temperature and wrong culture media negatively
affect the viability of PBMCs.

Before the optimization of PBMC:s isolation and culture conditions, the results showed
a significant decrease in the cell viability after 48 h (P <0.05) and after 7 days of culture growth
(**P <0.01) (Figure 23). The introduction of optimal factors such as: conditioning of the skins
bags before isolation at room temperature, dilution (1:1) of buffy coats with a mixture of culture
medium and PBS, temperature gradient cryopreservation using the Cell Camper, and rapid
thawing and washing away of cell-toxic DMSO, resulted in an increase in the number of viable
cells from 48.15% to 88.88% on day 7 of culture (Figure 24). Thus, the optimization of storage
temperature, freezing method, and culture media, allows to improve the cell viability
significantly.

To evaluate the working concentrations of the immunogenic factors, the cell viability
assays were applied. The cell viability is a critical aspect to assess the safety and efficacy of
any immunization strategy (Pollard and Bijker, 2021). It provides valuable insights into the

potential cytotoxic effects and overall health of cells upon exposure to immunogens
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(Falahi and Kenarkoohi, 2022; Pollard and Bijker, 2021). I aimed to evaluate the impact of
adenoviruses with and without co-stimulatory ligands CD40L and ICOSL in combination with
antigens (rRBD or S-His, and/or N-His). To my knowledge, it is the first in vitro study with the
adenoviral platform delivering the T cell immunogenes ICOS and CD40 ligands in formulation
with SARS-CoV-2 antigens (Baran et al., 2024). Additionally, pseudo-SARS-CoV-2 and the
anti-spike antibody were used. The comprehensive analysis of the cell viability using the MTS
assay and flow cytometry were assessed. I obtained the comprehensive understanding of the
cellular response to immunogenic stimulation (Figures 32-35).

The effects of immunogenic factors on the viability and cell metabolic activity of VERO
E6 and PBMC cells in various combinations were examined (Figures 27-31). VERO E6 is
valuable model of studying cytotoxicity and viral internalization (J. Wang et al., 2021).
It is highly permissive to SARS-CoV-2 and related viruses (Essaidi-Laziosi et al., 2021). VERO
E6 expresses the ACE2 receptor, which is a primary receptor used by SARS-CoV-2 to enter
host cells (Mossel et al., 2005). This cell line provides a suitable environment for the
propagation of SARS-CoVs, making it easier to study various aspects of viral biology
(Keyaerts et al., 2005; Ogando et al., 2020). While VEROES6 cells may not fully represent the
complexity and diversity of human respiratory cells, the findings should be studied with caution
and complemented with relevant cell lines and models, e.g. PBMCs, Calu-3 cells, and 3D
alveoli models. Additionally, the VERO E6 monolayer was used to visualize adenoviruses
using SEM. The fibers of one adenoviral capsid can attach to the penton base of another capsid,
forming a chain (Cao et al., 2012). In Figure 34, the effect of linking the multiple adenoviral
capsids by the fibers was observed. These structures located on the surface of the capsid mediate
the virus’s attachment to host cells (Cao et al., 2012).

In the dissertation, the cytotoxicity assessment started from evaluating the impact of
rRBD at different dillutions on theVEROESG cells. Figure 27 demonstrates that VEROES cells
treated with rRBD in the concentration of 5.24 pg/mL exhibited a significant decrease in
viability (13.3+0.7%) compared to the untreated control (100.0+12.0%). When working with
the E. coli-derived proteins, the endotoxin contamination can occur (Schwarz et al., 2014).
LPS endotoxin can trigger immune responses and cause unwanted effects in experimental
systems (Sampath, 2018). The purifying process to remove the endotoxin contamination can be
challenging due to technological standpoints such as, the heat-stable nature of endotoxin and
their persistence after protein purification steps (Mamat et al., 2015; Petsch, 2000).
The presence of endotoxins can lead to immune activation, inflammation, and inaccurate

experimental results (Hannon and Prina-Mello, 2021; Virzi et al., 2022). The latter is in line
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with our studies, rRBD induced excessive immune response of PBMCs (Figure 37 - 48).
This led to the hypothesis that rRBD can be contaminated with the LPS endotoxin. Therefore,
to ensure the quality of the further studies, the commercial proteins with proved standard quality
were tested (Gao et al., 2022; Matsunaga and Tsumoto, 2022; McGuire et al., 2022; Merkuleva
et al., 2022). Figure 29 illustrates that the VERO EG6 cells treated with the mixture of AdV1
and rRBD at concentrations of 5.2x10° VP/mL and 5.24 pg/mL, respectively, exhibited
a significant decrease in viability (7.5+1.0%) compared to the untreated control (100.0+13.0%).
Thus, the viability of the VERO E6 cells exposed to different dilutions of AdV1 was evaluated.
As shown in Figure 28, the VERO EG6 cells treated with AdV1 in the concentration of
5.2x10* VP/mL showed slightly increased metabolic activity (127.0+£3.0%) compared to the
untreated control (100.0+16.0%). AdV1 is armed with two costimulatory ligands, CD40L and
ICOSL, which can contribute to that increase. As it was shown in Figure 36, AdV1 induces the
CDA40 gene relative expression in the VERO EG6 cells. Next, the viability of the VERO E6 cells
exposed to different concentrations of pseudo-SARS-CoV-2 was investigated (Figure 30).
No significant decrease in the cell viability was observed. These findings highlight the
differential effects of the tested immunogenic factors on the cell viability. Based on these
results, specific concentrations were selected for the further experiments. My analysis revealed
no significant changes in the PBMC viability compared to the control group (Figure 30),
suggesting that the selected concentrations are accurate to study immune response.

The results from the study using CLSM demonstrated the effects of the immunogenic
factors on pseudo-SARS-CoV-2 internalization in the VERO E6 cell line. The negative control
(pseudo-SARS-CoV-2) showed effective internalization into the VERO E6 cells (Figure 35).
Additionally, there are a few cells with necrotic nuclei stained with propidium iodide.
The positive control sample displayed the limited intermalization achieved by preincubating
pseudo-SARS-CoV-2 with the anti-spike antibody. Compared to the control with pseudo-
SARS-CoV-2, the presence of GFP in VERO E6 significantly decreased. Importantly, no
necrotic nuclei were found in this approach. When VERO E6 was treated with the mixture of
pseudo-SARS-CoV-2, AdV1, and rRBD, the GFP expression decreased (few necrotic nuclei
occurred) compared to the control (pseudo-SARS-CoV-2). These results suggested that the
tested formulation (AdV1+rRBD) can decrease the internalization of pseudo-SARS-CoV-2 into
the VERO EG6 cells. The presence of small number of necrotic nuclei indicates a potential
cytotoxic effect associated with this formulation. My results are in line with the previous studies
(Barh et al., 2021; Alexandre et al., 2022; Tamming et al., 2021). Briefly, Barh et al., (2021)
discussed the interactions between the Spike receptor-binding domain (RBD) of
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the SARS-CoV-2 virus and various extracellular domains of CD40, CD45, CD80, CD&6,
CD95, and CTLA4/CD152. The Authors (Barh et al., 2021) performed the protein—protein
docking using ZDOCK and HDOCK servers, showing that the Spike-RBD interacts with a
several hydrogen bonds in two complexes with the extracellular domain of CD40 (Barh et al.,
2021). Alexandre et al., (2022) showed that the aCD40.RBD vaccine significantly reduces the
infection of target cells in the trachea by 99.6% compared to the naive group. This indicated a
strong protective effect of the vaccine in preventing the internalization of the virus into these
cells. In line with these studies, research based on Syrian hamsters showed, that a vaccine with
CD40L has a beneficial effect on lung pathology, significantly reducing the damage, when
compared to a non-adjuvanted with CD40L vaccine (Tamming et al., 2021). CD40 receptor is
not directly used in the internalization process (Chatterjee et al., 2012). However, CD40
signaling can modulate intrnalization indirectly by influencing the expression of cytoskeletal
regulatory proteins. For example, NF-kB activation downstream of CD40 signaling can regulate
the expression of cytoskeletal regulators like Rho GTPases, which play a central role in
controlling actin dynamics and cytoskeletal organization (Tong and Tergaonkar, 2014). The
previous studies (Norris and Ovadi, 2021; Owczarek et al., 2018; Wen et al., 2021) suggested
that cytoskeletal rearrangements play a crucial role in SARS-CoV-2. CoVs utilize various
interactions with the host cell's cytoskeleton to facilitate their entry and replication (Norris and
Ovadi, 2021; Wen et al., 2021). CoVs navigate along filopodia on the host membrane to reach
entry sites, utilize specific intermediate filament proteins as co-receptors for cellular entry,
hijack microtubules for transport to replication and assembly sites, and promote actin filament
polymerization to facilitate viral egress (Norris and Ovadi, 2021; Wen et al., 2021). During
CoV infection, disturbances in the host cell's cytoskeleton homeostasis and modification state
are tightly linked to pathological processes such as defective cytokinesis, demyelination, cilia
loss, and neuron necrosis. In my RNA-seq analysis, several connections to the described
mechanisms occurred. For example, in the PBMCs treated with AdV1+S+N, genes connected
to filopodium were significantly (pagj =3.451x107%) up- and downregulated (Annex: g:Profiler
GO analysis). In analysis of the Calu-3 cell line treated with immunogenic platform, CD40L
gene (ENSG00000102245, paqi=2.87x10%) was highly upregulated with the fold change equal
to 7.40. It is worth emphasizing that release of CD40LG is directly regulated by actin
polymerization (Furman et al., 2004). Following the conclusions on the importance of CD40
receptor in the SARS-CoV-2 pathogenesis, studies on the CD40 gene expression were
conducted. To study the effect of the immunogenic factors on the VERO E6 cell activation,
RT-qPCR was employed to assess the expression of CD40. The cells were incubated for 24 h
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with or without stimulation at 34.5°C and 5% CO.. The results, as shown in Figure 36, revealed
that the CD40 gene expression was upregulated when cells were stimulated with AdV1 at 100
VP/mL, rRBD in 2.62 pg/mL, AdV1 in 50 VP/mL + rRBD at 2.62 pg/mL, and pseudo-SARS-
CoV-2in 100 VP/mL + Ab (antibody) in 5.24 ng/mL, compared to the untreated control (VERO
E6 cells). Notably, a strong upregulation of the CD40 gene was observed in the sample treated
with hCoV-OC43. These findings suggest that activation of the CD40 pathway may play a role
in the immunogenic response to SARS-CoV-2 and may be a potential target for therapeutic
interventions. Salvi et al., (2021) analyzed the expression of CD40 (mean fluorescence
intensity) induced with the SARS-CoV-2—-associated molecular patterns (SAMPs). SAMPs can
include viral proteins, nucleic acids (RNA or DNA), or other molecules that are either produced
by the viruses or are host molecules modified by the viral infection. These molecular patterns
can be detected by the immune system and play a role in the immune response to the virus. The
Authors (Salvi et al., 2021) found that SAMPs (SCV2-RNA1 and SCV2-RNA) induced the
expression of CD40 in wild type mouses. However, the mechanisms underlying CD40 receptor
involvement and its implications in the context of SARS-CoV-2 infection require further
studies. Our previous studies (Baran et al. 2023) determined the signaling pathways that control
immunological mechanisms by which the AdV1+rRBD platform induces protective immunity
with the following: MAPK cascade, adipocytokine, cAMP, TNF, and Toll-like receptor (TLR).

Taken together the results from CD40 relative expression, RNA-Seq and the
internalization studies, it was hypothesized, that cytoskeletal rearrangements can limit the viral
internalization and lung damage, and can be a possible therapeutical target for coronavirus
diseases. Further studies into the intricate relationship between coronaviruses and the host cell
cytoskeleton hold promise for the development of targeted therapeutics in the future. While my
study provides valuable insights into the dynamics of virus infection, it is important to
acknowledge its limitations. Firstly, the study included VERO E6 and Calu-3 cell lines as
models, and although they have proven to be reliable for studying viral infections, the findings
may not directly translate to human organism in vivo. Therefore, caution should be exercised in
extrapolating the results to human immunological responses.

PBMC provide a valuable model for investigating the impact of viruses on the immune
system (Baran, 2022). By exposing PBMCs to viral antigens, we create the model of immune
studies for preclinical step. For example, PBMCs were used to investigate immune responses
to various viruses, including SARS-CoV-2, HIV, Dengue virus, or Influenza
(Ducos et al., 1996; Kierstead et al., 2007; Still, n.d.; Tapia-Calle et al., 2019). Transcriptomic
analysis of the PBMC data from COVID-19 patients identified abnormal mRNA and IncRNA
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(long non-coding RNA) expression patterns, which can serve as potential biomarkers for
disease severity (Shaath and Alajez, 2021). Additionally, the increased expression of genes such
as TNF, IFN-y, antiviral, HLA-DQA1, and HLA-F was observed in severe COVID-19 patients
(Sadanandam et al., 2020). Satkowska et al., (2020) investigated the impact of SARS-CoV-2
proteins, such as the spike (S) and nucleocapsid (N) proteins on the differentiation of CD4"
lymphocytes. The study (Satkowska et al, 2020) revealed the induction of IFNG
(Interferon Gamma) in CD4" cells, suggesting the involvement of these lymphocytes in the
response to SARS-CoV-2.

In the first step of the immune response studies, the 24-h exposition was applied
(Figures 37 — 47). The PBMC-based system was established to evaluate the immunogenicity
of the vaccine platform components. The samples were prepared by treating PBMCs for 24 h,
and statistically significant changes were observed in the tested samples. The objective of the
experiment was to assess the reaction of isolated and cryopreserved PBMCs to immunogenic
factors within a short period of time, optimize the process of immunophenotyping, and evaluate
the concentrations selected in previous stage. The results were compared with the untreated
control and the LPS-treated control (MOCK). It was observed that the addition of rRBD to the
samples tested in each of the cases caused a very strong immune response, which was
manifested by decrease in CD4" T cells, an increase in CD8" T cells and CD19" B cells.
In Figures 46 — 47, the increase in the class switching of B cells was observed (CD38°CD24").
Second step, was the elongation of the incubation time to 7 days of culture (Figure 48).
A continued increase in the number of CD19" cells was observed in the rRBD-containing
samples. As mentioned before, rRBD used in this study was 95% pure. Bacterial LPS activates
the TLR4 receptor, which induces an early innate immune response. In addition, depending on
the environment, CD4" cells differentiate into different subsets, such as Thl, Th2 and Th17
(Vella and McAleer, 2008). It is worthy to emphasize, that SARS-CoV-2 spike protein interacts
with bacterial LPS in a critical way. It leads to aggravated inflammation both in vitro and
in vivo by enhancing NF-kB activation and cytokine responses (Samsudin et al., 2022).
The increased immune response can contribute to excessive inflammation seen in COVID-19
patients and can be linked to the severity of the disease. The activation of TLR4 by LPS and
the potential involvement of spike protein in TLR4 signaling indicate a possible connection
between SARS-CoV-2 infection and sepsis development (Zhao et al., 2021). Mechanistically,
the spike protein of SARS-CoV-2 possesses multiple hydrophobic pockets, which are regions
within the protein structure that have a strong affinity for hydrophobic molecules.

These hydrophobic pockets exist in both the S1 and S2 subunits of the spike protein. LPS can
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bind to these pockets with different affinity, which can have implications for viral entry,
pathogenesis, and immune response (Petruk et al., 2020). The latter is in line with my results,
as the samples treated with LPS and other immunogens, such as AdV1 and AdV2, generally
did not generate significant changes compared to the control and MOCK.

Subsequent experiments were conducted without the additional LPS and with the use of
the commercial spike and nucleocapsid proteins. Thieme et al., (2020) proved that it is crucial
to evaluate the spike and nucleocapsid proteins individually for their ability to induce T-cell
responses. Both proteins should be considered as prophylactic targets (Thieme et al., 2020).
I provided the nucleocapsid to further studies to follow the most recent trends in the vaccine
designs. The use of the proposed AdV1+S-His, AdV1+S+N (-His) and AdV 1+N-His platforms
after 24 h resulted in a significant increase in the number of CD4" Tem, CD4* Temra and in the
samples treated with nucleocapsid, alone or in combination with spike, CD4" Tem (Figure 50).
My results correspond to the finding of Thieme et al., (2020), in which stronger response
of CD4" T cells compared to CD8" T cells was observed. Subpopulations of CD4" T cells play
a synergistic role in orchestrating the immune response (Pulendran and Ahmed, 2011).
CD4" T cells have the ability to differentiate into various subsets of helper T cells with effector
functions that provide protection against different pathogens (Pulendran and Ahmed, 2011).

I tested whether AdV 1-treated samples showed a significant increase in the number of
cells in early apoptosis compared to control and AdV2-treated samples (Figure 24) AdV1 is
armed with co-stimulatory ligands CD40L and ICOSL (Garofalo et al. 2021a). The ability of
the CD40 ligand to induce apoptosis is widely used in therapies using oncolytic viruses.
While the precise mechanisms are not fully understood, CD40L-mediated apoptosis involves
the modulation of apoptotic regulators and upregulation of pro-apoptotic molecules such as Fas
ligand (FasL) and TNF-related apoptosis-inducing ligand (TRAIL) (Tong et al., 2000). CD40L
drives the activation of a T 1 response by engaging with CD40 on APCs. This response involves
the secretion of IFN-y and other cytokines, which enhance the immune response. The 7-day
exposition of PBMCs to the treatments including AdV1 caused a strong induction of CD4" T
cells. The strong implications in CD4" Tnaive and Tscm were observed (Figure 57).
Tscwm cells have antiviral potential and downregulate the expression of programmed cell death
protein 1 (PD1), according to the findings of Cencioni et al. (2021). I noted significant decrease
in Tscum cells (Figure 57). This suggested that the experimental treatments used in the study
resulted in the cytotoxic effects, leading to the death of these specific cell populations, which
correlates with the apoptosis studies (Figure 53). The use of AdV1 in the tested samples also
contributed to an increase in the number of CD19" cells (Figure 65). In the study by Schulz et
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al.,, (2021) it was proven, that there is a strong correlation between the number of
CD19"IgD*CD27" naive B cells and the antibody level, it can be the predictor of the humoral
response. The 7-day experiment proved that by extending the time we can obtain stronger
immune responses in the proposed model (Figure 48), which are coherent with the in vivo
studies in the matter of tendencies (Bardelli et al., 2013).

The next step was the evaluation of the more complex model with the co-culture of
highly differentiated lung epithelial cells, and the PBMCs, as a model for vaccination and
pathogenesis studies. It was checked how the use of the AdV1+S+N vaccine platform affects
the genome level on the cells used in co-culture in the 3D model. PBMCs showed increased
expression of eight genes associated with the RAP1 pathway, which are crucial for the immune
response, affecting the differentiation of T and B lymphocytes (Figure 63, ). Moreover, Rapl
acts as a key regulator of T cell and APC interactions by modulating the adhesive interactions
between T  cells and antigen-loaded APCs  (Katagiri et al, 2002).
The activation state of Rap1 plays a crucial role in determining the outcome of T cell responses
to antigen stimulation (Katagiri et al., 2002), ranging from productive activation to activation-
induced cell death or unresponsiveness. It is worth emphasizing that in my studies one of the
Rapl genes, FGFR4 is underregulated (p.gi=7.83%107) in the PBMC genome. In the study by
Easter et al., (2020) including mice, it was proven that FGFR4 plays a key role in the process
of airway inflammation. The absence of FGFR4 in the lungs is associated with increased levels
of inflammatory mediators, such as IL-6 (Easter et al., 2020). On the contrary, downregulation
of the FGFR4 gene in our study do not correlate with the increased IL-6 expression.

The variations in cytokine levels were additionally checked using flow cytometry
cytokine profiling. Increase in IL-10, IL-12p70, and IL-8 in sample treated with
AdV1+S-His+N-His was observed (Figure 68). The increase in IL-10 level suggests that the
formulation caused anti-inflammatory response. It may indicate that immune cells try to
regulate vaccine induced inflammation to manage tissue damage. At the same time, IL-12p70
indicated a robust immune activation. This cytokine is associated with immune response
involving T-cells and NK cells, which are the effective defence against infections. Elevated
concentrations of IL-8 and IL-12P70 were found to induce antibody levels (Loughran et al.,
2018). Notably, IL-12P70, recognized as a pivotal cytokine in fostering a Thl-dominated
cellular immune response, exhibited the capacity to activate B lymphocytes, consequently
promoting the synthesis of antibodies (Fu et al.,, 2021). In all of the proposed vaccine
formulations containing AdV1 elevated INF-y level was observed (Figure 68). It suggests

a specific immune response involving cellular immunity. INF-y plays crucial role in activating
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immune cells, such as macrophages and T cells to targeted infected cells. In the context of
assessing cellular immunity following COVID-19 vaccination, the dynamics of interferon
(IFN-y) changes have emerged as a significant indicator of immune responses. IFNs have been
implicated in the body's defence against SARS-CoV-2, the virus causing COVID-19
(Feng et al., 2021; Hadjadj et al., 2020; Liu et al., 2022). A well-modulated IFN response can
help control viral replication and promote the development of immune memory
(Wakui et al., 2022). Looking at the vaccine without the spike protein, increase in IL-6 and
IL-17F were observed (Figure 68). IL-6 increase is a typical in the patients vaccinated with
inactivated

SARS-CoV-2 vaccines (Fu et al., 2021). At the same time, decrease in IL-17A and IL-2 levels
could indicate about the controlled immune response, as the elevated level of IL-17A is
associated to COVID-19 severity and progression (Lv et al., 2022; Maione et al., 2021).

The completion of the research was an in vivo experiment in which it was proven that
the proposed vaccine platform system based on non-replicating adenoviruses AdV1 and AdV2
does not negatively affect the survival of mice (100% survival in a 28-day experiment;
Figure 71) and does not cause changes in the development of organs such as lungs, heart,

kidneys, spleen and perinate sac (Table 26).
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5. Limitations of the study and future prospects

The research carried out in this thesis provided many new conclusions but contains some
limitations. The proposed model of vaccine platform contains commercially available proteins
with His-tags. Some studies suggest that His-tag increases the overall immunogenicity and
alters the fine specificity of immune responses (Randolph, 2012). In the recent studies on non
C-terminal tagged SARS-CoV-2 RBD it was proven, that the addition of a His-tag may
significantly impair protein immunogenicity against SARS-CoV-2
(Khan et al., 2012; Lin et al., 2022). However, other studies indicate that its presence has no
apparent effect on the immune response (Mason et al., 2002). Ambiguous conclusions from
literature studies indicate that it would be beneficial to test the vaccine platform also using
proteins that do not contain a His-tag, but this poses numerous challenges in terms of antigen
purification at the production stage. As presented in the dissertation, RBD without His-tag, after
using a different purification method, carries the risk of contamination with endotoxins, which
undoubtedly interfere with the results of immune response tests (Schwarz et al. (2014)).
Endotoxins, specifically lipopolysaccharide (LPS), have the capacity to trigger immune
responses and introduce undesired effects in experimental systems, as reported by Sampath
(2018). The challenge lies in the purification process, where removing endotoxin contamination
can be intricate due to technological constraints, including the heat-stable nature of endotoxins
and their persistence even after protein purification steps, as noted by Mamat et al. (2015) and
Petsch (2000). The presence of endotoxins introduces the risk of immune activation,
inflammation, and the generation of inaccurate experimental results (Hannon and Prina-Mello
(2021) and Virzi et al. (2022). In alignment with these concerns, the study observed that rRBD
induced an excessive immune response in peripheral blood mononuclear cells (PBMCs). This
observation led to the hypothesis that rRBD used in the initial study set-up may be contaminated
with LPS endotoxin.

Another limitation of the study is the length of the immune response experiments.
It is a well-known fact, that in human organism antibody production after vaccination generally
occurs within 2 — 4 weeks, with some detectable as early as 2 days, but peak titers are reached
between 1 — 8 weeks (Jamshidi et al., 2022). Most of the corresponding 3D models are not
possible to be cultured for such long periods of time, especially with keeping a reliable amount
of each immune cells subpopulations, which are already isolated in their mature forms
(Tapia-Calle et al., 2019). This leads to the use of the animal models, which have their own

limitations themselves.
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The choice of the cell lines have a great impact on utility of the model too. VERO E6 and
Calu-3 have proven to be reliable for studying viral infections (Park et al., 2021). However, the
findings may not directly translate to human organism in vivo. Therefore, caution should be
exercised in extrapolating the results to human immunological responses.

Analysis of the genome background of the immune responses is a key for full
understanding of these processes. RNA-Seq is valuable for comprehensive transcriptome
analysis, while RT-qPCR excels in targeted, high-precision quantification of specific genes.
Both of these methods are complementary, although to show a full picture and obtaining more
statistically relevant answers, much more samples (RNA-Seq) and genes (RT-qPCR) should be
analysed.

Therefore, an important reinforcement for the conducted research would be the use of
different antigens with different or without tags to find out what effect they have on the immune
response. It is also crucial for future research to extend the duration of experiments, which
would enable the vaccines to come closer to the time of action in the human body. It could also
be beneficial to explore more cell lines and create more complex 3D models that would further
reflect in vivo interactions. Widening of the genome analysis to different genes from immune
response pathways is crucial for expanding research with new conclusions. What is more, native

viruses should also be tested on the model in the next step.
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6. Conclusions

This PhD dissertation aimed to unravel the intricacies of immune responses and their
interplay with diverse immunogenic using a carefully refined in vitro model. The study made
significant progress in understanding immune responses and their interactions with various
immunogenic factors, such as novel adenovirus-based vaccine platforms using an optimized in
vitro model. The study revealed the complexities of virus-host dynamics, shedding a light on
potential therapeutic avenues to combat viral infections. The chosen approach proved effective

in addressing research questions.

- Establishment of a 3D in vitro model using PBMCs and the Calu-3 cell line allowed
comprehensive exploration leading to insightful findings into immune response to
viruses. Longer culture times proved critical in capturing the nuances of the immune
response, revealing the dynamics of these interactions.

- It was proven that adenovirus-based platforms act as adjuvants impacting CD4", CD8",
and CD19" subpopulations. The crucial role of ICOS/ICOSL pathway well known and
reported in vivo occurred also in in vitro model, due to T cell activation and
differentiation. The stimulation of PBMCs with the vaccine platform has lasting effects
on CD4"and CD8" T cells, affecting central memory, effector memory, and Temra cells.
The platform shows also potential in stimulating B cells development and
differentiation, with the focus on antigen-specific B cells.

- The variations in cytokine levels suggest distinct immune reactions, including
inflammation, immune cell activation, regulatory responses, and potential shifts in the
balance of specific immune cell populations. Adenovirus-based platform influence the
production of cytokines influencing effector cytotoxic T cells or B cells.

- The research showed new facts of immune regulation and influence of CD40 pathway
on immune cell populations. Novel insight highlighted the potential for therapeutic
approaches targeting this pathway. For further research, deeper evaluation of the CD40
pathway’s mechanistic role would be beneficial. Exploring its impact on the different
viral infections could reveal broader therapeutic applications. Moreover, extending the
framework of this study to investigate immune responses in more complex ex vivo
settings could provide a comprehensive understanding of the translational changes.

- The findings presented in the dissertation show how in vitro and ex vivo testing is
important, proving that these are promising directions for further research and practical

applications for immunotherapy.
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- It has been shown that equipping adenoviruses with CD40L and ICOSL co-stimulating
ligands has a high immunostimulatory potential with initially confirmed safety and

biodistribution in in vivo studies.
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Annex

Gating hierarchy for panels 1-3
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g:Profiler GO analysis
PBMC AdVI1+S+N vs. PBMC control
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